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ABSTRACT

Introduction: The development and optimization of antibody drug conjugates (ADCSs) rely on
improving their analytical and bioanalytical characterization, by assessing critical quality
attributes (CQAs). Among the CQAs, the glycoprofile, drug load distribution (DLD), the amount
of unconjugated antibody (DO0), the average drug-to-antibody ratio (DAR), the drug conjugation
sites and the residual drug-linker and related product proportions (SMDs) in addition to high

and low molecular weight species (H/LMWS) are the most important ones.

Areas covered: The analytical and structural toolbox for the characterization of 1%, 2¢ and 3¢
generation ADCs was significantly extended in the last 3 years. Here, we reviewed state-of-
the-art techniques, such as liquid chromatography, high resolution native and ion mobility mass
spectrometry, multidimensional LC and capillary electrophoresis hyphenated to mass
spectrometry, reported mainly since 2016.

Expert commentary: These emerging techniques allow a deep insight into important CQAs
that are related to ADC Chemistry Manufacturing and Control (CMC) as well as an improved
understanding of in vitro and in vivo ADC biotransformations. This knowledge and the
development of quantitative bioanalytical assays will continue to contribute to early-
developability assessment for the optimization of all the ADC components (i.e., antibody, drug,
and linker) and help to bring next-generation candidate ADC into the clinic and hopefully to the

market.
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Brentuximab vedotin, trastuzumab emtansine, gemtuzumab o0zogamicin, inotuzumab

ozogamicin, 3G-ADCs, small-protein fragment-DCs.



1. Introduction

Antibody-drug conjugates (ADCs) are one of the fastest growing classes of oncology
therapeutics. After half a century of research, the FDA and EMA approval of brentuximab
vedotin (Adcetris, BV, 2011, systemic anaplastic large cell ymphoma), trastuzumab emtansine
(Kadcyla, T-DM1, 2013, HER2-positive metastatic breast cancer) [1] and more recently
inotuzumab ozogamicin (Besponsa, 10, B-cell precursor acute lymphoblastic leukemia [2]) and
the re-approval of gemtuzumab ozogamicin (Mylotarg, GO, 2017, CD33-positive acute myeloid
leukemia) [3] have paved the way for ongoing clinical trials that include 80 further ADC
candidates [4,5]. The recent reapplication and FDA approval of GO were based on increased
understanding of the ADC dosing, specific results of the pivotal clinical study and extensive
additional clinical experience with the drug. GO originally received accelerated approval for
treatment of older patients with relapsed CD33-positive AML in 2000 [6], but it was withdrawn
from the market in 2010, when the confirmatory trial failed to demonstrate clinical benefit
among safety concerns, such as a higher rate of induction fatalities on the GO combination
arm compared with chemotherapy alone [7].

In addition, nine ADCs are in late clinical development (Biologic Licence Application (BLA),
phase Il or pivotal phase Il, Table 1 [8,9]). These ADCs are all based on clgG1 or higG1
antibodies and directed against the following antigen targets (i.e., CD19, CD79b, DLL3,
EGFRuvIIl, Folate R1, HER2+, Nectin 4, TROP2) overexpressed in tumors. Different linkers,
payloads (i.e., auristatin, duocarmicin, irinotecan, exatecan, maytansinoid and
pyrrolobenzodiazepines) and various conjugation chemistries have been used. Most of them
are based on stochastic conjugation to hinge cysteine residues after mild reduction or on
surface-exposed lysine residues, resulting in different DLDs and DARs (from 2 to 8). Seven of

them are investigated in solid tumors and two in hemato-oncology.

Table 1: ADCs to watch in 2019

Company ADC (payload) Isot. Target Stage indication

Immunomedics 19G1 BLA triple-neg. breast cancer

Daiichi Sankyo 1gG1 Ph 3 breast cancer vs T-DM1 (HER2+++)
Synthon 1gG1 Ph 3 breast cancer vs T-DM1 (HER2+++)
ImmunoGen 1gG1 Ph 3 epithelial ovarian cancer

Roche 1gG1 Ph 3 diffuse large B-cell lymph.

AbbVie 1gG1 Ph 3 glioblastoma

Seattle Genetics 1gG1 Piv. Ph 2 urothelial cancer

AbbVie 1gG1 Ph 3 small cell lung cancer
ADC-Therapeutics 1gG1 Piv. Ph 2 Diffuse Large B-Cell Lymphoma

+ 2 phase lll failures (Seagen and Agensys)

*6 have FDA breakthrough or fast track designation or priority review



Priority review for sacituzumab govitecan in mTNBC (Jul 23, 2018)

Breakthrough therapy designation to trastuzumab deruxtecan for HER2+ MBC (Aug 30, 2017)

Fast track designation to trastuzumab duocarmazine for HER2+ MBC (Jan 28, 2018)

Fast track designation to mirvetuximab soravtansine for Pt-Resistant Ovarian Cancer (Jun 18, 2018)
Breakthrough therapy designation to polatuzumab vedotin + BR for lymphomas (Dec 12, 2017)
Breakthrough therapy designation to enfortumab vedotin for Metastatic Urothelial Cancer (Mar 28, 2018)

No 3G site-specific conjugates

On the structural side, ADCs are much more complex than unconjugated mAbs, as the
heterogeneity of the conjugates adds to the inherent microvariability of the biomolecules such
as glycosylation [10]. The development and optimization of ADCs rely on improving their
analytical and bioanalytical characterization, by assessing multiple critical quality attributes
(CQASs) [11], namely the glycoprofile, the distribution and position of the drug (DLD), the
amount of naked antibody, the average drug-to-antibody ratio (DAR) [12], the conjugation sites
(surface exposed lysine, reduced hinge cysteine or engineered residues) [13-15], and the
residual drug-linker and related product proportions (SMDs) [16].

The limited success of first-generation ADCs (1G-ADCs) [17] provides strategies to bring
second-generation ADCs to the market (2G-ADCs), which have higher levels of cytotoxic drug
conjugation, lower levels of unconjugated antibodies and more-stable linkers between the drug
and the antibody. Furthermore, lessons learned during the past decade are now being used in
the development of third-generation ADCs (3G-ADCs) with extended therapeutic windows [4].
Because of the hybrid nature of ADCs, product quality attributes (pQAs) for both the biological
component [18] and the small-molecule components must be simultaneously considered [19-
21]. In addition, early-developability assessment requires well established but also state-of-
the-art analytical and structural techniques [22], such as native and ion mobility mass
spectrometry, but also modern to multidimensional liquid chromatography and capillary
electrophoresis methods hyphenated to mass spectrometry. As reviewed here, in the last 3
years, these emerging techniques [23,24] allowed a deep insight into important structural
features that are related to ADC function and safety as well as an understanding of ADC
biotransformation in vivo [25]. Based on these structure-function relationships data and by an

iterative process, the 3G-ADCs have now reached early and late clinical development stages.



2. State-of-the-art chromatographic methods

2.1 Size exclusion chromatography (SEC): native and organic

Size-exclusion chromatography (SEC) is the reference technique for the qualitative and
guantitative evaluation of protein aggregates (size variants). The main advantage of SEC is
the mild chromatographic conditions that allow the analysis of therapeutic proteins with minimal
influence on their conformational structure and local environment. Therapeutic protein
aggregates ranging from dimer to visible particles have been recognized for their potential to
elicit immune responses [26,27]. Because of these safety risks, the industry and regulatory
authorities consider aggregation as a CQA [28]. SEC separates proteins into three major
species: (i) high molecular weight species (HMWS), (ii) main peak (predominantly the
monomeric form), and (iii) low molecular weight species (LMWS) [29,30]. Compounds are
separated based on the difference between their hydrodynamic volumes, which results in
different residence times that solutes spend in the internal pores of the stationary phase.
Therefore, SEC mechanism is considered as an entropy-controlled process. Ideally, physico-
chemical interactions (adsorption) do not occur between the protein and stationary phase. Inert
conditions need to be maintained during the analysis to avoid non-specific hydrophobic or

electrostatic interactions (causing elution shift, peak distortion or poor recovery).

Non-denaturing aqueous buffers (e.g., phosphate) of medium ionic strength (containing NacCl
or KCI) are commonly applied to minimize non-desired electrostatic interactions with the
surface of the stationary phase [31]. When analyzing antibody-related products such as ADCs,
electrostatic interactions are often observed. A systematic evaluation of the salt additives on
measured amounts of mAbs and ADCs evidenced their major role in aggregation assessment
[32]. As an example, a significant change of aggregate level has been observed with a maobile
phase containing 100 mM sodium phosphate dibasic and 200 mM NacCl, while no aggregates
were observed without NaCl in the mobile phase. Despite the monomeric protein did not show
important adsorption onto the stationary phase, enhanced secondary electrostatic interactions
were suspected with the dimeric forms, due to its higher total number of positive charges and
a conformational state which could increase the accessibility of protonated amino acids
residues to the resin. In addition, when working with potassium-based mobile phases instead
of sodium-based ones, better aggregate recovery was found. Therefore, potassium-based
salts should be preferred over sodium salts, to reduce possible secondary interactions
between the dimeric forms of mAbs/ADCs and SEC phases as well as to lower protein-salt

interactions.

Hydrophobic interactions may also occur with hydrophobic species (e.g., with ADCs containing

hydrophobic linkers and drugs). Therefore, often poor peak shape (large tailing) and



incomplete resolution of aggregates from the monomeric conjugate are observed [33]. For
such cases, the addition of an organic modifier to the mobile phase (i.e., methanol,
isopropanol, acetonitrile, propylene glycol or DMSO) can be successfully used to overcome
non-desired hydrophobic interactions [34,35]. Generally, less amount of protic solvent is
required to properly decrease hydrophobic interactions compared to aprotic solvents.
However, it is often compound and stationary phase dependent. It worth mentioning that
viscous solvents (e.g., isopropanol) can drastically increase the column pressure and can lead
to additional pressure induced artifacts.

SEC has also been used in combination with MS for analyzing the composition of ADCs. It can
be performed either in non-denaturing or in denaturing conditions. Non-denaturing SEC
conditions can be maintained by using volatile buffers (e.g., ammonium acetate, ammonium
formate). However, a recent study showed that volatile buffers work well only for acidic mAbs
and related compounds. Proteins with basic character eluted in broad peaks and with
inappropriate recovery [36]. Using a mixture of water and an organic solvent as the mobile
phase is often referred to as “organic size-exclusion chromatography” (O-SEC) and known as
denaturing SEC [22]. In a recent study, denaturing O-SEC has been used to examine the
extent of drug conjugation for both intact and de-N-glycosylated ADCs [22]. The accurate mass
information for intact ADC served to confirm the integrity of the primary structure following
conjugation, as well as identifying the major and minor product conjugate forms. Mobile phases
used for the introduction of ADCs into the MS contained both organic (acetonitrile) and acidic
(TFA) modifiers that result in ADC denaturation. Because the inter-chain disulfide bonds of
conventional Cys-conjugated ADCs are partially reduced prior to conjugation, many of the
resulting conjugated isoforms were detected in dissociated forms under denaturing O—SEC-
MS conditions. Using SEC coupled to a multi-angle light scattering (MALS) detector in
conjunction with UV absorption and the refractive index has also been reported as an
alternative method for DAR determination. Recently SEC has been used for MAM analysis of
monomer and dimer of Broadly Neutralizing HIV-1 Antibodies (bnAbs) [37]. Enriched dimer
and monomer fractions were identified by peptide mapping (RPLC-MS). SEC has also been
applied in multidimensional separations as discussed in section 5 and to non-denaturing MS,

as detailed in section 4.

The current trend in SEC of biopharmaceuticals is to use columns packed with sub-3 pum
particles, making possible to perform ultra-high performance size-exclusion (SE-UHPLC or
UHP-SEC) separations within 5-10 min [38,39]. UHP-SEC columns perform two or three times
lower plate heights compared to conventional 5-10 um SEC packing. It is also worth
mentioning that state-of-the-art UHP-SEC columns of 150 x 4.6 mm (which become popular

today) can only be operated on fully optimized UHPLC systems possessing very low extra-


https://en.wikipedia.org/wiki/HIV-1

column volume and variance [40]. Indeed, a significant loss in efficiency is expected not only
with conventional HPLC systems but also with not-optimized UHPLC systems too (due to the

very low retention of the compounds, -1 < k < 0 and related small column peak variance).

