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Nouvelles approches de spectrométrie de masse pour la
caractérisation de protéines thérapeutiques bioconjuguées

These soutenue par: Rania BENAZZA

Dirigée par: Dr. Sarah CIANFERANI

Introduction

Les développements dans le domaine de I'oncologie ont permis I'émergence de nouvelles classes de
protéines thérapeutiques. Les anticorps monoclonaux (mAb), les anticorps a domaine unique (VHH),
les mAb multi-spécifiques ou les anticorps immunoconjugués (ADC pour antibody-drug conjugates)?
en sont la classe la plus représentative. Ces derniers sont congus a partir du couplage covalent des
mAb a des molécules cytotoxiques par le biais d’un bras espaceur (le linker)?, et se distinguent des mAb
par leur efficacité thérapeutique et leur spécificité accrues. La caractérisation des ADC/PDC (PDC pour
protein drug conjugates) obtenus représente un véritable défi analytique en raison de leur haut poids
moléculaire, de leur variabilité intrinseque (modifications post-traductionnelles, PTM) et de

I'hétérogénéité additionnelle résultant du processus de bioconjugaison*.

La spectrométrie de masse (MS) couplée a la chromatographie liquide (LC) a le potentiel de surmonter
ces difficultés et de faire face a la complexité structurelle de ces protéines afin d'évaluer les différents
attributs de qualité critiques (CQA) exigés par les organismes de réglementation®. Il existe donc
plusieurs approches et méthodologies pour caractériser ces protéines a plusieurs niveaux (intact,
middle ou au niveau des peptides). La MS native (nMS) est une technique basée sur l'ionisation par
electrospray (ESI), qui permet de transférer dans la phase gazeuse du spectrométre de masse la
protéine solubilisée dans un tampon volatil et non dénaturant (typiquement de I'acétate d’ammonium,
AcONH,), ce qui permet de maintenir les interactions non-covalentes®. Pour cela, un échange de
tampon est nécessaire. Il peut se faire manuellement ou de maniére plus automatisée par couplage en
ligne 3 la chromatographie d’exclusion stérique (SEC-nMS)’. Il s’agit d’une étape clé afin de gagner en
temps d’analyse et d’apporter une autre dimension de caractérisation grace a la séparation des
especes en fonction de leurs volumes hydrodynamiques. Les informations obtenues par SEC-nMS
permettent de renseigner sur: i) la quantité de mAb non conjugué (DO0), ii) le nombre moyen de drogues
conjuguées par anticorps (avDAR, average drug-to-antibody ratio), iii) la distribution des drogues (DLD,

drug load distribution) et iv) les variants de taille®. La nMS peut également étre couplée a la
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chromatographie échangeuse d’ions (IEX®) afin de séparer et caractériser les mAb en fonction de leur
différence de charge nette. Plus récemment, des approches de séquencgage des protéines intactes
(sans digestion), appelées top down MS (TD-MS)™°, ont été décrites, permettant en plus d’une mesure
de masse précise, de fragmenter les protéines directement au niveau intact (top, TD-MS) ou aprées une
digestion contrélée pour obtenir des fragments de 30-50 kDa (middle, MD-MS)!. Ainsi, la
caractérisation des variants de charges (ex: PTM) et I'identification de la position des drogues sont

accessibles directement, sans préparation d’échantillon extensive.
C’est dans ce contexte de développements de méthodologies basées sur des techniques de MS a la
pointe pour améliorer la caractérisation des protéines conjuguées (a partir de mAb ou d’autres
protéines) que se situe mon projet de thése qui est articulé autour de deux axes principaux:
e L’amélioration des techniques de couplage LC-MS pour la caractérisation rapide et
automatisée des protéines conjugués; ADC/PDC.

e Le développement de nouvelles approches de TD/MD-MS pour la caractérisation des protéines

thérapeutiques.

Partiel : Introduction aux anticorps monoclonaux (mAb), aux formats basés sur

les mADb, ainsi qu'a leurs stratégies de caractérisation

Cette premiére partie présente une introduction bibliographique aux mAb et aux formats basés sur les
mAb, qui constituent la classe la plus importante des immunoglobulines G (IgG) a des fins
thérapeutiques 2. Une attention particuliére est portée sur les ADC/PDC utilisés pour la thérapie anti-
cancer (Figure 1). J'ai aussi introduit les différentes stratégies analytiques existantes pour caractériser

ces biothérapeutiques avec une focalisation spécifique sur la nMS et TD/MD-MS qui font I'objet de

] W cancer M non-cancer
18 A
16
14 A
12 A
10 A

cette these.

Nombre des produits a base de mAb

8

; II

4

5 . 1t 11

oL BN  EEEEEE  EEEEE |
[T} ey ™~ (= o by [Xe) Q o o < o «Q (=] o~
=] [=)] [2} [=] Q (@] Q [w] = = =i = = o o
A =) )] (=] o (=] (=] (=} o (=) (=} (=) (=] (=} o
— — — ~ ~ ~ ~ ~ ~ ~ ~ o~ o~ ~ o~

Année de la premiére autorisation aux Etats-Unis, dans |'Union
Européene ou dans d'autres pays

Figure 1: Les produits a base de mAb, approuvés aux Etas-Unis, dans I'Union Européene ou dans d’autres pays pour le

traitement de diverses maladies, y compris le cancer. Chiffre basé sur des données publiquement disponibles au 04 octobre
2023. www.antibodysociety.org/antibody-therapeutics-product-data/
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La deuxieme partie de mon manuscrit de thése est axée sur I'automatisation du couplage de la SEC a
la MS en conditions natives pour la caractérisation des protéines thérapeutiques conjuguées, ainsi que

I’adaptation de ce couplage en conditions dénaturantes pour des systemes plus spécifiques.

1. Evaluation d’'une nouvelle plateforme LC-MS pour la caractérisation des
biothérapeutiques
Ce premier chapitre concerne I'évaluation d’une plateforme intégrée LC-MS (BioAccord,
Waters) pour I'analyse en routine de protéines thérapeutiques. Cet instrument est composé d’un
systeme binaire de chromatographie liquide couplé a un détecteur a temps de vol (ToF). Le but de ces
travaux était de développer des méthodes d’analyse en conditions natives basées sur le couplage de
la nMS a différents types de chromatographie tels que la SEC ou I'lEX (SEC-nMS ou IEX-MS), ainsi que

de systématiser le traitement des données.

En utilisant le trastuzumab comme mAb de référence et apres optimisation des parametres LC (choix
de la colonne, choix de la phase mobile et du gradient), je me suis intéressée aux paramétres de MS
(voltage de cbne Vc, température de désolvatation T et pression en source Pi) afin d’évaluer leur
influence pour mieux transmettre le mAb en conditions natives ou dénaturantes, au niveau intact et
au niveau middle. De plus, le choix de la colonne a été particulierement discuté dans le but de
comparer une colonne SEC de derniére génération bio-inerte (Maxpeak BEH 250 A 2.5 pm, 4.6 x 150
mm, Waters) et une colonne SEC classique (BEH SEC 200 A 2.5 pm, 4.6 x 150 mm, Waters) (Figure 2).
masse (<27 ppm pour les protéines de ~150 kDa) du spectrometre utilisé. Les optimisations en
conditions natives m’ont permis de trouver un compromis pour obtenir une désolvatation et une
transmission efficaces des ions tout en préservant I'intégralité de la structure du mAb. L’'ensemble de
ces optimisations a été comparé aux instrumentations déja présentes au sein du laboratoire (ex : ESI-
Q-TOF Synapt G2, Waters), mettant en évidence des différences de paramétrage reliées a la possibilité
d’ajuster (Synapt G2) ou pas (BioAccord) la pression dans la région de l'interface (1° zone de pompage
apres la source ESI). J'ai ensuite évalué le couplage entre la chromatographie d’échange de cations
(CEX) et la nMS (CEX-nMS) sur le BioAccord afin de séparer et identifier les différents variants de charge
des mAb a I'échelle intact ou middle. Pour cela, le choix du gradient de pH et de sels volatils a été une
étape cruciale afin d’arriver a des conditions d’analyses optimales. Finalement, apres ces différentes
optimisations j'ai pu mettre en place des méthodologies versatiles de traitement des données en
utilisant le logiciel UNIFI via I'interface WatersConnect, pour analyser les ADC/PDC nouvellement

développés. Cette automatisation m’a permis d’effectuer et d’interpréter entre 10 et 15 analyses en
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moins de deux heures.

En conclusion, ce premier chapitre m’a permis de mettre en place des
méthodes LC-MS automatisées en conditions natives pour la caractérisation rapide des protéines

thérapeutiques, démontrant I'adéquation du BioAccord avec les spécifications d’un environnement
industriel, pour la caractérisation de plusieurs types d’ADC/PDC produits par mes collégues dans le
cadre du réseau européen ITN TACT (MSCA-ITN-2019), notamment : i) les ADC obtenus apres des
stratégies de conjugaison sélectives sur des mAb (BFC, Université de Strasbourg, France), ii) les PDC de
I'anticaline'® obtenus par réaction de Ugi** (BFC, Université de Strasbourg, France et Université

technique de Munich, Allemagne) et iii) a un site les protéines bi-spécifiques assemblées aprés une
bioconjugaison spécifique (Almac Discovery, Royaume Uni).
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Figure 2: Analyse SEC-nMS du trastuzumab au niveau intact (haut) et middle (bas) en comparant deux différentes colonnes
SEC; la colonne BEH SEC (noir) versus la colonne Maxpeak SEC (bleu). Chromatogrammes SEC-UV du trastuzumab intact (A)
et du trastuzumab digéré par IdeS (C) montrant les différentes espéces séparées. Les spectres nMS révelent I'identité de

chaque espéce, a savoir (B) le trastuzumab intact, (D) le fragment F(ab)'2 et (E) la sous-unité Fc, avec un zoom sur les états
de charge les plus intenses soulignant la présence de glycoformes pour le mAb intact et au niveau de la sous-unité Fc.
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2. Application du couplage SEC-nMS pour la caractérisation des ADC/PDC issus de la
conjugaison Ugi

Dans un second chapitre, j’ai souhaité illustrer 'apport de la méthode automatisée de SEC-nMS
pour la caractérisation d'ADC et de PDC issus d’une conjugaison spécifique Ugi. La réaction Ugi est une
réaction en deux étapes: 1) la premiére étape consiste a conjuguer simultanément de maniére
covalente deux résidus d'acides aminés, I'amine de la chaine latérale et les groupes carboxylates de
deux lysines et aspartates/glutamates voisins avec un aldéhyde contenant de |'azide et un isocyanure.
2) la deuxiéme étape est une dérivatisation de la drogue-linker par cycloaddition azide-alkyne (SPAAC)
[51-53]. Dans notre cas d’étude, les mAb ont été conjugués a la BCN-iminobiotine, ce qui a permis
I'incorporation d'une charge utile d'une masse moyenne de 769 Da (Figure 3). Afin d’avoir une
conjugaison spécifique, il faut donc cribler plusieurs parameétres de réactions (ex : temps de réaction,
pH de la réaction... etc.) ce qui nécessite énormément de temps pour caractériser les mAb conjugués

a différentes conditions.
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Figure 3: (A) Représentation schématique de la conjugaison de mAb intacts a I'aide de la réaction d'Ugi. (B) Les réactifs utilisés
au cours des différentes étapes de la réaction d'Ugi.

La SEC-nMS a été un outil puissant dans ce cas, pour donner une mesure précise de la masse et
une évaluation rapide des différents CQA a savoir, le DO, DLD et avDAR ce qui a permis de sélectionner
les meilleurs conditions pour une conjugaison spécifique (Figure 4). La SEC-nMS a permis aussi
d’évaluer I'applicabilité de la réaction Ugi sur des systemes différents tel que les anticalines conjuguées
(AcDC). Les résultats obtenus dans cette partie de ma these, suggérent fortement I'intégration de la
plateforme BioAccord dans les laboratoires du domaine biopharmaceutiques, afin d’accélérer le flux

d’analyses.
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Figure 4: Analyses SEC-nMS des mAb conjugués issues de la réaction Ugi en utilisant différents pH et différents aldéhydes.
L'effet du pH sur la DLD (A) et sur le avDAR (B). Effet de I'aldéhyde sur la DLD (C) et le avDAR (D).

3. Avantages de la SEC-nMS pour la caractérisation des anticorps bispécifiques (bsAb)
Le but de ce chapitre était d'évaluer la capacité de la plateforme LC-MS de BioAccord a caractériser
des protéines plus complexes et de poids moléculaires plus élevé, a savoir les bsAb. En effet, jai
démontré dans cette partie que la gamme de masse limitée (jusqu’a 7000 m/z) du BioAccord ne
permet pas d’observer les formats de bsAb qui ont une masse de plus de ~200 kDa. J’ai alors caractérisé
ces produits sur un instrument ToF similaire (Synapt G2 HDMS, Waters) qui a une gamme de m/z plus
élevée (jusqu’a 10000 m/z) en couplage avec la SEC. Dans un premier lieu, la SEC m’a permis de
qguantifier relativement les différentes especes issues de la production des bsAb, ce qui a donné une
information sur I'efficacité de la réaction. Ensuite, la nMS a permis de révéler I'identité de chaque
espéce grace a la mesure de masse précise. De plus, j'ai évalué ici une technique complémentaire a la
nMS, a savoir la masse photométrie (MP) qui est basée sur la microscopie a réflexion interférentielle.
Cette technique permet I'analyse des échantillons a faibles quantité (100 pM — 100 nM) dans leur
solution de stockage, ainsi que la caractérisation des espéces dans une large gamme de masse (jusqu’a
5 MDa). Les résultats obtenus avec la MP ont pu étre corrélés avec les résultats de nMS, ce qui met en
évidence la complémentarité de ces deux techniques pour la caractérisation des bsAb nouvellement

développés (Figure 5).

Vi
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Figure 5: Analyse des échantillons obtenus lors d'une réaction de chimie click basée sur la tyrosine visant a former un bsAb
trastuzumab-OKT3 1:2 et un bsAb trastuzumab-trastuzumab 1:2 a savoir: le trastuzumab déglycosylé, le trastuzumab
fonctionnalisé avec un bras TCO, le bsAb trastuzumab-OKT3 et le bsAb trastuzumab-trastuzumab (de haut en bas). (A)
Résultats obtenue avec la MP et (B) le signal UV obtenue apres I'analyse SEC-nMS. La quantification relative en MP est basée
sur le nombre de compte a base de mesure de molécules individuelles (counts) et celle en SEC-nMS est basée sur I'intégration
des pics chromatographiques.

4. Evaluation d’une nouvelle plateforme LC-MS pour la caractérisation des
biothérapeutiques
Dans le dernier chapitre, je décris le développement d’'un nouveau couplage LC-MS associant
la SEC en conditions dénaturantes et la MS pour la caractérisation détaillée d’un type particulier d’ADC,
appelés « ADC rebridgés »**, qui résultent d’une reformation des ponts disulfures (rebridging) avec
incorporation simultanée d’une molécule cytotoxique. Cette méthode de conjugaison est utilisée en
biochimie afin de modifier spécifiguement un mAb (Figure 6) ou son fragment de liaison a I'antigéne
(Fab) et conduit a la formation de nombreux produits de réactions non souhaités en plus des produits
finaux attendus, tels que les sous unités libres (demi-mAb, chaine lourde (HC) et chaine légére (Lc)

pour le mAb intact, ou le Fd et Lc dans le cas du Fab).

VI
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Figure 6: Représentation schématique de la formation d’un ADC rebridgé. (A) Un rebridging complet conduisant a
I'incorporation de quatre charges utiles entre les chaines lourdes et légéres de I'anticorps. (B) Conjugaison incompléte d'un
mADb intact conduisant a un mélange de sous-produits tels qu'un demi-mAb, un mAb sans 2 Lc, un mAb sans une Lc et des
sous-unités Lc et Hc. La charge utile est représentée par une étoile rouge.

Dans ce contexte, nil'approche classique de chromatographie liquide de phase inverse couplée
a la MS (rpLC-MS) ni la SEC-nMS n’ont permis une caractérisation optimale et facile de I'ensemble des
produits de réaction. J'ai ainsi développé une méthode LC-MS originale combinant les avantages de la
séparation en taille de la SEC réalisée en phase mobile dénaturante a la précision de la mesure de
masse en conditions dénaturantes, appelée dSEC-MS. Cette approche permet I'analyse simultanée des
produits de réaction covalents attendus, ainsi que celles des produits secondaires de réaction, via leur
séparation en fonction de leurs tailles. J’ai d’abord optimisé les parameétres dSEC (choix de la colonne,
débit et phase mobile) et MS (Vc, T°) en utilisant un trastuzumab intact, digéré a la papaine (Fab et Fc),
digéré a I'ldeS (Fc/2, LC, Fd) et réduit au TCEP (LC et Hc), ce qui m’a permis de proposer une nouvelle
méthode analytique rapide (15 min) grace a l'utilisation de colonnes chromatographiques SEC bio-
inertes et de derniére génération (MaxPeak Premier Protein SEC 2504, 1.7 um, 4.6 x 150 mm, Waters,
Manchester, UK). Une étude similaire a déja été rapportée dans la littérature mais celle-ci nécessitait
un temps d’analyse trés long (80 min) en utilisant des phases stationnaires induisant des réactions
secondaires avec les analytes'®. Finalement, en utilisant une colonne bio-inerte, j’ai pu obtenir des
séparations chromatographiques efficaces des différentes espéces (Rs = 5.8) suivies d’une mesure de
masse précise, ainsi que des pics chromatographiques plus symétriques (As = 1.74 pour le pic majeur).
Ensuite, j’ai appliqué la méthode dSEC-MS optimisée a deux Fab et un mAb intact rebridgés dans le
but de déterminer I'efficacité de la réaction ainsi que les CQA du produit conjugué (Figure 1C). En
résumé, dans ce dernier chapitre, j'ai mis en place une méthode dSEC-MS qui permet d’évaluer
I'efficacité des réactions de rebridging de mAb (~150kDa) ou de Fab (~50 kDa), en caractérisant
I'ensemble des produits de réactions, du produit majoritaire ciblé aux produits issus de réactions

incompletes. Ces résultats de cette étude font I'objet d’un article soumis a Talanta.
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Figure 7: Analyse dSEC-MS de Fab et de mAb intact rebridgés. (A) Superposition des signaux UV-SEC des trois échantillons de
Fab a savoir le Fab de référence (bleu), Fab#A (rose) et Fab#B (vert). La partie droite de la figure représente les spectres de
masse correspondants de chaque échantillon avec (B) le zoom sur I'état de charge 30+ pour le pic Fab (~10,8 min), (C) le zoom
sur le 14+ pour le deuxieme pic (~12,9 min) et le (D) le zoom sur le 14+ pour le dernier pic (~13,3 min). (E) Profils SEC-UV dans
des conditions dénaturantes du trastuzumab intact (bleu) et du trastuzumab rebridgé (rose). Les pics de 1 a 6 représentent
les différentes especes observées avec leurs masses correspondantes détectées dans la MS. (F) Profils MS de I'espece de mAb
rebridgé intact zoomé sur le 48+ et (G) représente la distribution de la charge utile de mAb rebridgé intact.

Les analyses des formats basés sur les mAb au niveau intact avec la MS native nous permettent de
confirmer si la conjugaison a eu lieu ou non grace a I'évaluation de I'avDAR et de la DLD. Cependant,
pour déterminer le site spécifique de conjugaison, il serait nécessaire d'aller plus loin et de caractériser

la structure primaire des ADC/PDC par la caractérisation des fragments.

Partie lll : Développement de nouvelles approches MS de type top- et middle-

down pour la caractérisation des ADC/PDC

Le second domaine de recherche que jai abordé pendant ma these porte sur le développement
d’approches TD/MD-MS pour la caractérisation de la structure primaire des protéines thérapeutiques,
en utilisant un spectrometre de derniére génération (Orbitrap Eclipse Tribrid, Thermo Fisher Scientific)
équipé de plusieurs modes de fragmentations. Habituellement la caractérisation de la structure

primaire de ce type de protéines est effectuée par des approches bottom-up! utilisées en
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protéomique, qui consistent a séquencer les peptides obtenus aprés une digestion enzymatique par
nanolLC-MS/MS. Ces approches de peptide mapping peuvent étre chronophages et des artéfacts
peuvent étre induits soit au niveau de la préparation d’échantillon (conditions de digestions) ou de
I'interprétation des données (grand nombre d’ions fragments). Des approches permettant le
séquencage des protéines intactes (sans digestion préalable) sont donc intéressantes pour limiter les
artéfacts et aboutir directement a des informations de séquence primaire, incluant I'identification et

la localisation des PTM et des drogues (dans le cas d’ADC/PDC).

1. Implémentation d’approches TD- et MD-MS pour la caractérisation des protéines et
des mAb de référence

Ce premier chapitre est dédié a la description des optimisations réalisées en LC, MS/MS et
traitement des données pour I'analyse TD-MS de protéines de références (Myoglobine ~17 kDa et
carbonique anhydrase ~29 kDa) et MD-MS d’un mAb de référence (trastuzumab ~150 kDa). L’analyse
TD-MS de la myoglobine a permis de mettre en évidence I'importance de I'optimisation de plusieurs
paramétres surtout le choix de I'ion précurseur et I'énergie/temps de dissociation, afin d’avoir un
maximum de couverture de séquence. Ensuite, j'ai pu montrer la complémentarité de plusieurs
techniques de fragmentation (HCD, ETD et UVPD) qui a permis d’atteindre 99% de couverture de
séquence en combinant les fragments des trois fragmentations. En effet, obtenir une couverture de
séquence presque compléte n’est pas un défi quand il s’agit de la fragmentation de protéine de faible
poids moléculaire et qui ne contiennent pas de PTM. J'ai pu confirmer ensuite cette hypothése, avec
I'analyse de la carbonique anhydrase ol j'ai obtenu seulement 64% de couverture de séquence totale
dans les mémes conditions que ceux de la fragmentation de la myoglobine, mais avec l'identification
de la PTM (N-acetylation en position N-ter). L’analyse TD-MS de protéines de plus de ~30-50kDa
restant encore un véritable défi'®, nous avons réduit la taille de notre mAb par digestion enzymatique
suivie d’une réduction des ponts disulfures, pour travailler sur des sous unités de ~25-30kDa (approche

MD-MS) (Figure 8).



Résumé de la these

A)
lC | Fd

Fc/2

2 3 4 5 6 7 8
Time (min)

C) 20+ D) 19+

~1.79 ppm | ~2.12 ppm

’ L. ' THIET'SS o 150 0

o i T ki bl A RAAL bAAA AAAAA AL LALALALLE RALM Al | b bkl Bt Sk )

800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1600 2000 800 1000 1200 1400 1600 1800 2000
miz mz miz

Figure 8: Analyse rpLC-MS des différentes sous-unités obtenues aprés une digestion controlée du trastuzumab a savoir ; le
fragment Fc/2, Lc et Fd. (A) Signal UV des différentes sous-unités et (B) leur spectres MS avec leur masses précises.

Dans le cadre de ce travail, j'ai évalué plusieurs modes de fragmentation : la dissociation induite
par collisions a haute énergie (HCD)', la dissociation par transfert d'électrons (ETD)? et la
photodissociation dans I'ultraviolet (UVPD)?, chacune de ces activations permettant d’obtenir un type
différent de fragments (b/y dans le cas de I’'HCD, ¢/z pour I'ETD et a/x, b/y et ¢/z pour 'UVPD). Dans le
cadre de ma thése, j'ai optimisé I'ensemble des étapes analytiques de I'approches LC-TD/MD-MS, a

savoir:

Optimisations en chromatographie : L'optimisation du choix de la colonne chromatographique ainsi
que de la phase mobile et du débit d’analyse est une étape primordiale afin de séparer les trois sous-
unités (Lc, Fd et le fragment cristallisable Fc/2), résultant d’une digestion du trastuzumab a I'ldeS suivi

d’une réduction au DTT, avant de les analyser en MD-MS.

Optimisation des signaux MS1 et choix des ions précurseurs : La premiere étape de I'analyse MD-MS
consiste en une acquisition MS1 qui permet la mesure précise de chaque sous-unité. Afin d’obtenir
une couverture de séquence maximale pour chaque sous-unité du mAb, il était d’abord nécessaire
d’améliorer le signal des ions en optimisant plusieurs paramétres MS1 tels que la fragmentation en
source (SID), la lentille de radiofréquence (RF lens) et la fenétre d’isolement pour mieux transmettre
les ions précurseurs de chaque sous-unité et ainsi pouvoir obtenir un meilleur rapport S/N pour les
ions fragments. Ensuite, j'ai évalué l'influence du choix de I'ion précurseur (PI) sur I'efficacité de
fragmentation. Ces premieres optimisations m’ont permis de conclure que i) le choix du Pl a un réle

trés important pour améliorer la couverture de séquence, ii) que l'ion le plus chargé est le mieux

Xl
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fragmenté surtout dans le cas de I'ETD, et iii) que la sélection simultanée de plusieurs ions engendre
une baisse de la couverture de séquence comme déja indiqué dans la littérature®,

Optimisation des parameétres de fragmentation spécifiques aux modes d’activation étudiés (HCD,
ETD, UVPD): j'ai ainsi évalué l'influence du temps d’activation pour I'ETD, de I'énergie de
fragmentation en I’'HCD et du temps d’irradiation de 'UVPD sur le recouvrement de séquences. J'ai
ainsi pu constater que : i) des recouvrements de séquence de 15-26% en HCD, ii) de 35% a 44% en ETD
; etiii) en UVPD de 16% a 23% ont été obtenus. En combinant les résultats obtenus a partir de ces trois
techniques de fragmentation, un recouvrement de 63 et 75% des séquences des différentes sous-
unités a été obtenu, avec une localisation du site de glycosylation sur la Fc/2, ce qui met en évidence

la complémentarité des différentes techniques d’activation utilisées (Erreur! Source du renvoi

introuvable.).
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Figure 9: Couverture de séquence obtenue pour chaque sous-unités apres analyse MD-MS en combinant les fragments issus
des trois techniques de fragmentations; HCD (ions fragments b et y en bleu), ETD (ions fragments c et z en rouge) et UVPD
(ions fragments a et x en vert, en plus des ions b, c, y et z)

Dans I'espoir de couvrir les parties de la séquence encore inaccessibles, j'ai évalué I'utilisation de la
réduction de charge par transfert de protons (PTCR)??. Cette technique consiste a faire réagir un cation
a charge multiple de notre protéine avec un anion a charge unique issue d’'une molécule perfluorée,
afin de réduire la charge des ions fragments de la protéine et mieux séparer les ions 2. L’ utilisation de
la PTCR m’a permis de décomplexifier les spectres et d’accéder a de nouvelles régions a fragmenter.
De plus j’ai eu recours a un logiciel (ClipsMS)?* qui permet d’assigner les fragments internes qui ne sont
pas reconnus par les logiciels classiques de TD-MS. Cet algorithme m’a aidé a identifier plus de
fragments et a maximiser la couverture de séquence de toutes les sous-unités. Ces optimisations ont
permis d’atteindre jusqu’a 80% de la couverture de séquence de chaque sous-unité.

Cependant, l'inclusion de ces fragments internes peut induire I'assignement de faux-positives, et donc

il faut I'utiliser avec une grande précaution (Figure 10).
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Figure 10: La couverture de séquence des différentes sous-unités (Fc/2, Lc et Fd) en utilisant différentes techniques de
fragmentations a savoir ; HCD (bleu), ETD (rouge) et UVPD (vert), en prenant en considération les fragments internes. Les
résultats obtenus avec les séquences réelles sont en couleurs sombres, et ceux obtenues avec la séquence mélangée sont en
couleurs plus claires.

En résumé, I'utilisation combinée des trois techniques de fragmentation implémentées sur I'Orbitrap
Eclipse (ETD, HCD et UVPD) montre une homogénéité et une complémentarité de ces techniques pour
la fragmentation des sous-unités du trastuzumab, elle peut étre maximisé de 10% en utilisant de la
PTCR et ClipsMS pour le traitement des données. Cette méthodologie est préte a étre utilisée pour la

fragmentation des larges protéines.

2. Caractérisation compléte d'un nanobody conjugué (sdADC) par TD-MS

Le second chapitre concerne l'application de I'approche TD-MS développée précédemment pour
caractériser un anticorps a domaine unique (sdAb pour single domaine antibody, encore appelé
nanobody)®. Il s’agit d’une protéine thérapeutique de faible poids moléculaire (~15 kDa) qui est
formée par un domaine variable de la chaine lourde d’un anticorps (VHH pour variable domain of
heavy-chain only antibody). Ces protéines se distinguent des mAb par leur petite taille, leur structure
simple, leur spécificité, leur grande affinité pour les antigénes et leur stabilité remarquable®, ce qui en
fait une classe de biomolécules particulierement intéressante pour des applications médicales en
diagnostic et en thérapie?”. Comme pour les mAb intacts, ces VHH peuvent étre conjugués a des
drogues cytotoxiques (sdADC pour single domain antibody drug-conjugate) afin d’améliorer leur
spécificité et leur potentiel thérapeutique.

Durant un stage réalisé dans le cadre du consortium européen TACT, j'ai pu produire et conjuguer un
VHH au sein de la société Almac Discovery (Edimbourg, Royaume Uni) afin de l'utiliser pour le
développement et la validation de la méthode TD-MS. Il s’agit d’une protéine ciblée contre le récepteur
du facteur de croissance épidermique (EGFR) surexprimé dans un grand nombre de cellules

cancéreuses®. En ciblant I'EGFR, la protéine anti-EGFR vise a bloquer les signaux de croissance qui
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favorisent la prolifération des cellules tumorales, contribuant ainsi a freiner la progression de la

maladie et a améliorer les résultats du traitement chez les patients atteints de cancer?-*,

La premiére étape de ce projet a consisté en I'expression de la protéine anti-EGFR dans Escherichia
coli, suivie d’une purification par chromatographie d’affinité en utilisant une intéine et un domaine de
liaison a la chitine (CBD)3. Ensuite, j’ai utilisé la cystéamine pour réaliser le clivage de la protéine. La
cystéamine est un agent réducteur et donc son utilisation permet de réduire les ponts disulfures
présents dans la structure de I'anti-EGFR, ce qui permet de rompre les liaisons intermoléculaires et
libérer la protéine sdAb sous forme monomérique. Enfin, la derniere étape est la conjugaison du sdAb
a une molécule fluorescente (Alexa Fluor, AF488, comme mimique de drogue non cytotoxique) grace
a une réaction maléimide avec la cystéamine, permettant d’éviter la réduction préalable du pont
disulfure tout en ciblant une conjugaison spécifique sur le résidu C-terminal (Figure 11). A partir des
absorbances UV, d’analyses par gel d’électrophorése SDS-PAGE et par caractérisation MS de la
protéine conjuguée et non conjuguée, environ 300 pg des protéines sdAb et sdADC ont été obtenus

avec une pureté de ~99%.

A) 4x excés molaire
Cystéamine 200 mM AF488 dans 10 mM DMF
S — N — S |
X 16h, rT? S NH in, rT? o5 NH 7
\\g , \\g 30 min, rT* \\S Y
d NN car \/\5 n I
‘ | ~. /“\/\NJ\O
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sdAb sdAb sdADC 2
(~15 kDa) (~15 kDa) (~15 kDa) [}=757Da
jG‘NH jD.
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Figure 11: (A) Représentation du processus de production d’anticorps a chaine unique conjuguées (sdADC) qui consiste en i)
clivage du nanobody avec une cysteamine qui se positionne en partie C-ter du nanobody avec une addition d’une masse de
77 Da représenté par une étoile bleu. ii) la deuxiieme étape consiste a conjuguer spécifiquement la cystéamine ajoutée en
ajoutant une molécule fluorescente (AF488) qui induit I'addition d’'une masse de 757 Da, représentée par une étoile orange.
(B) Les structures de la cystéamine et AF488 utilisés lors de la réaction de conjugaison.

La seconde partie de mon travail a été réalisée a nouveau au LSMBO et concerne la caractérisation
analytique du sdAb et de son ADC (sdADC). J'ai d’abord utilisé la SEC-nMS, afin de déterminer la DLD
et le DAR moyen du sdADC, ce qui m’a permis de confirmer la conjugaison homogene d’une seule
molécule de AF488 sur le sdAb (average DAR = 1, pas de DO détecté), comme attendu. Afin de localiser
le site spécifique de conjugaison, jai appliqué la méthode TD-MS préalablement optimisée en
I'adaptant aux deux systemes, sdAb et sdADC. En dissociant avec I'HCD seulement, j'ai pu confirmer la

localisation du site de la drogue qui est bien en position C-terminale, puisque les fragments obtenus
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sont spécifiques de la modification et de la position, et ceci malgré un faible recouvrement de séquence
(31%). Pour confirmer cette information et maximiser la couverture de séquence, j’ai utilisé 'ETD et
I'UVPD, pour lesquels aprés optimisation des temps de dissociation, et en combinant les résultats
obtenus des trois techniques de fragmentation j'ai pu atteindre jusqu’a 88% de couverture de la
séquence du sdADC (Figure 12). Ces résultats montrent clairement la complémentarité des trois
méthodes d’activation et confirment le site de modification sur le résidu C-terminal. De plus, cet
exemple TD-MS du sdAb/sdADC m’a également permis de mettre en évidence les apports d’outils en
libre accés pour le traitement des données de TD-MS, avec notamment la prise en compte des
fragments internes avec le logiciel ClipsMS?*, ce qui a permis d’augmenter de plus de 10% la couverture

de séquence pour arriver avec 99%.

Finalement j’ai voulu valider la présence des ponts disulfures dans mes échantillons de sdAb/sdADC
en réalisant des expériences comparatives entre le sdADC réduit et non réduit. J'ai pu identifier les
fragments qui contiennent les cystéines réduites/oxydés et donc confirmer la position du pont
disulfure en utilisant particulierement la fragmentation UVPD. Ceci est en accord avec une étude qui a
rapporté que I'UVPD a la capacité de cliver les liaisons S-S en induisant des fragmentations a la fois
homolytiques et par transfert d’hydrogéne®?.

En résumé, dans cette partie, j’ai illustré I'apport de I'approche TD/MD-MS développée dans le cadre
de ma theése pour la caractérisation des protéines thérapeutiques, sans préparation d’échantillon
laborieuse, en utilisant un spectrométre de masse de derniere génération disposant de plusieurs
modes de fragmentation complémentaires, le tout combiné a I'utilisation de logiciels performants
pour le traitement de données (article en cours de rédaction). Cette méthode permettra a I'avenir
d’accélérer le développement des nouvelles molécules biothérapeutiques, en complétant les

informations obtenues grace aux autres techniques de la MS.
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Figure 12: Localisation des différents fragments C-ter et N-ter obtenues lors de la fragmentation du sdADC par (A)
HCD en utilisant 20% d’énergie normalisée (NCE), (B) ETD pendans 4 ms et (C) UVPD pendant 20 ms. (D) Carte de
fragmentation montrant une couverture de séquence de 87% avec la localisation du site de la conjugaison
(représentée en carré orange) en combinant les résultats de HCD, ETD et UVPD.

Conclusion générale et perspectives

Mon projet de these s'articule autour du développement d'approches de pointe en MS pour la
caractérisation des biothérapeutiques, visant a résoudre deux limitations importantes rencontrées au
début de ma theése : i) le manque d’automatisation des méthodes LC-MS pour la caractérisation des
PDC/ADC, et ii) le recours a des approches chronophages et qui peuvent générer des artéfacts pour la
caractérisation de leur structure primaire des ADC/PDC par empreinte peptidique.

J'ai tout d’abord développé des méthodes de MS couplées a la chromatographie d'exclusion stérique
en conditions natives (SEC-nMS) et en conditions dénaturantes (dSEC-MS) spécifiquement adaptées
aux PDC/ADC. Ces méthodes, de I'analyse jusqu’au traitement des données, permettront de disposer
de nouveaux outils performants et adaptés a la caractérisation des formats de PDC/ADC toujours plus
complexes développées par I'industrie biopharmaceutique. Bien que la méthode dSEC-MS nécessite
des améliorations supplémentaires pour augmenter la résolution de la séparation des espéces ayant
le méme ordre de grandeur en volume hydrodynamique, diverses optimisations peuvent étre
envisagées. Parmi celles-ci figure I'utilisation de différentes phases mobiles et de colonnes bio-inertes
(de 30 cm de longueur par exemple). L'émergence de ces couplages versatiles pourrait également les
rendre utiles en tant que méthodes de routine dans les laboratoires biopharmaceutiques pour
caractériser différents types de biothérapeutiques, comme : i) les bsAb pour étudier leur structure,

afin de mieux comprendre leur impact sur I'activité biologique, ou ii) les biosimilaires pour évaluer
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d’éventuelles différences cliniquement significatives en effectuant des études comparatives avec leurs

mAb de référence.

Dans un second temps, j'ai développé une approche TD/MD-MS pour la caractérisation d’ADC. Cette
approche m’a permis de caractériser en détail la structure primaire du trastuzumab (PTM incluses) et
d’un VHH anti-EGFR bioconjugué en cours de développement, en identifiant les types et les positions
des PTM et/ou sites de conjugaison. En localisant précisément ces « hot spots » ou « points de greffage
», ces approches m’ont permis une meilleure compréhension de la structure et de ces
biothérapeutiques. Cependant, I'application de I'approche TD-MS aux mAb d’une taille d’environ 150
kDa reste un défi, ouvrant ainsi de nouvelles perspectives : i) I'évaluation de nouvelles plateforme
combinant différentes techniques de fragmentations a des niveaux multiples tel que la nouvelle cellule
trap d’ions Omnitrap (Fasmatech, Grece), ou ii) I'adaptation l'utilisation potentielle de nouveaux
spectrometre de masses qui se distinguent d’une haute sensibilité et d’'une haute résolution grace a
une meilleure focalisation et moins pertes d’ions, tel que le SELECT SERIES MRT récemment développé

(Waters) [29] ou I'Orbitrap Astral MS (Thermo Fisher) [30].

L’amélioration des approches TD/MD-MS pourrait également passer par le développement de
nouvelles séquences de fragmentation (type MS3) afin de pousser plus loin les capacités de ces
techniques d’activation, et aussi confirmer les sites et positions des PTM préalablement déterminés
en MS2. D'autre part, l'association des approches TD/MD-MS a d'autres techniques
chromatographiques (telles que la SEC ou la CEX) permettrait d’obtenir une séparation des différentes
variants de taille ou de charge suivi de leur fragmentation en ligne, ce qui pourrait étre utile dans
I'industrie biopharmaceutique pour une caractérisation plus compléte et plus rapide de la séquence
primaire et des différentes PTM. De plus, I'implémentation des fragmentations des protéines en top-
down ou middle-down pourraient étre combinées aussi avec la mobilité ionique d’un c6té pour séparer
les protéines en fonction de leurs sections efficaces (CCS pour collision cross section) et associer leurs
spectres de fragmentation avec leurs conformations, ou pour utiliser cette dimension pour mieux
séparer les ions fragments et ainsi donner un recouvrement de séquence plus compléte. La
communauté top-down pourrait aussi en bénéficier de logiciels plus sophistiqués et plus adaptés pour

un assignement de fragments terminaux et internes avec plus de confiance.
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General introduction

Developments in cancer therapy have led to the emergence of new classes of therapeutic proteins .

Monoclonal antibodies (mAbs) 2, single-domain antibodies (VHHs) 3, multi-specific mAbs *

or
immunoconjugated antibodies (ADCs for antibody-drug conjugates) >® are the most representative
class. The latter are based on the covalent coupling of mAbs to cytotoxic molecules via a spacer arm
(the linker) &7 and are distinguished from mAbs by their enhanced therapeutic efficacy and specificity.
Characterizing the resulting ADCs/PDCs (PDCs for protein drug conjugates) represents a real analytical
challenge, due to their high molecular weight, intrinsic variability (post-translational modifications,
PTMs) and the additional heterogeneity resulting from the bioconjugation process & 2.

Mass spectrometry (MS) coupled with liquid chromatography (LC) has the potential to overcome these
challenges and cope with the structural complexity of these proteins in order to assess the various
critical quality attributes (CQAs) required by regulatory agencies 3. There are therefore several
approaches and methodologies for the characterization of these proteins at several levels (intact,
middle or peptide level). Native MS (nMS) is a technique based on electrospray ionization (ESI), which
transfers the solubilized protein into the gas phase of the mass spectrometer in a volatile, non-
denaturing buffer (typically ammonium acetate), thereby maintaining non-covalent interactions .
This requires buffer exchange that can be carried out manually, or in a more automated way by on-
line coupling to size exclusion chromatography (SEC-nMS) *>26, This is a key step in saving analysis time
and adding another dimension to characterization by separating species according to their
hydrodynamic volumes. The information obtained by SEC-nMS provides insights on: i) the quantity of
unconjugated mAb (DO0), ii) the average number of conjugated drugs per antibody (avDAR, average
drug-to-antibody ratio), iii) drug distribution (DLD) and iv) size variants . nMS can also be coupled
with ion exchange chromatography (IEX) to separate and characterize mAbs according to their net

charge difference #1°,

More recently, approaches for sequencing intact proteins (without digestion), known as top down MS
(TD-MS)?22, have been reported which, in addition to accurate mass measurement, enable proteins
to be fragmented directly at the intact level 27 or after controlled digestion to obtain 30-50 kDa
subunits (middle, MD-MS) 2> 2830 Thus, these approaches make it possible to characterize charge
variants (e.g. PTMs) and identify specific drug positions directly, without extensive sample preparation.
It is in this context of developing methodologies based on state-of-the-art MS techniques to improve
the characterization of conjugated proteins (from mAbs or other proteins) that my thesis project is

situated, where my main PhD objectives are:
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ii)

Improving LC-MS coupling techniques for rapid, automated characterization of
ADCs/PDCs
Developing new TD/MD-MS approaches for the characterization of the primary structure

of these bioconjugates.

The manuscript outlining this work is organized in three forthcoming parts:

12

The first part offers a brief overview of immunoglobulins G (IgGs) 3! including their structure,
their subclasses and their different mechanisms of actions. Another section is devoted to mAb
therapeutics with a focus on mAb-based formats dedicated to cancer therapy with their
market development ®. A separate chapter is focused on the different analytical strategies used
for mAb-based formats characterization.

The focuses on evaluating a new benchtop LC-MS platform (the BioAccord LC-MS
system, Waters) for the characterization of different mAb therapeutics. The first chapter
discusses the optimization and implementation of automated SEC-nMS and CEX-nMS
approaches using reference mAbs and ADCs. The second chapter presents an application of
the automated SEC-nMS workflow for the characterization of site-specific ADCs and PDCs
derived from Ugi conjugation 2. The third chapter illustrates the limitations of the BioAccord
instrument for the characterization of bsAbs, with a more comprehensive characterization on
another MS instrument (Synapt G2 HDMS, Waters). Finally, the last chapter describes the
development of a SEC-MS method in denaturing conditions (dSEC-MS) specifically adapted for
the characterization of rebriged mAb-based conjugates.

The third part is centered on the set-up of TD- and MD-MS approaches on a state-of-the-art
MS instrument (Orbitrap Eclipse™ Tribrid™ MS, Thermo Fisher Scientific) comprising different
activation techniques. The first chapter is dedicated to the optimizations of a MD-MS approach
for the characterization of a reference mAb sample (trastuzumab) with assessment of the N-
glycosylation PTM. The second chapter is focused on a detailed study for the characterization
of a nanobody conjugate (anti-EGFR nanobody), produced during a my secondment at Almac
Discovery (Edinburgh, UK), using native MS and TD-MS. nMS was used to assess homogeneity,
DLD and avDAR. TD-MS using a combination of complementary fragmentation techniques
(HCD 3, ETD ** and UVPD *) allowed validation of the primary structure of the nanobody,

including precise localization of the conjugation site and assessment of disulfide bridge pairing.
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Part I: Introduction to monoclonal antibodies (mAbs), mAb-based products and their analytical strategies

Chapter 1: Introduction to monoclonal antibodies and mAb-based formats

1. Immunoglobulins G (I1gGs)

In the late 19%™ century, immunoglobulins (Igs) or antibodies were introduced by von Behring and
Kitasato to describe proteins generated by the immune system as a response to a pathogen’s antigen.
Those glycoproteins secreted by B- lymphocytes plasma cells, play an important role in recognizing the
B cells on specific antigens, which allow them to bind to these entities in order to neutralize or
eliminate them 32,

There are five classes of immunoglobulins identified (IgG, 1gD, IgE, IgA and 1gM), which in addition to
their varied molecular size, they differ by the type of heavy chains they possess namely: y-chains, 6-
chains, e-chains, a-chains and p-chains for 1gG, IgD, IgE, IgA and IgM, respectively 3%’ This difference
in heavy chains induces considerable variabilities in the function and immune response of those Ig
types. Among these isotypes, 1gGs are the most abundant in the body representing up to 80% of the

serum, therefore it is the most extensively studied class 3¢ (Figure 1).
[ Light chain (Lc) \ p
[ Heavy chain (HC) \ /
== Disulfide bond N 4 ,\ T
= Joining chain (JC) \ / L\
N7 |
NN ] —
[ N
IgG gD IgE IgA IgM

Increasing molecular weight (Da)

Figure 1: The different 1gG isotypes including IgG, IgD, IgE, IgA and IgM depicted from the lowest (left) to the highest (right)
molecular weight Ig. Adapter from Arnold et al. (2007) 38

y

1.1 1gGs structure

IgGs are large monomeric proteins composed of four polypeptide chains that form a flexible Y shape.
Two polypeptide chains are identical light chains (Lc, 25 kDa) and the two others are identical heavy
chains (HC, 50 kDa). The light chain is composed of one variable (VL) and one constant (CL) domain,
whereas the heavy chain contains one variable (VH) and three constant (CH1, CH2 and CH3) regions.
Both polypeptide chains pairs are linked by a certain number of inter-chain disulfide bonds, depending

on the IgG subclass, that form a rigid segment of the hinge region.
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Typically, the region containing one variable (VH) and one constant (CH1) domains on the heavy chain,
is referred to as the Fd fragment (25 kDa) due to its diversity and variability. The combination of this
fragment and the Lc, composes the fragment antigen-binding region (Fab, 50 kDa), which is the region
that binds to antigens through the arm tips of the variable domains. Each variable domain contains
three complementarity-determining regions (CDRs: CDR1, CDR2 and CDR3) randomly arranged on the
amino acid sequence, which constitutes a paratope. On a F(ab’)2 fragment, which is the term that
designates two Fab fragments linked together through the hinge region’s disulfide bridges, six CDRs
are identified. These hypervariable regions play a crucial role in the binding affinity enhancement of

antibody-antigen interaction ¥,

The remaining fragment that contains constant domains of the heavy chain (CH2 and CH3), represents
the fragment crystallizable region (Fc, 25 kDa). The Fc fragment plays a crucial role in ensuring the
mediation of effector functions by either binding to Fc receptors (FcR) on effector cells #°, or activating
other immune mediators. The effector functions are modulated by the presence of glycans associated

to the Fc fragment (Figure 2).

=== Disulfide bridge (S-S bond)

CDR
Light chain 5% S
(~25 kDa)
<
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Heavy chain (~50 kDa)
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% (~25 kDa)
Hinge region *—,

-
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(~25 kDa)

Glycosylation

sites / | =
Intra-chain
disulfide bridge
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Figure 2: Structure of an IgG illustrated with an IgG1. The heavy chain containing constant domains (CH1, CH2 and CH3) with
a variable domain VH is depicted in green. The light chain including a variable domain VL and a constant domain CL is depicted
in orange. The glycoforms are located on the Fc part of the heavy chain. Disulfide bonds are represented in blue lines and
CDRs are represented in pink rectangles. Adapted from Loureiro et al. (2015) 4
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1.2 1gGs subclasses

IgGs can be divided into several subclasses based on their effector functions and binding properties 2.
These variations are due many structural differences, mainly the number and the position disulfide
bonds; while 1gG3 contains twelve inter-chains disulfide bridges that stabilizes their Fc regions, the
number of those S-S linkages is reduced to only three for IgG2 and two for IgG1 and IgG4. The disulfide
bridges linking both heavy chains on IgG4 are particularly flexible, which induces a phenomenon called
Fab-arm exchange, leading to asymmetrical bispecific antibodies generation *3. Another dissimilarity
lies in the position of the heavy chain’s CH1 cysteine that is responsible for the intra-chain linkage with
the carboxy-terminal light chain. This cysteine is located in position 220 for IgG1, where for 1gG2, 1gG3
and 1gG4, it is in the 131° position. Moreover, IgG2 subclass exists in three isoforms namely IgG2A,
IgG2B and IgG2A/B, depending on their disulfide bridges type and position (Figure 3). Owing to their
high abundance in human serum (about 65% of the total IgG), their high stability, their less aggregation

and their shorter serum half-life, IgG1 are the most frequently used for drug development 3640,

. s ; g ’ \ E
IlgG1 1gG2 1gG3 lgG4

Figure 3: IgGs different subclasses including 1gG1, 1gG2, IgG3 and IgG4. The main difference between the four subclasses is
the number and position of disulfide bonds depicted in blue. Light and heavy chains are depicted in orange and green,
respectively. Adapted from Muhammad et al. (2020) 3¢

1.3 IgGs glycosylation

All 1gGs contain N-linked oligosaccharides (N-glycans) attached to their Asn297 residue at the Fc
domain, hence the name glycoproteins *. The heptasaccharide core of glycans composed from two N-
Acetylglucosamine (GIcNAc) and three mannose, could be attached to 0, 1 or 2 galactose moieties
forming GO, G1 and G2 glycoforms, respectively *. When fucosylated at the asparagine-attached
galactose, they are defined as GOF, G1F and G2F. Sialylated glycoforms, which represents minor species
in usual IgGs, are named G2S1, G2S2, G2S1F and G2S2F (Figure 4). The role of glycosylation relies in
tuning the immunological properties of antibodies, and therefore affecting their therapeutic efficacy
3 For instance, an increase of fucosylation decreases the binding affinity of antibodies to Fcyllla

receptor, which drastically reduces the antibody-dependent cellular cytoxicity (ADCC) “¢. Therefore,
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many recent advances focus on modulating glycans in antibodies, which is known as glycoengineering
of antibodies *%7%, Traditional glycoengineering strategies are based on genetic approaches that aim
either to modify the structure of glycans through the knockout of a specific enzyme to improve their

properties, or to overexpress a key enzyme to increase the antibodies defense mechanisms.

Another promising strategy is the development of glycan remodeling *%, this is achieved by chemistry
based technologies that lead to provide specific glycosylation profiles with desired properties °.
Moreover, glycoengineering strategies have been developed to specifically conjugate antibodies by

addition of unnatural sugars or exploiting the existing N-glycosylation site *°.
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Figure 4: Major N-glycoforms types on mAb therapeutics. Adapted from Xu et al. (2021) 51

1.4 1gGs disulfide bonds

Disulfide bonds are covalent linkages between sulfur of two cysteine residues (S-S linkage) °2. For
antibodies, they play an important role in fixing and stabilizing the tertiary structure and can be divided
in two types: disulfide bridges within the same chain called intra-chain, and disulfide bridges linking
two polypeptide chains referred to as inter-chain disulfide bonds >2. Each IgG contains a total number
of twelve intra-chain disulfide bonds, while the number of inter-chain ones differs from one subclass
to another (Figure 3). Those two types presents different level of solvent exposure % inter-chain are
highly exposed making the involved cysteines more reactive, thus easily accessible for cysteine site-
specific conjugations. Consequently, the degradation of the disulfide bonds result in sulfhydryls (R-SH)
releasing >>°4, that are mainly detected in variable domains where their level is higher than in constant

domains. The presence of these sulfhydryls affects negatively the stability of IgGs, but no structural
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changes were highlighted in literature. Disulfide bonds could be also decomposed under basic
conditions, through the B-elimination mechanism which transforms one of the involved cysteines into
a persulfide and a dehydroalanine that forms a non-reducible thioether upon Michael-like addition *.
Finally, a rare type of linkages is trisulfide bonds found in A, B and A/B forms of IgG2 (Figure 5). They
are formed through reaction of an intact disulfide bond with hydrogen sulfide (H.S) obtained from
degradation of cysteines. Although these major PTMs do not affect the stability or the antigen binding,

they are carefully monitored during the development of antibody conjugates.

| s
N\ O A7 &
RN IR o
T [
T I
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Figure 5: Non-classical disulfide bonds including the different IgG2 sub-isotypes namely; IgG2-A, 1gG2-B and 1gG2-A/B. The
main difference between these types is the disulfide bond position. Adapted from Liu et al. (2012) 52

1.5 Antibodies mechanism of action

Antibodies play an important role by protecting the body against infections through different
mechanisms. The key functions include: i) Direct effects upon the recognition and binding to specific
antigens, which leads to either neutralizing the latter molecules or blocking their ability to enter host
cells, ii) Indirect effects that activate complement mechanisms including antibody-dependent cellular
cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP) and complement-dependent
cytotoxicity (CDC), which lead to destruction of antigens °®. In fact, each complement mechanism is
mediated differently. ADCC is mediated by natural killer (NK) via their (FCyRIIl) receptor that binds to
the Fc region and induces cytotoxic granules release that kill the target cell *’. Unlike ADCC, ADCP
induces macrophage upon target cell phagocytosis . CDC targets cell lysis also via antibodies binding
to Clq complement protein, which induces formation of membrane attack complex (MAC) that
consists of complement proteins C5b-C9 that generate membrane in the pores and lead to cell
destruction °°. Finally, one of the main functions is iii) Drug delivery of multiple components, where

the antibody acts as a drug carrier (Figure 7).
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Figure 6: Antibodies different mechanisms of actions in cancer therapy resumed in four actions; (A) Direct effects that include
neutralization or blocking effects, (B) ADCC mediation, (C) ADCP mechanism and (D) CDC mediation. Adapted from Nava et
al. (2023). €0

2. Monoclonal antibodies (mAbs): a better option for therapeutic purposes
In contrast to polyclonal antibodies, which are produced by several different immune cells and have
affinity for the same antigen on different epitopes, monoclonal antibodies (mAbs) are considered as a
better therapeutic option for their high specificity to a single epitope 3. Since the development of the
first mAb (Muromonab CD3, a murine mAb) used in kidney transplant rejection prevention, several
groups focused on the development of numerous mAbs from different sources 3% 61, Murine mAbs
development was limited by the risk of immunogenicity they presented ®2, and lead to new
technologies generation of predominantly or fully humanized mAbs . While chimeric antibodies are
mAbs composed of a constant region from human sequences *, humanized mAbs contain all human
sequences except the antigen binding CDRs which are derived from the mouse. Finally, fully human
antibodies are composed of whole human sequences and have significantly reduced immunogenicity

(Figure 7).
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Murine Chimeric Humanized Human
Muromonab Rituximab Bevacizumab Panitumumab
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Figure 7: Different sources of mAbs leading to different mAbs formats; murine, chimeric, humanized and fully human mAbs.
The immunogenicity in humans decreases with the humanization of mAbs. Murine regions are depicted in orange and human
region are in green. Adapted from Tan et al. (2016) 6

2.1 MAbs nomenclature

The appropriate nomenclature for antibody-based therapeutics is important for clinical development.
The International Nonproprietary Names (INN) program of the World Health Organization (WHO),
implemented a nomenclature for mAbs which employed at the beginning a prefix, a stem and a suffix
2, The stem that was used for all monoclonal antibodies containing an immunoglobulin variable domain
designed against a specific target was “mab”, placed as a suffix. In 2021, the INN replaced the suffix —
mab with four new stems to differentiate the multiple types of therapeutics, employing a suffix of —
tug for unmodified IgGs, -bart for artificial 1gGs, -ment for IgG fragments and —mig for multi-specific
IgGs ’.(Table 1).

Table 1: Nomenclature of mAbs based on the International Nonproprietary Names (INN) adopter in October 2021. Adapted
from Guimaraes et al. (2022) 7

Prefix Sub-stem Infix for target class Suffix
-ami- Serum amyloid protein (SAP)/amyloidosis
-ba- Bacterial
-Ci- Cardiovascular
-de- Metabolic or endocrine pathways
-eni- Enzyme inhibition
-fung- Fungal
-gro- Growth factor and growth factor receptor tug
-ki- Cytokine and cytokine receptor bart
Random -ler- Allergen )
-sto- Immunostimulatory “me
-pru- Immunosuppressive “ment
-ne- Neural
-0s- Bone
-ta- Tumor
-toxa- Toxin
-vet- Veterinary use
-Vi- viral

23



Part I: Introduction to monoclonal antibodies (mAbs), mAb-based products and their analytical strategies

2.2 MAb-based formats

The emergency of mAbs have revolutionized the field of therapeutics, contributing in the treatment of
various cancers, autoimmune disorders, infectious, cardiovascular and neurological diseases.
Considering the continuous interest in developing improved and highly specific mAb treatments ,
recent advances focused on engineering new mAb-based formats termed “biobetters” > . This
plethora of mAb-based therapeutics includes biosimilars, antibody-drug conjugates (ADCs), bispecific
antibodies (bsAbs), recombinant antibodies (rAbs), and heavy chain-only antibodies (HCAbs). Smaller
mAb-based fragments are also isolated such as antigen binding fragments (Fab or F(ab’)2), single-chain
variable fragments (scFv) or even smaller single-domain antibodies (sdAb) &,
a) Antibody-drug conjugates (ADCs)

In the early 20™ century, Paul Ehlich first introduced antibody-drug conjugates (ADCs) as “magic
bullets” that can directly access desired targets and kill cancer cells without harming normal cells.
Consequently, these alternative cancer treatments have been the fastest growing class in oncology

with 14 ADCs approved in the market by regulatory agencies ®7:7°,

i.  Structure
Typical ADCs are formed from three key components; a mAb attached covalently to a cytotoxic drug
(payload) via a spacer arm called a “linker” 7. Upon the choice of the target antigen expressed on tumor
cells, the ideal ADC relies on each building block choice, which can affect the final efficacy and safety

of the ADC in question:

- MADb: this moiety is the one that is responsible for the specific binding between antigens and
the target cell. The high antibody-antigen affinity results in faster internalization. However, this is
challenging for solid tumors due to existence of binding site barrier (BSB), where the strong binding of
the antibody and the antigen results in trapping the ADC near the blood vessels that are away from
tumor cells ®. Consequently, a reasonable affinity is often optimized prior to conjugations. Moreover,
IgG1 are the most commonly used for ADCs production as they are the most abundant in serum and
have higher half-life (21 days versus only 7 for 1gG3, for example). Finally, the size of used antibodies
is highly critical as large molecular weight mAbs (~150 kDa) are often challenging for blood penetration,
thus many groups focus on developing miniaturized antibodies for further conjugation.