The need for determining aggregates in ADC products motivated column providers to develop
more inert stationary phases. The historically applied mobile phase conditions have also been
re-evaluated in the past few years to perform the analysis of highly hydrophobic ADC products.
Working with such state-of-the-art conditions enabled the unbiased determination of HMWs in

ADC formulations.
2.2. Hydrophobic interaction chromatography (HIC)

Hydrophobic interaction chromatography (HIC) retains and separates the sample components
according to their relative hydrophobicity using mild conditions (e.g., physiological pH
conditions, ambient mobile phase temperature and no or moderate amount of organic
solvents) which help to preserve the native-like conformation of protein species. Thanks to the
applied mild conditions, non-covalent protein assemblies - such as cysteine conjugated ADCs
- preserve their native conformation and do not dissociate into subunits (in contrast with RPLC).
HIC then can separate individually loaded variants, while maintaining their Y-shaped mAb-
structure and thus enabling the evaluation of the DLD and the calculation of average DAR
(DARu) [41]. Therefore, HIC is still considered as the reference technique for the detailed DAR
analysis of cysteine conjugated ADCs (Cys-ADC, like BV). Nevertheless, HIC does not bring
much for the analysis of lysine-linked (Lys-ADC) and site-specific ADCs. Indeed, due to its
limited kinetic performance, conjugated and unconjugated species can only be resolved
partially. Figure 1 shows examples on the application of HIC for the three different types of
ADCs.

HIC separations are performed by running an inverse salt gradient on hydrophobic stationary
phase. The stationary phase is less hydrophobic compared to RP phases, typically contains
butyl, ether or alkylamide modifications [42]. The retention is based on protein salting-out.
Proteins are adsorbed in the presence of high salt concentration and are released and eluted
by decreasing the ionic strength. Historically, 1.5-2 M ammonium-sulfate aqueous solution is
mostly used as mobile phase A, but it is important to keep in mind that various salts (sodium
chloride, sodium acetate, ammonium acetate...) can be applied and can provide different
selectivities. The influence of salts on hydrophobic interactions follows the Ilyotropic
(Hoffmeister) series for the precipitation of proteins from aqueous solutions [42]. The retention
in HIC is often increased with temperature, and this effect has been attributed to the enhanced
magnitude of hydrophobic interactions resulting from temperature-induced conformational

changes of proteins or to the concomitant increase in the hydrophobic contact area upon



binding to the stationary phase. Typically, HIC separations are performed between 20 and 40
°C.

It also worth mentioning that a small proportion of organic modifiers is often used as mobile
phase additive for mAbs and ADCs. However, the effect of organic modifier on the separation
is still not well understood [43]. Some studies justify the use of organic modifier with an
increased resolution of sample components or attenuation of binding to the stationary phase
of the most hydrophobic species. The use of either isopropanol (IPA) and/or acetonitrile (ACN)
in a concentration range of 5-25% appear in the literature. Chen et al. reported the use of 50%
ACN in mobile phase B in a hybrid form of RPLC and HIC separation, followed by direct LC-
MS analysis of model proteins [44]. Rodriguez-Aller et al. reported that the use of IPA in the
mobile phase could be a parameter for tuning selectivity of mAb and ADC separation. In the
case of ADC, IPA decreased the retention of the unconjugated host mAb and DAR2, but
surprisingly increased the retention of DAR 4-8 species. Moreover, incomplete elution of
higher DARs was observed above a given amount of IPA. This was possibly due to effects of
pH shift, conformational changes, or increased salting out effect in the presence of high
amounts of IPA (protic solvent) [41]. To conclude the presence of organic solvents, their use
can evidently lead to the denaturation of protein biopharmaceuticals. Protic solvent (IPA) was
found to be a more favorable solvent than aprotic one (ACN), to limit denaturation, but its
proportion should remain reasonable (up to 10-15%) [43]. Organic additives can modify the
“apparent” average DAR value too, due to the improved recovery of the most hydrophobic
species (DAR6 and DARS particularly) in the presence of IPA or ACN. Thus, special care
should be taken when determining the average DAR value of cysteine linked ADCs.

An interesting concept was suggested recently for the HIC gradient optimization of cysteine
linked BV. In this study, the DAR species were considered as members of homologs series
[45]. It is known that when separating homologous series of compounds, non-linear (concave)
gradients can provide better selectivity than linear gradients. It is due to the fact that in the
case of homologs, the selectivity decreases as the homolog number increases. For homologs
with low numbers of functional groups, one additional functional group can increase drastically
the strength of interaction between the solute and the stationary phase. Conversely, for
homologs possessing a high number of functional groups, one additional functional group will
increase the strength of their interaction only to a small extent. Therefore, unequal peak
distribution is often observed in the chromatograms due to the gradually decreasing molecular
difference among the species possessing a higher position in the series. As an example, the
difference in hydrophobicity of DARO and DAR2 species of a cysteine conjugated ADC is
significantly larger than of the DAR6 and DARS8 species (as shown in the blue chromatogram

of Figure 1a). For the above-discussed reasons, a logarithmic gradient profile was proposed



to increase selectivity between high DAR species and decrease the “non-useful” elution space
between the low DAR species. It has been derived that the logarithmic gradient can provide
theoretically the best selectivity between homologs peaks (equidistant band spacing is
expected). In practice, the logarithmic-like gradients can be performed by approaching the
logarithmic shape with a multilinear gradient. This way, the retention of solutes can be
predicted for logarithmic-like gradient profiles on the basis of only two linear scouting gradients.
Another important advantage of the logarithmic profile is its peak focusing effect for the less
retained DARO species. This is particularly useful because the concentration of DARO is often
low (the naked mADb is considered as an impurity of ADC). By utilizing the peak focusing effect,
the quantitation limit of DARO can thus be improved.

Clearly, HIC regained its interest in the past few years, mostly thanks to ADC developments.
Several new columns and concepts have been developed and are now available. The retention
behavior of large biomolecules is better understood. There is no doubt that HIC will remain the
standard method for cysteine linked ADCs, to determine DAR distribution. Further
developments in HIC column technology are also expected to improve recovery of hydrophobic
loaded species and increase separation efficiency.

2.3. lon exchange chromatography (IEX)

lon-exchange chromatography (IEX) is a historical and non-denaturing technique widely used
for the characterization of charge variants of therapeutic proteins. IEX is now routinely applied
for mAb characterization, especially for the separation of acidic and basic variants, related to
post-translational modifications. [46] IEX analysis of mAbs is often performed at either intact
or sub-unit level (Fc and Fab analysis) [47]. IEX is also often used for studying mAb stability
under accelerated storage conditions [48].

Cation exchange chromatography (CEX) is carried out by applying a shallow gradient of
increasing salt concentration (e.g., sodium chloride) at constant pH. In addition to choosing the
appropriate pH of the starting buffer, its ionic strength (salt concentration) should be kept low.
The proteins are then eluted by increasing the salt concentration to increase the competition
between the buffer ions and proteins for charged groups on the IEX resin. An alternative
approach for the separation of charge variants consists in applying a pH gradient (using
specific buffers), whilst keeping constant the ionic strength. Both salt- and pH gradient based

separations are used to perform multi-mAb (generic or platform) methods.

Depending on the changes in the chemical and physical characteristics of an antibody upon
conjugation with a small molecule drug and the conjugation site, methods that can be applied
to the parent antibody may not be applicable to the ADC [26]. Conventional IEX is indeed not

adapted to cysteine conjugated ADCs, as the presence of linked cytotoxic drugs increases the
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hydrophobicity and might not impact the net charge of the antibody relative to the unconjugated

mAb. This may result in poor separation quality under IEX conditions.

On the contrary, the attachment of an uncharged linker and drug through lysine residues
decreases the net positive charge by one for each bound drug-linker. Therefore, separation
based on the charge may result in chromatographic profiles that characterize the drug load,
rather than the underlying mAb. Figure 1 shows examples on the application of CEX for T-

DM1 and GO. Partially resolved peaks can be expected at intact level analysis.

Similarly, if charged payloads [49] are conjugated on the antibody — even through cysteine
residues - then the use of IEX would make sense. Probably, its separation quality would be
poor, and RPLC or HIC could better separate the DAR species. In this case, IEX could provide
some information about the payload or at least should partially separate unconjugated and
conjugated species. There are only a few published reports of charge-based analysis applied
to ADCs. Multiple charge variant peaks were observed during CEX analysis of several different
engineered ThiomAb conjugations [50]. This charge heterogeneity was due to cysteinylation
and/or glutathionylation at the engineered and unpaired cysteines through disulfide bonds
formed during the cell culture process. In another study, anion exchange chromatography
(AEX) was used to analyze Fc-conjugates (fluorescent probes were conjugated through lysine)
[51]. The AEX method enabled to determine the amount of unconjugated versus conjugated

proteins. However, for species with DAR > 2, it was difficult to resolve the individual species.

Due to the trend to develop ADCs with charged payloads, or attach uncharged payloads
through lysine, the interest for IEX will probably increase in the future. Instead of analyzing the
ADC at the intact level, their analysis at subunit level can improve the separation quality. More
efficient IEX columns are also expected to be developed in the close future.

2.4. Reversed-phase liquid chromatography (RPLC)

Thanks to its inherent robustness, high resolution, and versatility, reversed-phase liquid
chromatography (RPLC) is widely used for the analysis of therapeutic proteins. The clear
advantage of RPLC over HIC is its inherent compatibility with MS, due to the volatile nature of
the mobile phase. However, it is important to keep in mind that: i) elevated mobile phase
temperature (60-90°C) is a prerequisite for successful RPLC analysis of ADCs, to limit on-
column adsorption [52] and memory effects [23], ii) ion pairing agents (0.05 — 0.1 %TFA) has
to be systematically added to the mobile phase to avoid peak broadening and tailing of multiply
charged solutes [53], iii) organic solvent (20 — 50 % of methanol or acetonitrile) is mandatory
to elute ADC samples. For the specific case of ADC, RPLC has been used for the assessment
of (DARa), determination of drug load distribution, evaluation of unconjugated antibody

amount, as well as free drug-linker quantitation [26,54].
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For Cys-ADC, RPLC can be considered as a suitable alternative to HIC for the determination
of DARay. Such an application is illustrated with the representative chromatograms of BV in
Figure la. However, the harsh RPLC conditions (i.e., elevated temperature, acidic conditions
and use of an organic solvent) does not allow maintaining the physiological-like Y-shape
structure of the antibody through only electrostatic and hydrogen bond interactions (there are
no more covalent bonds between chains in Cys-ADC). Indeed, even a small amount of organic
solvent has proven to be disruptive and could lead to antibody dissociation into the light and
heavy chains under RPLC conditions [24]. Therefore, the successful analysis of these ADCs
cannot be performed under native conditions, and this sample must be treated with reductants
such as dithiothreitol (DTT) to have information on the DLD on the light and heavy chains. In
this case, the DAR species related to the light chains (L, L1) and heavy chains (H, H1, H2, H3)
of reduced Cys-ADC can be separated, and DAR, easily estimated using peak area
percentages and simple equations, as previously reported. Among the different species that
need to be separated, it is often quite challenging to resolve the light chain with one payload
(L1) from the unconjugated heavy chain (H), since these two species have very close
lipophilicities (RPLC separation is mainly driven by hydrophobicity). However, the additional
selectivity provided by a high coverage phenyl bonded phase (related to steric and Tr-11
interactions), can seriously help to better discriminate these protein species [55,56], as recently
shown. Besides the use of polyphenyl column, a general approach to find the best possible
separation in RPLC is to use retention modeling softwares. Indeed, by simultaneously
modeling the effect of temperature (in the range 60-90°C), gradient steepness, and possibly
mobile phase ternary composition (MeOH/ACN/H;0), optimal conditions of separation can be
rapidly determined (2-3 working days), based on a limited number of initial experiments [57]
(between 4 and 12, depending on the number of parameters initially considered). In addition,
the average error of retention time prediction is typically lower than 0.5%. It is finally also
important to notice that the DARa, can also be successfully measured based on subunit specific
analysis in which ADCs are enzymatically fragmented with IdeS and then chemically reduced
to get Fc/2, LC and Fd fragments, as shown in Figure 1a. The main issue related to the
measurement of DAR,, from chromatographic peaks is related to the incomplete recovery of
loaded species and therefore mobile phase temperature need to be sufficiently high (80-90°C
ideally). Determination of DARa is further complicated by the limited chromatographic
resolution, related to the heterogeneous nature of ADC (presence of isomers, PTMs...), the
fact that analysis time should not be longer than 20 minutes, to avoid thermal on-column

degradation and some possible solubility issues for the most hydrophobic DAR species.