- Cytotoxic payload: this part is the cargo that releases toxicity into cancer cells after ADCs
internalization. Taking into consideration that only 2% of the ADC is able to reach tumor sites, payloads
should be highly effective 7*. Moreover, a cytotoxic drug should be stable and should have available
functional groups react with the antibody via the linker. The majority of cytotoxic payload derives from
two major families: tubulin inhibitors and DNA damaging agents. Tubulin inhibitors include: i) auristatin

derivatives that act as tubulin promoters and perturb microtubule growth (the component responsible
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for cell division and rapid proliferation of tumor cells), among which monomethyl auristatin E and F
(MMAE and MMAF, respectively.) are the main examples and ii) maytansinoid derivatives that block
the formation of mature microtubules, which includes DM1 and DM4 drugs 7>73. DNA damaging agents
are more effective as they reach picomolar levels and include: i) calicheamicin which breaks the DNA
double strand (e.g. calicheamicin y1 used in Gemtuzumab ozogamicin), ii) duocarmycin that alkylates
DNA (used in anti-RON ADCs), iii) topoisomerase | inhibitors that intercalate DNA (e.g. DXd used in
trastuzumab Deruxtecan) and iv) pyrrolobenzodiazepines (PDB) that are used for DNA crosslink (used
only in Loncastuximab tesirine) 7.

- Linkers: a linker is the important piece that attaches ADC to its payload, and should be able to
release the drug at the target cancer cell without premature release in plasma and without ADC
aggregation 6. Among the two main linker types that are employed in ADC production, cleavable linkers
are environment-sensitive, and include chemical cleavage linkers that release the payload through
hydrolysis of the ADC at acidic pH (4.8-6.0), or through disulfide bonds reduction by intracellular
glutathione (GSH). In the same cleavable linkers’ family, enzyme sensitive linkers such as glucuronide
or peptide based ones, are the most used in various ADCs (e.g. valine-citrulline linker used for
Brentuximab vedotin) 7°. On the other hand, non-cleavable linkers are less dependent on the in-vivo
environment as they directly release the payload after ADC internalization and lysosomal processing,
along with the last amino-acid residue (e.g. thioether linkers used in ado-trastuzumab emtansine, T-

DM1) 7® (Figure 8).
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A) Trastuzumab emtansine (KADCYLA)
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Figure 8: ADCs structure depicted with the example of trastuzumab emtansine (Kadcyla), a conjugated trastuzumab to a
emtansine tubulin inhibitor through a non-cleavable linker (SMCC), and Brentuximab vedotin (ADCETRIS) which is a cAC10
mAb conjugated to an auristatin MMAE tubulin inhibitor through a cleavable linker (valine-citrulline peptide). Adapted from
Beck et al. (2019) 10

ii. ~ Mechanism of action
ADCs act through three different mechanisms in the body; a first mechanism includes the
internalization of the ADC upon binding to the cancer cell target. The ADC then releases its payload in
the lysosome through endosome fusion, which induces cell apoptosis. Another mechanism involves
the binding of the Fab fragment of the ADC to the antigen epitope, while the Fc region is bound to FcR
on NK cells, which mediates direct cell killing effects namely; ADCC, ADCP and CDC effects. Finally, an
ADC could inhibit the downstream signal transduction (cell signaling) of an antigen’s receptor, by

specifically binding to the same antigen’s epitope, which induces cell apoptosis © (Figure 9).
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Figure 9: ADCs mechanisms of actions through three main functions: (A) internalization of the ADC, (B) Mediation of ADCC,
ADC and CDC mechanisms and (C) Inhibition of cell signaling. Adapted from Fu et al. (2022) ¢
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iii.  Conjugation approaches
Beyond the choice of the antibody moiety, the linker and the payload, the conjugation strategy to
attach these three components is highly important for an ideal ADC formation 7. The conjugation
method is the one that determines the number of linker/drug attached to the antibody, quantified by
the average drug-to-antibody ratio (DAR), which directly affects the homogeneity, toxicity and efficacy
of an ADC %, Higher DAR values (e.g. D8) lead to heterogeneous products with high cytotoxicity which
results in solubility issues and high clearance 78, In contrast, low DAR values (Unconjugated mAb DO or
D1, D2) lead to competitive internalization with higher DAR species, and thus reduce their therapeutic

effect. Two major types of conjugations are being developed currently:

> Stochastic conjugations: Typically, stochastic conjugations are performed on pre-existing
lysine and cysteine residues via suitable reactions, which are the most frequently used. Lysines can be
reacted with activated carboxylic acid which results in an amide bond between the mAb and the
payload (e.g. TDM1) 76, however due to the presence of many lysine residues on a usual mAb (~90
lysine), this strategy could lead to highly heterogeneous DAR8 ADCs. On the other hand, cysteine
conjugation are based on reacting a prior reduced inter-chain cysteine residue with the linker/payload
and results in more homogeneous DAR species (e.g. Brentuximab vedotin) & 7>,

»> Site-specific conjugations: many groups focused on site-specific ADCs conjugation as
stochastic ones face many challenges including stability and heterogeneity issues °. A common
approach is the introduction of engineered reactive cysteines that lead to production of DAR2 site-
specific ADCs (e.g. anti-MUC16 ADC) °. A more attracting strategy is disulfide re-bridging conjugation
80-83 which aims at incorporating payloads between reduced disulfide bridges using cysteine-selective
cross-linking reagents such as bissulfone reagents, next-generation maleimides (NGMs) and
pyridazinediones (PDs) 8% 8485 Sjte-specific conjugation could be also reached upon introduction of
unnatural amino acids that contain functional groups that are able to react with the liner/antibody
moiety. As mentioned in the glycosylation paragraph, glycan remodeling and glycoconjugation are also
now used to conjugate the N-glycan on the Fc region to payloads *>4”-%°, Finally, pClick technology was

recently developed and uses a crosslinker that binds a chemically modified peptide to a specific

antibody, which enable payload attachment ¢ (Figure 10).
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Figure 10: The various conjugation strategies for stochastic mAb conjugation (red) and site-specific conjugations (green). The
cytotoxic drug is depicted in a red star. Adapted from Fu et al. (2022) &

Recent advances in drug discovery focus also on the development of Protein-Drug Conjugates (PDCs)
using the same conjugation strategies . Depending on the therapeutic goal, PDCs can provide several
unique advantages over ADCs, particularly the smaller size that facilitates their penetration into solid

tumors.

b) Bispecific antibodies (bsAbs)
Bispecific antibody (bsAb) term was first mentioned in 1960 by Nisonoff et al, to appoint to a man-
designed antibody-based molecule that targets two specific antigens or epitopes . BsAbs are an
emerging class of therapeutics in cancer therapy and other diseases, with two bsAbs currently
approved in the market: blinatumomab (for cancer therapy) and emicizumab (for bleeding disorder),
and over 85 bsAbs in clinical phase . They come in various formats designed for specific goals are can

be distinguished in two main formats: IgG-like and non-IgG-like bsAbs * 87-88,

IgG-like bsAbs are derived from classical mAbs but with increased specificity thanks to the addition of
a second antigen-binding region (a single-chain variable fragment, scFv) to the Fab or Fc region. Various
formats exist based on the production technology namely: heterodimeric IgG, scFv-IgG and DVD-Ig

bsAbs... etc. Each of these formats exhibit unique advantages, but the main advantage of these formats
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stem mainly from their structural similarity to classical mAbs where the effector functions (ADCC and

CDC) remain ensured thanks to the Fc-region mediation.

Non-lgG-like bsAbs are made of two scFvs that can bind two different specific antigens. This class
encompasses a variety of formats such as; bispecific T cell engagers (BiTEs) that bring together T cells
and the target cell, TandAbs allowing the simultaneous binding of two different antigens, or nanobody-
based bsAbs that fuse two nanobodies with different antigen targets. Although these small bsAb-
formats lack the Fc region that mediates the effector functions and have relatively lower serum half-
life 8, they have multiple advantages compared to the intact bsAb forms. In particular, their enhanced
tissue penetration and their low immunogenicity made them an exciting area in the cancer field
research (Figure 11). Moreover, a trispecific antibody (TsAb) format is developed to engage three
different epitopes by one single antibody, which provides improved targeting and increased potency

compared to bsAbs .
A) 1gG-like bsAbs B) Non-1gG-like bsAbs
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Figure 11: The two types of bispecifics family namely (A) 1gG-like bsAbs and (B) non-IgG-like bsAbs. Adapted from Kang et al.
(2022) o

c) Heavy chain only antibodies (HCAbs)
Heavy chain only antibodies (HCAbs) are derived from camelids and contain one single variable domain
(VHH) and two constant domains (CH2 and CH3), unlike conventional antibodies that have the entire
light chain and the CH1 domain °2. Several studies showed the similar therapeutic characteristics of
HCAbs compared to intact mAbs, moreover, their smaller size can enhance their ability to target
epitopes that are challenging for conventional mAbs to access. However, one of the main challenges
of HCAbs production, is the potential immunogenicity from non-human, which requires humanization

prior to clinical development and thus extends the drug discovery process 3.
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d) Single domain antibodies (sdAbs, VHH or nanobodies)
Nanobodies are the smallest fragments derived from HCAbs that represent ~1/10% its full size while
preserving the characteristics of specificity and binding affinity. Their small size (~15 kDa), stability and
solubility made them a more promising format than their mAb counterparts, in many fields such as
diagnostics, imaging and therapeutics > %%, The first nanobody-based therapeutic; caplacizumab for
the treatment rare blood clotting disorders was approved in 2018 by the EMA, and paved the way to
the development of various other nanobody drugs especially for cancer therapy * °¢%’. Similarly to
antibodies, sdAbs can be conjugated to increase their potency and therapeutic efficiency. Unlike other
mAb fragments (scFvs or Fabs), they have significantly higher stability and they are easily produced,

which makes them interesting candidate for targeted therapies 3 >-1%,

&

sdAb
(~15 kDa)

Conventional IgG HCAb
(~150 kDa) (~50 kDa)

Figure 12: Comparison of conventional 1gG (~150 kDa), HCAbs (~50 kDa) and sdAb (~15 kDa) or nanobodies derived from
HCAbs. Adapted from Jin et al. (2023) %8

e) Other small mAb-based formats
The current trend in biopharmaceutical field shifts towards the development of smaller mAb-based
fragments, owing to their particular ability to retain full antigen-binding #. Among these products, we
can distinguish Fc-fusion proteins that are composed of the Fc region of a particular antibody and a
desired linked protein; they can bind to the neonatal Fc receptor (FcRn) which prevents the IgG
degradation. Currently there are 13 Fc-fusion products approved in the European Union and United
States with three biosimilar versions of etanercept. Fab or F(ab)2 formats are also one of the successful
biotherapeutics, with currently three FDA-approved Fabs. Although the latter molecules are not the
smallest mAb-based formats (~50 kDa and ~100 kDa), they allow easier production and good stability
overall. The native structure they provide, does not require any engineering resource for an ideal linker

thus they provide less immunogenicity & (Figure 13).
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Figure 13: Other mAb-based formats including Fc fusion and smaller formats: Fab and F(ab)2. Adapted from Bates et al.
(2019). 8

f)  Biosimilars
The term biosimilar designates the concept of “generic” mAbs, and was introduced in 2013 after the
approval of the first infliximab (anti-TNFa) biosimilar by the European Medicine Agency (EMA) 1%, In
fact, biosimilars are supposed to have no structure, function or clinical safety differences compared to
their originator (reference), therefore they can only be considered better in term of affordability and
market accessibility ¥ 11, With many mAb products reaching their patent expiry, up to 249 mAb
biosimilars were approved by regulatory agencies 1°%. This approval requires a compromise of quality

and affordability, which is achieved by different biosimilarity studies 2,

Some biosimilars were found to be slightly different than their originator in term of glycans level, which
is believed to have direct effect on the clinical efficacy as it is highly dependent on Fc-region
glycosylation. However, health authorities were aware of these variations as the level of glycosylation

found was not prone to high clinical relevance 1%,

3. mAb Market
Following the initial approval of the first therapeutic mAb, muronomab-CD3 (Orthoclone OKT3)
approved in 1986 by the US FDA, mAb-based formats have been emerging as the fastest growing
therapeutic class. Designed for several therapeutic areas; neurological disorders, cardiovascular
diseases °... etc., and particularly cancer 9110418 The record has been reached in 2021 and 2020
with 20 products first approved in Europe and in the US, as well as in other countries 1%, The market
of mAb products have been significantly increasing for the last decade (Figure 14) with a global
estimation of 162.47 billion USD in 2021, expected to reach up to 390.58 billion USD by 2030. The table
showing the trend of mAb products growth in the market excludes the data related to biosimilars
approval, which reached until today, 43 US FDA-approved biosimilars 1. The latter format has been
exceedingly growing in recent years with a big market estimated at 21.8 billion USD in 2022 and

expected to reach up to 27.20 USD later this year (2023) (Figure 14).
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Figure 14: mAb products approved in the US, EU or other countries market for the treatment of various diseases including
cancer. Cancer data are represented in orange. Figure based on data publicly available as of October 04, 2023. A searchable
table of the figure data is available at .www.antibodysociety.org/antibody-therapeutics-product-data/

In addition to the mAb products approved by regulatory authorities, nearly 800 mAb therapeutics are
in clinical development in oncology, which represents over 60% of the clinical pipeline . This
particular interest in mAb-products for cancer treatment is owed to the precise targeting of cancer
cells thanks to the different mAb-formats prior discussed in this chapter. Figure 15 highlights the

increasing trend of bsAbs and ADCs in particular, in addition to full length mAbs for cancer therapy

91, 106

mAb products for cancer therapy in clinical stage
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= Immunoconjugate
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Figure 15: mAb products dedicated for cancer therapy, that are in clinical stage of trials. Many mAb-based formats are
represented in different colors, including ADCs (pink), bsAbs (orange) and full length antibodies (green) that are significantly
more compared to the other forms. Figure based on data publicly available as of October 04, 2023. A searchable table of the
figure data is available at .www.antibodysociety.org/antibody-therapeutics-product-data/
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In view of their considerable potency and major specificity, ADCs have been especially expanding in
oncological field. Since Mylotarg (Gemtuzumab ozogamicin) was first approved in 2000 for the
treatment of acute myeloid leukemia (AML) %, it marked the beginning of ADC era in cancer-targeted

therapy, with 14 ADCs approved worldwide and over 100 in the clinical stage (Figure 16) % 106110,
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Figure 16: Timeline depicting the development and approval of ADCs over the past century since the approval of the first
ADC: Mylotarg. Adapted from Fu et al. (2022) ©

Due to the latest advances in biotechnology and the global healthcare needs especially in the cancer
field, the development of mAb-based products is significantly growing. The competition race of making
efficient and affordable mAb therapeutics constantly needs robust and fast analytical strategies to
monitor and characterize their entities. Therefore, an increasing need of fast, robust and versatile on

state-of-the-art instruments is also highlighted.
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4. Targeted anti-cancer therapies (TACT) program
In our TACT program consortium, we are particularly focused on the next generation targeted-anti-
cancer therapies. This European consortium brings together academic and industrial institutions with
various background: chemistry, biochemistry and analytical chemistry. TACT includes 11 early state
researchers (ESRs) in the three mentioned domains, with expert personal investigators (Pls). Within
our group (Laboratoire de Spectrométrie de Masse Bio-Organique, LSMBO, university of Strasbourg),
we are particularly focused on developing specific analytical techniques for the characterization of the

developed molecules inside the consortium (Figure 17).

SpiroChem AG
Basel, Switzerland

TUM
Munich, Germany

Unistra/CNRS
Strasbhourg, France
Unistra/CNRS
Strasbourg, France

Biochemistry

WUR

Unistra/CNRS
‘ Wageningen, Netherlands

Strasbourg, France

UCL
London, UK ‘

‘ aus
Belfast, UK
Heidelberg Pharma AG
Heidelberg, Germany Almac discovery
Edinburgh, UK

Figure 17: Graph depicting the different fields of the TACT program aiming at developing next-generation antibodies, among
which our LSMBO group (Unistra/CNRS) is focused on the development of the analytical strategies dedicated for the
characterization of the newly developed anti-cancer therapies.
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Chapter 2: Analytical strategies for mAb-based products characterization

1. Monitoring mAbs CQAs is essential
The increase development of multiple mAb-based products requires a constant monitoring of these
moieties, due their different complicated molecular structures and various manufacturing processes.
Indeed, for a comprehensive evaluation of this plenty of therapeutics and in order to support their
market authorization, a combination of physico-chemical properties and isoform patterns that have

111 5
, is usually

been defined by the International Conference on Harmonization (ICH) Q6B specifications
required. Those specifications are defined as a list of critical quality attributes (CQAs) that are specific
properties to ensure the safety, efficacy, purity and the overall quality of the final product (Table 2)
112 and therefore need to be assessed during the development process. Identifying CQAs at an early
stage of biotherapeutics development, is a valuable step, as it can allow to improve the product quality
and establish robust control strategy 1'3. For mAb conjugates in particular, it is necessary to quantify
the amount of unconjugated mAb (D0), as well as to determine the drug-load distribution (DLD) and
the average drug-to-antibody ratio (avDAR). Moreover, the identification and quantification of size
variants (HMWS and LMWS) and charge variants (acidic and basic species) is at utmost interest for

ADCs/PDCs comprehensive characterization.

Table 2: List of different critical quality attributes related to molecular variants of mAbs. Adapted from Alt et al. (2016).113

Quality attribute

Size-related Variants HMWS and LMWS
Charge-related Variants (Acidic) Deamidation in CDR and in Non-CDR
Glycation in CDR and in Non-CDR
Charge-related Variants (Basic) Aspartic Acid Isomerization in CDR and in Non-CDR
Aspartic Acid Isomerization in Non-CDR
N-Terminal Leader Sequence (may be molecule specific) or Pyroglutamic Acid
C-Terminal Lysine, Proline (IgG1) or Leu (IgG4) Amidation
Oxidation-related Variants Oxidation in CDR (Met, Trp) and in Non-CDR (Met, homo-variant, or hetero-variant)

Fc Glycosylation Afucosylation, Galactosylation, High-Mannose, Sialylation (NANA, NGNA) and Non-
Glycosylated Heavy Chain

Structural Variants Cysteine Forms, Sequence Variants and Protein Structure

In addition, the development of mAb-related products is particularly complex, due to the involvement
of several post-translational modifications (PTMs) during the manufacturing and storage phases. As
mAbs are subject to PTMs and degradation during cell culture, purification, storage and even after
administration, PTMs have direct consequences on their potency, stability and immunogenicity 8.

MAbs can undergo a dozen of PTMs (Table 3), among which glycosylation (N, varying with glycoforms)

35




Part I: Introduction to monoclonal antibodies (mAbs), mAb-based products and their analytical strategies

is one of the well-known. The impact of glycosylation in mAbs have already been discussed in the
previous chapter (Part I, chapter 1) 3 %, thus the characterization of mAbs glycosylation profile
represents an important CQA. Disulfide bond breakage (-SH SH-, +2 Da) or linkage (S-S, -2 Da) represent
another major PTM that have been well studied in mAbs *2, due to effect they have on the structural
integrity of mAbs. Moreover, deamidation (+1 Da), oxidation (+16 Da), acetylation (+42 Da),
phosphorylation (+80 Da) as well as amino acids clipping (e.g. K-clipping, -128 Da) and cyclization
(PyroE/PyroQ, -18/17 Da) are also PTMs that are widely encountered in proteins developments and
account for additional heterogeneity, hence must to be assessed carefully ® 14, In term of PTMs
assessment, mass spectrometry is also a valuable insight and is often coupled to liquid chromatography
and electrophoretic methods for a more comprehensive characterization of these variations.

Table 3: Post Translational Modifications of mAbs and their potential impact on stability, function, immunogenicity and
pharmacokinetics/dynamics. Adapted from Ambrogelly et al. (2018). 115

P

N-terminal Low risk to comparability because of lack of impact on efficacy thus do not
e  PyroGlu

affect safety.
e Leader sequence Leader sequence

C-terminal

e  Partial removal of C-terminal lysine
e Amidation

e  Truncation

Fc-glycosylation

e  Sialic acid

a-1,3 Gal

Terminal Gal .
Absence of core-fucosylation

High mannose

Low risk to comparability because of their low percentage and lack of impact

on efficacy thus do not affect safety.

N-Glycolylneuraminic acid (NGNA) is immunogenic
e 0-1,3 Gal on Fab oligosaccharides is immunogenic

Presence of galactose enhances CDC

e Absence of core-fucose enhances ADCC

e mAbs with high mannose show enhanced ADCC and shorter half-life

Asn deamidation
Asp isomerization
Succinimide

Met and Trp Oxidation

Cysteine-related variants

e  Disulfide isoforms

e  Free cysteine Trisulfide bond
Thioether, D-cysteine,
cysteinylation

Glycation
Fragments

Aggregates

36

Decrease potency in CDR
Decrease potency in CDR
Decrease potency in CDR

Decrease potency in CDR and could decrease FcRn binding affinity and result a

in shorter half-life
IgG2 disulfide bond isoforms may affect potency.

Higher amounts of free cysteines decrease mAb thermal stability and trigger
formation of covalent aggregates. Other modifications are considered low risk

because of their low levels or natural presence in humans
Decrease potency in CDR and increases mAb aggregation
Low risk because of their low levels

Causes immunogenicity and loss of efficacy
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In summary, the complexities and variabilities encountered during the development of biotherapeutics
need to be assessed carefully through the identification and quantification of CQAs and PTMs, and

mass spectrometry plays an important role in this context.

2. MS toolbox for MAb-based therapeutics characterization
The assessment of CQAs and PTMS could be performed through the characterization of mAb-based

O(Figure 18): i) at the bottom level, mAb products are enzymatically

products at different levels
digested to release peptides (700-7,000 Da), which are further analyzed by LC-MS/MS approaches
(peptide mapping). The analysis of those peptides gives a detailed information on the type and location
of PTMs through the amino acid primary structure characterization 16117 _ji) At the middle level, the
proteolysis is limited and controlled, which provides relatively small mAb subunits (25-100 kDa) that
are further characterized with LC-MS/MS approaches 8, Moreover, a middle-down approach is used
at this stage, to investigate in-depth the PTMs and drug conjugation positions 282> 119 iii) The top level
provides an information on the intact mass of mAbs (150 kDa) while preserving the integrity of their
structure. This can be achieved either by a classical denaturing MS approach, where only covalent
linkages are maintained *°1?1, or in native conditions (nMS) where even non-covalent bonds are
maintained 1?2123, The latter approach is particularly interesting for covalently linked and non-
covalently linked mAb conjugates, where the information on DO, DLD and DAR is obtained %, and
could be hyphenated to LC or ion mobility (IM) separation to obtain information on charge/size or
conformation variants 1124127 _Fyrthermore, at the top level, the intact mass and the primary structure
information could both be correlated through a top-down MS approach either in native or in
denaturing conditions 2812°, These two approaches (Native and top down MS) are both
complementary when it comes to characterizing mAb-based formats, which is going to be discussed in
details in this manuscript. iv) Finally, obtaining higher order structure (HOS, >150 kDa) information
upon the characterization of epitope mapping, structural conformation or aggregate analysis is also
possible using the previously mentioned techniques (IM-MS, nMS, TD-MS). Additionally, labelling
approaches such as; Hydrogen/Deuterium Exchange MS (HDX-MS) 102130 cross-linking MS (XL-MS) 10%

131 3s well as mass photometry that have proved their utility in the characterization of HOS of mAbs.

132-134
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Figure 18: The different characterization level of mAb-based products using various techniques. At the bottom level peptide
mapping is performed through LC-MS/MS analysis. At the middle level mAb subunits are analyzed by a simple LC-MS or
following a MD-MS approach. At the top level, intact mAb is analyzed using native MS approaches, IM-MS or TD-MS. The
characterization of HOS is performed using nMS, IM techniques as well as peptide centric approaches such as HDX-MS.

3. Native mass spectrometry (native MS, nMS)
Native MS (nMS) is based on electrospray ionization (ESI), where proteins solubilized in a non-
denaturing buffer are transferred into the gas phase of the mass spectrometer, which maintains their
non-covalent interactions *. In the context of mAb characterization, nMS provides valuable

information through accurate mass measurements of intact mAbs and through their CQAs assessment.

3.1 Key milestones in native MS (nMS)

Firstly, until the 1980s, the field of mass spectrometry focused on the measurement of small m/z
organic molecules. With the introduction of soft ionization techniques such as ESI ** and Matrix-
Assisted Laser Desorption lonization (MALDI) 3¢, a more comprehensive characterization of larger
molecules could be achieved, including macromolecule complexes. While MALDI generates singly
charged ions, giving rise to high m/z signals, in addition to encountering problems in preserving large
macromolecule complexes, its use was limited for native MS analyzes. Conversely, ESI produces
multiply charged protein ions, which are more commonly detected in the available m/z ranges. Hence,

since its introduction in 1989, it was the go-to ionization method for biomolecules analysis 1.

After the introduction of ESI, Chait and Henion groups focused both in 1991 on the analysis of
noncovalent protein/ligand complexes using nMS 3713 |n the following year, Loo’s group reported
on the characterization of noncovalent protein/protein interactions by nMS 3% In parallel, nMS

discoveries were supported by the development of new analyzers that widened the scope of
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applications. Quadrupole analyzers were first modified to achieve a maximum acquisition range of
>4,000 m/z, by lowering radiofrequencies, yet suffered from low resolving power #9141 Few years
later, time-of-flight (ToF) analyzers were favored 2, which achieved higher sensitivity and higher
resolution in comparison to quadrupole analyzers and thus was used to observed noncovalent
interactions in 1996 %3, In the same vyear, the ESI-Q-TOF was presented and became the most
successful platform for nMS %4, Few years later, Q-TOF instruments were favored for nMS applications
after enhancing of their transmission and desolvation of high m/z ions 14514, More recently, after the
introduction of Orbitrap analyzer in 2006, the scope of applications of nMS was widened to the

characterization of large macromolecular complexes 147148

. Furthermore, Orbitrap-based charge
detection MS (CDMS) was established, to monitor charge and m/z of single ions and was widely used

for determining the mass of intact proteins 1*°.