For Lys-ADCs, the integrity of the ADC sample is maintained even under the harsh conditions

employed in RPLC, since the inter-chain disulfide bridges are kept. However, as illustrated in
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Figure 1b with T-DM1 and GO, the resolving power of RPLC is too low to discriminate the
various DAR species of Lys-ADC, and a single broad peak is observed. This was obviously
attributed to the high heterogeneity of Lys-ADC and the fact that mAbs have more than 60
surface-exposed lysine residues randomly available for the conjugation [58]. The
chromatograms shown in Figure 1b confirms that RPLC cannot be considered as a powerful

technique for the analytical characterization of Lys-ADC at intact level.

For site-specific ADC, the payloads are attached to defined positions that are suitable for drug
conjugation. In addition, these products have a theoretically near-uniform stoichiometry of
cytotoxic molecules attached per antibody molecule, without disruption of inter-chain disulfide
bonds. Even if HIC is still considered in the industry as the method of choice for the analysis
of intact site-specific ADCs under non-denaturing conditions, RPLC can also be used as the
sample complexity is significantly simplified, making intact DAR characterization by RPLC
feasible. Xu et al. [59] demonstrated the use of RPLC for DAR characterization and drug
distribution of both reduced and intact site-specific non-natural amino acid-based ADC. They
showed the possible discrimination of unconjugated species (DARO), one drug species (DAR1)
and two drugs species (DAR2) at the intact ADC level of analysis (without reduction). The
identity of these different peaks was confirmed by MS, and DARa, was easily calculated by
considering their corresponding peak areas. In this study, the authors have also shown that
this approach provides slightly lower, but still comparable DARa, values in comparison to the
reduced RPLC method. Recently, we have also confirmed the benefits of using RPLC vs. HIC
for the analysis of site-specific ADCs at the intact level. As illustrated in Figure 1c, the
proposed RPLC method allows i) separation of the unconjugated mAb from the ADC species
and easy quantitation of DARO amount, ii) separation of the DAR species and calculation of
the DAR,, and DLD, iii) separation of some positional isomers of DAR species [60]. In addition,
because of the inherent compatibility with MS, unambiguous identification of the peaks was
performed thanks to the high mass accuracy of TOF-based instruments. Finally, mild
conditions were employed in RPLC (mobile phase temperature of 60°C and 0.05 %TFA as
mobile phase additive vs. 80°C and 0.1 %TFA in the study of Xu et al.), [59] thanks to the use
of state-of-the-art RPLC column, thus limiting potential degradation of ADC species during their
analysis. These results clearly demonstrate that the RPLC analysis of intact site-specific ADC
can be considered as QC friendly and can serve as a release assay, since minimal sample

preparation is needed, leading to a robust analysis.

Whatever the ADC type (i.e., Cys-ADC, Lys-ADC, and site-specific ADC), it is also important
to determine and quantify the amount of small molecules impurities added into ADC products
during manufacturing and storage. In this context, RPLC is widely used today to measure the

free drug level and monitor in-situ small molecule drug stability, as RPLC is known to be highly
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accurate, sensitive and selective for small molecules compared to other technigues. Since the
properties of ADC and small molecule drugs are vastly different, free drugs can be easily
separated from the ADC species by protein precipitation or solvent extraction. [26] As an
alternative, RPLC can also be used in the second dimension of the 2D-LC setup, to perform
free drug analysis without sample pretreatment, as discussed in section 5.

One of the limitations of RPLC is that it relies on hydrophobicity differences among the species
having various levels of conjugation. Therefore, it may not be suitable for monitoring drug
conjugates with low hydrophobicity. In such a case, HILIC can be an alternative solution, as

described below.
2.5.  Hydrophilic interaction chromatography (HILIC)

Hydrophilic interaction chromatography (HILIC) is a valuable orthogonal approach to RPLC
since it allows the separation of hydrophilic variants of peptides and therapeutic proteins. Even
though more generally applied for released glycans analysis, recently developed wide-pore
HILIC phases paved the way into new interesting applications of this LC mode for
biopharmaceutical analysis [61-63]. Specifically, in the first contribution by Periat et al. [61],
HILIC separations applied to protein analysis (including insulin, interferon a-2b, and
trastuzumab) were found to be highly orthogonal to RPLC, while keeping comparable kinetic
performance, and providing the unique ability to resolve glycoforms at the protein level.
However, some care should be dedicated to the experimental setup for obtaining a successful
separation. In this regard, the authors highlighted the fact that wide-pore amide-bonded HILIC
stationary phases should be preferred to maximize protein retention and resolution.
Furthermore, and similarly to RPLC, the use of ion-pairing agents (0.05 — 0.1 % TFA) was
required to ensure proper peak shape and resolution and more importantly to impart and
control the acidic conditions of the mobile phase. In fact, these behaviors plus the ability of
TFA to ion-pairing with the glycoprotein were crucial to avoid ionic interactions that would have
been manifest in unpredictable and unstable retention times. Finally, the critical impact of the
injection volume on the breakthrough effect was also discussed. In this context, it should be
taken in mind that in HILIC separations the aqueous solutions have the highest eluotropic
strength; therefore, sample injected in aqueous solutions could result in distorted peaks or
even be eluted within the column void volume (breakthrough effects). For this reason, small
injection volumes (0.5 — 1 pL) were suggested, together with the addition of a fast initial ACN-

rich ramp at the beginning of the gradient.

In reason of the great potential of HILIC-MS, and applying the above-mentioned cautions,
D’Atri et al. [63] used this approach for the characterization of the Cys-ADC BV. Interestingly,

and although the complexity of the ADC, complementary and orthogonal set of information
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were obtained as compared to RPLC-MS analysis performed on IdeS digested and DTT
reduced samples. Specifically, the characterization of the ADC subunits heterogeneity, arising
from drug payloads, post-translational modifications (PTMs) and glycosylation pattern, was
effectively assessed in a unique HILIC-MS analysis. The major advantage of the approach
consisted in the first instance in obtaining the protein glycoforms chromatographically
separated and thus allowing an easier mass deconvolution and identification and, eventually,
a simplified way to perform a batch-to-batch comparison of the glycosylation pattern. Then, an
additional advantage was represented by the fact that the most hydrophobic species, mainly
consisting of the sub-units carrying the cytotoxic drug payload, eluted at the beginning of the
gradient in HILIC mode. This peculiar behavior allowed their good recovery that could be a
potential issue in RPLC (see also Figure la for a straight example), and the relative
percentage of each sub-unit was found to well correlate in both LC methods. Furthermore,
additional positional isomers of the Fd subunit were detectable at a chromatographic level only
by HILIC mode, thus highlighting the cutting-edge potential of this separation mode compared
to RPLC.

A generic method development approach was also recently proposed by Bobaly et al. [62] to
analyze a wide range of recombinant mAbs and the Cys-ADC BV. In this contribution, generic
HILIC conditions were adapted for protein separation at subunit level, and further optimization
of the method was performed on three selected samples (including BV) to maximize resolution.
Specifically, recovery of ADC subunits and sample stability under the applied conditions were
investigated, highlighting the fact that the proper recovery of sub-units carrying the cytotoxic
drug payloads is crucial to avoid biased average DAR calculation. Namely, at least 80 °C was

found to be required for assuring 90% recovery of the species bearing the drug payloads.

To conclude, due to the increasing popularity of HILIC-MS for biopharmaceutical analysis,
future applications in the field of ADC characterization could involve: i) Comparison of the
glycosylation patterns between originator and biosimilar ADCs, as recently demonstrated for a
large set of mAbs [64,65], ii) Characterization of product-related low molecular weight
impurities, as recently demonstrated for a recombinant IgG1 mAb [66], and (iii) Interesting two-
dimensional LC-MS approach for separating and detecting both high and low abundant glycan
species, as recently demonstrated through the analysis of three therapeutic mAbs [67].
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Figure 1. Chromatographic approaches applied to ADCs. a) Cys-linked ADC and its relative subunits upon DTT
reduction or IdeS digestion and DTT reduction (panel on the left) analyzed by orthogonal chromatographic methods
(panel on the right). The intact sample analyzed by HIC (blue line), DTT reduced sample analyzed by RPLC (green
line) and IdeS digested and DTT reduced sample analyzed by RPLC (red line) and HILIC (black line), respectively.
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from the authors’ laboratory]. c) Representation of a site-specific conjugated ADC and comparison of HIC and RPLC

chromatographic profiles obtained for an investigational sample analyzed at intact level. Figure readapted from [60].
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3. State-of-the-art electrophoretic methods

Because of its simple instrumentation, miniaturized format and outstanding separation
efficiency, capillary electrophoresis (CE) represents a powerful technique to characterize
biomolecules [68,69]. CE possesses many advantages, including fast separation, small
sample consumption and high resolution, and can be considered as a key complementary
technique to chromatographic approaches for the analysis of protein biopharmaceuticals
[53,70,71]. The different electrophoretic modes that can be employed, such as capillary gel
electrophoresis (CE-SDS) [72], capillary isoelectric focusing (clEF), imaged clEF (iclEF) [73]
and capillary zone electrophoresis (CZE) [74-76], exhibit attractive opportunities for the
characterization of ADCs at different levels, such as intact or reduced charge- or size-variants,

isoforms, glyco-profiling and PTMs [26,70,71].
3.1. Capillary Gel Electrophoresis (CE-SDS)

Since the 90s, CE-SDS is recognized as an essential analytical technique in the
biopharmaceutical industry for the characterization of mAbs [77-80], especially to determine
the apparent molecular weight of proteins and assess the molecular size distribution and purity.
CE-SDS is a charge-based separation mode which is quite orthogonal to SEC for the
characterization of size variants, particularly to differentiate low molecular species in the range
of 10-150 kDa. CE-SDS is a method based on the same mechanism as sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After the complete reaction between
SDS and proteins, SDS-protein complexes with the same negative charge are formed allowing
electrophoretic separation in a sieving medium only based on their hydrodynamic radius

directly into the capillary. CE-SDS is classically coupled with UV or fluorescence detection.

Focusing on the characterization of ADCs, CE-SDS particularly can be used to provide critical
information regarding the nature of aggregates and/or fragments following different modes of
sample preparation, namely after reduction or not. However, while CE-SDS is a routine method
for determining overall mAbs purity, this method has some limitations for the analysis of ADCs
depending on the conjugation chemistry and the binding site (lysines, cysteines or glycans)
[24,26,33].

Concerning the interchain-cysteine modified ADCs, the conjugation of the cytotoxic drugs to
antibodies is performed through cysteine sulfide groups which are activated by a partial
reduction of interchain disulfide bonds. It means that some antibody chains are no longer
covalently linked by intact disulfide bonds. The presence of SDS in the sample implies the
formation of protein-SDS complexes and the dissociation of non-covalent interactions. This
involves the dissociation of any antibody chains depending on the position and the number of

cytotoxic drugs and then causes the presence of low molecular masses ADC fragments. The
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first study on CE-SDS analysis of interchain-cysteine modified ADCs corresponding to chimeric
BR96 linked by anticancer drug doxorubicin (BR96-DOX) was published in 1995 by Liu and
co-workers [81]. In the denatured state, six peaks were identified corresponding to the
expected light chain, heavy chain, light-heavy chain, heavy-heavy chain, light-heavy-heavy
chain and the unmodified antibody, with a predominance of the light chain, heavy chain, light-
heavy chain species. Ten years later, Sun et al. reported similar results in the analysis of a
cAC10-ve-MMAE immunoconjugate [82]. ADCs were analyzed under denaturing but non-
reducing conditions on an automated silicon chip-based CE-SDS apparatus. CE-SDS
combined with RPLC and HIC analysis demonstrated that treating cAC10 with reducing agents
such as DTT caused preferential reduction of light-heavy chain disulfides, whereas re-
oxidation of fully reduced cAC10 interchain disulfides caused preferential reformation of light-
heavy chain disulfides. Calculation of the positional isomers was performed within the isolated
DAR fractions by associating the abundance of specific dissociation peaks in RPLC or CE-
SDS with a specific isomer. The positional isomer distribution of the parent material could then
be reconstructed from the information about the isolated DAR species. Based on this work, Le
et al. used information about the abundance of different DAR species (HIC data) combined
with CE-SDS dissociation of the entire, unfractionated sample to develop a mathematical
approach allowing to determine the positional isomer distribution within a population of ADCs
[83]. A survey of several interchain-cysteine modified ADCs based on the same IgG framework
and small molecule drug (ve-MMAE) combination validated this approach by obtaining a similar

distribution of isomers among all the molecules.

Concerning Lys-ADCs, CE-SDS profile looks totally different as compared to cysteine-
conjugated ADCs. Indeed, Lysine conjugation chemistry did not imply any partial reduction of
interchain disulfide bonds meaning that antibody chains conserved covalently linkage
properties by intact disulfide bonds. In 2016, Chen and co-workers published non-reducing
CE-SDS studies of T-DM1 and the unconjugated mAb, trastuzumab. CE-SDS analysis gave a
comparable profile with a prominent peak corresponding to the full-length antibody and minor
peaks representing lower and higher molecular weight species [26]. The same year, another
group described the in-depth structural characterization of T-DM1 and its biosimilar candidate
using several analytical methods [84]. Characterization of size variants performed with the
combination of SEC and CE-SDS showed similar results exhibiting predominant monomer
contents (>95 %) in T-DM1 and the biosimilar ADC sample indicating their similarity in the
aspect of size heterogeneity. In 2018, Wagh et al. confirmed that non-reduced CE-SDS
analysis usually shows a single prominent peak corresponding to full-length ADC in another
Lys-ADC [24]. However, they demonstrated that reduced CE-SDS analysis usually shows

prominent peaks of the light chain and heavy chains as well as minor peaks for non-
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glycosylated heavy chains and non-reducible species. Presented results demonstrated the

possibility to separate light chains with 0 to 2 drugs molecules using reduced CE-SDS.

3.2. Capillary Isoelectric Focusing (clEF) and imaged clEF (iclEF)

Like electrophoretic gel modes for the analysis of therapeutic protein size variants, isoelectric
focusing modes became these last decades reference methods for the analysis of mAb and
ADC charged variants [53,70,71]. Due to their charge heterogeneity, the charge profile
represents the unique “fingerprint” of mAbs or ADCs. The biopharmaceutical industry used
some analytical techniques such as isoelectric focusing slab gel (IEF), clEF and iclEF to
characterize charge variants. Separation mechanism is based on the migration of proteins
isoforms following their isoelectric point (p/) in an ampholytic pH gradient under the application
of an electrical field. While IEF has been used in the last years to characterize the charge
profile of ADCs, this method is however known as labor-intensive, time-consuming and not
very reproducible. Adaptation of IEF to capillary format permits to reduce drawbacks and brings
some advantages like ease of handling, automated procedure, short analysis time and
improved resolution. In conventional clEF, following the focusing step, electrophoretic or
hydrodynamic mobilization is implemented to force the sample to move toward the UV
detection. However, the mobilization step could have negative effects on the migration time
and on the resolution, due to possible peak broadening. Because of these drawbacks, whole-
column imaging iclEF has been established to achieve faster separation with greater
resolution, better reproducibility, and reduced sample volume. Short capillary length (5 cm)
combined to real-time monitoring of the focusing step allowing no mobilization step, lead to
reduce analysis time and to perform high-throughput experiments. Those benefits allow for
applications across entire pharmaceutical processes, from cell culture development and

optimization to commercial quality control release and stability activities [85].

As CE-SDS, depending on the conjugation chemistry (nature of the drug-linker) and the binding
sites (lysine, cysteine or glycan), isoelectric focusing methods may give significantly different
information on electrophoretic profiles of ADCs [26,33]. The nature of the drug-linker, especially
the charge that can or cannot be added to the ADC represents a major concern on the charge
profile of the protein. For instance, Ji et al. described the characterization of thio-succinimide
hydrolysis of vc-MMAE ADC using iclEF during the formulation development [86]. As
uncharged ve-MMAE conjugation through sulfhydryl groups in the interchain-cysteine residues
is known not to change the net charge of the ADCs, similar charge variant profiles were
expected between the conjugated and the unconjugated mAb. However, overlay of iclEF
profiles of ve-MMAE ADC, incubated at pH 9 during 0 to 48 hours, showed an important

heterogeneity in the acidic region due to various negative charges of the ADC gained from
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both deamidation and succinimide hydrolysis of the thio-succinimide linker. Each peak shift to
the acidic region of the charge profiles represents a gain of one charge and then changes p/
values. Based on this conclusion, an approach using weighted peak area and drug load has
been utilized to quantify the thio-succinimide hydrolysis of ADCs [86]. Adem et al. described
the same kind of results in the study of physical instability and the role of drug payload of vc-
MMAE ADC [87]. They represented acidic variants variation of ADCs after formulation in either
low and high ionic strength buffer and storage at 40°C for up to 4 weeks. Despite significant
differences in the aggregate formation of vc-MMAE ADC under high and low ionic strength
buffer conditions, a similar increasing degree in acidic charge variant profiles were observed.
More recently, Valliere-Douglas and co-workers demonstrated that freeze-dried mAbs and
ADCs could be covalently modified with buffer and excipient molecules on the side chains of
Glu, Asp, Thr, and Ser amino acids when subjected to temperature stress [88]. Two ADCs
corresponding to an interchain cysteine modified ve-MMAE ADC and an engineered IgG1 with
cysteine conjugated with a drug-linker molecule containing a pyrrolobenzodiazepine (PBD)
dimer [89], were analyzed by iclEF. Significant changes were observed in the charge variant
distribution of all ADCs at stress storage temperatures. For both ADCs, an increase in basic
variant level was observed over time. The increase in the basic variants trended with increasing

storage temperature [88].

Conjugation of the amino groups accessible to lysine residues to form amide bonds with
uncharged linker moiety eliminates basic sites in the proteins and changes ADC pls [90]. The
first presented results concerning IEF gel electrophoresis analysis of GO, showed that most of
the calicheamicin was on approximately half of the antibody while 45-65% of the product was
a low conjugated fraction, essentially unconjugated antibody [33,91]. In 2010, Maeda et al.
reported the development of a robust and highly reproducible conventional clEF analysis of
both intact and deglycosylated GO [92]. Three years later, Lin et al. described the
determination of mAb-DM4 with an average DAR of 3.6 by iclEF [90]. pl of the drug-loaded
species shifted toward acidic variants from the unconjugated mAb due to the increase in the
number of DM4 drugs conjugated. Charge variant profile exhibited nine peaks corresponding
to proteins with zero to eight DM4 drugs per mAb. More recently, Luo et al. confirmed these
results performing the structural characterization of a mAb-DM1 ADC using the combination
of UV/vis spectroscopy, LC/TOF-MS and iclEF analytical methods [93]. iclEF showed that 0-8
DM1 drugs were conjugated to a mAb. Average DAR value (3.2) measured with iclEF was in
good agreement with UV/vis and intact mass values (3.3 and 3.1 respectively). Moreover, drug
load distribution was also characterized by iclEF and LC/TOF-MS. The DML1 distribution
profiles obtained by both methods were similar assessing the iclEF as a powerful method to
measure the homogeneity of ADC population. However, authors assumed that

characterization of drug load distribution by iclEF could be very challenging because it cannot
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identify the antibody with linker only from the antibody with linker-DM1. Wagh et al. reported
the same conclusion summarizing the fact that iclEF can be applied to measure the level of
unconjugated antibody and drug load distribution, but it cannot distinguish between
conjugates, process intermediates and impurities [24].

3.3. Capillary Zone Electrophoresis (CZE)

CZE represents the most straightforward mode of electrophoretic separation. CZE is
commonly performed in aqueous electrolytes composed of a buffer, which enables to control
the pH and ensure the conductivity of the electric field inside the capillary. The separation is
achieved strictly due to differences in electrophoretic mobilities between the separated
analytes. Because in similar conditions, electrophoretic mobilities are influenced by the charge
and hydrodynamic radius, CZE generates a separation radically different to the ones
conventionally accessible using LC. Early in the introduction of mAb conjugates, CZE was
evaluated as an analytical technique for their characterization. Thus, Liu and co-workers
developed a CZE-UV/LIF method that could be successfully used for the analysis of an ADC
composed of DOX linked through cysteine residues via a hydrazone linker. Following tryptic
digestion, the peptide mapping was performed and compared to the equivalent experiment,
corresponding to the ‘naked’ mAb. Also, the fluorescence detection was used to specifically
monitor DOX conjugated peptides. The results showed the possibility to perform robust peptide
mapping using the developed CZE-UV/LIF method. The sensitivity provided by the
fluorescence detection allowed the detection of the different conjugated peptides for quantities
as low as 30 amol. In addition, free DOX moieties could be detected showing the versatility of
this analytical methodology. Finally, the CZE-UV/LIF was used consequently to offline RPLC
prefractionation which emphasized the possibility to apply this type of instrumental approach

for more complex ADC samples [94].

CZE can also be implemented for the separation of intact ADCs. Kobuta et al. have described
in a recent article, the optimization and statistical validation of a CZE-UV method for the
analysis of ADC charge variants. The results reported showed the method could be applied for
different types of ADCs with comparable performance regarding charge variant separation.
Note, the separation obtained was not generated from dissimilar values of conjugated drugs
between the variants but rather on the occurrence of PTMs inducing charge variation like
glutamic acid cyclization or deamidation. Therefore, this method revealed to be a relevant tool
to focus simply on this type of PTMs, regardless of the heterogeneity induced by the yield of
the conjugation reaction. The method could be implemented for the analysis of stability
samples demonstrating the gradual degradation of ADC samples submitted to forced

temperature stress. The validation of the method allowed in parallel to emphasize the excellent
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linearity of the signal over the studied concentration range as well as satisfying LOD/LOQ and
the robustness of the CZE-UV method could be illustrated for different ADCs. Therefore, the
CZE-UV method demonstrated to be fully compatible with ADC quality assessment and could
represent a satisfying alternative to investigate the introduction of several types of PTMs on
the peptide backbone of ADCs [95]. To further improve the resolution of the separation, Henley
and coworkers have designed a CE instrumentation capable of delivering ultra-high voltage
(UHVCE). This instrument can maintain a stable electric field twice higher compared to
conventional CE instrumentation. Using a similar zwitterionic background electrolyte (BGE),
UHVCE-UV analysis was performed for a model ADC. The results showed a significant
improvement in the separation of ADC charge variants regarding peak width and resolution,

enabling in several cases to distinguish additional species [96].