In parallel, the term of native MS (nMS) was conceived in 2004 *15°, although native MS can be tracked
back to the 90s, to designate the analysis of intact proteins and their protein complexes maintained by
non-covalent interactions, in a native-like folded state. Shortly after, nMS was coupled to size exclusion
chromatography (SEC), in order to automate buffer exchange on the one hand, and to identify and
quantify the size variants on the other hand. This coupling, along with the emerging of robust and
resolutive instruments, paved the way to new applications such as mAb aggregates and fragments
characterization 1°16 124125 151152 The SEC-MS coupling was even more improved thanks to the
discovery of sub-3pum SEC columns in 2017 **3, which allowed achieving better separation efficiencies,
thus better HMWS and LMWS characterization, and quantification. Indeed, SEC-MS is the most
commonly used for the characterization of mAb products. However the native MS field was also
highlighted by several native LC-MS couplings, such as the first HIC-MS coupling for mAbs glyco-

154 or the CEX-MS coupling for mAb charge variants analysis ' %1%, Until now, SEC-MS

profiling
workflow in particular, is enhanced when using bio-inert SEC columns 7 that reduce nonspecific
interactions, and therefore improve the overall signal of intact mAb structures. Figure 19 summarizes
all the key milestones in nMS field. Finally, nMS offered further insights into direct characterization of

158

proteins from the crude growth media °, which makes it a promising approach for the

characterization of newly designed biotherapeutics.
In conclusion, nMS convincingly demonstrated its suitability for mAb products characterization. The
various instrumental and analytical advancements paved the way to establish nMS workflow routinely

implemented methods in biopharma labs.
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Figure 19: key milestones in nMS. Adapted from Leney et al. (2016) 14 and from Fussl et al. (2021) 123,

3.2 The role of nMS in mAb-based products characterization

The overall information that could be obtained using nMS are about the homogeneity/heterogeneity,
binding affinity and stoichiometry of biomolecules. The intact mass measurement based on
competition experiments are performed to obtain the information related to the specificity or affinity
of partners in a complex (e.g. mAb-antigen complex). Moreover, the comparison of mass spectra from
native and denaturing conditions, we could directly link the masses to the stoichiometry of interaction
between mAb/antigen, for instance. Therefore, these intact mass measurements could easily allow
identifying glycoforms and assess HOS (dimer, trimer, and tetramer). In addition, nMS is particularly

well suited for ADCs for additional reasons discussed below.

a) Simplification of MS spectra of lysine-linked ADCs:
On the one hand, nMS plays a valuable role in simplifying MS spectra of heterogeneous lysine-linked
ADCs ', Indeed, the example of T-DM1 in Figure 20 shows that in denaturing conditions, the MS signal
based on lower m/z range (2,000-5,000 m/z) exhibits a large number of high charge states (centered
on the 45+), thus leading to a heterogeneous MS spectrum with challenging identification of
overlapping DAR species (D0-D8). Although, deglycosylation of the ADC sample could somehow de-
complexify the spectra, the overlapping species can still lead to miss-deconvolution and miss-
assignment of the different DAR species. Conversely, when analyzing the same ADC in native
conditions, the multi-charged profile shifts towards higher m/z range (4,000-7,000 m/z) due to charge
reduction effect, leading to a better quality spectrum, which facilitates the DAR species identification

and quantification.

40



Part I: Introduction to monoclonal antibodies (mAbs), mAb-based products and their analytical strategies

A) MS spectra B) Deconvolution
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Figure 20: Trastuzumab emtansine (T-DM1) ADC characterized by mass spectrometry under denaturing conditions (upper
panel) and under native conditions (bottom panel) on a Q-ToF instrument. The figure shows (A) a crowded mass spectrum
in denaturing conditions with high charge states, versus a more clear mass spectrum in native conditions with reduced charge
states. (B) Deconvolution spectra where similar DAR species (D1-D6) are observed in denaturing and native conditions.
Adapted from Marcoux et al. (2015) 120

b) Preservation of non-covalent interactions of cysteine-linked ADCs:
On the other hand, as the main advantage of nMS is preservation of the native-like structure of
proteins and protein complexes in the gas phase, this can be beneficial for cysteine-linked ADCs **°,
The example of BV shown in Figure 21, depicts clearly the phenomenon of protein unfolding in
denaturing conditions, which leads to the identification of a mixture of overlapping covalent and non-
covalent DAR species 122, The signal observed at lower m/z range (1,000-4,000 m/z), does not allow to
conclude on the avDAR or DLD as mAb-payload fragments are observed in addition to unconjugated
mAb (DO0). Conversely, using nMS, the integrity of the ADC is maintained through non-covalent
interactions. Thus, the obtained spectrum in higher m/z range (4,000-7,000 m/z) leading to one
homogeneous distribution, allow unambiguously to determine the different 0-8 DAR species as well as

to determine the avDAR, which is calculated according to equation (1).

Y28 _ok X intensity DARk
Y8_,intensity DARk

1. avDAR =

In summary, nMS have demonstrated to be well adapted for ADCs, in addition to other mAb products

characterization, which allowed its integration in the biopharmaceutical field.
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A) MS spectra B) Deconvolution
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Figure 21: Brentuximab vedotin (BV) ADC characterized by mass spectrometry under denaturing conditions (upper panel)
and under native conditions (bottom panel) on a Q-ToF instrument. The figure shows (A) a mixture of overlapping species in
denaturing conditions, versus one homogeneous species corresponding to the intact ADC in native conditions. (B)
Deconvolution spectra where DAR species (D0-D8) are only observed in native conditions while in denaturing conditions
masses corresponding to fragment subunits are observed. Adapted from Debaene et al. (2014). 122

3.3 Hyphenation of non-denaturing LC to native MS

The natural complexity of therapeutic proteins, ADCs in particular, usually requires additional
separation methods for simplification means prior to MS analysis. Capillary electrophoresis (CE) and
liquid chromatography (LC) techniques such as size exclusion chromatography (SEC), ion exchange
chromatography (IEX) or hydrophobic interaction chromatography (HIC) are often hyphenated to
native MS for intact and middle level analyses of mAb products 1 121125 160 Additionally, several
studies have been published using ion mobility spectrometry (IMS) for an additional level of separation

when characterizing ADCs 127:152,

a) Capillary zone electrophoresis (CZE)
CZE is based on the separation of proteins based on their electrophoretic mobility, which is
proportional to their charge-to-size ratio !, Furthermore, CZE can also provide information upon
protein shape and conformation changes. CZE separation is carried out in aqueous solutions present
in a fused-silica capillary (50-75 um inner diameter; 20-100 cm length) where a high voltage is applied
(up to 30 kV). CZE-MS can be successfully achieved with MS-compatible background electrolytes
(BGEs), such as ammonium acetate at near physiological pH. Furthermore, the native coupling could
be enhanced by using neutral (uncharged) agent, such as polyacrylamide or cellulose ®2. Due to its
minimal sample required (<1pg), CZE-MS is an attractive method for characterization of

biotherapeutics such as ADCs 63,
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b) Size exclusion chromatography (SEC)
The separation in SEC is strictly based on the hydrodynamic volume of the proteins, which is strongly
related to their molecular size. The separation mechanism is governed by size-dependent protein
exclusion from or diffusion into the pores of the stationary phase (entropy-driven), instead of
interactions with the stationary phase (enthalpy-driven) 4. In this manner, large proteins are rapidly
excluded from the pores and thus elute first. Conversely, smaller proteins diffuse into the spherical
porous particles and elute later. Thus, the pore size of silica packed columns is normally controlled, as
it is a crucial parameter for the elution order. Currently, SEC available columns have an average pore
size in the 125-900 A range, among which those with pore diameters of 200-300 A are used for
separation of 10-500 kDa proteins %315, The separation is carried out in isocratic mode with mobile
phase acting as a carrier solvent. Traditional solvents are composed of non-volatile salts (e.g.
phosphate buffers at 5-50 mM), hence are not compatible with MS detection. When coupled to nMS,
volatile salts in the 100-500 mM range with pH ~7.0 are usually used. Those buffers allow maintaining
the ionic strength of the protein structure, and therefore maintains even its weak non-covalent

interactions 16>,

The SEC-nMS workflow depicted in Figure 22 is particularly useful for mAb products characterization,
mainly due to the automated buffer exchange using short SEC columns (<50 mm) with relatively small
pore diameters (<200 A), which save an enormous amount of time in comparison to manual desalting
(via gel filtration devices or ultrafiltration columns). For separation of mAb size variants, longer
columns are usually required (150-300 mm) packed with sub-um particles, to achieve fast and efficient

separation of LMWS and HMWS 157, 166-167,

A) Online buffer exchange B) Gas phase MS analysis C) Data processing
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Figure 22: SEC-nMS workflow for mAb analysis resumed in three steps: (A) online-buffer exchange using SEC columns, (B) gas
phase MS analysis and (C) data processing that provides information on size variants, DO quantity, DLD and the avDAR.

c) lon exchange chromatography (IEX)
IEX is the go-to method for the characterization of charge variants of mAbs (acidic and basic variants
as a result of PTMs) 18155 168170 The separation is based on electrostatic interactions between the net

positively or negatively charged protein and protein complexes, and immobilized ionic groups such as
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strong or weak acidic/basic moieties, on the stationary surface. Cation exchangers are negatively
charged (Cation exchange chromatography, CEX) and are subdivided in two groups; i) weak cation
exchangers that are acid linked to the resin (carboxymethyl group) and are stable for pH>6.0 and ii)
strong cation exchangers that are acid attached to the resin (sulfopropyl group) remaining negatively
charged for a wide range of pH. Conversely, anion exchangers are positively charged (Anion exchange
chromatography, AEX) and are subdivided in two groups as well; i) weak anion exchangers like
diethylaminoethane linked to the resin and ii) strong anion exchangers like quaternary amine
functional group attached to the resin ¥ 71, The straightforward coupling of IEX and MS can be
achieved with compatible mobile phases comprising volatile salts. The elution can be achieved by
applying a salt gradient i.e. increasing the salt concentration at a constant pH %172, A separation based
on pH gradient with low-ionic-strength mobile phases (20-50 mM) has also gained interest in IEX-MS
applications 173, As proteins elution is promoted when the pH of the mobile phase is close to the pl of
proteins, CEX-MS has been particularly useful for the characterization of mAbs as they are basic
proteins 1156 Moreover, in some cases, salt-mediated pH gradients (50-200 mM ammonium acetate
with pH gradient) can enhance the separation performance, which was widely demonstrated by

several groups 1% 174175,

d) Hydrophobic interaction chromatography (HIC)
HIC is employed for native separation of proteins based on their difference in hydrophobicity, and
therefore can give an information on conjugated mAbs misfolding or mAbs PTMs that directly induces
hydrophobicity changes 76177, The stationary phase in HIC is silica- or polymer-based with moderately
hydrophobic ligands (e.g. short n-alkyl or phenyl groups attached to its surface). Therefore, proteins
elution relies on hydrophobic interactions, which are modulated by concentration variations of a salt-
induced precipitation electrolyte (e.g. ammonium sulfate) in the mobile phase. HIC-MS has emerged
as a useful coupling for analysis of ADCs characterization, in particular for cysteine-linked ADCs 1% 1%
177 Furthermore, development of a 2D-LC method comprising HIC (using conventional non-volatile
salts) and SEC for desalting protein fractions prior to nMS detection was particularly interesting for
profiling complex protein samples 7%,

e) lon Mobility Spectrometry (IMS)
IMS is based on the measurement of ions’ drift time under the influence of an electric field, through a
region filled with a background gas '’°. The drift time is correlated to the mass, the charge and the
shape/conformation of ions, where the most compact ions travel faster and thus are detected first in
the MS 8, Conversely, more charged and more extended ion conformations collide more frequently

with gas molecules and are detected later resulting in higher drift times. The collision cross sections
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(CCS) is obtained based on the drift time, which offers global information about the conformation of
proteins in the gas phase 8. Native IMS-MS (nIMS-MS) is therefore a valuable tool for the assessment
of mAbs PTMs such as disulfide bonds, glycosylation, deamidation and more 120 122,127,152, 165,178, 182-183
Moreover, there are many IMS methods with different instrument platforms (Figure 23) where each
has its advantages and disadvantages, depending on the specific application. Drift tube IMS (DTIMS) is
the classic IMS model that provides CCS measurements directly and is widely adopted as method in
IM-MS research 8, In travelling-wave IMS (TWIMS), CCS values cannot be directly calculated and thus
require calibrations. TWIMS utilization has been increased compared to DTIMS ion mobility 18418,
Trapped IMS (TIMS), operates reversely to DTIMS using a gas flow. 12 186187 Fjeld asymmetric IMS
(FAIMS) 8 is an atmospheric pressure IMS technique and unlike other IMS techniques, it cannot
provide CCS measurements 91, Differential mobility analyzers (DMA) operate similarly to DTIMS and
can detect very large analytes (such as mAbs and viruses) and therefore provide CCS calculations that
DTIMS cannot afford 1°1. One of the alternative approaches that overcome limitations of differentiating
very close mAbs conformations, is collision-induced unfolding (CIU)*82. CIU are performed by increasing
the accelerating potential difference which induces ion activation before IMS separation °2. The ion
activation leads to conformational transitions through different conformational states/intermediates,
related to unfolding/compaction of the proteins. These conformations are assessed by arrival time

distribution (ATD) changes which are recorded at each collision voltage (CV) 3. The subtle changes of

conformational state in the gas phase, are therefore monitored through CIU fingerprints (unfolding
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3.4 Instrumental and data processing considerations for nMS

The technological advances in the context of instrumentation and processing softwares supported the
emerging of different analytical strategies for mAb-based products characterization, at their intact or
at their amino acid level. In the case of nMS, the ionization of large assemblies required analyzers with
extended m/z ranges. Recent ToF analyzers have met this criterion as they can reach more than 10,000
m/z (e.g. Synapt G2 HDMS, Waters). In addition, the development of orbitrap analyzers have
particularly impacted the field of nMS, as the m/z was extended up to 80,000 m/z (e.g. Q Exactive
UHMR, Thermo Fisher) with considerably higher mass resolving power, for more precise mass analysis.
With the increasing interest for nMS biotherapeutics characterization, biopharmaceutical companies
aimed at coupling LC techniques to nMS for CQAs assessment 23, Therefore, more versatile and

automated platforms have been developed (e.g. The BioAccord LC-MS, Waters) to answer their needs.

Native MS data normally apply simple algorithm for intact mass measurement, based on the m/z ratio
of ions distribution in the MS spectra 4. The molecular weight determination is performed either
manually using the formula (2) or through softwares using different algorithms (e.g. Masslynx, UNIFI,

Biopharma Finder or Protein Metrics).

2.z(m1) = 1228 (m2 —mp)
) T m2-m1
Where z is the calculated charge for m1, m2 is the ion with x less charge (in this case x=1) and mp is

the mass of the proton (1.00728 Da).

Once the z value is determined, the MW can be easily calculated following this equation (3):

3. MW =z (m1 — mp)

4. Mass photometry
The biotherapeutics characterization field have also took advantage of the recently developed
technique; mass photometry (MP). MP affords direct mass measurement of intact noncovalent
assemblies, based on the interaction between the scattered light of biomolecules and the reflected
light by the crystal surface upon irradiation with a visible laser (523 nm). The light scattered by a
particle correlates linearly with its volume and its refractive index. Thus, as the properties of proteins
have negligible variations, their scattering light is directly proportional to their mass, which can be

converted into molecular weight through a series of calibration using biomolecules with known masses

195-196

The benefits of MP rely mainly on the direct analysis of proteins in their original buffer, without prior
sample preparation 132133 195, 197188 ' Additionally, MP uses very small sample amount (100 pM — 100

nM concentration range), compared to nMS that requires > 5 uM for intact proteins analysis.
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Moreover, MP can accurately measure molecular masses in the 40 kDa — 5 MDa range, which
represents a valuable approach for the assessment of mAb/antigen complexes (~300 kDa),

proteasomes (~2 MDa) as well as AAVs (~5 MDa) 1*°.
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Figure 24: Schematic of MP principle. (A) Binding of protein molecules to a surface scatter light. Interference with the
reflected ligjt produces optical contrast varying with the size of the detected protein. (B) Linear relationship between protein
mass and optical contrast which is used to determine the mass distributions. Adapted from Paul et al. (2022). 1%

5. Top down MS (TD-MS)
Top down mass spectrometry (TD-MS) consists in the direct ionization and MS/MS fragmentation of
intact proteins in the gas phase using different activation techniques %°. Thus, it is based on protein
backbone cleavage and can be performed either in denaturing conditions or in native conditions
(native top-down MS, nTDMS), unlike other intact mass approaches that do not induce backbone
cleavage (Figure 25) 2°°2°1 The information obtained on the primary structure of those proteins, allow
for improved sequence coverage and PTMs detection. Unlike traditional bottom up approach, where
proteins are digested into peptides prior to their MS/MS fragmentation, TD-MS does not require any
sample preparation which reduces the risk of artefacts generation %°. In addition, the main advantage
of TD in comparison to BU approach, is that it is the only approach where the information provided on
the primary structure level can be concomitantly correlated with the intact protein information 20223,

For these reasons, TD have recently gained a particular interest in characterization of therapeutic
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proteins intact mass and their PTMs assessment 2526203207 However, TD-MS is still challenging for large
proteins such as mAbs, which requires a mild controlled digestion to generate smaller subunits,

referred to as middle-down approach (MD-MS) 28-2% 119, 208-209

Backbone cleavage approaches No backbone cleavage approaches

H Denaturing TD . " H Denaturing MS,: R
Complex-down_ /-/'“ N T Complex-up =‘@ %
- R ﬁf

Native TD @ S Native MS

Figure 25: Approaches based on protein backbone fragmentation such as top-down, and other approaches that do not induce
backbone cleavage. Adapted from Lermyte et al. (2019). 200

A J

A

5.1 Key milestones in TD-MS

Since the recent advances of ESI ionization revolutionized the applications of tandem MS/MS in 1989
135,210 MS have been essential in proteomics research. With the development of electron-capture
dissociation (ECD), Zubarev’'s and Mclafferty’s groups first studied proteins fragmentation in the 90s
211212 tyen so, Keller’s group in 1999 was the first to term to this approach as “top down” to distinguish
it from classical bottom up 2°. A couple of years later, the field of TD proteomics was supported by the
development of tailored TD-MS softwares starting from ProsightPC, implemented in 2001 by Keller’s
lab 213216, The year after, TD-MS of large proteins (45 kDa) using ECD in FTMS was achieved 7. With
the rising benefits of ETD 2%, this fragmentation technique was implemented on a quadrupole linear-
trap instrument (QLT) in 2004 for top-down experiments 3*. While the FTICR was the original workhorse
in TD-MS 160218219 the high resolving power and sensitivity of the orbitrap made it interesting for TD-
MS experiments 30 206207, 215225 An example of the use of LTQ-orbitrap with the possibility of
performing MS" orbitrap detection , was highlighted for protein sequencing 2%°. The low efficiency of
classical fragmentation techniques paved the way for UVPD dissociation 226, which was proved to allow
near complete characterization of a 29 kDa protein in a hybrid linear orbitrap MS (using the 193 nm
laser) in 2013 227, Fornelli et al. in the same year, provided extensive characterization of larger proteins
(30-80 kDa) using ETD on a ToF MS 23, With development of recent activation techniques such as Al-
ETD that is based of ion activation prior to ETD fragmentation, proteins in comparable mass range (30-
70 kDa) could be characterized through a TD-MS approach using a quadrupole-Orbitrap-linear ion trap

hybrid MS system in 2018 % The field of TD proteomics was particularly advanced through the
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fragmentation of large 1gGs (~150 kDa) by ETD on a ToF and on orbitrap instruments 2%>2% |eading to
a maximum sequence coverage of 33%. Several groups allowed increasing the sequence coverage of
mAbs and mAb conjugates through MD-MS approaches 2> 28-30, 119, 208, 215, 228 ' ADCs were particularly
challenging through TD-MS characterization, but thanks to the complementarity of several techniques,
these challenges could be tackled. Brodbelt’s group in 2020 perfectly emphasized this point by
combining ETheD, ETD and UVPD for an improved ADC fragmentation 2°. The plethora of fragments
generated from several activation techniques, gave rise to a mixture of terminal and internal
fragments, where the latter type was less studied and often miss-assigned. Recently, in 2021 the group
of Loo focused on this particular point and developed a new algorithm for internal fragments
assignment, in addition to terminal ones, called ClipsMS 2%°. The added value of internal fragments
assignment was further emphasized by the same group through ADC near complete fragmentation, in

2023 »(Figure 26).

“top down” of  TD-MSon ETD of 30-80 EThcD + UVPD + ETD

ESI 29 kDa protein  LTQ-orbitrap  kDa proteins for ADCs TD-MS
’ | TD-MSoféds | lgGs ETD |

ETD kDa proteins | TD-MS ADCs MD'MSE ADCs complete sequencing

i i ! | ' includinginternal fragments
51990 1995 000 20055 201[:!i |
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TD-MSin LTQ UVPD of 29 kDa ClipsMS

protein
Al-ETD of 30-70

ECD proteins Pros'\'ght PC :
kDa proteins

fragmentation

Figure 26: key milestones in TD-MS field.

5.2 Fragmentation techniques

a) Collision-based dissaciations
The main collision-based dissociations are CID and HCD. In CID, precursor ions kinetic energy is
increased through their acceleration, which allows their collision with neutral gas molecules in the
collision cell (argon, nitrogen or helium) 2%, When the ion’s kinetic energy is increased, it can be
converted into internal vibrational energy that leads to peptide bond cleavage upon collision with
neutral molecules. As CID typically takes many small steps of energy conversion to result in
dissociation, it is referred to as a “slow heating activation method”. The fragment ions generated upon
peptide bond CID cleavage are mainly b and y ions 3% 231232(Figure 27). CID preferably breaks weak
peptide bonds, thus labile PTMs are fragmented at the MS/MS stage. In contrast, HCD circumvent this

challenge as it allows ions to accumulate higher internal energy, resulting in additional fragmentation
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pathways. Unlike CID, HCD is performed in a multipole collision cell, which is solely available on

Orbitrap instruments 3,
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Figure 27: Mechanism of cleavage upon collision-based dissociations. Adapted from Syka et al. 34

b) Electron-based dissociations
Electron-based dissociation techniques (ExD) are good alternatives to collision-based dissociations,
and allow high sequence coverage for intact proteins characterization. In particular, electron capture
dissociation (ECD), introduced in 1998 has provided unique MS/MS cleavage of biomolecules 23, ECD
is based on the capture of multiply charged ions to single electrons with low energy (< 0.2 V), that are
directly introduced to trapped gas phase ions. The major products of electron capture of [M + nH]™

n-1)+

cations are the charge-reduced species [M + nH]™%*that are followed by protein backbone cleavage
by radical-driven reaction. Typically, the generation mechanism of ¢, z, ce and ze fragment types, is
proposed by the Cornell and the Utah-Washington mechanisms 233234 After ECD, electron transfer
dissociation (ETD) was described by Syka et al. (2004) 34, which is based on electron transfer from a
radical anion (generally fluoranthene or anthracene) to multiply charged precursor ions in the ion trap.
Similarly to ECD, the electron-driven pathways lead to the generation of ¢, z, ce and ze fragment ions
(Figure 28) 22523 |n fact, the fragmentation efficiency of both ECD and ETD relies highly on the charge
state and thus charge density of the precursor ion ?*’. Therefore, when reacting the radical anion with
low charge density ions, a phenomenon of ECnoD or ETnoD %3 is usually observed due to absence of
fragmentation with only charge reduced species 2*°. Activated ion ETD and ECD (AI-ETD and AI-ECD,
respectively) were recently implemented for top-down fragmentation of intact proteins, thanks to
their higher efficiency compared to ExD techniques 2% 26 240232 |ndeed, the first infrared photo-

activation step consists in making the protein in vibration and breaking noncovalent interactions, while
the second step allows efficient electron-based fragmentation.

ETD and ECD capabilities are often combined with HCD and CID dissociations, to yield complementary
sequence coverage. In fact, ions collisional dissociation are often preferred to bring an additional
energy prior to ExD and thus increasing the fragmentation efficiency. Those hybrid techniques (i.e.

EThcD and ETciD)?*% 23 have been demonstrated promising in several top-down studies 3°.
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Figure 28: Mechanism of dissociation upon electron-driven fragmentation techniques. Adapted from Syka et al. 3

c) Photo-dissociation techniques
Photo-dissociation techniques rely on the use of laser beams to produce photons, which are absorbed
by proteins and thus inducing their fragmentation 2**. The photons could be either in the infrared
domain; infrared multiple photo-dissociation (IRMPD) or ultraviolet domain (ultraviolet photo-

dissociation (UVPD) 3% 226,244,

In IRMPD, a CO; laser at 10.6 um wavelength is used to generate photons with a relatively low energy
(0.1 eV). Those photons are subsequently accumulated and thus lead to the protein backbone

cleavage, with mainly b and y type ions 24524,

In contrast, the photons generated by UVPD lasers (at different wavelengths including 266 nm, 213
nm, 193 nm, and 157 nm), have higher energy (6.4-7.9 eV) which offers a more extensive backbone
fragmentation 2*’. UVPD involves different dissociation pathways through two main mechanisms: i)
direct dissociation, which relies on electrons excitation that leads to their direct fragmentation and ii)
internal conversion, where the internal energy of ions is converted to vibrational energy which induces
their fragmentation. These two mechanisms work together to yield high sequence coverage upon
generation of all type of ions (a, b, ¢, X, y, and z) (Figure 29) 2. UVPD thus gained a lot of interest in
the top-down proteomics field 28 3% 227, 248250 \jth 3 particular importance of 193 nm and 213 nm

lasers, which were nicely compared in a work held by Brodbelt’s group .

Similarly to other techniques, a hybrid dissociation combining the capabilities of UVPD with ETD (i.e.

ETuvpD)®? was reported in top-down applications.
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Figure 29: Annotation of peptide fragment ions obtained from UVPD. The a/b/c ions are N-terminal fragments, while x/y/z
fragments are C-terminal. CID and HCD predominantly result in b and y ions; electron-mediated techniques, ¢ and z ions; and
UVPD, a complex mixture. Adapted from Hale et al. (2020). 253

d) Proton-transfer charge reduction (PTCR)
Although proton-transfer charge reduction (PTCR) is not a fragmentation technique, it gained an
increased interest in simplifying top down MS? spectra and thus identifying more ion fragments species
225,254 This technique is based on ion-ion proton transfer reactions, where multiply charged cation are
reacted with singly charged anion (typically perfulorinated species), and thus form deprotonated
cations (4).
4. [M+nH"™ + A~ > [M + (n—1DH]®D* + HA

Although it was first described in the 90s 2%, it has only been employed recently in top-down
proteomics workflows to yield high sequence coverage. Indeed, the generation of a plethora of
fragments from different techniques, provides a crowded spectra with different overlapping peaks.
Thus, the deprotonation of those ions through PTCR reactions allows their subsequent detection at
high m/z range #®. Therefore, PTCR is normally implemented on state-of-the-art instruments that can

reach higher m/z values 22> 254,

5.3 Instrumental and data processing considerations for TD/MD-MS

For TD/MD-MS experiments that were commonly performed on FTICR instruments, Orbitrap
instruments gained more popularity in recent years for their cost-effectiveness, in addition to their
comparable high mass resolution and high mass accuracy than FTICR mass spectrometers. In addition,
the rise of various fragmentation techniques compatible with Orbitrap analyzers, allowed selecting
Orbitrap MS as the go-to instrument for top-down proteomics. In fact, the first Orbitrap instrument
(The Orbitrap Eclipse Tribrid MS, Thermo Fisher) that combined four activation techniques (CID, HCD,
ETD, UVPD) with PTCR, in addition to hybrid EThcD and ETciD was evaluated during this manuscript,

and will be discussed in details in Part lll.
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TD-MD/MS data processing requires a few steps including: i) intact mass measurement to confirm the
MW of the protein sequence, ii) deconvolution of the MS/MS spectra resulted from precursor ions

fragmentation and finally iii) assigning the resulting fragments to the candidate sequence .

Intact mass measurement is performed as described beforehand. Depending on the used algorithm
for fragments matching, the raw MS/MS data can either be converted into monoisotopic mass (M) or

257 This deconvolution takes into

single charge mass (M+H+) following different algorithms
consideration several parameters such as the S/N ratio and the fit factor, depending on the quality of

the spectra.

When fragment ions are deconvoluted, a monoisotopic peak list is generated and compared with a
theoritical peak list generated by the algorithm. The fragments are then matched with the amino acid
sequence using stringent mass tolerance (typically 10 ppm for terminal fragments and 2 ppm for
internal fragments), which allows to obtain a sequence coverage. The software used in Part Il of this
manuscript (ProSight Lite) #°, uses in addition a scoring system to increase the confidence in the
fragment matching with the sequence. This P-score is calculated using the following equation (5):

n —x
Where Ps,is the probability of random protein matching, f is the number of monoisotopic masses in
the input list, n is the number of random fragment ion hits and x is the average probability of the
fragment ion mass of random protein matching. Therefore, the low the P-score, the more confidence

we obtain in the sequence coverage 2*’.

Conversely to classical TD/MD-MS softwares, the newly developed ClipsMS software 2% (which will be
evaluated during this manuscript) that aim at assigning internal fragments in addition to terminal ones,

do not have any scoring system and thus its use is still limited.