Consequently, to the introduction of ADCs, an analytical method based on CZE separation
could be developed to characterize the primary structure of this type of therapeutic proteins.
At the peptide level, CZE allows performing robust peptide mapping which proved to be
orthogonal to RPLC, for instance, to assess the conjugation reaction. Concerning intact ADC
analysis, CZE allows investigating the heterogeneity originating from charge variants. Because
the type of conjugated drugs is constantly diversifying, CZE could potentially be further relevant
to study the heterogeneity inherent to the conjugation process. Especially, in the context of
drugs exhibiting charges in solution which could lead to their separation under the influence of

the electric field.
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4. State-of-the-art mass spectrometry approaches

The native MS approach, formerly applied for the characterization of intact noncovalent
protein/protein [97] or protein/ligand assemblies [98,99], has considerably evolved since its
development in the early 90s. Native MS has been shown to be a forefront technique for rapid,
sensitive and valuable analytical characterization of mAbs [100-109] and ADCs [58,109-112]
at the intact protein level [113]. For ADCs, native MS provides information on various CQAs,
including glycoprofiles, DLD, DARay, amount of unconjugated drug (DO), aggregation species.
When coupled to ion mability (IM), IM-MS afford additional conformational characterization of
all MS detected species [114,115].

4.1. Native MS

Native MS has been first shown to be highly informative for Cys-ADC product, constituted of a
mixture of covalent and non-covalent DO to D8 populations because of the chemical
bioconjugation process [111,116,117]. The benefits of native MS have also been reported on
covalent Lys-ADC, taking into account the narrower charge envelope distributions shifted
towards greater mass-to-charge (m/z) values in native conditions compared to MS data under
denaturing conditions (bringing enhanced separation between charge states) to distinguish
overlapping drug-load species [58]. Altogether, native MS can now be routinely used for
screening of bioconjugation process, including the chemical conditions used for reaction on
both Cys- and Lys- ADC compounds [118,119]. In addition to being rapid, accurate and
sensitive, native MS is also versatile, as it can be applied to a vast variety of ADC formats
including more homogeneous 3G site-specific [120] and rebridged ADCs [119]. Originally
hampered by the mandatory buffer exchange sample preparation step necessary prior to
native MS analysis, the methodology has considerably evolved and benefits how from fully
automated workflows. SEC can indeed be used as a fast desalting tool (providing separation
of nonvolatile, non MS-compatible salts from the ADC sample), and coupled in-line to native
MS, to automatize sample preparation and increase throughput. High throughput can be
reached by using small SEC cartridges (3-5 cm) with reduced patrticle sizes (< 3 um) affording
SEC-native MS runs within less than five minutes [121]. Online hyphenation of SEC to native
MS not only ensures automated sample handling and data acquisition but also opens the way
for including statistical analysis coming from replicate measurements. In parallel, progresses
have been made in bioinformatics pipelines provided by manufacturers, most of them now
including user-friendly modules for accurate and automated mass and average DAR
calculation (mostly from deconvoluted MS data), that can handle heterogeneous/complex MS
data interpretation or replicate comparisons [122]. Mass accuracies below 50 ppm and
improved dynamic ranges are now routinely obtained on high-resolution native MS platforms
(FTICR [123], orbitrap [58,111,120] or Q-TOF [121]) that allow unambiguous determination of
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some of the main CQA of ADCs (i.e., relative amount of DO, DAR,y, DLD) within one unique 5
min LC-MS run in non-denaturing conditions. Thanks to all these recent technological and
bioinformatics breakthroughs, high-resolution native MS has entered most world leading
biopharma companies and is now routinely used in R&D labs for straightforward ADC analytical
characterization. To highlight the versatility of the SEC-native MS approach, Figure 2 presents
online SEC-native MS analysis of different types/generations of ADCs, including Cys- and Lys-
ADC in addition to new generation site-specific and rebridged ADCs. In all cases, from rather
homogeneous to highly heterogeneous ADCs, DLD, average DAR, and unconjugated DO
amounts could be deduced and agreed with chromatographic methods. This combination of
SEC to native MS can potentially be extended to forced degraded studies. Indeed, separation
capabilities of SEC columns can be exploited to provide chromatographic separation of LMWS
and HMWS before online native MS identification. Ehkirch et al. have recently published a

proof of concept of SEC-native MS benefits for forced degraded studies of mAbs [121].

a) SEC-IM-MS flowchart b) Deconvoluted spectra c) IM-MS plots of
m/z vs drift time
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4.2. Hyphenation of non denaturing LC to native MS

The success of online SEC to native MS has stimulated interest for more generally coupling
non-denaturing chromatographic (like HIC or IEX for hydrophobic and charge variant analysis,
respectively) or electrophoretic (like capillary zone electrophoresis CZE [44,124-126])
techniques classically used in QC labs to the power of native MS. Those non-denaturing LC
methods often require high amount of nonvolatile salts within the mobile phase for optimal
chromatographic performance [46,127], which are not directly compatible with native MS. A
first way to circumvent this limitation is to add a second dimension of chromatographic
separation, aiming most often at including a reversed phase C18 column for sample desalting
[128-131] and further classical denaturing MS analysis (see sections 5.1.5 and 5.1.6 on
multidimensional LC). As an alternative to 2D-LC setups, several groups suggested performing
non-denaturing LC (SEC, HIC or IEX) using ammonium acetate as mobile phase, to use 1D
LC-native MS setups.

For charge variant analysis, two approaches have been described in the literature to afford
online IEX-native MS. A challenge for pH gradient IEX is to find a balance between low salt
concentrations for optimal MS sensitivity while maintaining control of the pH to facilitate
reproducible chromatography and have suitable peak shapes [132]. When coupled with native
MS, separation using the pH gradient approach was found to outperform salt gradient
separation on a strong cation exchange phase. Limited reports of the direct hyphenation of
IEX to MS exist in the literature, the main bottleneck for performing IEX in ammonium acetate
being the high amount of ammonium acetate required (> 200 mM), which negatively affects
native MS sensitivity and resolution [132]. Online hyphenation of IEX to native MS using a
single pH unit gradient change on a weak cation exchanger using ammonium hydroxide
eluents containing 20% methanol has been described first for intact mAb analysis [133] and
more recently for middle level characterization [134], which are not stricto senso “non-
denaturing” conditions as 20% methanol can affect mAb conformation. Conversely, Fussl et
al. have reported the use of low ionic strength pH gradient elution of mAbs from a strong cation
exchanger coupled to high-resolution native Orbitrap mass spectrometer for high-resolution,
high-definition characterization of mAb charge variants [135,136]. This time elution buffer was
consisting of 25 mM ammonium bicarbonate and 30 mM acetic acid as buffer A (pH 5.3) and
10 mM ammonium hydroxide in 2 mM acetic acid as buffer B (pH 10.18), which again are not
100% non-denaturing [135]. Bailey et al. described a similar workflow that simultaneously
accomplishes native intact mass analysis on a high-resolution native MS orbitrap platform and

charge variants analysis using weak cation exchange performed in robust mobile phase
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buffers and is based on pH gradient separation using extremely high purity MS compatible
buffers at low ionic strength. For this purpose, a pH-elution IEX method with low ionic strength
and a constant background of volatile salt, which served to minimize gradient-related changes
in ESI sensitivity and to maintain equivalent desolvation conditions throughout the entire
course of separations was developed (50 mM ammonium acetate without pH adjustment as
mobile phase A and with pH adjustment using ammonium hydroxide in mobile phase B) [137].
Even if it has not yeet been reported, the IEX-MS approaches described in this section could
potentially be applied to lys-ADC for the characterization of CQAs such as the DLDs, average
DAR and amount of unconjugated mADb.

Direct coupling of hydrophobic Interaction chromatography (HIC) and native MS is also
attracting, especially for Cys-ADC characterization where HIC is a quality control method for
establishing DLDs, average DAR and amount of unconjugated mAb. Again, HIC elution can
be performed at high concentrations of ammonium acetate (often also in the presence of
organic modifiers, that are not stricto senso native) and directly coupled to native MS. For
instance, Chen et al. described the direct coupling of HIC to native MS but with a mobile phase
containing denaturing/organic solvent (eg linear gradient from 99% MPA (1 M ammonium
acetate) to 99% MPB (20 mM ammonium acetate in 50% ACN) which might not be appropriate
for cysteine ADC analysis [44,138].

As ammonium acetate does not always afford best chromatographic performance compared
to classical salt-containing buffers, alternative methods involving innovative multidimensional

LC setups coupled to native MS were developed and are detailed in sections 5.1.5. and 5.1.6.
4.3. Native IM-MS

Over the past decade, IM-MS has emerged as an orthogonal analytical technique to bring
conformational characterization of protein complexes [139], including mAbs [102,140,141] and
ADCs [58,111,120]. IM separates ions based on their size to charge ratio and reports ion size
in terms of a rotationally-averaged collision cross section (CCS). IM-MS is a promising
approach for biotherapeutic characterization as it combines advantages of conformation-based

separation of IM to the accuracy of MS measurements.

Since IM provides a global view of conformational differences, it is a good choice for
preliminary investigations of mAb-based product conformations, where the shape and size of
the molecule are of interest. For ADC characterization, IM can either be used qualitatively
mostly to address heterogeneity issues, but also in a quantitative way, to determine CCS
values or to directly evaluate the relative amounts of the different species present in solution

from IM data, providing reliable CQAs information (DLD, DARay, unconjugated DO).
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IM-MS usually begins with CCS measurements of therapeutic proteins after carefully
controlling and adapting calibration procedures depending on the IM instrumentation that is
used. Those experimentally IM-derived CCSs can be further compared to calculated
theoretical values coming from an equation linking CCS and MW [142], deduced from 3D
structures or after MD simulations [143]. CCS measurements are often the starting point for
mAb and ADC analysis, but their “effective” usefulness for therapeutic protein characterization
can be questioned as few or no 3D structures are reported in the Protein Data Bank (PDB,
https://www.rcsb.org/pdb) for mAbs and ADCs, respectively. However, CCSs reported by
different independent groups were consistent, which demonstrates the robustness of IM-MS
measurements. So, accumulation of IM-derived CCS values will serve for the constitution of a
broad library of reference values, waiting for 3D structures for more in-depth/extensive data
interpretation. Of note, the experimentally IM-estimated CCS values were shown to be
significantly lower than the CCS determined either from crystal structures or from MD
simulation for ADCs [111,120] and for mAbs [58,141,144]. This is explained by the flexibility of
the hinge region that collapses in the gas phase, such that the measured CCS of the mAb is
substantially less than both the predicted CCS from its crystal structure and the in vacuum MD
simulation [141]. As expected from the mass effect related to drug conjugation, CCS values of
ADCs are usually slightly but significantly higher than those of the corresponding unconjugated
mAb [58,111,120]. However, drug loads often exhibited similar intact CCS values, which do
not allow distinction between a mass effect or a real conformational change induced upon drug
conjugation.

IM-MS can be used in an easier and more qualitative way for ADC analysis to provide a rapid
and direct snapshot/picture of the conformational heterogeneity/homogeneity resulting from
drug conjugation (Figure 2). By comparing 2D plots of m/z as a function of IM drift times of the
ADC versus its former unconjugated mAb, clear evidence is provided on the level of
heterogeneity/homogeneity of the studied samples, as shown in Figure 2. Debaene et al. have
first reported the difference in 2D IM-MS plots of BV compared to the naked antibody building
block (brentuximab) [111]. Similar observations were published by Marcoux et al. on Lys-ADC,
by comparing 2D plots of T-DM1 and trastuzumab. More recently, Botzanowski et al. reported
the high homogeneity of a site-specific ADC, like its parent unconjugated mAb, but very
different when compared to Lys- or Cys-ADCs [120]. Quantitative data can also be deduced
from IM-MS measurements after extraction and integration of arrival time distributions (ATDs)
of each individual drug load species, leading to accurate DLD and DARa., assessment. For
instance, DAR,, determined from IM-MS of 3.7 + 0.1 (versus 4.0 expected) [111], 3.4 £ 0.2
(versus 3.5 expected) [58] and 3.9 + 0.1 were obtained by IM-MS for BV, T-DM1, and a site-
specific DAR4 ADC, respectively.
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Collision Induced Unfolding (CIU) experiments have proven to be an interesting IM-based
alternative to circumvent current limitations in IM cell resolution for therapeutic proteins
analysis [113]. CIU is an IM-based gas phase method that aims at collisional heating of ions
through the application of an accelerating electric field that results in higher energy collisions
with background gas. lons undergo unfolding without dissociation (no covalent bound
disruption). The extent of unfolding is monitored by IM-MS, protein unfolding being measured
by corresponding IMdrift time/CCS changes. While IM-MS is often compared to gas-phase
electrophoresis, CIU experiments can be seen as a gas-phase analog of differential scanning
calorimetry. The comparison of CIU fingerprints (IM drift times as a function of accelerating
voltages) from two different samples/conditions can serve to highlight subtly different
conformers and to probe differences in their gas-phase stabilities. CIU is a valuable approach
to tackle compound with very close conformations, which is the case for the slight
conformational changes induced upon drug conjugation for ADCs. While several studies now
report CIU experiments to distinguish between mAb isotypes [140,145,146] or for mAb
comparability studies [147,148], to the best of our knowledge, only one paper reports on CIU
experiments performed on a site-specific ADC. In this study, Botzanowski et al. reported CIU
experiment performed on unconjugated mAb and its corresponding site-specific DAR4 ADC
[120]. Different CIU unfolding patterns were obtained for the unconjugated mAb (three main
CIU features) compared to the site-specific DAR4 ADC (only two main CIU states), revealing
increased ADC stability toward unfolding as compared with the unconjugated mAb.

Conversely to native MS, and even though automatized IM-MS data acquisition is almost
possible and straightforward in SEC-native IM-MS workflows [121], IM-MS is still not adopted
in the biopharmaceutical environment for routine conformational characterization of
biotherapeutic proteins. Several reasons can account for that. As already explained and
despite alternative IM-based experiments like CIU, current IM instruments lack in resolution to
tackle major issues related to rapid differentiation of subtly-different ADC isoforms. In the case
of ADCs, a challenge expected to be solved by IM-MS is the analytical characterization of
positional isomers (ADCs bearing the same number of drugs but at different amino acid
positions) in both cysteine and lysine conjugates. Positional isomers are expected to have the
same molecular weights but slightly different conformations that might be separated by IM.
Such positional isomers have been reported for BV by chromatographic techniques.
Unfortunately, current IM cells lack in resolution to separate positional isomers at the intact
(150-170 kDa) top level. As no 3D structure of an ADC is available in the PDB, Marcoux et al.
used a molecular model of the D4 positional isomers of T-DML1 to see how challenging it would
be to separate DAR4 isoforms in an IM cell [58]. Subsequent simulations of the ATDs of the

different D1 isoforms indicate that an IM resolution of ~330 would be necessary to separate
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them in an IM cell, indicating that further instrumental developments are required before the
guantitative characterization of positional isoforms by native IM-MS becomes a possibility.

A second explanation for the limited use of IM-MS and CIU for routine use in biopharmaceutical
companies is their lack of true high-throughput as compared to native MS. For automated
sample injection, native IM-MS has directly benefited from progresses in native MS. Online
hyphenation of SEC to native IM-MS has been reported by Ehkirch et al. for mAb and ADC
global conformational characterization and in the context of forced degraded studies [121].
This is not the case for CIU experiments. The bottleneck for the moment rather sticks on the
sample introduction which is necessarily manual (syringe or microfluidic injection). As high-
resolution CIU fingerprint data acquisition requires 30-60s acquisitions every 2-5 V, recording
of a CIU fingerprint is currently limited by the acquisition time which is thus inherently not
compatible with online SEC coupling. In terms of data acquisition, both IM-MS and CIU can be
fully automatized. Another bottleneck of the IM-MS approach is automated data interpretation
(CCS calculations, 2D IM-MS plots comparisons, etc.) which is still mostly manual and requires
strong expertise to avoid misinterpretations. For CIU experiments, the situation is slightly
different as the CIU data acquisition process can be fully automatized and included in open
source software [149,150] to generate in an easy, rapid and user-friendly manner CIU
fingerprints. Those bioinformatic tools also include a statistical comparison of the CIU
fingerprints. Finally, IM-MS based experiments still require proper calibration and strong
expertise in data acquisition and interpretation which may hamper its routine use in

biopharmaceutical R&D laboratories.
4.4. Top- and middle-down analysis of ADCs

One major issue which is not addressed with native MS approaches is the precise location of
the drug on the mAb scaffold, as the pharmacokinetics and the stability of the ADCs can be
closely related to its bioconjugation site. Primary sequence validation along with localization of
drug conjugation is usually performed by classical bottom-up approaches [151]. However,
separation and identification of peptides containing the payload in LC-MS/MS analysis are very
challenging mainly owing to the hydrophaobicity associated with the drug-conjugated peptides
[33]. Furthermore prior to bottom-up mass spectrometry, proteins are subjected to long
enzymatic digestion that can impact the quality of the final product (increase of oxidation,
deamidation, etc. [152]). Improvements on MS resolution and fragmentation techniques have
been critical for the implementation of complementary strategies, so-called top- (without any
prior sample digestion, TD) and middle-down (formation of 25-30 kDa LC, F(ab)2 and Fc
subunits, MD) analysis to characterize the primary structure of mAbs and related products.
Electron-based activation techniques such as ETD and ECD, have been used to induce the

fragmentation of intact mAbs due to their higher fragmentation yield compare to slow-heating
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activation techniques (CID) [153] and for the suitability of these techniques to characterize
labile post-translational modifications. Despite the remarkable efforts performed on the
fragmentation of intact mAbs, less than 40% of the overall sequence could be characterized
[154-159] after merging the results from different experimental conditions, highlighting that
further improvements are still needed to allow the implementation of TD MS as a routine
method for mAbs and ADCs sequencing. To circumvent the shortcomings associated with TD
MS, many groups have envisaged the characterization of unconjugated mAbs after performing
IgG protases digestion steps leading to the formation of subunits [156,159,160]. IdeS
(FabRICATOR) is a cysteine protease that digests antibodies at a specific site below the hinge,
generating a homogenous pool of F(ab')2 and Fc/2 fragment and after reduction LC, Fd, and
Fc/2 subunits [156,159,160]. Kgp (GingisKkHAN) is a cysteine protease that digests human
IgG1 at a specific site above the hinge, generating intact Fab and Fc subunits. The significant
sequence coverage achieved using MD MS is not only due to the reduction of the size of the
protein but also to the implementation of newly fragmentation techniques such as ultraviolet
photo-dissociation (UVPD). Cotham et al. [160] performed MD MS analysis on trastuzumab
using ETD, and 193 nm UVPD. After one LC-MS/MS UVPD run, almost 60% of the sequence
coverage for the three subunits were attained, and after combination with one ETD run, the
overall sequence coverage rose to 80% for Fc/2, and LC subunits. A similar study was
performed by Fornelli et al. [159] either on ldeS-digested or Kgp-digested rituximab. In this
case, a commercial orbitrap mass spectrometer equipped with a 213 nm UVPD laser was used
providing very similar sequence coverage compared to those obtained by Cotham et al. and
thus, democratizing the use of UVPD for TD and MD MS workflows. While unprecedented
outcomes in terms of sequence coverage and time analysis have been obtained in MD MS
analysis of mAbs, ADC’s remain unexplored by this approach. Hernandez et al. [161] studied
the conjugation site of a cysteine conjugated site-specific ADC after IdeS digestion and
reduction (MD MS). The MS data associated with the ADC subunits allowed to localize the
payload on the Fc, and Fd, while the LC remained unconjugated. However, the conjugation
characterization was not only restricted to the subunit level and fragmentation of the Fc, and
Fd were performed using three fragmentation techniques (HCD, ETD, and 213 UVPD) to
provide the specific position of the conjugation. After 10-min LC-MS/MS run, the conjugation
site on both subunits was unambiguously assigned mainly due to the fragmentation efficiency
provided by the 213 UV light. Overall, the previous studies were performed under denaturing
MS conditions. However, native MS can also be implemented on TD and MD MS approaches.
Dyachenko et al. [162] performed tandem MS analysis on a cysteine-linked ADC (BV) under
native conditions. Selective fragmentation of high m/z molecular ions was carried out in an
Orbitrap Exactive EMR with a modified quadrupole working at 284 kHz allowing the isolation

and efficient transmission of ions until 20000 m/z. The positional isomers heterogeneity could
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be assessed after analysis of MS/MS data of specific DAR species of BV. Nevertheless, the
success of this workflow was limited to the differentiation between Fab- and hinge-conjugated
cysteines without providing further information about the specific conjugation site.

4.5. Covalent labeling techniques for ADC higher order structure characterization

Several techniques have been conducted to provide more insights about higher order
structures (HOS) of mAbs and ADCs, among which hydrogen-deuterium exchange followed
by MS analysis (HDX-MS) is particularly used [163]. Differences in isotope exchange kinetics
of amide hydrogens in mAbs have been successfully analyzed to assess the structural impact
of post-translational modifications (PTMs) [164,165] while other groups have used this
technique to characterize the mAb/Ag interaction (epitope mapping) [166—168]. HOS of mAbs
might also be affected by the addition of cytotoxic molecules that could potentially give rise to
some undesired effects in terms of safety and efficiency. For instance, HDX-MS was performed
to gain further understanding of the impact of drug-linker conjugation to both inter-chain
cysteine residues [169] and site-specific engineered cysteine conjugated mAbs [170]. The
similar HDX kinetics in both cases led to the conclusions that the conjugation process does
not induce large-scale major conformational changes on the mAb backbone, however, local
regions where found to be more solvent exposed because of the disruption of the disulfide
bonds derived from the conjugation process. The same technique was also used to study the
effect of the drug conjugation on Adnectin (a protein scaffold around 15 times smaller than
mADbs) [171]. Combination of intact protein HDX, bottom-up HDX, and top-down HDX results

did not reveal any significant conformational changes.

Covalent labeling is also considered an alternative approach to HDX that can afford protein
structural information related to structure dynamics and solvent accessibility by targeting
chemical modifications on the side chain of the amino acids. In contrast to HDX, covalent
labeling generates irreversible modifications on protein surface thus making post-labeling
sample preparation more flexible. Several covalent labeling techniques have been developed
over the years. However, the implementation of these techniques usually implies dedicated
equipments and thorough expertise for data analysis. Carboxyl group footprinting (CGF), which
is one of the most straightforward covalent labeling technique, was performed to provide
conformational insights into mAbs and ADCs [172]. In this case, a glycine ethyl ester tag is
added to the carboxyl group of the side chain of the solvent-accessible amino acids. The similar
rate constant (RC) of the mAb and the corresponding Cys-ADC pinpointed the high degree of
similarity between both systems. However other orthogonal techniques such non-specific

labeling strategies are often required to complement the limited sequence coverage afforded
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by CGF as only Asp and Glu amino acids can be targeted (around 10% of the overall mAb

sequence coverage).
5. Innovative hyphenated methods
5.1. Multidimensional LC coupled with MS

Analysis of ADC is extremely complex and requires a combination of modern analytical
methods and state-of-the-art systems, offering maximal resolving power. In this context, 2D-
LC is an interesting approach, since it offers high selectivity and resolving power thanks to the
use of complementary separation modes. In addition, because RPLC is often one of the
selected chromatographic modes, it is preferably used in the second dimension given its
compatibility with MS.

There are several ways to implement 2D-LC, which can be ranked in the order of increasing
complexity: off-line 2D-LC involving time-consuming fraction collection (out of the scope of the
present review article); on-line heart cutting or multiple heart cutting 2D-LC (LC-LC), when only
one or few parts of the 1D chromatogram are sent to the second dimension; and on-line
comprehensive 2D-LC (LCxLC), which is considered today as the most powerful and
informative 2D-LC mode [173].

5.1.1. Heart-cutting and multiple heart-cutting SEC-RPLC-UV/MS for determining free
drugs

To successfully analyze these small molecules cytotoxic drugs without adding a time-
consuming sample pretreatment procedure, 2D-LC can be performed, resulting in an

automated workflow and high sample throughput.