6. Combining the benefits of native and top-down MS for mAbs characterization
In the aim of combining the information obtained upon nMS on the quaternary structure of complexes
and the information obtained upon TD-MS on the primary structure, native top-down MS (nTDMS)
have risen as a promising approach #82%, This approach relies on the fragmentation of the gas-phase
proteins, in their native state using fragmentation techniques such as ETD and UVPD that do not
disrupt the overall complex structure. Despite the limited fragmentation of native intact proteins and
noncovalent protein complexes, nTDMS have emerged as a valuable approach for HOS and PTMs
characterization of membrane proteins and hemoglobin 261262, Ongoing development of tailored

softwares and sophisticated equipments are supporting the emerging use of this technique.
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7. Peptide-centric approaches
In addition to protein centric approaches that focus on the analysis of protein assemblies at the intact
level, complementary peptide-centric techniques are based on the identification and quantification of

proteins by detecting and quantifying individual peptides 3.
7.1 Hydrogen/Deuterium exchange-MS (HDX-MS)

HDX-MS is usually used as a differential approach based on the comparison of proteins in their free
and bound states upon deuterium incorporation, or of wild-type proteins and their mutants 264265,
Mostly, solvent-exposed amide protons are the ones targeted in the protein backbone. Briefly, the
proteins are first diluted in a deuterated solvent (D,0) to probe their deuteration uptake at different
exposure times. Then the deuteration reaction is quenched using acid pH (2.5) and low temperature
(0°C) to avoid back-exchange. Finally, the peptides obtained upon protein digestion (usually using
pepsin) are analyzed using LC-MS/MS %2 (Figure 30). The information obtained from HDX-MS offers
information on interaction regions of proteins partners, upon comparison of different deuteration
profiles. In addition, HDX-MS affords conformational dynamics of proteins by assessing solvent
accessibility at different deuteration times %2, In the context of mAb-related products developments
and biosimilars assessment, HDX-MS played a pivotal role in being the go-to method for the
assessment of epitope mapping of mAb-antigen interactions, ligand/receptor interactions,

comparability studies and conformational changes. 130 266-267,
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Figure 30: Schematic workflow of HDX-MS approach. Adapted from Castel et al. (2023). 102
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7.2 Cross-linking MS (XL-MS)

An additional tool for mapping protein-protein or protein-ligand interactions is XL-MS, which is an
irreversible labelling method for higher order structures (HOS) characterization 2%%. It depends on
formation of new covalent bonds between spatially close residues, by chemically cross-linking proteins
and proteins complexes in their native states 2%, The different cross-linking reagents are all composed
of a spacer that contribute in indicating the distance between the targeted residues and a reactive

group deciding the targeted amino acid. The cross-linked proteins and protein complexes are
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enzymatically digested and further analyzed using LC-MS/MS The main information obtained through
XL-MS experiments, is about the spatial proximity between the two targeted residues either within
one protein (intraprotein cross-links) or between two different proteins (interprotein cross-links).
However, even if XL-MS have been promising for the characterization of protein-protein interactions,
it is still limited when it comes to mAb-related analyses 2°. A few studies described the used of XL-MS
t 267.

for biotherapeutics characterization, in particular for mAb-antigen binding assessmen
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Figure 31: General workflow of XL-MS studies. Adapted from Gotze et al. (2019). 268

7.3 Fast photochemical oxidation of proteins MS (FPOP-MS)

FPOP footprinting is another labelling MS method, where proteins are mapped through fast and
irreversible chemical reactions. FPOP is based on laser proteolysis of peroxide H,0,%°. In short, the
protein sample, which is flowed with hydrogen peroxide through a fused silica capillary and irradiated
by a 248 nm KrF excimer laser, is exposed to oxidation during a short time window. Further, FPOP-
labelled proteins are analyzed by LC-MS/MS following their enzymatic digestion (Figure 32). In the
context of biotherapeutics, FPOP-MS have been used to study mAb-antigen interactions, as well to

perform biosimilarity assessment 102 270-271,
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Figure 32: Schematic representation of FPOP-MS approach. Adapted from Castel et al. (2023). 102
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7.4 Limited proteolysis MS (LiP-MS)

LiP-MS is a technique able to detect subtle alterations in secondary structure content, large-scale
movements and more pronounced transitions such as folded and unfolded states or multimerization
events 272, In LiP-MS proteins are treated with a nonspecific protease (such as proteinase K, PK) in their
native state, which induces non-tryptic cleavages. The analysis of the resulting peptides reflects
chemical structure or state changes of proteins, based on comparison of their relative intensities with
intact protein. LiP-MS applications in the field of biotherapeutics, have been proved upon antibody-

target protein interaction 273,
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8. Conclusions
The need for comprehensive characterization of mAb-related products requires more sophisticated
and straightforward techniques. In this context, mass spectrometry has shown to be promising through
the combination of several protein-centric and peptide-centric approaches that we have seen through
this chapter. In addition to MP that has become promising in the structural characterization of mAbs
and mAb complexes. Among the various techniques discussed beforehand, nMS is now the go-to
method for therapeutic mAb analysis, as it affords straightforward assessment of the different CQAs
required by regulatory agencies. Due to the progressive need of this technique in biopharma
companies, it has been combined with separative techniques such as SEC and CEX to gain additional
information on the different size and charge variants, while providing a more versatile and automated
workflow. In parallel, the interest in TD-MS approach has gained increased interest due to the ability
of this technique to correlate the information at the intact level, to that obtained from the primary
structure for an improved characterization of protein proteoforms. For biotherapeutics, it is a
promising technique to provide PTMs and drug conjugation site assessment by combining different
fragmentation techniques and increase the overall sequence coverage. Therefore, during my PhD |
focused more particularly on these two techniques (i.e. nMS and TD-MS), to provide more
straightforward and optimized workflows using state-of-the-art MS platforms. My main PhD

objectives were:

i. Improving LC-MS coupling techniques for rapid, automated characterization of ADCs/PDCs
Developing new TD/MD-MS approaches for the characterization of the primary structure of these
bioconjugates,

iii. Developing new TD/MD-MS approaches for the characterization of the primary structure of

these bioconjugates.
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1. Analytical context
In the past years, the coupling of non-denaturing LC to native MS has been demonstrated as very
promising and useful for the characterization of mAb-based products 1* 121125 For example, size
exclusion chromatography (SEC) offers a prompt and efficient on-line buffer exchange of mAb samples,
in addition to its ability to characterize size variants 274?75, On the other hand, ion exchange
chromatography (IEX) especially cation exchange chromatography (CEX) has been widely used for the
assessment of post-translational modifications (PTMs) based on the charge variants separation & 156
167,171,173, 276277 More importantly, the hyphenation of those LC techniques to nMS is of utmost interest

for the biopharmaceutical field, in order to measure precisely the masses of the different species and

confirm their identity while preserving the intact mAb products.

Recent technological advances in SEC-nMS highlighted its increasing use of this coupling, especially for

153,278 or using shorter

characterizing biotherapeutics using sub-um columns to yield better separation
columns to increase the throughput of analysis 27°. In addition to the fast on-line buffer exchange SEC
provides when using longer columns, another level of characterization is obtained which is the
separation of size variants either, those stemming from different oligomeric states, or from middle

15, SEC-nMS was also successfully coupled to ion mobility as additional level of

level digestion
separation for conformational characterization of mAb products through collision cross section (CCS)

measurements in few minutes 17-126:127, 165,178,280 t+4 reach another level of separation.

Meanwhile, CEX-nMS have been used for the characterization of biotherapeutics resulting from mAb

156, 173, 281-282

degraded studies or mAb biosimilars , using either Time-of-Flight (ToF) or Orbitrap
analyzers for higher resolution characterization of charge variants 1*6. The information obtained from
SEC- and CEX-nMS represent important critical quality attributes that help the approval of an ADC/PDC
by regulatory organisms such as the FDA and EMA 8. Therefore, those CQAs need to be routinely

monitored during the development process of new biotherapeutics.

However, both SEC- and CEX-nMS require a certain level of expertise and time-consuming set up of
the coupling, ranging from hyphenating the LC system to the MS, to manual calibration of the MS at
higher masses and manual data processing. Therefore, the lack of automation of the mentioned
couplings make them difficult to implement in biopharmaceutical companies. Consequently, we

wanted to implement these workflows on the BioAccord, a benchtop LC-MS platform designed for
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biopharma use, in order to completely automatize these workflows, from LC-MS coupling to data

treatment, and achieve straightforward characterization of different mAb-based products.

2. Objectives
This part of the thesis work consisted of evaluating a new benchtop LC-MS platform dedicated to

biopharma use to automate SEC-nMS and CEX-nMS workflows. This consisted of:

e Implementation of automated SEC-nMS workflow for the rapid assessment of mAbs size
variants
e Implementation of automated CEX-nMS workflow for the characterization of mAbs charge

variants

3. Presentation of the LC-MS platform

3.1 Schematic of the BioAccord

The BioAccord LC-MS platform is a user-friendly system, commercialized by Waters since 2020 and
dedicated for biopharma use for the high-throughput analysis of small and large molecules. It is
composed of an Acquity UPLC M-Class liquid chromatography system that includes a binary solvent
manager (BSM), a sample manager, a column oven and a UV detector, continuously hyphenated to a
ToF mass spectrometer with an RDa™ analyzer. Figure 33 shows a schematic representation of the

instrument.
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The BioAccord LC-MS System (Waters)

Figure 33: Representative illustration of the BioAccord LC-MS system (Waters). The fixed parameter corresponding to the
source pressure (Pi) is in red while the parameters that could be varied i.e. the LC solutions, the column flowrate and

temperature, the cone voltage (Vc) and the desolvation temperature (T°) are represented in green.
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The MS is composed of different parts including:

e A Zspray™ ion source that allows electrospray ionization using a “Z” trajectory in order to
eliminate neutral species and to improve the sensitivity of the instrument. Herein, the backing
pressure is fixed at 1.3 mbar, and the cone voltage(Vc) could be modulated either to enhance
the transmission and the desolvation of the ions or to activate them 2%,

e Two ions guides including a StepWave, which are a series of superimposed lenses with a
continuous flow of nitrogen draining the neutral molecules while directing the ions from the
electrospray source towards the mass analyzer. A combination of radiofrequency (RF) and a
direct current (DC) is used to enable the focalization and transmission of the ions.

e Atransfer lens used to focalize the ions and direct them into the analyzer.

e AToF analyzer with a reflectron constructed in a V form under a vacuum of 4.107 mbar with a
first region where the ions are accelerated with an application of a high potential difference
and a second region where the ions travel to reach the detector. The separation of ions based
on their times of flight is proportional to their m/z ratio ?®*. The kinetic energy of the ions in
the ToF is determined following the equation (6) :

6. Ec = zeU = %mvz

Where Ec is the kinetic energy; z is the ion charge, e is the electron charge, U is the difference of
potiential, m is the mass of the ion and v is the ion velocity. The ion velocity could be determined by

equation (7):

2zeU
7.v= ,—
m

Therefore, the time of flight (t) could be related to m/z ratio as a function of the flight trajectory (L)

following the equation (8):

L m 2eUt?
8.t==:= >  myz=
v z2eU L?

The whole system is fully controlled by the UNIFI software on WatersConnect interface which allows

the automation of analytical workflows.

3.2 LC key parameters

In addition to all the parameters discussed in the previous paragraph, LC parameters are also important
to set prior to any SEC-nMS or CEX-nMS experiment, such as the choice of the mobile phase, the
column and the gradient.

For SEC-nMS experiments, many SEC column technologies are currently available on the market. In

particular, sub-3pum columns, which have a pore size less 200 A 53, They allow achieving improved
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peaks resolution and analytes separation in a reduced analysis time. The main drawback of the latter
columns is that the separation is affected by the secondary interactions of the analytes with the
stationary phase. A new generation of bio-inert SEC columns has been recently developed, the
MaxPeak technology, which provides a large specific surface area for size-specific interactions with the
analytes, resulting in reduction of non-specific interactions and thus better peak shapes and
separation.

The choice of the mobile phase is also at utmost interest, a solvent that is volatile and compatible with
mass spectrometry is mandatory to enable the ionization of the proteins in the gas phase. Moreover,
the pH and the ionic strength of this solvent are critical to maintain the native conformations of the
proteins and proteins complexes 2°. Ammonium acetate is the most suitable buffer for this kind of
experiments, which was proven by several studies 2627, A concentration of ~100-500 mM is usually
enough to allow mAb ionization with good mass resolution. The separation is usually carried out in
isocratic elution mode to focus on the size separation rather than the interactions with the stationary

phase.

For CEX-nMS experiments, the choice of the column and mobile phase are both important as they
affect the separation efficiency, resolution and the selectivity of the chromatographic separation "%,
State-of-the-art cation exchangers are packed with non-porous particles that enhance the peaks
shapes and improve the resolution of close eluting species which is a key point in the characterization
of mAbs proteoforms?8. Volatile mobiles phases used during the chromatographic separation are
either pH or salts gradients to allow the disruption of ionic interactions 7% 288, More recently, pH-salt

mediated gradients have emerged as a powerful tool for enhanced and more efficient CEX separation,

which is the elution mechanism we considered for our further analyses 174,

3.3 MS crucial parameters

The BioAccord is constructed in a way to be used routinely with pre-optimized methods for various
applications. This means many parameters were pre-defined by the manufacturer to reduce the
calibration time and to facilitate the switch from denaturing to native conditions. The fixed parameters
are presented in red and the variable ones are in green in Figure 33. The backing pressure (Pi), the
cone voltage (Vc) and the desolvation temperature (T°) are crucial parameters to take into
consideration to ensure the desolvation and transmission of the analytes in denaturing or native

conditions.

64



Part Il: Hyphenation of liquid chromatography to mass spectrometry for mAb-based products characterization

e The cone voltage (Vc) is a crucial variable parameter that affects the ion’s kinetic energy at the
entrance of the interface region. Higher cone voltages allow sufficient desolvation of species
but may cause the dissociation of noncovalent complexes. Contrariwise, lower cone voltages
preserve these interactions but lead to less desolvation which prevent precise and accurate
mass measurements 2%,

e The desolvation temperature in the source (T°) is also an important parameter that can be
adjusted. It is the temperature inside the ESI source where the solvent molecules are
evaporated. When this value is too high, the analytes might be altered or unfolded, while at
low temperature the desolvation is not enough resulting in large peaks and low sensitivity
signal.

e The Pi is the pressure of the gas applied through the interface of the mass spectrometer
(backside of the ion source). Higher pressure values lead to reducing the ions mean free path,
which leads to maintaining the native conformation of the species and better transmission of
high m/z species. Conversely, lower pressure values result in more energetic collisions of the
ions with gas molecules that might lead to the disruption of noncovalent interactions.
However, this value is fixed at 1.3 mbar on the BioAccord system, which is one of the

disadvantages when working in native conditions.

Therefore, a compromise between the cone voltage (Vc) and the backing pressure (Pi) need to be

found to preserve the noncovalent interactions %

4. Method development for automated SEC-nMS coupling for the characterization of

reference mAbs

4.1 State of the art

SEC-nMS have been widely used by different groups for the characterization of newly developed
biopharmaceuticals >17 123124 159 ' g ch as the latest Trastuzumab Deruxtecan intended for the

treatment of breast cancer %

, paving the way to the routine integration of SEC-nMS in biopharma
environments. Latest advances illustrated also the hyphenation of SEC-nMS to ion mobility for mAb-
based products characterization which emphasizes the automation of this workflow thanks to the
online buffer-exchange prior to IM-MS experiments 126 17.165 178 ' Simyltaneously, a high importance
have been attached to the development of new SEC columns. In 2017 Goyon et al. evaluated for the
first time the new sub-3um SEC columns which are now widely favored for SEC-nMS analyses of

biotherapeutics *°3. Building on recent studies, a new way of performing high throughput analyses is

to use a narrower type of SEC columns of an internal diameter of 1 mm with a flowrate of 15 pL/min
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290 which increases the protein-ionization efficiency and facilitates the detection of higher order

structures. While the late advances focus on increasing the throughput of SEC-nMS experiments,
maintaining the quality of the chromatographic separation should be also carefully considered to
ensure accurate mass measurements of the separated species. In this context, a recent SEC separation
technology was developed (Maxpeak Premier SEC columns) in late 2022 7, to reduce nonspecific
interactions between the analytes and the stationary phases, which we evaluated during this study.

The BioAccord instrument has proven to be versatile in the field of biopharma with various
applications. Notably, it was used for bsAbs characterization employing several LC-MS techniques to
provide in-depth characterization of their structure and PTMs 2. In addition, it excelled in MS-based
multiple-attribute monitoring (MAM) studies of mAbs, allowing a comprehensive characterization and
quantification of a series of CQAs '°. N-glycoprofiling studies is another area where the BioAccord was
evaluated, aiding the analysis of glycosylation patterns that are critical for biopharmaceutical safety of

mAbs 2°1,

4.2 Evaluation of SEC bio-inert columns for optimal LC separation

The usual columns used for SEC-nMS experiments are built following the Ethylene Bridged Hybrid (BEH)
particle technology which was the first available sub-2-um SEC chemistry commercialized by Waters.
This packing material provides a stable chemistry with minimal secondary interactions. However, due
to the high active surface of some biotherapeutics that leads to interactions with the column hardware,
a recent technology have been developed to suppress those nonspecific interactions and improve the
SEC separation. The Maxpeak protein column are packed with BEH particles in addition to a coverage
with hydroxyl-terminated polyethylene oxide (PEO) that acts as a barrier surface to eliminate
nonspecific interactions, and thus to achieve inertness of the SEC column. Figure 34 depicts the two

different columns technologies.
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BEH technology
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Figure 34: BEH technology compared to Maxpeak technology columns.

This Maxpeak technology has been applied to different columns (RPLC, SEC), however we were mainly
interested in the SEC columns. Table 4 resumes the characteristics of the Maxpeak SEC column we
used compared to the classical BEH SEC column.

Table 4: Comparison between the characteristics of BEH and Maxpeak SEC columns (Waters) showing similar features for
both columns, except for the particle technology that is modified for Maxpeak columns to increase the bio-inertness and
reduce non-specific interactions, and the pore size that is slightly higher for the latter column.

BEH Maxpeak
BEH particles BEH-PEO particles
| lengh 150 mm 150 mm

We thus explored the use of those last generation bio-inert SEC columns, in comparison to classical
BEH SEC columns. By doing so, we analyzed a reference glycosylated mAb (trastuzumab) at the intact
and middle levels, using our go-to column (BEH SEC 200 A 1.7 um, 4.6 x 150 mm) in a first place, then
by using the bio-inert column (Maxpeak BEH 250 A 1.7 pm, 4.6 x 150 mm). Both columns were
operated at a flowrate of 0.25 mL/min at room temperature, using a mobile phase containing 150 mM

AcONH; pH 6.9.
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Figure 35: SEC-nMS analysis of trastuzumab on the BioAccord LC-MS system using BEH SEC column (black) versus Maxpeak
SEC column (blue). SEC-UV chromatograms of (A) intact trastuzumab and (C) IdeS digested trastuzumab showing one
homogeneous peak for intact mAb and two peaks for digested mAb corresponding to the separated F(ab)'2 and Fc subunits.

this study.

Native MS spectra reveals the identity of each species namely (B) intact trastuzumab, (D) F(ab)’2 fragment and (E) Fc subunit
with zoom on the most intense charge states highlighting the presence of glycoforms for intact mAb and at the Fc subunit
level. The remarkable mass accuracy of less than 30 ppm for intact mAb and less than 15 ppm for subunits is highlighted in

SEC-UV chromatograms reveal one peak at the intact level corresponding to intact trastuzumab eluting

at ~4.7 min and two peaks at the middle level corresponding to F(ab)’2 fragment at ~5.0 min and Fc

subunit at ~5.8 min (Figure 35A, 2C). Interestingly, when using the Maxpeak column the peaks were

slightly sharper (FWHM = 0.11 min versus FWHM = 0.13 min with BEH column, for intact trastuzumab

peak). The symmetry of the peaks was also enhanced when using the Maxpeak column as for the peak

of intact trastuzumab the peak tailing was reduced (As = 1.30 min versus As = 1.87 with BEH column).
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with slightly better separation when using the Maxpeak column (Rs = 2.4 versus Rs = 2.3 with BEH
column). No significant difference was observed in terms of mass measurement accuracy, as for the
intact trastuzumab (148,224 + 1 Da for GOF/G1F), the F(ab)'2 (97,632 + 1 Da) and the Fc subunit (50 627
+ 1 Da for GOF/F1F), the mass accuracy was less than or equal to 7 ppm when for intact trastuzumab,
~11 ppm for F(ab’)2 subunit and ~2ppm for Fc species using both columns. However, a slight
improvement in the MS peak resolution was noted when using the Maxpeak column (FWHM = 1.90
m/z versus FWHM = 2.01 m/z for GOF/G1F peak). Altogether, these results clearly demonstrate that
the Maxpeak Protein SEC column provide better performances for intact and middle level analyses.
This is due to the high porosity of the resin, which provides a large specific surface area for size-specific
interaction with proteins, thus decreasing the unspecific interactions. Overall, this comparison allowed

us to select the Maxpeak SEC column for further mAb analyses.

4.3 Optimization of MS parameters to achieve optimal native conditions

1) Tuning of MS parameters to maintain mAbs native-like structure
After optimization of the LC conditions, we next evaluated the MS parameters in order to assess their
influence on better transmission of the studied mAbs under native conditions. As discussed earlier,
only the cone voltage (Vc) and the desolvation temperature (T°) could be tuned to increase the
transmission of high m/z ions while preserving the intact structure of the mAb. When the Vc value is
set at 60V, we obtain insufficient desolvation leading to large MS peaks. On the other hand, using
higher cone voltage values could lead to the dissociation of the intact structure of the mAb of interest,

thus this value was fixed at 120V for our reference trastuzumab analysis (Figure 36).
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Figure 36: Effect of cone voltage for intact trastuzumab upon SEC-nMS analysis. (A) Full nMS corresponding to intact
trastuzumab with different voltages. When using 60V the desolvation the desolvation is insufficient and at 200V we start to
observe some dissociated fragments. The optimal Vc fixed at 120V show better desolvation and no significant dissociation.
(B) Zoom on the most intense charge state 28+ showing that at the optimal conditions the different glycoforms are observed
with better FWHM of the most intense species, in contrast to other conditions.
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The desolvation temperature needs to be monitored as well. As explained previously, lower
temperatures prevent desolvation of high m/z ions into the analyzer, thus the presence of adducts
results in very heterogeneous and wide peaks. This is highlighted in the example of intact trastuzumab
analysis at the optimized cone voltage of 120V and a desolvation temperature of 100 °C where almost
no signal is observed. Conversely, at higher desolvation temperatures such as 500°C, which is the
maximum temperature on the BioAccord, no significant difference is observed and comparable
resolution (at 5,300 m/z) was observed. This parameter was thus fixed at 300°C in our case, as higher

temperature do not provide an additional benefit (Figure 37).
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Figure 37: Effect of desolvation temperature on intact trastuzumab SEC-nMS analysis. (A) Full nMS spectrum at 100°C show
no desolvation, at 500°C a beginning of dissociation is observed, while at 300°C a sufficient desolvation is observed with no
sign of dissociation. (B) Zoom on the most intense charge state 28+ showing that at the optimal conditions the different
glycoforms are observed with better FWHM of the most intense species, in contrast to other conditions.

Overall, it is important to find a compromise of the key parameters discussed beforehand to keep the
integrity of the trastuzumab on the BioAccord LC-MS system. Therefore, for further experiments, the
MS parameters for intact mAb analysis will be fixed at 120V and 300°C for cone voltage and desolvation
temperature, respectively. Those optimal conditions allow obtaining enough desolvation of the mAb
while keeping its native-like state in the gas phase.
2) Robustness, sensitivity and reproducibility of the BioAccord

To emphasize the robustness of the BioAccord instrument, we compared it with our go-to instrument
for SEC-nMS analysis of intact mAbs within our laboratory. Figure 38 shows a comparison of an intact
trastuzumab SEC-nMS analysis using the optimized parameters on the two platforms; i) an Acquity
UPLC H-Class hyphenated to a quadrupole time-of flight MS (Synapt G2) versus ii) the BioAccord in the

optimized conditions.
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Figure 38: Comparison of SEC-nMS results of an intact trastuzumab on the BioAccord LC-MS system (black) versus Synapt G2
MS coupled to an Acquity I-Class liquid chromatography (blue) in their optimal conditions, showing similar MS profiles in both
cases with a homogeneous distribution centered on the 28+ for the Synapt G2 and centered on the 29+ for the BioAccord
highlighting the difference of ionization due to the difference in source pressure (Pi). On the grey dots square, zoom on the
28+ charge state showing the different observed glycoforms in both cases.

The obtained MS spectra from both systems exhibit remarkable mass accuracies (~40 ppm for
GOF/G1F) with unambiguous glycoforms determination mostly due to the powerful combination of
SEC separation to native MS, which results in significantly thin MS peaks. This encourages us to use the
BioAccord system for our further SEC-nMS analyses without hesitation, even if its resolution (10,000
at 200 m/z) is slightly lower than of the Synapt G2 (until 40,000 at 200 m/z).

The sensitivity of the instrument was also evaluated as we managed to decrease the injected quantity
of intact trastuzumab to 2 pg, allowing us to characterize the different glycoforms (Figure 39). Indeed
the high mass accuracy and sensitivity of the BioAccord, allowed us to achieve a straightforward

characterization of the reference studied mAb.
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Figure 39: SEC-nMS analysis of intact trastuzumab on the BioAccord LC-MS system in the optimized conditions (Vc = 120V
and T° = 300°C), with different quantities injected ranging from 2 to 20 pg. (A) SEC-UV chromatogram of the different
injections showing that the intensity of the chromatographic peak decreases proportionally with the injected quantity, as
expected. (B) The corresponding nMS spectra of each peak revealing the identity of the different glycoforms, focused on the
charge state 28+, and showing that even at 2 ug the glycoforms could be characterized.

Finally, we benchmarked SEC-nMS analysis of 10 reference mAb samples to highlight the
reproducibility of our results. Table 5 summarizes the mass accuracies and resolutions obtained upon
analyses of these mAb products on the BioAccord LC-MS system.

Table 5: Benchmarking of SEC-nMS analysis on the BioAccord LC-MS system of 10 reference mAbs with different Pls and
different theoretical masses. The experiments were performed in the prior optimized conditions of the instrument. The
experimental masses were observed upon precise mass measurement with mass accuracies ranging from 73.0 to even 5.5
ppm. Those analyses highlight the high resolution of the MS with resolution of the 28+ charge state above 1200 overall.

Resolution based

Experimental mass Theoretical mass Mass accuracy
on 28+ charge

Pl

(Da) (Da) (ppm) .

Trastuzumab 9.0 148,060 £ 1 148,056 27.0 2,849.9
Ipilimumab 9.2 147,991+ 1 147,992 6.5 3,410.6
Bevacizumab 8.3 149,202+ 0 149,191 73.1 2,211.4
Pertuzumab 9.0 148,100+ 0 148,102 13.0 2,531.2
Avelumumab 8.5 146,598 £ 1 146,594 24.8 2,103.0
Pembrolizumab 7.6 148,895+ 1 148,887 54.7 2,859.4
Durvalumab 8.9 148,972+ 0 148,973 5.5 1,822.4
Nivolumab 8.0 146,235+ 1 146,240 31.9 3,146.6
Panitumumab 6.8 147,104 £ 1 147,094 68.0 1,208.1
Atezolizumab 8.8 144,367 £ 1 144,356 73.7 2,104.8
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4.4 Conclusions

Altogether, these first results highlight the high resolution, sensitivity and mass accuracy of the
BioAccord LC-MS system. Furthermore, the versality and automation of the SEC-nMS analysis method,
which takes ~1 hour for 10 mAbs analysis, makes it an interesting workflow to be implemented for

quality control studies in biopharma laboratories.

5. Development of CEX-nMS method for reference mAb charge variants analysis

5.1 State of the art of CEX-nMS

The post-translational modifications (PTMs) occurring during the development of new ADCs are
considered as critical quality attributes (CQAs) '3, they must fall within specific ranges before product
release. Charge variants are among the CQAs that can affect the drug efficacy and safety and therefore
need to be monitored. Historically, cation exchange chromatography (CEX) coupled to ultraviolet (UV)
detection was the reference technique used for the qualitative and quantitative characterization of
charge heterogeneity during the quality control of biotherapeutics 2. The buffers used for the
separation are limited to their incompatibility with mass spectrometry, thus the fractions need to be
buffer exchanged before their MS analysis, which is time consuming. The use of volatile compatible
solvents made it possible for on-line MS coupling, where CEX-MS was used for mAbs charge variants
characterization 21, Thereafter, CEX to native mass spectrometry (CEX-nMS) have been described as
the go-to analytical method for the determination of multiple acidic and basic species *°. Several
studies demonstrated that the use of MS compatible salts (such as ammonium acetate) using pH
gradients resulted in sufficient separation of the desired species 7% 282, albeit the addition of salt

) ¥ allowed to increase

gradients called salt mediated gradients proposed recently by Yan et al. (2018
the sensitivity and the identification of minor variants. Beyond the coupling of CEX to classical
resolutive mass spectrometers such as quadrupole time-of-flight (Q-ToF) MS, Fussl et al. (2020)
reported the hyphenation of CEX to high-resolution nMS implemented on Orbitraps, the remarkable
mass accuracy allowed obtaining higher isoform coverage. In a recent study conducted by Van Schaick
et al. (2023), CEX-MS was coupled to ion mobility in order to map the conformational changes induced
by PTMs on different IgGs through CEX-CIU-MS experiments. However, the mentioned workflows
above require considerable expertise in order to perform the instrumental coupling and to adapt the

LC and MS parameters to the mAb type. In this context, we aimed at implementing CEX-nMS on the

BioAccord LC-MS platform to automate the workflow and increase the throughput of our analyses.
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5.2 Optimization of LC parameters and MS parameters for intact mAb CEX-nMS analysis

The starting point for implementing a robust and versatile CEX-nMS workflow is the CEX separation.
To achieve this, we used in-house salt-mediated pH gradient; mobile phase A consisted of 50 mM
AcONH; at pH 5.0 and mobile phase B was 160 mM AcONH, at pH 8.6. For the intact and IdeS digested
trastuzumab analyses, a linear gradient from 50 to 70% B in 10 minutes was applied. Figure 40

summarizes the obtained results at the intact level.
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Figure 40: CEX-nMS analysis of intact trastuzumab. (A) CEX-UV chromatogram showing the different separated species with
main peak, acidic and basic variants. (B) The corresponding nMS spectra of the identified species, black spectrum is the
distribution of the main species, blue is the acidic variant and green is the basic variant, the given mass corresponds to
GOF/GOF species. A zoom on the charge state 27+ shows the different observed glycoforms.