Using SEC in the first dimension enables the separation of protein species and small molecules
into two very distinct fractions, based on their size. Then, the fraction eluted later in SEC, and
corresponding to small molecules can be transferred to the second RPLC dimension using a
switching valve, through a heart-cutting approach. The different small molecule species (free
drug, linker, linker-drug, process-related impurities and degradation products) can next be
separated on the RPLC column. Such an online SEC-RPLC-UV/MS method was reported for
the assay of unconjugated free drug and related impurities in ADC product, and for stability
indicating assay [174,175]. An isocratic SEC elution with the addition of 20% acetonitrile in the
mobile phase was used to elute the free payloads and related species together. Then, MS was
used to identify the eluted peaks, while UV was used to properly quantify the small molecule
species. This approach was found to be 10-times more sensitive in comparison to the same

RPLC method performed after off-line protein precipitation. However, one of the constraints of
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this approach is that it uses an organic solvent in SEC and may therefore denaturate proteins

and hamper the determination of high molecular weight species (HMWS).

As an alternative, a multiple heart-cutting SEC-RPLC-UV method was developed for the
simultaneous separation of HMWS from the monomeric ADC and for the separation of free
payloads from the free linkers and another type of small molecules impurities [49]. For this
purpose, the protein species (i.e., HMWS, monomeric ADC, and LMWS) were eluted with less
than 5% acetonitrile. Then, the free payload related species were eluted from the SEC column
and separated with an acetonitrile gradient (containing up to 20% acetonitrile). Where this
method was applied to site-specific ADCs, two important CQAs of ADCs can be determined,
namely free payloads and HMWS, within only 10 minutes. By using a suitable switching valve,
different fractions can be collected, corresponding to the small molecules elution region of the
SEC chromatogram. This is illustrated in [49], where numerous small molecular weight species
were chromatographically quantified with UV detection, with also the possible identification by
MS detection (only volatile salts were used in the RPLC dimension). In the end, the “multiple
heart cutting” method significantly increases the peak capacity compared to previously
published single heart cutting SEC-RPLC methods.

5.1.2. Multiple heart-cutting CEX-RPLC-MS for Lys-ADC

Similarly, to what has been developed for mAbs [129,130], a multiple heart-cutting strategy
involving CEX and RPLC in the first and second dimensions was developed for the
characterization of Lys-ADC (T-DM1), both at the intact level analysis and after digestion with
IdeZ (F(ab’); and Fc/2 fragments of 100 and 25 kDa, respectively). As previously discussed,
the individual performance of CEX and RPLC was very poor when analyzing Lys-ADC, due to
the complexity and heterogeneity associated with the conjugation (one single broad peak was
observed, as shown in Figure 1). To further improve the resolving power of the analytical

technique, these two separation modes were combined in a multiple heart-cutting setup.

On the total, seven fractions of the CEX chromatogram of intact T-DM1 were collected and
sent to the RPLC dimension. When surveying the RPLC chromatograms of the second
dimension, the RPLC retention of the first eluted peaks in CEX was higher, which is logical
since more cytotoxic drugs are conjugated to lysine, so hydrophobicity increases, while
positive charge decreases. Thanks to the MS information that can be obtained from the second
dimension, valuable information could be achieved on the drug load and its distribution on the
mAb backbone. It is important to notice that various DAR species can already be slightly
separated in CEX (no baseline resolution). In addition, some isomeric species with the drug

conjugated at different lysine residues can also be identified.
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When analyzing IdeZ treated T-DM1, in CEX-RPLC-MS, a drug load of 0 to 5 was revealed on
the F(ab’). fragments, and the presence of linker without drug was clearly highlighted (this
information was not available at the intact level analysis, due to the size and heterogeneity
originating from glycosylation).

5.1.3. Comprehensive RPLC x RPLC-MS for Lys-ADC and Cys-ADC

A comprehensive RPLC x RPLC-MS-based peptide mapping has been successfully developed
for the analytical characterization of mAb samples [176]. This successful strategy has recently
been extended for the analytical characterization of Lys-ADC (T-DM1) and Cys-ADC (BV). To
achieve highly orthogonal separations of peptides, the two RPLC dimensions were performed
at basic and acidic pH, respectively. This 2D-LC approach was shown to be particularly
attractive to determine small molecule drug conjugation sites on ADC. Indeed, by comparing
the peptide map of ADC and corresponding unconjugated mAb, differentiating spots were
observed in the upper right corner of the 2D-LC map, corresponding to the most hydrophobic
conjugated peptides. Obviously, the specific ions originating from the cytotoxic molecule can
help to recognize conjugated peptides with MS.

5.1.4. Comprehensive HIC x RPLC-MS for Cys-ADC

With the purpose to obtain the fine structural characterization and the DLD of a Cys-ADC, a
detailed two-part series articles were proposed by Sarrut et al. [131,177] for the
comprehensive HIC x RPLC-MS analysis of BV. In a first instance, the authors carefully
optimized the experimental conditions of both LC dimensions with the goal to (i) prevent salt
precipitation, (i) limit the total analysis time, (iii) increase injection volumes (and thus
enhancing sensitivity), and (iv) ensure suitable MS hyphenation. To achieve these objectives,
first, different combinations of salts were evaluated, and ammonium acetate was used instead
of ammonium sulfate in the mobile phase of the first HIC dimension to avoid precipitation with
an organic solvent in the second RP dimension. Then, the 1D-gradient conditions in HIC were
optimized and total analysis time of 70 min was achieved with a concave gradient, developed
through a computer-assisted gradient optimization software. Finally, to increase the injection
volumes, samples were prepared with 2.5 M ammonium acetate in the injection solvent to
increase their ionic strength prior to the injections and thus to obtain the decrease of their
eluent strength. By applying this strategy, it was possible to inject up to 40 pL without occurring
in chromatographic peak distortion, while achieving enhanced sensitivity. Then, to maximize
peak capacity in the second dimension, both high temperature and high flow rate were used
for RP separation. However, prior hyphenation with MS, the flow rate was diverted to discard
salt contamination and then decreased and redirected to the MS to achieve sufficient

sensitivity. Using this optimized HIC x RPLC strategy, the coupling with high-resolution MS

33



was performed, and structural information on positional isomers of BV DAR species was
obtained at an unprecedented level of details. In fact, once obtained the separation of the
native DAR species in 1D HIC dimension, each DAR was additionally analyzed in the 2D RP
dimension and thus non-covalent bound ADC sub-units were separated thanks to the
denaturing nature of the RP mobile phase and unambiguously assigned by MS. Finally, HIC x
RPLC profiles of BV were compared with the profiles of one- and two-month stressed samples.
Interestingly, in addition to even DAR, odd DAR species were detected in the stressed samples
and their relative abundance assessed. Notably, HIC x RPLC contour plots were found to be
a particularly useful representation for assessing the structural differences among stressed
and non-stressed samples.

5.1.5. Comprehensive HIC x SEC-IM/MS for Cys-ADC

An innovative multidimensional analytical approach has been recently proposed by Ehkirch et
al. [178] to achieve the on-line coupling of HIC to MS for the structural characterization of BV
(Figure 3). Specifically, comprehensive 2D-LC, consisting of HIC in the first dimension and
SEC in the second dimension, was coupled online to IM-MS for performing detailed and
streamlined characterization of both native and forced degraded ADC samples. The main goal
during the development and the optimization of this 4D configuration was to maintain the
integrity of the sample upon HIC separation and prior native MS analysis, and thus obtaining
a full online characterization performed in non-denaturing conditions. Through the optimization
of the second dimension, the authors were able to successfully achieve this goal. In fact, SEC
was solely used for its size-based separation capabilities and exclusively applied as “fast-

desalting” step prior to MS detection.

1D HIC chromatographic conditions were optimized to obtain the best peak resolution, and
mobile phases containing non-volatile salts were used (A was 2.5 M ammonium acetate, and
0.1 M phosphate buffer and B was 0.1 M phosphate buffer). Then, 2D SEC separation was
performed on-line in isocratic mode by using volatile mobile phases fully compatible with native
MS, consisting of 100 mM ammonium acetate solution. Large species, namely DAR moieties,
were eluted prior small species (salts) within a total SEC analysis time of 1.5 min. DAR-
containing SEC fraction were then sent to the MS, while the remaining fraction containing the
salts was redirected to waste prior flow entry into IM-MS instrument, thanks to the use of an
external switching valve. Within a single run, a global IM-MS picture was also provided. The
4D platform was used to characterize BV in comparison with a one-month stressed sample.
An in-house ADC under development was also used to illustrate the benefits of the 4D
HICXSEC-IM-MS workflow compared to HIC or native MS used as standalone techniques.

Altogether, the results demonstrate for the first time the ability to have a comprehensive
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analytical characterization of a Cys-ADC within a single run, affording: i) simultaneous DLD
and quantitative DAR.y assessment (HIC); ii) unambiguous identification of the number of drug
conjugations through accurate intact mass measurement (native MS); and iii) conformational
homogeneity assessment of each drug load species (IM). To highlight the relevance of the
direct hyphenation of HIC to native MS through HICXSEC-native MS approach, Figure 3a
presents the characterization of an in-house Cys-ADC under development. HIC separation
allows the differentiation of D4 positional isomers, thanks to the MS-based unambiguous
identification and also the identification of minor peak as D3. Finally, it is important to notice
that the online HICXSEC-native MS provides an accurate DARay of 4.1.

5.1.6. Comprehensive SEC x SEC-IM/MS for cysteine conjugated ADC

Another non-denaturing chromatography hyphenated to native MS could be envisioned,
namely SEC for size variants determination, since it is a major CQA. Classical SEC using non-
volatile mobile phases are not directly amenable to native MS. The hyphenation of SEC to
native MS, employing volatile mobile phase such as ammonium acetate was described in
section 2.1. for direct identification of each SEC peaks. Nevertheless, the use of volatile mobile
phase could decrease considerably SEC performance, particularly when analyzing
hydrophobic ADC products. Based on the previous observation, a recent multidimensional
analytical approach was proposed, combining online two-dimensional SECXSEC (1D as
separation step, 2D as fast desalting step) with ion mobility and mass spectrometry in non-
denaturing conditions, affording i) optimal SEC performance (under classical non-volatile salt
conditions), ii) online native MS identification and iii) IM-MS conformational characterization of
all separated size variants. As depicted in Figure 3b, online SECXSEC-native MS analysis of
an in-house ADC is presented. HMWS and LMWS are separated with 1D SEC and online
detected as dimer, monomer, Fc-Fab and Fab fragments. Finally, a precise relative
guantitation of HMWS (2.1 %) and LMWS (0.8 %) could also be established based on the 1D
SEC chromatogram.
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a) HICXSEC-native MS b) SECXSEC-native MS
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Figure 3. On line coupling of non—-denaturing chromatographic methods to native MS. a) Online HICXSEC-native
MS of ADC1 with HIC profile and deconvoluted mass spectra of each 1D HIC species. D4 positional isomers are
separated by HIC, fast desalted by SEC and identified by mass measurement in native MS. b) Online SECxSEC-
native MS of ADC2 for charge variant analysis, with SEC profile and deconvoluted mass spectra of each 1D SEC
species. The first SEC dimension is performed in phosphate buffer, the second SEC dimension is a fast desalting
step while SEC separated HMWS and LMWS are identified by native MS.

5.2. Combining capillary electrophoresis and mass spectrometry

In recent years, CE-MS has demonstrated an increased interest, especially for the
characterization of biopharmaceutical products including ADCs. The appeal for this technique
is partially attributed to the introduction of CE-MS instrumentation, which improved the
compatibility between the two techniques. Indeed, contemporary CE-MS instrumentation
enables to exploit to the fullest the unique selectivity provided by the electrophoretic separation

and achieve the outstanding sensitivity provided by high-end MS instruments [179,180].