According to the UV chromatogram obtained upon CEX separation, many species could be identified
at the intact level that could correspond to the different charge variant species. The main peak eluting
at 11.06 min with FWHM of 0.65 min was clearly separated from other species with an acceptable
resolution (Rs = 2.01 with acidic species eluting at 10.09 min). The nMS data revealed that this peak
corresponded to the main species of trastuzumab (peak M, Figure 40A) with a mass of 148,063 + 1 Da
for GOF/GOF within a 40 ppm mass accuracy. The acidic species could correlate to deamidated variants
(+1 Da) while the basic species may correspond to isomerization of Asp residues as reported in
literature 1%, Overall, the global information obtained from the intact level analysis gives us an idea
about the coexistence of several species. However, the limited resolution of the BioAccord hampers

the confirmation of variants with low mass differences, as the observed masses are very similar.
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5.3 Implementation of CEX-nMS analysis for middle-level mAb characterization

To confirm further the PTMs prior detected at the intact level, we analyzed the same trastuzumab
sample upon ldeS digestion to obtain information at the subunit level. The use of the same gradient
and chromatographic conditions allowed a clear separation of the Fc and F(ab’)2 subunits (Rs = 16.48
between the main Fc peak and the first eluting variant of the F(ab’)2). The Fc fragment was observed
as a single species eluting at ~5.69 min while the F(ab’)2 exhibited 3 different peaks corresponding to
acidic variants, main species and basic variants eluting at ~10.10 min, ~11.47 min and ~12.30 min,
respectively. The nMS spectra show the deconvoluted masses obtained within a mass accuracy of 20
ppm for the Fc subunit (Figure 41B) with the different expected glycoforms. The F(ab’)2 fragment
revealed masses that could correspond to one deamidation (+1 Da, 40 ppm) and one isomerization (50
ppm) suggesting that the PTMs occur on this subunit. Although the detected masses are very similar,

the analysis on the subunit level provided us with specific information on the PTMs type and

localization.
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Figure 41: CEX-nMS analysis of IdeS digested trastuzumab. (A) CEX-UV chromatogram of the separated subunits showing one
Fc species and three F(ab)'2 species confirming the acidic and basic variants are F(ab)’2 species. (B) The corresponding nMS
spectra of the Fc subunit zoomed on the most intense charge state showing the different glycoforms. (C) A zoom on the most
intense charge state of the F(ab)’2 fragment from nMS spectra showing the different PTMs occurring on this subunit,
confirming PTMs occur on the F(ab)’2 level.

Overall, our implemented CEX-nMS method on the BioAccord LC-MS for the analysis of mAbs, at the
intact and subunit levels, pinpoint to the suitability of this instrument for this approach. However, the

trickiness of characterizing low mass difference PTMs require more optimization to enhance the
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separation of the different species. In some cases, the addition of acetonitrile to lonHance mobile
phases improves slightly the chromatographic resolution and peak shape; however, an uncontrolled
amount of this organic solvent could potentially disrupt the native structure of antibodies. We

therefore kept the optimized method for future CEX-nMS experiments °.

5.4 Conclusions

The implementation of CEX-nMS workflows allowed straightforward characterization of a reference
trastuzumab at the intact and middle level, allowing fast assessment of acidic and basic variants. Our
results confirm the applicability of this workflow on the BioAccord system; however, the
reproducibility of the CEX-nMS analysis was tricky, probably due to the high possibility of generating
more adducts in CEX-nMS due to less desalting efficiency compared to SEC-nMS. Therefore, additional
studies will be performed during the next months to tackle this limitation.

6. Establishment of high throughput analysis and data processing methods for

biopharma use

The automation of SEC-nMS and CEX-nMS workflows consist on implementing handy analysis and
processing methods. The latter is possible with the UNIFI software through the WatersConnect
interface that allows us to create automatic processing methods. For mAb products characterization
upon SEC-nMS or CEX-nMS analysis, our automated processing methods consist on i) peak integration
for quantification of the different size or charge variants, ii) intact mass deconvolution of the species
among the different chromatographic peaks and iii) determination of DO quantity, avDAR and DLD in
case of the analysis of conjugated mAbs aka antibody-drug conjugates that will be discussed in the

next chapter (ADCs).
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Automated data processing workflow:

Enter amino acid sequence
(Name, sequence, nature of S-S bonds)

Expected retention time
(For quantification of peaks areas)

Deconvolution
(MaxEnt1, m/z range, mass range, ToF
resolution, iterations number)

Create modification
(Modified amino acid, location, Existing modification
elemental composition, (Drug, glycosylation, PTM...)
monoisotopic and average mass)

Add searched modification
(One or modification can be added)

Add calculations formulas
(avDAR, DLD)

Figure 42: Schematic of the automated data processing workflow developed for SEC-nMS and CEX-nMS analysis on the Unifi
software. The first step consists in giving information about the sequence. The second step corresponds to entering the
expected retention time of the eluted species that will serve for quantification matter. Next, to allow the deconvolution of
the quantified species, m/z and mass ranges should be noted with deconvolution type such as MaxEntl. In case some
modifications are expected, such as PTMs, glycosylation or payload in case of ADCs, the modification should be added to the
modification library. Finally, formulas that will help calculating avDAR and DLD should be addressed.

Figure 42 shows an example of the workflow we implemented for SEC-nMS and CEX-nMS data
processing. The first step is to enter the amino acid sequence of the analyzed component, specifying
whether the disulfide bonds are oxidized or reduced which automatically calculates the expected mass.
This gives us a direct information on the mass accuracy when comparing with the species theoretical
mass. Next, the expected retention time range of the species of interest and the potential subunits
should be determined, in order to integrate the peak areas and quantify relatively each species. Each
integrated species is further deconvoluted based on the resulting raw MS spectra. For deconvolution,
we decided to use the maximum entropy method (MaxEnt1) which produces simple molecular mass
spectra that account for acquired m/z data within a specified mass range. There are several parameters
to take into account, such as the ToF resolution that we recommend to be fixed at 10,000 and the
iterations numbers at 20 iterations if the quality of the spectra is good, if not, increasing the iterations
numbers could increase the measurement confidence. The most important step for ADCs
characterization is the determination of CQAs namely the quantity of DO, avDAR and DLD. To do so,

the potential modifications should be prior created in the scientific library by determining the modified
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amino acid (specific or all amino acids) and its location (side chain, N-terminus or C-terminus), the
elemental composition of the drug/payload and the monoisotopic or average mass of this latter. One
modification or more could be used during the processing search. Finally, the validation step requires
adding formulas for the calculation of the average DAR and the DAR quantities based on the MS
deconvolution intensities for DLD determination. Our developed processing method was easily
combined with our prior optimized SEC-nMS and CEX-nMS analysis methods, which allowed the
characterization of 10 ADCs in less than 1 hour for SEC-nMS, and less than 3 hours for CEX-nMS.

Overall, this workflow is very useful for the batch analysis of a mAb stemming from different
conjugation conditions using the same payload, in order to screen the optimal conjugation strategy. It
is also applicable for quality control (QC) analysis to highlight the effect of stress on mAb products.
However, for ADCs resulting from different conjugation strategies applied on different mAb samples,
the automatic processing is challenging as the peaks are eluting in different retention times, with

different payload and unconjugated mAb masses, thus manual processing is required.

7. Conclusions
In this chapter, the new benchtop BioAccord platform have been evaluated through SEC-nMS and CEX-
nMS experiments. The handy tuning of few LC parameters such as the choice of the SEC and CEX
column, buffers and gradients with the optimization of two main MS parameters namely the cone
voltage and the temperature of desolvation made it our go-to instrument for routine analyses. The
robustness, sensitivity and reproducibility of SEC-nMS experiments was highlighted through the
characterization of reference mAbs. For CEX-nMS, the adaptability of this workflow on the BioAccord
have been demonstrated, albeit more studies on other mAbs need to be conducted to prove the
reproducibility of these experiments. A workflow of the automated data processing was also suggested
in the end of this chapter for mAbs characterization in the aim of the versatile integration of UV peaks
with deconvolution of the integrated species. Additionally, the automated analysis and processing
methods developed could be useful for the routine quality control of ADCs that will be discussed in the

next chapter.
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1. Analytical context
Biopharmaceutical companies focus on the development of new class of therapeutics namely protein-
drug conjugates (PDCs) 8 1% and antibody-drug conjugates (ADCs) ¥ 5% 7071 These products are
distinguished by their high specificity and drug efficiency compared to their unconjugated
counterparts. The oncological field is directly benefiting from these entities as many were intended for
cancer therapy %292, Taking into consideration their high molecular weight, their complexity and their
heterogeneity resulting from their bioconjugation, powerful analytical tools have to be developed for
their straightforward characterization 17121122124 | the frame of our ITN Targeted Cancer Therapies
(TACT) program, we collaborated with Chaubet’s group who aims at developing a new generation of
ADCs and PDCs resulting from Ugi reaction 2. The need to screen several reaction conditions (pH,
temperature, reaction time, concentration, etc.) to improve the conjugation strategy makes it
necessary to use versatile, rapid and automated LC-MS workflows to be able to analyze ~20
samples/day.

2. Objectives
Herein, we applied our previously optimized SEC-nMS method on the BioAccord LC-MS system, to

monitor and optimize the Ugi reaction on different systems:
e mAb-based conjugates (~150 kDa) resulting from Ugi reaction using different conditions, to
determine their precise mass along with informative CQAs

e Newly developed PDCs: Anticalin-drug conjugates (AcDCs, ~20 kDa) generated upon Ugi

reaction to investigate the applicability of this strategy on smaller proteins

3. Optimizing Ugi reaction for ADCs development using SEC-nMS

3.1 The Ugi reaction

The Ugi multicomponent reaction used by Chaubet’s group is a two-steps reaction: 1) simultaneously
conjugating covalently two amino acid residues; the side-chain amine and the carboxylate groups of
two neighboring lysine and aspartate/glutamate with and azide-containing aldehyde and an
isocyanide, 2) followed by a linker-drug derivatization through strain-promoted azide-alkyne
cycloaddition (SPAAC) 3% 293-2%4 |n our case, the mAbs were conjugated to BCN-iminobiotin giving access

to incorporation of a payload with an average mass of 769 Da (Figure 43).
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Figure 43: Schematic representation of conjugation of intact mAbs using Ugi multicomponent reaction. A) Ugi reaction
resumed in two steps: first step consists in conjugating the mAb with azide-containing aldehyde and isocyanide through the
side-chain amine and the carboxylate groups of two neighboring lysine and aspartate/glutamate. The second step consists in
BCN-iminobiotin functionalization through SPAAC reaction. The parameters varied to optimize this conjugation reaction are
depicted in colorful circles on top (pH, time... etc.). B) The reagents used during different steps of Ugi reaction.

The residues involved in the Ugi reaction can also partook in either intra-residue Ugi reaction on
Passerini three components side reaction, where only the aspartate/glutamate reacts, preventing the
chemoselective and regioselective multicomponent reaction and leading to different payload
increment masses. Those conclusions were drawn from previous work performed within Chaubet’s
group and our team after characterization of Ugi conjugated trastuzumab by SEC-nMS and peptide
mapping studies 32. Therefore, the need to improve the specificity of mAb conjugation through Ugi
reaction requires the optimization of a large number of parameters, in particular aldehyde and
isocyanide choice, as well as several reactions conditions (temperature, time, pH... etc.), which

generates a significant amount of samples to be monitored through SEC-nMS experiments.

3.2 SEC-nMS for the characterization of ADCs

First, we wanted to evaluate our previously developed SEC-nMS method on the BioAccord LC-MS
system by analyzing a model conjugated trastuzumab. The same sample was injected through an
Acquity I-Class LC coupled to a Synapt G2 HDMS instrument for comparison purpose. Both instruments

were operated in their optimized conditions:
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- BioAccord: 20 pg injected through a Maxpeak BEH 250 A 1.7 um, 4.6 x 150 mm column
(Waters) using 150 mM ammonium acetate at pH 6.9 as a buffer. Cone voltage and desolvation
temperature were both fixed at 180V and 300 °C, respectively. Source pressure was 1.4 mbar.

- Synapt G2: 20 pg injected through a Maxpeak BEH 250 A 1.7 pm, 4.6 x 150 mm column
(Waters) using 150 mM ammonium acetate at pH 6.9 as a buffer. Cone voltage and desolvation

temperature were fixed at 180V and 450 °C, respectively. Source pressure was 6 mbar.

The SEC-UV signal in both cases shows a homogeneous main peak corresponding to monomeric ADC
(95% and 97% of the signal for the BioAccord and the Synapt G2, respectively), with hallmarks of
HMWS (5% and 3% of the signal for the BioAccord and the Synapt G2, respectively). The identity of the
latter peak, which corresponded to the dimer, was confirmed on the Synapt G2 but not on the
BioAccord due to limited m/z range. The native MS spectra of the main peak show similar MS signals
in both cases, with identical DAR values, DLD and overall accurate mass measurement (~10 ppm)
(Figure 44). Altogether, these results are in-line with what we obtained when comparing two mAb
analyses on the two instruments, leading to the conclusion that our SEC-nMS method is adapted to

high throughput ADCs characterization.
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Figure 44: SEC-nMS analysis of a conjugated trastuzumab on the BioAccord LC-MS system compared to its analysis on the
Synapt G2 using the optimized conditions (Chapter 1). (A) SEC-UV signal showing the main species corresponding to the ADC’s
monomer with hallmarks of dimer. (B) Native MS spectra of the ADC’s monomer on both instruments centered on the charge
state 28+ with the corresponding DLD and avDAR value that are comparable for both instruments. The signal of the BioAccord
is shown in black while the signal of the Synapt G2 is blue.

3.3 High throughput SEC-nMS analyses of ADCs generated upon Ugi reaction

We next used SEC-nMS to screen multiple experimental conditions to achieve optimal Ugi reaction.
Different parameters could influence the progress and selectivity of the reaction. Herein, we will show
only two examples of our extensive series of experiments, in particular the investigation of pH variation

and the use of different aldehydes.
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a) pH optimization:

One of the main parameters that can control the accessibility of amino acid side chains due to the
difference in their pKa values is the pH of their containing buffer. Thus, our collaborators in an effort
to direct the selectivity of their Ugi reaction, they studied its influence on the outcome of the
conjugation.

In case of changing pH upon Ugi reaction on trastuzumab, our high throughput SEC-nMS experiments
allowed to perform precise mass measurement of the different DAR species (from DO to D3 species),
confirming the conjugation of one to three payloads and the presence of unconjugated trastuzumab.
These results also allowed observing the effect of pH variation on the conjugation reaction. Shown in
Figure 45, slight change was observed in the avDAR values and the DLD when varying the pH. At pH
range of 6.5-7.0, a maximum avDAR value of 1.30-1.34 was reached with lower DO quantities.
Conversely, at pH lower than 6.5 and higher than 7.0, the avDAR was notably lower and the quantity
of unconjugated mAb (D0) was higher. This study allowed our collaborators to select 6.5-7.0 as their
optimal pH range for their further reaction optimization. Of note, the SEC-nMS analyses were

performed in monoplicates in order to gain time and provide a fast feedback to our collaborators.
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Figure 45: DLD and average DAR values calculated upon the analyses of 8 trastuzumab conjugates upon Ugi reaction using
different pH. (A) DLD showing similar behavior where slight difference in DO-D3 relative intensities is observed at pH 6.5 and
7.0, as expected. (B) The avDAR values showing no significant change when the pH is between 5.0 and 6.0 and between 8.0
and 9.0, with higher values corresponding to pH 6.5 and 7.0.

b) Aldehyde optimization:
Next, our collaborators evaluated five different aldehydes that are important compounds for the
success of the Ugi reaction. SEC-nMS analyses revealed significant variations in the avDAR value and
DO relative intensity as a function of the tested aldehyde (Figure 46). Indeed, using aldehydes 1, 2 and
5 led to the observation of additional species corresponding to D4 conjugates, with lower quantities

of unconjugated trastuzumab (DO). In some cases, the unconjugated trastuzumab quantity was
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significant such as for aldehyde 4, which highlights the lower efficiency of the reaction when using this
more important aldehyde. On another note, the observation of highly conjugated species (such as D4)
could be indicating the potential loss of selectivity. Thus, in this case the avDAR and the DLD were
highly informative on the conjugation reaction efficiency and selectivity, results that could be
supported by peptide mapping studies.

Overall, our high throughput automated SEC-nMS experiments allowed to test a large number of
conditions (~20 samples/day) to improve the conjugation reactions and in this case, to select the

optimal aldehyde that led to higher conjugation selectivity and efficiency.
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Figure 46: DLD and average DAR values calculated upon the analyses of 6 trastuzumab conjugates upon Ugi reaction using
different aldehydes. (A) Different DLD observed while varying aldehydes with aldehyde 1, 2 and 6 showing until D4 species.
(B) The avDAR values showing major differences upon aldehyde variation with aldehyde 1 and 2 giving higher avDAR values.

¢) Versality of SEC-nMS for a variety of mAbs:

In the following study, we aimed to evaluate the optimal conditions upon other mAbs bio-conjugation
namely bevacizumab (pl = 8.3), ramucirumab (pl = 9.1) and rituximab (pl = 9.4) (Figure 47). Our SEC-
nMS results showed similar MS profiles centered on the charge state 27+ for all mAb-conjugates, with
bevacizumab slightly shifted to higher m/z due to its higher molecular weight, as expected. Thanks to
the mass accuracy of our instrument (~27 ppm for intact mAbs), we could also characterize the
different DAR species varying from DO to D3 conjugates. The mass increment observed between two
species each time, corresponds to the added payload (+ 769 Da). Interestingly, trastuzumab (pl = 9.1)
showed higher avDAR value of 1.30 with only 25% of unconjugated mAb (D0O), compared to other mAb
conjugates showing nearly similar avDAR values around ~1.00 and similar DLD with significant quantity

of DO species (31%, 40% and 37% for ramucirumab, bevacizumab and rituximab, respectively).

As shown in our previous batch analysis comparing different pH values, the choice of the pH was not
crucial to achieve a better specificity and control of the Ugi reaction. However, antibodies with

different pls could match the selected pH (6.5-7 in this case) and could facilitate the incorporation of
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the BCN-iminobiotin payload. For example, mAbs with higher pls (trastuzumab, ramucirumab and
rituximab) have more available amine groups that are reactive at the selected pH range. This could
explain the observed higher avDAR values and different DLD in comparison to bevacizumab. However,
the variations in avDAR and DLD could also arise from several factors, such as the stability, affinity and

target binding of the chosen antibodies.
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Figure 47: SEC-nMS analysis of different ADCs resulting from mAbs conjugation upon Ugi reaction. (A) Native MS spectra of
the different conjugates with their corresponding avDAR values (from top to bottom: ramucirumab, bevacizumab, rituximab
and trastuzumab conjugates) showing similar distribution overall, with bevacizumab shifted to higher m/z. (B) Drug load
distribution of each ADC showing different conjugation profiles for each mAb conjugate. (C) Masses of the identified species
with standard deviation of masses obtained from different charge states.

Overall, upon obtaining an information on the homogeneity and stoichiometry of the analyzed
conjugates, our implemented high throughput SEC-nMS method allowed monitoring the impact of Ugi
reaction on different mAb products with CQAs assessment.

d) Automated data processing:
The large number of samples analyzed requires the use of automated data processing methods. For
this purpose, we used our previously established method on UNIFI software (Waters). Figure 48
illustrates the steps followed to perform automated data processing for trastuzumab conjugates with

varied pH as an example.
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/ Amino acid sequence \

Lc:
DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDFTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRT
VAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKYDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGE
HC:
EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYLOMNSLRAEDTAVYYCSRWGGDGFYA
MDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKV
DKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFN WYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNG
KEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFS
SVMHEALHNHYTQKSLSLSPGK

\ Average mass: 145,875 Da /

!

Modification

isocyanide + aldehyde + BCN-iminobiotin: C3gH;3N1055
Average mass: 769 Da

' ' '

Calculation formulas
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ToF resolution: 5,000 k: the number of drugs
Iterations: 20 I,: the relative intensity of Dy

Dy % based on four different charge states
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Results report
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Figure 48: A schematic of the workflow followed for data processing of a large number of samples, including trastuzumab
conjugates with varied pH. The first steps consist in providing information on the amino acid sequence and the modification.
Next, the expected retention time, the parameters of deconvolution and the formula to calculate the avDAR are designated.
Finally the information needed for the report are selected.

First, we entered the amino acid sequence corresponding to the intact mAb (ex: trastuzumab) with
maintained disulfide bridge, which allowed to calculate a theoretical mass of 145,875 Da. An important
step was to create and integrate the modification in our research, which includes the conjugation of a
BCN-iminobiotin molecule after isocyanide and aldehyde additions (769 Da). Next, we chose to
integrate the peaks between 2.5 and 3.2 min corresponding to the monomeric species of the
conjugated antibody. This enabled us to quantify the monomeric species, which account for 95-98%
for all samples with hallmarks of dimer (290 kDa, 2-5%). Then, this peak of interest is integrated to see
the masses of the eluted species. Using the MaxEnt1 algorithm, we selected a mass range between
140,000 Da and 160,000 Da, targeting the m/z 4,000-7,000 region where the ADCs are observed. When
the peak width model is set to ToF, we can modify the ToF resolution value; a value of 5,000 is sufficient
to obtain an accurate mass measurement. To lower the data processing time, the number of iterations

was set to 20. This corresponds to the number of times the algorithm repeats the mass calculation to
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match the theoretical mass of the species. Finally, after adding the formulas that are essential for
calculating avDAR and DLD, the method was applied to process up to 20 samples/day. Figure 49
represents the type of report we obtained while screening eight different samples with different pH,
showing the UV signal and the total ion chromatogram (TIC) as well as the summary plot with different
avDAR values of each injection. This automated method and the obtained report allowed us to save
an enormous amount of time (6 min run + less than 1 min for data processing for each sample).
Therefore, we were able to provide our collaborators with a rapid response about the pH variations
studies, which led to select the pH giving the highest avDAR value. However, when it comes to
heterogeneous samples with spectra with higher background noise and less desolvated peaks, manual

validation is necessary to ensure a correct data processing.
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Figure 49: Overview of results obtained after analysis of 8 samples batch upon screening different pH values for trastuzumab
Ugi conjugation. The first panel (top right) correspond to the SEC-UV chromatogram with integrated monomeric and dimeric
peaks. The second panel (bottom right) is the total ion chromatogram. The last panel (left) is a summary plot of all the
injections with the calculated avDAR values.

e) Peptide mapping supporting our SEC-nMS results:
To support our SEC-nMS results that reveal different avDAR and DLD values when varying the different
parameters, peptide mapping was an important step to assess the specificity of the conjugation.
Peptide mapping is conventionally used to obtain sequence information and localize PTMs along with
drug conjugation sites. When performed on one of the optimal Ugi trastuzumab conjugates (Aldehyde
4 pH 7.4), after digestion with trypsin, we first determined a sequence coverage of 100% for the light
chain (Lc) and 86% for the heavy chain (HC). The MS/MS data revealed a modification of +769 Da,

corresponding to Ugi conjugation, on the Lc at position D1 and on the heavy chain at position E1 (Figure
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50). These results are in agreement with trastuzumab bearing one Ugi payload on each chain (leading
to D4 species as observed in SEC-nMS), which are in-line with our SEC-nMS data. Those data supported
by peptide mapping studies, allowed us to screen a large number of conditions to achieve site-selective

trastuzumab Ugi bio-conjugation.

Heavy chain

2 L 3 ¢ e o] vl L ] g e

3600 000

=]
=
=2
=]
2

3200 000

3000 000
2800 000

2 600 000

¥
3

0 000

800 000

intensit

ol e
=

600 D00

w

1000 000
800 000
600 000

400 000

s TN Y ”{! IH A M ’n L } | 1 |

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
m/z

Light chain

200 000 - § . . . n n . 5 n " m A " - v

) g 3 B g 2 & 3 T H o

190 000
180 000
170 000
160 000
150 000
140 000
130 000
120 000

>

110 000

100 000

intensitr

90 000
80 000
70 000
60 000
50000
40 000

30 000

o L Wl ml\.kl bl L1 g llll Y N I I

100 200 300 400 S00 600 700 200 900 1000 1100 1200 1300 1400 1500 1600
m/z

Figure 50: MS/MS spectra of trastuzumab conjugate upon peptide mapping analysis. Fragments ions corresponding to the
conjugated sites are depicted in orange star confirming one conjugation on the light chain and one on the heavy chain.

4. Characterization of AcDCs upon Ugi reaction using SEC-nMS
Beyond screening the optimal conditions for mAb’s Ugi bio-conjugation, along with Chaubet’s group
we aimed at investigating Ugi reaction on smaller protein systems, in particular on Anticalins

(Collaboration with Chaubet’s group) 2%°-2%,

4.1 Anticalin proteins for immuno-oncology

Anticalin proteins are small entities derived from natural lipocalins that are abundant in human plasma
proteins. Thanks to their small size, their compact fold, their targeted specificity and their low
production cost they emerged as promising alternatives to antibodies in the field of oncology and

diagnostics 2°>2%, They thus represent an interesting system for specific Ugi conjugation in order to
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enhance their specificity and their therapeutic efficiency. In this context, along with our collaborators,
we aimed at evaluating Ugi reaction for the D11vs surrogate Anticalin (a variant with higher affinity

toward the CD98hc from mouse, targeting medical application in humans)?7-2%,

4.2 Anticalin and Anticalin-drug conjugates (AcDC) analysis using SEC-nMS

First, we performed SEC-nMS experiments on the unconjugated form of the D11vs Anticalin variant.
The sample was buffer exchanged into 150 mM AcONH, pH 6.9 through an Acquity BEH SEC column
(200 A, 1.7 um, 2.1 mm X 150 mm), cone voltage and desolvation temperature were set at 60V and
100 °C, respectively. Figure 51A shows the SEC-UV signal of the Anticalin that exhibited one single peak
eluting at ~3.45 min (As= 1.2, FWHM = 0.12 min). The corresponding native MS spectra (Figure 51B)
revealed the presence of three different forms: denatured Anticalin, dimer of Anticalin (42,601.8 + 0.5
Da) and the main species, which is the monomeric Anticalin with a mass of 21,300.7 + 0.1 Da, in line
with Anticalin with one disulfide bridge. Additionally, a zoom on the monomeric species revealed the
presence of 2 additional proteoforms of Anticalin that may correspond to N-ter PyroQ glutamination
(-17 Da) and protein oxidation (+16 Da). However, the UV signal does not show any peak that could
correspond to dimeric Anticalin, which means that the observed dimer in the MS spectra could

correspond to a non-specific dimer formed during the electrospray process.

A) SEC-UV signal B) Native MS spectra
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Figure 51: SEC-nMS analysis of reference Anticalin D11vs variant. (A) SEC-UV signal showing one homogeneous species at
3.45 min (B) Native MS spectra of the identified peak, showing three different regions namely denatured form of Anticalin,
monomer and dimer forms. On the grey square, a zoom on the charge state 10+ of the monomer region showing the triplet
profile of the peaks due to presence of modifications on the protein.
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Overall, SEC-nMS analysis of Anticalin allowed determining the oligomeric state of this protein, along
with the assessment of minor modifications (Oxidation and PyroQ glutamination) through accurate

mass measurement.

Next, our versatile SEC-nMS method was used to investigate Ugi site-specific conjugation on the
Anticalin D11vs, along with other Anticalin D11vs mutants, namely mutated (K46R)-D11vs, truncated
(Q1-D6)-D11vs, and the double mutant (Q1-D6)-(k46R)-D11vs protein. Table 6 shows the first 43 or 48
amino acids of the proteins’ sequences, which is the region where the mutation and truncation

occurred.

Table 6: The first 43-48 amino acids involved in the area where the truncation/mutation of Anticalin variants occurred. D11vs
variant is the reference protein. (K46R)-D11vs is the mutant with modification of K46 with an arginine. (Q1-D6)-D11vs is the
truncated form lacking the first six amino acid at the N-terminal. (Q1-D6)-(K46R)-D11vs is the double mutant with K46
modification and Q1-D6 truncation. The truncated or mutated amino acids are highlighted in orange. The theoritical masses
were calculated based on the amino acid seqeuces that are presented in the experimental section of this manuscript.

Theoritica
First 43-48 amino acids of the sequence | mass
(Da)
D1lvs | - 21,302.12
(K46R)-D11vs NLIPAPPLSKVPLQQNFQDNQFHGKWYVVGRAGNTGLREDRDP... 43 21,330.14
(Q1-D6)-D11lvs | ---—-- 20,782.66
(Q1-D6)-(K46R)- NLIPAPPLSKVPLQQNFQDNQFHGKWYVVGRAGNTGLREDKDP... 43 20,810.67
D11vs ODSTSDLIPAPPLSKVPLOQQONFQDNQFHGKWYVVGRAGNTGLREDKDP
.. 48
ODSTSDLIPAPPLSKVPLOQQNFQDNQFHGKWYVVGRAGNTGLREDRDP
.. 48

The aim of this study is first to see if Anticalins partook efficiently in the Ugi multicomponent reaction,
therefore a first step of this project was to investigate the addition of an increment mass of +308 Da
corresponding to an isocyanide with an aldehyde (Figure 52). The second objective is to investigate if

the mutation/truncation modify the Ugi conjugation.

1. isocyanide

2. aldehyde
S —

‘:+3080a

Anticalin Anticalin Ugi product

Figure 52: Schematic representation of Ugi reaction on Anticalin proteins, which includes the conjugation of reference
Anticalins to one isocyanide and aldehyde (similarly used for trastuzumab) inducing the addition of an increment mass of 308
Da. A pink star depicts the addition of one payload (isocyanide + aldehyde).
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Figure 53 shows the results of SEC-nMS analysis of the conjugated reference Anticalin and its mutants
upon Ugi reaction. The SEC-UV chromatogram reveals one major main peak for all proteins eluting
around ~3.42-3.50 min. Of note, a slight peak tailing is observed due to the increased hydrophobicity
of the conjugated proteins after payload incorporation, which increases non-specific interactions

between the analyte and the stationary phase of the column.

The identity of the main peaks revealed thanks to the coupling with nMS, allowed to characterize each
species:
e For reference Anticalin D11vs, D1 species was highly abundant with presence of DO and D2
species with an avDAR of 1.08,
e Forthe truncated (Q1-D6)-D11vs, the main species was also D1 with presence of DO and D2 in
lower quantity with an avDAR of 1.06,
e For the (K46R)-D11vs mutant, the DO was the highest species followed by D1 and D2 species
which exhibited a lower avDAR of 0.49,
e In addition, for the double mutant (Q1-D6)-(k46R)-D11vs, only two species were observed,
mainly DO, which was the most abundant, and D1 with lower abundance and with the lowest

avDAR value of 0.16.

The (Q1-D6)-D11vs Anticalin was truncated at the first six amino acids where Passerini reaction tends
to occur (in aspartic acid at position 2 (D2) according to peptide mapping results, Table 7). However,
the absence of this reactive site did not boost Anticalin Ugi conjugation and similar DLD was observed
compared to the reference Anticalin. This could mean that the Passerini reaction is negligible or occurs
at a very slow rate. On the other hand, the (K46R)-D11vs mutant and the double mutant (Q1-D6)-
(K46R)-D11vs, both lack the key lysine residue at position 46 (K46) which is involved in Ugi reaction
(results obtained by peptide mapping studies, Table 7). The absence of this site affected directly the

conjugation efficiency, where lower avDAR values (0.49 and 0.16, respectively) were observed.
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A) SEC-UV signal B) Deconvolution
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Figure 53: SEC-nMS analysis of Anticalin-drug conjugates upon Ugi reaction performed on reference D11vs Anticalin and its
mutants. (A) SEC-UV signal of unconjugated Anticalins with their experimental masses (black) and their conjugated
counterparts (blue shades). (B) Deconvolution of the identified species from native MS spectra of unconjugated Anticalins
(black) and the conjugated ones (blue shades) with the different DAR species annotated and the calculated avDAR value.

In conclusion, our SEC-nMS results supported with peptide mapping data summarized in Table 7,
enabled us first to prove the occurring of the Ugi multicomponent reaction on smaller proteins in
comparison to mAbs; in particular Anticalin proteins. Moreover, our experiments performed on
different Anticalin variants, could highlight the impact of mutations/truncation on the specificity and
efficiency of the Ugi reaction through avDAR and DLD assessment. These analyses, together with
others carried out on different batches to screen various Ugi reaction parameters, have enabled us to
select the optimal conditions for a successful Ugi reaction. The results are summarized in a paper

currently in preparation.

91



Part II: Hyphenation of liquid chromatography to mass spectrometry for mAb-based products characterization

Table 7: Peptide mapping results showing the sequence coverage obtained after MS/MS fragmentation of trypsin digestion
Anticalins, with the modified amino acids upon Ugi, Passerini or both reactions. The conjugation that was not observed is
annotated as N.O.

Protein Sequence coverage JAVAN Ugi Passerini
D11vs 100% D2, K46, E44 Yes Yes
(Q1-D6)-D11vs 97% K46, E44 Yes N.O.
(K46R)-D11vs 91% D2 Yes N.O.
(Q1-D6)-(K46R)-D11vs 100% - N.O. Yes

5. Conclusions
This chapter highlights the important role of SEC-nMS method to characterize newly developed ADCs
and PDCs. During the screening process of several conjugation parameters for Ugi reaction on
antibodies, and the applicability of the optimal parameters on different Anticalin mutants, SEC-nMS
was a powerful tool to give precise mass measurement and CQAs assessment promptly. These results
suggest that this workflow should be implemented in bio-conjugation and quality control laboratories

in academia and biopharmaceutical companies, to monitor newly developed conjugates.
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1. Analytical context
Beyond the interest in ADCs as a new class for cancer therapy, bispecific antibodies (bsAbs) are
emerging as promising antibodies formats to fight against cancer * 2. Owing to their capacity to bind
both to tumor and to T-cell antigen sites of antibodies, they represent an ideal candidate for the rich
clinical antibody pipeline. In fact, there are more than 160 bsAbs and multispecific mAbs currently in
clinical trials, with nearly 100 combination of antigen-binding moieties 8”:2%, This plethora of complex
products requires robust and powerful analytical tools to monitor their development and LC-MS was
widely used it this context 12°. Albada’s group (Wageningen University, Netherlands) which is part of
the ITN TACT program, aimed at generating synthetic bispecifics upon a new bio-orthogonal click

chemistry.

2. Objectives
The aim of this chapter is to evaluate the capacity of the BioAccord LC-MS platform for the
characterization of more complex and larger bsAbs. Additionally, we aim to provide our collaborators
with a direct snapshot on the synthetized bispecifics through SEC-nMS analysis in order to better

optimize the click chemistry reaction.

3. Results

3.1 Bio-conjugation strategy

The studied bispecifics were obtained via a bio-orthogonal tyrosine-based click chemistry reaction
(Figure 54) aiming at conjugating two Fab fragments (trastuzumab anti-HER2: 48,332 Da or
muromonab anti-CD3 referred to as OKT3: 48,141 Da) to a deglycosylated anti-HER2 trastuzumab. The
final expected product are 2:2 HER2:HER2 (will be referred to Trastu:Trastu bsAb in this chapter) or 2:2
HER2:CD3 (will be referred to Trastu-OKT3 bsAb in this chapter) bsAb constructs, depending on the
used Fab fragment. Briefly, the trastuzumab is deglycosylated using peptide-N-glycosidase F (PNGase
F, 37°C, 16h, pH 7.4) to remove N-glycans. The deglycosylated mAb is then functionalized on each Fc
domain with one trans-cyclooctene (TCO) by subsequent treatment with mushroom tyrosinase (mTyr),
inducing the addition of a theoretical increment mass of 2x 535 Da (4°C, 16h, pH 5.5). This handle will

allow the attachment of Fab fragments to the intact antibody through bio-orthogonal click chemistry.
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Of note, the Fab fragments were prior re-bridged using a pyridazinedione (PD) construct 82 to provide

tetrazine handles to enable linkage with TCO handles.

A) BsAb formation upon bio-orthogonal tyrosine-click chemistry

145175 Da 146 244 Da 242525 Da 242909 Da
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Figure 54: Schematic representation of the development of bispecific antibodies (bsAb) through bio-orthogonal tyrosine-
based click chemistry. (A) BsAb formation reaction resumed in three steps: 1. deglycosylation of intact mAb using peptide-N-
glycosidase F (PNGase F), 2. Functionalization of the Fc part with trans-cyclooctene (TCO) handles using mushroom tyrosine
(mTyr) and 3. The attachment of the TCO-functionalized mAb to Fab fragments, prior rebriged using pyridazinediones (PD).
Fab fragments used are either from trastuzumab or OKT3 antibodies. The theoretical masses of the used TCO and Fab
fragments, along with the theoretical masses of the final products are represented on the scheme. (B) Structures of the
reagents used for bsAb formation namely TCO and rebriged Fab fragments.

3.2 SEC-nMS characterization of bispecific antibodies (bsAbs)

Initially, we tested our previously developed SEC-nMS method on the BioAccord platform upon
characterization of the Trastu-OKT3 bsAb as an example, in comparison to the reference
deglycosylated trastuzumab. The samples were analyzed using the Maxpeak SEC column (BEH 250 A
2.5 um, 4.6 x 150 mm column (Waters) using 150 mM ammonium acetate at pH 6.9 as a buffer. Cone
voltage and desolvation temperature were both fixed at 180V and 300 °C, respectively. Source
pressure was 1.4 mbar. As shown in Figure 55, the UV signal of the deglycosylated mAb exhibited one
single symmetric peak at ~4.33 min with (Main peak depicted as M, 100%, FWHM= 0.110 and As=
1.13). In contrast, the bsAb sample exhibited several peaks observed in the UV profile, with the main
peak (peak M) eluting slightly earlier at ~3.95 min and considerably larger in comparison to the
unconjugated sample (M, 78% FWHM = 0.271 min, As =2.56). This major peak presented a tailing at

~4.12, thus we could observe two regions (peak 2 and peak 3) probably due to the co-elution of
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different bsAb constructs (i.e. 2:2 or 2:1 Trastu-OKT3 bsAb, expectedly). In addition, several LMWS
(peak 4, ~5.43 min) and HMWS (peak 1, ~3.62) were observed in the bsAb UV profile.

Through direct nMS coupling, we were able to unambiguously reveal the mass of the deglycosylated
trastuzumab (145,175 + 1 Da, 1 ppm). Whereas for the bsAb sample, the identification was more
challenging. First, LWMS indicated presence of unbound OKT3 Fab fragment (48,143 £ 1 Da, 12 ppm).
Then, the major peak (peak 2) and the peak tailing (peak 3) corresponded to 2:2 (242,530 + 8 Da, 21
ppm) and 1:2 (194,386 + 4 Da, 18 ppm) bsAb constructs, respectively. However, the bsAbs isotopic
distribution was not fully observed due to the limited m/z range of the BioAccord (until 7,000 m/z).
This hampered the precise mass measurement of those species due to consideration of only few
charge states. Moreover, the HMWS observed in the UV signal were not identified in the MS because
they probably ionize at higher m/z range (>7,000 m/z), or because they do not ionize well compared
to the other species. Therefore, the results shown through bsAb analysis on the BioAccord platform
reveal the limitations of this instrument to characterize larger proteins (>150 kDa) with the SEC-nMS
approach. Those limitations could be tackled upon expansion of the m/z range to broaden the

BioaccoAd’s scope of applications in the future.

A) SEC-UV chromatogram B) Native MS spectra of main peak
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Figure 55: SEC-nMS analysis of deglycosylated trastuzumab (black) and Trastu-OKT3 bsAb (blue) on the BioAccord LC-MS
system. (A) SEC-UV chromatogram showing one unique species for deglycosylated trastuzumab while revealing different
species for the treated bsAb. (B) Native MS spectra of the main peak (peak M) for the deglycosylated trastuzumab (black) and
the different species named 1, 2, 3 and 4 observed in the bsAb sample.

95



Part II: Hyphenation of liquid chromatography to mass spectrometry for mAb-based products characterization

To get more informative mass measurement on the produced bsAbs, we next performed the same
analysis on the Synapt G2 where the m/z range is extended to 10,000 m/z. The deglycosylated
trastuzumab shows a homogeneous sample with a single peak at ~4.33 min. The TCO functionalized
trastuzumab exhibits two more peaks at ~3.52 min (7%) and ~3.77 min (22%) in addition to a major
peak (71%) at ~4.35 min. Interestingly, the UV signal of the formed bispecifics exhibited at least 4 peaks
each. For the Trastu-OKT3 bsAb, the major peak observed at ~3.95 min (54%) overlapped with a peak
tailing at ~4.12 min (32%). Similarly, the Trastu-trastu bsAb showed one major peak at ~3.97 min (54%)
that presented a peak tailing at ~4.12 min (24%). Although these two overlapped species are not
baselined resolved from the main species, a relative quantification was performed upon a Gaussian
fitting. Additionally, both samples exhibited peaks corresponding to LMWS at ~5.43 min (6% and 3%
for Trastu-OKT3 and Trastu-Trastu bsAbs, respectively). Finally, HMWS were observed around ~3.50
min (8% and 20% for Trastu-OKT3 and Trastu-Trastu bsAbs, respectively). The relative quantification
was based on the areas of the chromatographic peaks (Figure 56). Native MS revealed the identity of
each chromatographic peak (Figure 56). As expected, the main peak of the deglycosylated trastuzumab
sample corresponded to the monomer (145,175 + 1 Da, 1 ppm). For the TCO functionalized
trastuzumab, a mass of 146,246 + 1 Da (12 ppm) was observed for the main peak, in-line with the
attachment of 2 TCO handles (+ 2,148 Da). Trastuzumab-TCO (Trastu-TCO) sample showed additional
species with masses that corresponded to (Trastu-TCO); dimer (3.77 min, 292,495 + 8 Da, 23 ppm).
However, the species eluting at 3.52 min could not be identified in the MS probably due to insufficient
ionization. The major peaks in the conjugated samples (Trastu-OKT3 and Trastu-trastu bsAb)
highlighted the formation of 2:2 bsAbs mainly corroborating the conjugation of two Fab fragments to
one trastuzumab (242,530 + 8 Da, 21 ppm and 242,889 * 4 Da, 20 ppm for trastuzumab-OKT3 and
Trastu-Trastu bsAbs, respectively). Additionally, masses corresponding to 1:2 bsAb formats were
observed (Table 8). Similarly to Trastu-TCO, the HMWS in this case were not observed in the nMS
spectra; the latter were not observed on the BioAccord either due to the limited m/z range. Table 8

summarizes the masses of all the identified species.
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Figure 56: SEC-nMS analysis of trastuzumab samples obtained upon bispecific formation via bio-orthogonal tyrosine-based
click chemistry. (A) SEC-UV chromatogram of deglycosylated trastuzumab (black), Trastu-TCO (light blue), Trastu-OKT3 bsAb
(green) and Trastu-Trastu bsAb (dark blue). Relative quantification of each species is performed upon the integration of
chromatographic peak areas. (B) Native MS spectra of the major peak from each sample namely, monomer of deglycosylated
trastuzumab (black), monomer of Trastu-TCO (light blue), bsAb species of Trastu-OKT3 (green) and bsAb species of Trastu-
Trastu (dark blue). The experimental masses are provided with a standard deviation obtained from at least four different
charge states. The masses of other minor species are summarized in Table 8.

Beyond the accurate mass measurement of the different species, SEC-nMS results confirm the
formation of bispecifics upon the bio-orthogonal tyrosine-based click chemistry reaction developed by
Albada’s group. The analysis of size variants highlights the co-existence of different bispecific formats
ranging from 2:2 to 1:2 forms, paving the way to further optimization of the reaction conditions to

obtain more homogeneous bsAb products.
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Table 8: Masses of the identified species upon SEC-nMS analysis of deglycosylated Trastu, Trastu-TCO, Trastu-OKT3 and Trastu-
trastu bsAbs, showing the peak area and retention time of each species, along with the experimental masses compared to
theoretical ones.

Area Retention Experimental mass Theoretical mass Mass accuracy
(%) time (min) (Da) (Da) (ppm)

Sample Species

Deglycosylated

Monomer 100  4.33 145,175 +1 145,175 1
Trastu

N.A 7 3.52 N.A / /
Trastu-TCO Dimer 22 3.77 292,495+ 8 292,488 23
Monomer 71 4.35 146,246 + 1 146,244 12
N.A 8 3.62 N.A / /
Trastu-OKT3  1:2bsAb 54 3.95 242,530+ 8 242,525 21
bsAb 1:1bsAb 32 4.12 194,386 + 4 194,383 18
OKT3Fab 6 5.43 48,143 +1 48,142 12
N.A 20 3.53 N.A / /
Trastu-trastu  1:2bsAb 54 3.97 242,889 + 4 242,909 20
bsAb 1:1bsAb 24 4.12 194,586 + 2 194,575 18
TrastuFab 2 5.43 48,334+ 1 48,334 8

3.3 Mass photometry as additional tool

To determine the stoichiometry of bispecific binding, i.e. 1:2 or 2:2 bsAb constructs, mass photometry
(MP) 133134 could be used in complementary with SEC-nMS experiments to give a snapshot on the
reaction products through direct mass measurement, in native conditions. MP is based on
interferometric scattering microscopy (iSCAT); it measures the interference between the light
scattered by single particles and the light reflected by the measurement surface °®. The variation in
reflectivity of proteins corresponds proportionally to their molecular mass, thanks to their optical
properties and density uniformity. Consequently, the signal measured is directly correlated with the
protein’s molecular mass. The benefits of this technique were highlighted in literature upon
characterization of several proteins, in particular antibodies, antibody-antigen and antibody-receptor
interactions 3% 134 196197 The increased interest in this technique is mainly due to using low sample

quantities (100 pM — 100 nM) and analyzing samples in their storage/purification solution without
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prior buffer exchange. Moreover, a key point which is interesting in our case, is the wide mass range
that MP offers (up to 5 MDa), which could enable us to determine the identity of HMWS previously
unrevealed by nMS 3%, The MP analyses provided different profiles for each sample (Figure 57),
similarly to results reported earlier from SEC-nMS experiments. The deglycosylated trastuzumab
revealed one homogeneous distribution (100% of the sample counts) with a mass of 146 + 14 kDa, as
expected. Upon addition of TCO handles, three distinct distributions are observed, namely, 152 + 21
kDa corresponding to TCO functionalized trastuzumab, 306 £ 29 kDa which is in-line with the Trastu-

TCO dimer mass and an additional species that could correspond to Trastu-TCO trimer (464 + 31 kDa).
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Figure 57: Mass photometry (MP) results of products obtained during development of bispecific antibodies through biogenic
tyrosine-based click chemistry. (A) Profile of deglycosylated trastuzumab using PNGase F leading to one homogeneous species
with mass corresponding to monomeric trastuzumab. (B) Profile of TCO functionalized trastuzumab with three species
corresponding to monomer, dimer and trimer of (Trastu-TCO). (C) Profile of trastuzumab-OKT3 bsAb with major signal
corresponding to overlapping species of different bsAb forms (1:1 and 1:2) and minor signal corresponding to OKT3 Fab
fragments and bsAb dimer. (D) Profile of trastuzumab-trastuzumab bsAb with four species corresponding to trastuzumab Fab
fragment, 1:2 and 1:1 bsAb forms and finally bsAb dimer.
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The latter species was previously unassigned by nMS due to its high molecular weight, a hypothesis
that is further confirmed thanks to our MP results. The single particle count analysis allowed
quantifying 76%, 20% and 4% of the Trastu-TCO monomer, dimer and trimer, respectively, values that
are comparable with SEC-UV quantification (Table 9). We also evaluated our MP approach for the bsAb
constructs analysis, which resulted in the observation of three distinct distributions for the Trastu-
OKT3 bsAb sample; OKT3 unbound Fab fragment (69 + 23 kDa, 4%), bsAb 1:2, 2:2 or both constructs
(214 + 45 kDa, 79%) and bsAb dimer (399 * 58 kDa, 17%). The Trastu-trastu bsAb revealed similar
distributions with more distinguishable bsAb constructs namely; Trastu unbound Fab (45 + 15 kDa,
19%), 1:2 Trastu-trastu bsAb (202 + 17 kDa, 42%), 2:2 Trastu-Trastu bsAb (255 + 15 kDa, 32%) and
finally bsAb dimer (432 + 76 kDa, 7%). Based on MP results, each species was relatively quantified and
compared with nMS data as summarized in Table 9.

Table 9: Comparative quantification of species obtained during development of bispecific antibodies through biogenic
tyrosine-based click chemistry upon SEC-nMS and MP experiments. Relative quantification of SEC-nMS experiments is
obtained through the integration of peaks from SEC-UV chromatogram. MP relative quantification is based on the number of
counts. Both quantifications are overall comparable, with major signal corresponding to bsAb monomer forms at the end of
each reaction.

Relative quantification  Relative quantification

: NG
Species based on SEC-nMS (%) based on MP (%) (%)
Deglycosylated
Monomer 100 100 0
Trastu
Trimer 7 4 3
Trastu-TCO Dimer 22 20 2
Monomer 71 76 5
BsAb dimer? 8 17 9
Trastu-OKT3 2:2 bsAb 54
79 7
bsAb 1:2 bsAb 32
OKT3 Fab 6 4 2
BsAb dimer? 20 19 1
Trastu-Trastu 2:2 bsAb 54 32 22
bsAb 1:2 bsAb 24 42 20
Trastu Fab 2 7 3

Overall, MP offered mass measurement that could match with those obtained upon SEC-nMS

experiments. Moreover, the identity of some species, namely bsAb dimers and Trastu-TCO trimer was
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revealed uniquely upon MP analysis thanks to the wide mass range and the ability of analyzing low
concentration samples, contrary to nMS, which requires higher uM concentrations to enable the
characterization of proteins. Nevertheless, MP still encounters some limitations such as the lower
resolution compared to nMS. This is highlighted in the case of Trastu-OKT3 bsAb analysis, where
although the average mass is in agreement with nMS results, it could correspond to different bsAb
constructs possibilities (2:2 or 1:2 bsAbs). Moreover, both species could be co-existing within the
observed range (169-259 kDa) of the broad peak, however results afforded with SEC-nMS confirmed

the identity of these peaks, highlighting the synergy between both techniques.

In terms of relative quantification, our MP data were comparable in the case of deglycosylated

trastuzumab and trastuzumab-TCO with a neglected difference of relative quantity ranging from 0-5%.

However, in the case of the trastuzumab bsAbs, some differences were noticed. For Trastu-OKT3 bsAb,
only one peak was observed in MP that could correspond to different overlapping species and
therefore this species was estimated to 79%. Conversely, in SEC-UV, both species were separated (54%
and 24% for 2:2 and 1:2 bsAbs, respectively), therefore the sum of both species represents 86% of the
UV signal, which is comparable with MP data (+7% in the case of SEC-UV). Additionally, the bsAb dimer
was noticeably higher upon MP analysis (+13%) compared to SEC-UV. For Trastu-trastu bsAb, the bsAb
dimer (20% and 19% using MP and nMS, respectively) and the Fab (7% and 2% using MP and SEC-UV,
respectively) relative quantities were comparable for both techniques (19% and 20% using MP and
SEC-UV, respectively). However, using MP the 1:2 bsAb format was the most abundant (42% versus
24% for nMS) while the 2:2 bsAb was less abundant in MP (32%) than in SEC-UV (54%). These different
quantifications could be due to errors in Gaussian fitting during MP data processing. This limitation
could be overcome by screening different MP conditions (replicate analysis, different buffers or
different concentrations). However, during this project the majority of the samples were used for SEC-

nMS analysis as a matter of priority, thus MP was only evaluated in this context.

Overall, the high sensitivity (nM) of MP allowed to characterize the bsAb constructs in a
straightforward manner, along with the identification of HMWS thanks to the broad mass range. Albeit
the limited resolving power of MP prevented distinguishing between different bsAb conformations,
nMS fills this gap by confirming the identity of those species through accurate mass measurement

which overall highlight the complementarity of these two techniques.

4. Conclusions
In this chapter, we aimed at using the BioAccord LC-MS platform for the characterization of bispecific
antibodies. However, the limited mass range (until 7000 m/z) do not allow the observation of 1:2 and

2:2 forms of bispecifics that appear at higher m/z ranges, which makes the BioAccord an unsuitable
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system for the analysis of bispecifics in native conditions, for the moment. The experiments conducted
on a another ToF instrument (Synapt G2) coupled to SEC separation, allowed accurate mass
measurements for the identified size variants namely, deglycosylated trastuzumab, functionalized
trastuzumab and the different forms of trastuzumab bispecifics. Furthermore, SEC allowed the relative
quantification of the different species, which confirmed that the 2:2 bispecific construct was the main
species Moreover, we suggested here MP as a complementary technique to have a direct snapshot on
the bsAb constructs in their storage buffer, using sub-nM concentrations. MP and nMS both showed
several benefits and boundaries upon bsAb characterization, which makes their combination a key

point to assess the development of novel bsAb constructs.

5. Scientific communications
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J., Chudasama V., van Delft F. L. and Albada B. Rapid Access to Potent Bispecific T-cell Engagers with
Biogenic Tyrosine Click Chemistry. Bioconjugate Chem, 2023.
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Chapter 4: Development of a SEC-MS method in denaturing conditions (dSEC-

MS) for adapted and specific in-depth analysis of rebriged mAb-based formats

1. Analytical context
In the chapters discussed beforehand, we highlighted some of the interesting applications of native
mass spectrometry (nMS) coupled to non-denaturing chromatographic techniques, mainly SEC, for the
characterization of biotherapeutics. Indeed this approach evolved as a powerful tool for the
straightforward characterization of ADC/PDCs. However, for some specific conjugation strategies, it is
worth noting that routine and common LC-MS methods are not always suitable depending on the
required information. In this context, we focused our analytical development to investigate one of the
emerging site-specific conjugation strategies, disulfide rebridging reaction 8% 301 Thijs reaction
consists in reducing the solvent-accessible disulfide bonds of intact antibodies or Fab fragments in mild
conditions, followed by incorporation of one payload per disulfide bond upon covalent attachment

through a rebridging agent (Figure 58).

A) \ \ / .
& H " 4 ' :
5 , ) gy & N =
] o, T 0 P
N N g %
Reductlcm of
|ntercha|n disulfide Cysteine rebrldgmg
Naked mAb Reduced mAb Rebridged ADC
B) o P
\|/{N,,, =9
B Y .
@ \ Reduction of A D o 4 \
9 ————» O P o b
‘," interchain disulfide ‘\‘{z. Cysteine rebridging \
Naked Fab Reduced Fab Rebridged Fab

Figure 58: Conjugation of mAb subunits upon cysteine rebridging reaction following disulfide bridges reduction. (A) Schematic
representation of rebridged intact mAb formation leading to the incorporation of four payloads between heavy and light
chains of the antibody. (B) Schematic representation of Fab fragment rebridging leading to the incorporation of one payload
between the Fc and Fd subunits.

In fact, incomplete conjugations could lead to a mixture of covalently rebriged and unbound species
that are depicted in Figure 59, which requires the simultaneous detection of these species. To do so,
sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is the reference method to
reveal the approximative mass of the reaction products 8. However, it suffers from low resolution, low
mass accuracy and low sensitivity. Therefore, new approaches should be developed for a more

comprehensive characterization of these products.
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Figure 59: Incomplete conjugation of mAb subunits upon cysteine rebridging reaction following disulfide bridges reduction.
(A) Incomplete intact mAb conjugation leads to a mixture of by-products such as half mAb, mAb without 2 Lcs, mAb lacking
one Lc, Lc and Hc subunits. (B) Incomplete Fab fragments conjugation could lead to a mixture of by-products such as Fd with
one payload, Lc with one payload and unconjugated Fd and Lc subunits.

Schematic representation of incomplete rebridging of a reduced mAb leading to the development of heterogeneous products.