Said et al. developed a multi-level analytical methodology using CE-MS for the characterization
of the primary structure of ADCs. The approach, applied to the characterization of BV, was
based on the combination of intact, middle-up and bottom-up analysis. The results allowed
determining the relative abundance of each species exhibiting different conjugated drugs. The
relative distribution obtained enabled to deduce the DARay of the sample [181]. In conjunction,
the ADC proteolytic digest generated through a specific protocol was characterized using CZE-

MS/MS. Results allowed in a single experiment the characterization of the amino acid
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sequence with a complete sequence coverage and to the major PTMs including glycosylation

(Figure 4a-c). In addition, the same dataset allowed to precisely localize the conjugated drugs

on the peptide backbone of brentuximab (Figure 4d) which consequently demonstrated the

ability to estimate the yield of conjugation for each site independently as well as identify minor

conjugation sites [182]. This CZE-MS/MS method showed to be particularly powerful for the

in-depth characterization of ADCs over the different level defining the primary structure of the

protein and could be further evaluated for the analysis of ADCs relying of different types of

conjugation processes.
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Figure 4. Characterization of the ADC amino acid sequence and its major PTMs including glycosylation performed

by CZE-MS/MS. a) Base Peak Electropherogram (BPE) corresponding to the analysis by CESI-MS of brentuximab

tryptic digest. b) Extracted lon Electrophorogram (EIE) corresponding to the m/z ratios of [EYK] and
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[DYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTK]. MS/MS
fragmentation spectra for both peaks (right-hand side). c¢) EIE of m/z ratios 780.11 and 1039.81
([TKPREEQYNSTYR] p GOF) and corresponding MS/MS fragmentation spectra (right-hand side). d) MS and
MS/MS spectra of drug-loaded peptides. [THTCPPCPAPELLG] + 1 payload. Reprinted from [182]. Copyright (2016)

Elsevier.

Furthermore, Dada et al. have described an alternative CZE-MS method used for the
characterization of the primary structure of an ADC incorporating PBD dimer conjugated by the
intermediate of cysteine residues. Following proteolytic digestion, the peptide mixture was
characterized by CZE-MS using a BGE containing a minor portion of the organic solvent to
enhance the separation selectivity. Achieved results demonstrated complete sequence
coverage emphasized by the systematic identification of an extended variety of peptides
regarding their chemical nature in concomitance to the highly hydrophobic peptides bearing
PBD drug. Also, the most abundant glycopeptides could be identified. The confrontation with
RPLC-MS analysis for the same ADC peptide mixture demonstrated the orthogonality between

the two instrumental approaches [183].

Due to the electrophoretic mobilization of the analytes, CZE is also adapted to the separation
of intact mAbs and ADCs [184—-186]. Redman and coworkers developed an integrated CE-MS
instrument based on a microfluidic CE device which could be successfully implemented for the
intact analysis of a Lys-ADC. The described results showed the separation thanks to CE, of
the five main species exhibiting different values of conjugated drugs. Therefore, the CZE-MS
analysis enabled the identification of the number of conjugated drugs for each species and the

determination of the average DAR value for the studied sample [187].

The research activities regarding the development of CE-MS is particularly vivid and should
provide the introduction of more applications adapted to the characterization of ADCs soon.
As an example, recent CE-MS applications rely strictly on the implementation of CZE
concerning the separation. Innovative instrumentation such as 2D CE-MS opens the
opportunity to perform CIEF separation in the first dimension followed by CZE in the second
dimension, with online coupling to high-resolution MS [188,189]. This type of instrumentation
has the potential to further increase the level of characterization achieved in a single
experiment. These perspectives appear particularly adapted to address the additional

heterogeneity arising from ADCs compared to conventional mAbs.
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6. ADC Bioanalytics

Bioanalytical methods are rapidly being developed to quantitatively monitor the transformation
of ADCs in various in vitro or in vivo biological matrices such as serum/ plasma [190] and tumor
tissues [191]. Indeed, a crucial property of conjugates is their stability in biofluids as the release
over time of cytotoxic drugs into the bloodstream constitutes a considerable health threat [192].
This drug loss also affects the composition of the ADC, potentially altering the amount of drug
delivered to the tumor site and posing another substantial safety risk because of its off-target
toxicity [193]. To fully describe the pharmacokinetics (PK) of an ADC, several analytes are
commonly quantified, including total antibody, conjugate, and payload [194-196]. Among
them, the conjugate is the most challenging to measure, because it requires detection of both
small and large molecules as one entity. Existing approaches to quantify the conjugated
species of ADCs involve a ligand-binding assay (LBAs) for conjugated antibody or hybrid
LBA/liquid chromatography/tandem-mass spectrometry (LC/MS/MS) for quantitation of
conjugated drug. Now, multilevel LC-MS workflows are more frequently used both for 2G
[197,198] and 3G ADCs [199,200] as well as for protein-drug conjugate (PDC, such as centyrin
scaffolds [201,202], based on immune-enrichment [203,204] and high-resolution MS [205].
Metabolites and catabolites of the drug molecule, with or without the linker, may also be
detected [206—211]. Pharmacokinetic profiling highlights the impact of the DAR [212] and other
perfectible parameters on the biological properties of ADCs, notably the rate of drug loss (from
deconjugation and instability) and the clearance of the species with different DARs [213].
Ultimately though, establishing the relationships between pharmacokinetic exposures and the
efficacy and toxicity of the drug is the most helpful guide for the optimization and development
of ADCs [191,214].
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7. Expert commentary
The multi-level state-of-the-art LC, CE and MS methods currently used to characterize mAbs,
are translating to the study of ADCs (HMWS, intact, LMWS, subunits, peptides, SMDs).

The development of high resolution (HRAM) instrumentation, complementary fragmentation
methods, and optimized sample preparation and workflows, have allowed MS to grow and to

be the leading ADC identification and characterization technique.

Multidimensional LC-MS (from 2 to 4 dimensions) facilitates online studies of large molecules
such as mAbs and ADCs, thanks to the extra resolution enabling the direct identification of
numerous species and important CQAs [215]. The first dimension can be adapted to the
problem at hand via the use of different chromatographic techniques developed for the
characterization of mAbs and ADCs (i.e., SEC, HIC, AEX, RP, HILIC), while RPLC or SEC are
mostly used in the second dimension to desalt the sample before its introduction into the MS
(under denaturing and native conditions, respectively). Native ion mobility and mass
spectrometry (IM-MS) may be used in the last dimensions to gain structural insights.

Collision-induced unfolding (CIU) experiments can be successfully used to compare the gas-

phase conformational stability of parental mAbs vs. ADCs.

The middle-down analysis is now a routine method that can supplement intact mass analysis
of mAbs and ADCs and peptide mapping. This method utilizes digestion enzymes with minimal
cleavage sites, such IdeS or IdeZ, which split the 1gG-based product into subunits (~25 kDa
after reduction) for LC-UV/MS analysis or prior to MS/MS sequencing. HILIC and CEX are
used as orthogonal methods to RPLC for ADC subunits analysis.

In addition, top-down MS and sequencing [154,159,216], middle-down MS with high energy
collisional-, electron-transfer and ultraviolet photo-dissociation (HCD, ETD and UVPD)

fragmentation, are all in constant progresses.

Capillary electrophoresis coupled to MS is now also a well-established method, orthogonal to
LC, for peptide mapping at the bottom and middle levels, and progress toward top-level

analysis is forthcoming, including native conditions.
XXXXXXXXXXXXXXX

As summarized throughout this review, accumulated reports clearly indicate strong evidence
that emerging analytical and structural approaches will successfully contribute toward

developing more stable, safer and efficacious ADCs.
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As previously done for mAbs [36,73,74] and reviewed here, current FDA and EMA approved
ADCs (BV, T-DM1, 10, GO) may be used as reference materials and benchmarks to evaluate

performance metrics for new analytical workflows.

8. Five -year view
In the last 5 years, the development of ADCs has benefited from general improvements in the
design of therapeutic mAbs and from specific improvements in methods for conjugate

synthesis as well from the structural, analytical and bioanalytical methods reviewed here.

ADCs can increase the efficacy and decrease the toxicity of their payloads in comparison with
traditional cytotoxic drugs. The targeted delivery of cytotoxic drugs to cancer cells increases
the percentage of drug molecules that reach a tumor, thus lowering the minimum effective
dose and increasing the maximum tolerated dose. Nevertheless, the therapeutic window
remained narrow for most of the current 2G ADCs. This is due to off-target toxicity, which is
frequently linked to retro-Michael deconjugation, competition with unconjugated antibody and
aggregation or fast clearance of conjugates with DAR of 8.

3G ADCs are designed to expand the therapeutic window. The toxicities that have been
reported for active and discontinued drugs, as well as the optimization of the antibody, the
linker, and the conjugation chemistry, are important to drive the rational design and improve
the therapeutic index of 3G-ADCs.

Moreover, alternative formats to mAbs, such as small protein scaffolds (DARPins, nanobodies,
single-chain variable fragments (scFvs), peptide—drug conjugates [217], antibody-dual-drug
conjugates (ADDCs), Fabs, Probodies and highly loaded ADCs such as Fleximers (up to DAR
12 to 15)), are now being investigated at early clinical trials. Most of these new formats are
more complex than the current ADCs that have reached the market and need a continuous

improvement of structural and analytical methods as discussed here.

In addition, new applications for ADCs have been explored outside the field of oncology using

non-cytotoxic drugs and will probably increase in the future [218,219].
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9. Key issues

e The inherent complexity of ADCs, which results from the heterogeneity and PTMs, the
linker-payload conjugation, combined with changes during manufacturing processes,
purification and storage necessitate advanced methodology for their characterization.

¢ High-resolution native MS provides accurate mass measurements (within 30 ppm) of
intact ADCs and can also yield the drug load distribution (DLD) and average DAR.
Native MS is furthermore unique in its ability to simultaneously detect covalent and non-
covalent species within a mixture.

¢ Native IM-MS reveals the drug-loading profile of ADCs, the CCCs of each payload
species, highlighting slight conformational differences.

¢ As an orthogonal method, LC-MS following IdeS digestion of ADCs can be used to
measure the drug-load distribution on light chain and Fd fragments, as well as the
average DAR for both monomeric and multimeric species. In addition, the Fc fragment
can be analyzed in the same run, providing a complete glycoprofile and demonstrating
the presence or absence of additional conjugation.

e The linker-payload and glycan modifications of Cys linked ADCs can be simultaneously
characterized using a HILIC-MS middle-up analysis, which is orthogonal to RPLC-MS.

o Because the drug molecules are frequently hydrophobic, all enzymatic digestion steps
used to prepare the sample for peptide mapping have to be adapted to keep the drug-
loaded peptides soluble. When the procedures are optimized, unambiguous maps are
obtained by LC-MS, while the positional isomers of the cytotoxic drug can be
determined by RP-HPLC after digestion with IdeS and reduction.

e Multiple Attributes Method (MAM) based on HRMS data with automated identification
and quantitation to monitor CQASs in one single analysis for mAbs may also be used for
ADCs.

o All these methods are also useful for comparability [220] and forced degradation
studies [221].

e On the bioanalytic side, LC-MS quantitation of larg biotherapeutic proteins such as
mAbs and ADCs at the intact level presents many challenges in both LC and MS due
to their high molecular weight, large size, structural complexity, and heterogeneity.

e ADCs can be quantitated at the intact level with highly selective sample preparation
combined with LC-HRMS analysis. Technological advances in processing software,
protein chromatographic columns, ionization techniques, and high-resolution mass
spectrometry are still required to successfully quantify large intact proteins at much

lower levels.
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Due to the implementation of an electrophoretic separation, CE has demonstrated to
be particularly relevant for the characterization of ADCs. Depending on the separation
mode applied, CE can provide, on the intact or/and reduced ADCs level, the analysis
of a substantial number of micro-heterogeneities which includes size or charge
variants, the number of conjugated drugs, glycoforms and conventional PTMs.

CE-MS/MS represents an emerging analytical technique able to provide a
comprehensive characterization of the primary structure of ADCs. Due to the intrinsic
properties of CE-MS/MS, the analysis of an ADC peptide mixture allows the
characterization of the amino acid sequence and PTMs with an outstanding
robustness, in addition CE-MS/MS analysis enables to locate the conjugated drug on
the peptide backbone and estimate the conjugation level independently. As such, CE-
MS/MS appears as an orthogonal methodology compared to LC-MS/MS peptide

mapping for the characterization of ADCs.
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