2. Objectives
In this chapter, we aim at developing a straightforward approach to monitor the optimization of a one-
pot reduction-rebridging reaction in collaboration with Chaubet’s group (University of Strasbourg,

France). This conjugation reaction aims at incorporating covalently one (in the case of Fab rebridging)

302

or four (in the case of intact mAb rebridging) hypervalent iodine (EBZ) molecules as payloads,

leading to a mass increase of +552 Da per rebridged drug incorporation. The EBZ reagent synthetized
by Waser’s group (EPFL, Switzerland), was used thanks to its ability to react through its two cysteine

reactive sites that have significant difference in their reactivity (Figure 60).
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Figure 60: Structure of the EBZ reagent used for the rebridging reaction of intact mAb and Fab fragments. The two cysteines
reactive sites react using SnAr addition (pink) and thiol-yne B-addition (green), respectively. In case of cleavage of the EBZ
reagent at the cleavable I-N and I-C bonds level, by-products could be obtained.
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We first illustrate the benefits and the limitations of classical LC-MS methods, particularly SEC-nMS
and RPLC-MS, to deeply characterize the resulted species. Afterwards, we propose an adapted dSEC-
MS method, combining the ability of SEC to separate size variants and the denaturing MS capabilities
to distinguish between covalent and non-covalent rebriged assemblies. Our all-in-one developed dSEC-
MS method aims at screening the optimal conditions for obtaining rebriged moieties along with the

assessment of the avDAR, DLD of the latter and the rebridging efficiency.

3. Results

3.1 SEC-nMS analysis as our go-to method for the characterization of rebridged formats

1) SEC-nMS of Fab fragments
Considering that SEC-nMS is our go-to method for the characterization of mAb-based biotherapeutics,
we used it for the analysis of the rebriged Fab and mAb samples. Of note, this study was performed on
two rebridged Fab fragments upon changing the storage solution of the rebridging reagent (Fab#A and
Fab#B) and one rebridged trastuzumab. The conditions are summarized in Table 10.

Table 10: Summary of the reaction conditions used for the one pot reduction-rebridging of Fab-A, Fab-B and rebridged
trastuzumab. The changed parameters are highlighted in different colors or in bold letters showing changes in mainly EBZ
reconstitution buffer. The quantities of EDTA and TCEP are adjusted for rebriged intact trastuzumab.

80 pg Fab-Trastuzumab in BBS* was reacted with 5 equiv. EBZ (in 10 mM
Fab#A DMSO solution) and 5 equiv., TCEP (in 15 mM H0 solution) and was
incubated at 37 °Cfor 5 h

80 pg Fab-Trastuzumab in BBS* was reacted with 5 equiv. EBZ (in 10 mM
Fab#B ACN solution) and 5 equiv. TCEP (in 15 mM H,0 solution) and was
incubated at 37 °C for 5 h.

100 pg Trastuzumab in BBS* was reacted with 10 equiv. EBZ (
Rebriged trastuzumab ) and 10 equiv., TCEP (in 15 mM H,0 solution) and was
incubated at 37 °C for 5 h.

*BBS buffer contains: 25 mM H3BOs, 25 mM NaCl, 2 mM EDTA, pH 8.0

SEC-UV signal of unreacted Fab and rebridged Fab samples show similar profiles. Peak | was identified
as a dimeric aggregate (~90 kDa) and the most intense peak (peak Il) was attributed to the monomeric
forms of Fab with D1 and DO species being detected for both Fab#A and Fab#B. Although the D1 species
is the most intense population (48192 + 1 Da and 48188 + 1 Da for Fab#A and Fab#B, respectively) in
both cases, D1/D0 relative intensities are significantly different, leading to different avDAR values for
Fab#A (0.8 + 0.0) and Fab#B, (0.5 + 0.0), thus corroborating that the different reaction conditions do
not lead to the same degree of conjugation. Of note, an additional minor species is observed,

corresponding to a truncated form of the Fab domain (-KTH residues in the C-terminal side of the Fd
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domain) due to trastuzumab papain over-digestion (depicted as a grey circle in Figure 61, 47 271 1
Da, 47 274 + 1 Da and 47 275 £ 1 Da for untreated Fab, Fab#A and Fab#B, respectively). Considering
the relative intensities of D1/D0, a rebridging yield of 79 + 1% and 55 + 5% was calculated for Fab#A

and Fab#B, respectively.
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Figure 61: SEC-nMS analysis of unreacted Fab (black), rebridged Fab#A (blue) and rebriged Fab#B (green). (A) SEC-UV signal
showing one major peak at 5.3 min with a neglected peak at 4.7 min, same profile is observed for the three samples (B) The
corresponding native MS spectra of the main identified species based on the UV signal that corresponds to monomer of Fab
fragments. Unconjugated Fab annotated as DO is observed for the three samples, with Fab lacking KTH amino acids (-366 Da,
theoretically) due to over-digestion. Fab with one payload (+550 Da, theoretically) annotated as D1 is observed in case of
Fab#A and Fab#B, as expected. The avDAR of the conjugated Fab fragments is shown. (C) Drug load distribution based from
the native MS spectra of each sample. The standard deviation of the avDAR and DLD values is calculated from triplicate
analysis.

2) SEC-nMS of mAb samples
SEC chromatogram of untreated and rebriged trastuzumab revealed two peaks (Figure 62A). Peak |
was attributed to the dimer (~290 kDa), while the most intense one (peak Il) was identified as the
monomer. The rebriged trastuzumab peak is slightly shifted to a higher retention time and show a
higher peak width peak (FWHM = 0.1 min for unreacted mAb and FWHM = 0.2 min for rebridged mAb),
in line with what was prior described in the literature when comparing the SEC between an ADC and
its unconjugated mAb counterpart. This is explained by the fact that the conjugated molecules results
in increased hydrophobicity of the targeted ADC, thus increasing non-specific interaction between the

analyte and the stationary phase of the column.

The corresponding nMS spectra of the main species reveal a single species for naked trastuzumab (145
864 + 2 Da) and at least four species for conjugated trastuzumab, with masses correlating with D1, D2,
D3 and D4 species. The relative intensities lead to an avDAR value of 2.5 £ 0.1. Note that the reaction
aimed at conjugating four payloads (i.e. avDAR of 4.0 expected). Therefore, the results pinpoint to an

incomplete rebridging reaction (Figure 62B, 27C).

106



Part Il: Hyphenation of liquid chromatography to mass spectrometry for mAb-based products characterization

e D1: 146,425 £ 5 Da:
D2: 146,976 £ 3 Da

A) SEC-UV signal B) Native MS spectra C) Drug load distribution
Trastuzumab 8¢
°
Rebridged trastuzumab 145,86412Da
60
£
£40 I
28+ é 20 - F
2

D3: 147,530*2Da 0

m 'MJ! W\) [ D4: 148,082 + 4 Da DO DI D2 D3 D4
L L
W I | \‘ N
— [ "._"‘ \«.‘ / W "‘\*“ Tw'"»u‘*""’vwm
1.5 4.0 45 50 4500 5000 5500 6000 6500
time (min) m/z

Figure 62: SEC-nMS analysis of unreacted trastuzumab (black) and rebridged trastuzumab (blue). (A) SEC-UV signal shows
one main peak in both cases around 4.3 min and a minor peak at 3.7 min. (B) The nMS spectra of the main identified species
that corresponds to monomeric trastuzumab. For the untreated trastuzumab one species is observed corresponding to DO as
expected. The nMS spectra of rebriged trastuzumab reveals four masses corresponding to D1, D2, D3 and D4 species
highlighting the partial incorporation of four drugs. The avDAR value of 2.5 confirms the heterogeneous conjugation of four
drugs instead of exclusively producing a D4 species. (C) Drug load distribution of the conjugate trastuzumab based on nMS
spectra showing the relative intensities of D1-D4 species with D2 species being the most intense, in-line with the avDAR value.
The standard deviation of the avDAR and DLD values is calculated from triplicate analysis.

3) Conclusions
The results obtained upon SEC-nMS experiments allowed a straightforward characterization of
rebridged Fab/mAb and their conjugated counterparts, providing precise mass measurement of the
identified species along with avDAR and DLD assessment. Taking into account that the rebridging
reaction aims at covalently attaching subunits upon payloads incorporation, in case of insufficient
reaction, free subunits are expected. However, in native conditions, those moieties are not observed
probably to the fact that they are maintained by non-covalent interactions that are preserved in native

conditions.

3.2 RPLC-MS analysis of rebridged mAb-based formats

1) RPLC-MS of Fab samples
In order to investigate the co-existence of covalent and non-covalent species upon the rebridging
reaction of Fab and mAb samples, we performed RPLC-MS analysis as it is the most routine LC-MS
method in classical denaturing conditions. The combination of organic solvents with acidic pH, we are
able to induce the denaturation of the proteins studied, leaving only the strong covalent interactions

maintained.

Interestingly, this time the chromatographic profile of the conjugated Fab fragments showed three

different regions, with one major peak around ~12.87 min for both reacted Fab samples. The UV signal
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of the untreated Fab showed only two peaks at 12.71 min and 13.20 min. Mass deconvolution of the
identified peaks demonstrated the presence of only naked species for untreated Fab (DO and DO-KTH),
while a mixture of intact Fab fragments and free Lc and Fd species was highlighted in the case of Fab#A
and Fab#B samples, as expected (Figure 63, Table 11). In fact, the unrebridged species in this case
correspond to Lc and Fd subunits conjugated to only fragments of the payload (Figure 64).

Furthermore, the relative intensities of DO/D1 species based on the MS spectra of conjugated species,
allowed the calculation of comparable avDAR values than those obtained through SEC-nMS

experiments (0.8 £ 0.0 and 0.6 0.8 £ 0.0 for Fab#A and Fab#B, respectively).
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Figure 63: RPLC-MS experiments of untreated Fab (black), Fab#A (blue) and Fab#B (green). (A) UV signal showing one peak
for untreated Fab with a minor peak shoulder due to presence of over-digested Fab species. The conjugated Fab#A and Fab#B
exhibit more peaks resumed in three regions with major peak corresponding to intact Fab species. (B) The corresponding MS
spectra of the most intense peak i.e. the peak corresponding to intact Fab species centered on the charge state 36+. The
spectra reveal masses of unconjugated Fab in the three cases, with an additional mass corresponding to D1 species for Fab#A
and Fab#B. Average DAR values are calculated based on the intensities of four charge states and the standard deviation of
the avDAR was calculated from triplicate analysis.
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Table 11: Peak identification for untreated Fab, Fab#A and Fab#B based on RPLC-MS analysis. The retention time of the peaks
observed in Figure 28 is indicated here. The identities of all species are confirmed by the observed masses that is comparable
to the expected mass. Mass accuracy is calculated based on the difference of error between experimental and theoritical
mass. The standard deviation of the observed mass is obtained upon mass detection from different charge states.

Peak Observed rt(min) Species Observed mass (Da) Expected mass (Da) Mass accuracy (ppm)
Untreated 1 12.71 Fab DO 47,638.9+0.4 47,637.1 37
Fab 2 13.20 Fab - KTH 47,272.510.6 47,270.9 33
1 10.77 Lc 23,439.3+0.2 23,439.0 12
2 11.57 Lc+457 Da 23,896.5+0.2 23,896.0 19
Fab DO 47,638.5+0.2 47,637.1 28
3 12.87
Fab#A Fab D1 48,190.8 £ 0.2 48,189.1 34
4 13.02 Fab-KTH 47,272.0+£0.2 47,270.9 22
Fd+93 Da 24,293.5+0.5 24,293.1 15
5 13.20
Fd+457 Da 24,658.3+0.8 24,657.1 49
1 10.72 Lc 23,439.8+0.1 23,439.0 32
2 11.53 Lc+457 Da 23,896.8 £ 0.2 23,896.0 33
Fab DO 47,639.2+£0.2 47,637.1 43
3 12.85
Fab#B Fab D1 48,191.2+0.2 48,189.1 42
4 13.00 Fab-KTH 47,272.5+0.5 47,270.9 34
5 13.90 Fd+93 Da 24,293.6+1.2 24,293.1 21
' Fd+457 Da 24,658.0 +0.2 24,657.1 35

\ TCEP, Rebridging agent N A N
\‘\;o + \\ “ \

Naked Fab Fab DO Fab D1 Fd fragments LC fragment LC
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Figure 64: Scheme of incomplete rebridging of a Fab fragment with the actual different rebriged and by-products obtained
upon incorporation of one EBZ reagent, showing the rebriged D1 obtained with presence of DO and the different subunits
conjugated with fragments of the payload. The exact masses are shown in Table 6.

2) RPLC-MS of mAb samples
Similarly to mAb samples, the UV signal of rebridged trastuzumab was more informative than in native
conditions as it reveals additional signals, while one unique chromatographic peak at 13.30 min is
observed for intact trastuzumab (Figure 65). The identity of each species was further revealed by MS,
which is summarized in Table 12. Albeit here we could prove the co-existence of rebridged
trastuzumab species with unbound subunits, the relative quantification of these species remain a

challenge as many of them overlapped due to their similar hydrophobicity.
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A) UV signal B) MS spectra of main peak
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Figure 65: RPLC-MS experiments of unreacted trastuzumab (black) and rebridged trastuzumab (blue) (A) UV signal of the
unreacted trastuzumab showing one major peak at 13.30 min while the profile of rebriged trastuzumab exhibits additional
minor peaks before the main peak at 13.35 min. (B) The MS spectra of the most intense peak of unreacted trastuzumab
revealing a mass corresponding to DO species. In case of rebriged trastuzumab a mixture of overlapped species is observed
corresponding to trastuzumab lacking the light chain (~50 kDa), half trastuzumab (~75 kDa) and intact trastuzumab (~145
kDa) species. The exact masses are noted in Table 7.

Table 12: Peak identification for untreated intact trastuzumab and rebridged trastuzumab based on RPLC-MS analysis.

Peak Observed rt(min) Species Observed mass (Da) Expected mass (Da) Mass accuracy (ppm)
Trastuzumab 1 13.30 mAb DO 145,864.8 + 0.6 145,865.2 3
1 10.75 Lc 23,439.9+0.1 23,439.0 35
11.53 Lc+457 Da 23,896.9+0.1 23,896.0 35
2Lc DO 46,877.9+0.4 46,878.1 5
121> 2Lc D1 47,430.2+0.4 47,428.1 45
mAb/2 D2-(LC+457 Da)  50,143.0% 0.6 / /
) mAb/2 D1 73,488.6+1.0 73,486.6 27
t:‘i':l:'ig;:b mAb/2 D2 74,041.0 0.3 74,038.6 32
mAb D1-2Lc 99,545.0+0.8 99,545.1 1
3 13.35 mAb D1-(Lc+457 Da) 123,070.4+0.8 / /
mAb D1 146,419.9+6.9 146,417.2 18
mAb D2 146,974.5+1.2 146,969.2 36
mAb D3 147,528.3+2.3 147,521.2 48
mAb D4 148,082.5+1.3 148,073.2 63
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3) Conclusions
Indeed, RPLC-MS experiments reveal more information than SEC-nMS regarding the conjugated Fab
and trastuzumab samples, highlighting the co-existence of covalently rebriged and free species.
However, the co-elution of several species due to their similar hydrophobicity makes it challenging to
estimate relatively the quantity of side-products, hampering the straightforward monitoring of the

reaction conditions.

3.3 Hybrid dSEC-MS for rebridged mAb-based formats characterization

Bearing in mind that the covalently rebridged and the free species could be distinguished only under
denaturing conditions, and taking advantage of SEC capabilities to separate those species based on
their hydrodynamic volume, we aimed at performing an adapted method based on SEC-MS coupling

in denaturing conditions (dSEC-MS).

1) State of the art and objectives
Historically, the first studies to report the hyphenation of SEC to MS aimed at characterizing antibodies
following their on-line buffer exchange for fast and precise mass measurement 333% |n another
perspective, a study reported the benefits of SEC-MS for the characterization of reduced mAbs to
obtain direct and precise mass measurement of the mAb subunits 3%. In fact, these experiments were
conducted under classical denaturing conditions using acidic organic solvents to achieve a good
separation along with ionization of the separated species in the gas phase. Long columns were used
employed to increase the separation efficiency and resolution. However, these conditions are not
really effective for high throughput experiments due to the time-consuming analysis and therefore

need to be optimized for the purpose of our analysis.

2) Optimization of LC and MS parameters
First and foremost, the choice of the SEC column has an important role of reducing the analysis while
keeping an effective separation. As the retention time decreases proportionally to the column length,
shorter columns might be better to increase the throughput of analysis, as well as the resolution is
sufficient. Therefore, some parameters could be compromised such as using lower particle size (sub
pum) and bio-inert columns for example. In this context, we evaluated two SEC columns using Fab#A as
a reference: the AdvanceBioSEC3 300A 2.5 pm 4.6 x 150 mm column (Agilent) and the bio-inert
Maxpeak Protein SEC 250A 2.5 pm 4.6 x 150 mm (Waters). For both experiments, the voltage cone and
desolvation temperature were fixed at 60V and 330 °C. Mobile phase was 20% ACN + 0.1 TFA + 0.1%

FA, in isocratic mode for 15 min at a flowrate of 100 mL/min.
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Although in both cases two main regions are detected, the UV profile was rather different. The peaks
observed when using the AdvanceBioSEC3 column were larger (FWHM = 0.635 min versus FWHM =
0.190 min for the Maxpeak, for the major peak). The Maxpeak provides better separation for the two
peak regions allowing a resolution of 5.8 (versus Rs = 0.73 for the AdvanceBioSEC3). Moreover, the
major peak is significantly asymmetrical when using the AdvanceBioSEC3 column (As = 3.9 versus 1.7
for the MaxPeak). For the second region, the observed peaks are large in both cases due to the

overlapping of two different species with similar size (~25 kDa) (Figure 66A).

The MS deconvolution confirmed the identity of each species, as it is shown in Figure 66B. The first
peak corresponds to a mixture of DO and D1 species of rebriged Fab in addition to a species
corresponding to over-digested Fab (Fab-KTH, depicted as a star in Figure 66B). The second regions
indeed correlates with overlapping species that could be separated thanks to the XIC signal. The
species correspond to unconjugated Lc, and also to Lc and Fd conjugated to fragments of the payload
(explained in Figure 64). Overall, the interactions between the analytes and the stationary phase of
the Maxpeak Protein SEC column seem to be reduced, which allow us to select this column for further

dSEC-MS analyses.
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Figure 66: Comparison of Maxpeak and Advancebio SEC columns upon dSEC-MS analysis of rebriged Fab#A fragment. (A) SEC-
UV signal of Fab#A sample using Advance BioSEC3 column from Agilent (top) and Maxpeak protein SEC column from Waters
(bottom). A decrease in peak asymmetry (As = 1.7) and increase of resolution (Rs = 5.8) are noticed when switching to the
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Maxpeak protein SEC column. Both columns exhibit three different distribution with one main peak and two over-lapping
species eluting later. (B) MS spectra of the identified species in the three regions observed in the UV signal. The first region
(grey) corresponds to a mixture of Fab lacking the KTH amino acids depicted as a star, unconjugated Fab (D0O) and Fab with
one payload (D1). The two overlapped regions (green and blue) correspond to a mixture of unconjugated and conjugated Lc
and Fd species to fragments of the payload. The fragment with a mass of 93 Da is depicted as a green star while the fragment
with a mass of 457 Da is represented in orange star.

3) Analysis of Fab and mAb samples
Performances and benefits of our optimized dSEC-MS method were obvious in case of comparing the
two Fab fragments resulting from different reaction conditions: Fab#A and Fab#B, as well as for the

rebridged trastuzumab analysis.

For the reference Fab sample, one sharp peak (FWHM = 0.19 min) is observed at 10.88 min on the
dSEC chromatogram corresponding to the mass of the Fab fragment (47,638.9 + 0.1 Da) co-eluting with
Fab-KTH species (47,273.3 = 0.3 Da). Interestingly, for Fab#A and Fab#B, three different peaks were
detected according to dSEC-UV signal (versus only one peak observed in SEC-nMS, Figure 67A). The
major peak for both samples (10.88 min) corresponds to co-elution of covalently rebridged Fab D1
species (48,190.8 £ 0.3 Da for both, Fab#A and Fab#B) and DO species (47,638.6 + 0.3 Da and 47,638.8
+ 0.3 Da for Fab#A and Fab#B, respectively). Fab-KTH species were also observed in this region
(47,272.0 £ 0.4 and 47,272.0 £ 0.6 Da for Fab#A and Fab#B, respectively). The dSEC separation shows
two partially resolved (Rs=5.8 and Rs= 5.5 for Fab#A and Fab#B, respectively) additional peaks for both
samples: peak 2 (~13.08 min) and peak 3 (~13.37 min) corresponding to Fd and Lc species, respectively.
The deconvoluted mass spectra for peak 2 pinpoints the co-elution of both unmodified Lc (23,439.5 +
0.2 Da and 23,439.6 + 0.2 Da for Fab#A and Fab#B, respectively) and Fd+93 Da fragment (24,292.3 +
0.5 Da and 24,292.6 + 0.5 Da for Fab#A and Fab#B, respectively) species. The peak 3 shows the
presence of half-rebridged species namely: Lc+457 Da (23,896.6 + 0.4 Da and 23,896.7 + 0.4 Da for
Fab#A and Fab#B, respectively) and Fd+457 Da (24,657.6 £ 0.3 Da and 24,657.7 + 0.5 Da for Fab#A and
Fab#B, respectively) (Figure 67B, C, D). The experimental masses and the relative intensities
corresponding to the Fab conjugates are overall in line with the masses reported with SEC-nMS, leading
to a very similar avDAR value (0.8 £ 0.0 and 0.6 + 0.1. for Fab#A and Fab#B, respectively). Similarly to
SEC-nMS, relative intensities of chromatographic peaks of intact Fab versus non-rebridged fragments
(such as Fd and Lc) could serve to easily approximate the ratio of covalent versus non-covalent
rebridged Fab. Therefore, upon integration of the chromatographic peak area of the fragments signals,
the signal corresponding to by-product species represents 11 £ 0% and 25 t 2% of the total signal for
Fab#A and Fab#B samples, respectively. However, as it can reasonably be assumed that Fab DO and D1
species have similar ionization efficiencies, D1 species represent 75 + 3% and 62 + 2% of the Fab main
peak area, respectively.

Performances and benefits of the dSEC-MS method were even more obvious for intact rebridged

trastuzumab analysis. While one unique peak is observed for untreated trastuzumab, dSEC-UV shows
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6 peaks corresponding to rebridging products of different sizes: intact mAb species (~150 kDa) are
baseline resolved from half-mAbs (~75 kDa), HC (~50 kDa) and Lc (~25 kDa) species, which significantly
improves the ease of data interpretation (Figure 67E). The most intense peak was assigned mainly to
different intact rebridged trastuzumab species (from D1 to D4) with an avDAR of 2.5 + 0.1 (Figure 67F,
G), similar to the value calculated with the previous LC-MS methods. Of note, the chromatographic
peak of rebridged trastuzumab is slightly larger compared to the reference trastuzumab (FWHM =0.35
min versus 0.23 min for reference mAb). In this case, the peak broadening is caused by the co-elution
of structures where either one (~123 kDa, mAb D1 lacking the fragment (Lc+457 Da)) or two Lcs (~99
kDa, mAb D1 lacking 2Lcs) have been released as a result of an incomplete rebridging reaction. This is

consistent with the detection of free Lc species (11-14 min) (Table 4).
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Figure 67: dSEC-MS analysis of reference Fab (blue), Fab#A (pink) and Fab#B (green). (A) Overlay of the UV-SEC signals of the
three samples. The right side of the figure represents the corresponding mass spectra of each sample with (B) the zoom on
the charge state 30+ for the Fab peak (~10.8 min), (C) zoom on the 14+ for the second peak (~12.9 min) and (D) is the zoom
on 14+ for the last peak (~13.3 min). (E) SEC-UV profiles in denaturing conditions of naked trastuzumab (blue) and rebridged
trastuzumab (pink). Peaks from 1 to 6 represent the different observed species with their corresponding masses detected
further in the MS and summarized in table S3. (F) Mass spectrum of the intact rebridged mAb species zoomed on the 48+ and
(g) represents the drug load distribution of the intact rebridged mAb.
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However, in our dSEC-MS conditions, the peak representing the intact trastuzumab species is
noticeably less complex to its counterpart in RPLC-MS analysis. This is due to non-overlapping half-

mAb nor free Hc with intact mAb species (Figure 68).

Although this sample is very challenging due to its high heterogeneity, our method could clearly assign
the avDAR along with the DLD of the full rebridged trastuzumab. More importantly, we could relatively
quantify the covalent rebridging efficiency even if it is tricky to separate the mAb, the mAb-2Lc and the

mAb-Lc, leading to monitor the reaction of intact trastuzumab rebridging.
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Figure 68: Overlay of MS spectra corresponding to intact trastuzumab signal after rebridging reaction, analyzed using (A)

RPLC-MS showing the co-elution of 3 different species, and (B) dSEC-MS showing mostly one distribution corresponding to
the intact mAb.
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Table 13: Peak identification for untreated Fab, Fab#A and Fab#B, intact trastuzumab and rebridged trastuzumab based on
dSEC-MS analysis. The retention time and identity of each peak in Figure 11 is indicated here. The mass accuracy is calculated
based on the error difference between the expected and the observed mass of each species.

Fab fragments

Peak Observed rt(min) Species Observed mass (Da) Expected mass (Da) Mass accuracy (ppm)

Untreated 1 10.88 Fab - KTH 47,273.3+0.3 47,270.9 51

Fab Fab DO 47,638.9+0.1 47,637.1 38

Fab - KTH 47,272.2+0.4 47,270.9 27

1 10.88 Fab DO 47,638.6 £ 0.3 47,637.1 32

Fab D1 48,190.8 £ 0.3 48,189.1 35

Fab#A ) 13.08 Lc 23,439.5+0.2 23,439.0 22

Fd + 93 24,292.3+0.5 24,293.1 33

3 13.37 Lc+ 457 Da 23,896.6+0.4 23,896.0 24

Fd + 457 Da 24,657.6+£0.3 24,657.1 19

Fab - KTH 47,272.0+0.6 47,270.9 24

1 10.88 Fab DO 47,638.8+0.3 47,637.1 36

Fab D1 48,190.8 £ 0.3 48,189.1 35

Fab#B Lc 23,439.6£0.2 23,439.0 24
2 13.08

Fd +93 24,292.6 £ 0.5 24,293.1 20

3 13.37 Lc +457 Da 23,896.7+0.4 23,896.0 28

Fd + 457 Da 24,657.7 £ 0.5 24,657.1 26

Peak Observed rt(min) Species Observed mass (Da) Expected mass (Da) Mass accuracy (ppm)
Trastuzumab 1 8.50 mAb DO 145,867.2+£0.4 145,865.2 13
mAb D1 146,423.1£3.9 146,417.2 41
mAb D2 146,972.9£0.8 146,969.2 25
1 8.62 mAb D3 147,527.2+1.1 147,521.2 41
’ mAb D4 148,080.8 £ 2.0 148,073.2 51
mAb D1-2Lc 99,543.1+0.7 99,545.1 20
mAb D1-(Lc+457 Da) 123,072.7 £ 1.5 / /
Rebridged

mAb/2 D1 73,486.5+0.7 73,486.6 2

trastuzumab 2 9.58
mAb/2 D2 74,038.7 £ 0.5 74,038.6 1
3 10.50 mAb/2 D2-(LC+457 Da)  50,140.9+ 1.1 / /
2Lc DO 46,877.0£ 0.6 46,878.1 24

4 11.01
2Lc D1 47,429.1+1.0 47,428.1 22
5 13.10 Lc 23,439.3+£0.3 23,439.0 10
6 13.52 Lc+457 Da 23,896.4+0.3 23,896.0 16

4. Conclusions
In this chapter, we demonstrate the complementarity of LC-MS methods to decipher the challenges of
rebriged mAb-based products characterization. In one hand, SEC-nMS allow a straightforward

characterization of rebriged species providing an information about the avDAR and the DLD, yet fails
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to distinguish between covalently rebriged and non-covalently maintained species. On the other hand,
classical RPLC-MS in this case, completes the information by differentiating between fully rebriged
mAb/Fab and rebridging by-products (mAb/2, Lc, Hc, Fd). However, the species with similar
hydrophobicities tend to co-elute which hampers their identification. Consequently, our developed
dSEC-MS method offers an all-in-one avDAR, DLD and rebridging efficiency assessment, thanks to the
combination of SEC capabilities to separate size variants and denaturing conditions to maintain only
strong covalent interactions. Moreover, with this study we demonstrate the benefits of cutting edge
bio-inert SEC columns, along with the compatibility of the developed method with the benchtop LC-

MS BioAccord system.
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Conclusions of Part Il

In the present part, the various uses of the benchtop BioAccord LC-MS system are discussed. This
provides an overview of the benefits and limitations of this instrument through the characterization of

newly developed mAb-based formats.

The coupling of non-denaturing liquid chromatography to native mass spectrometry has been widely
used in the context of mAb-based formats characterization, mainly those stemming from optimal
reaction conditions. However, a certain amount of expertise is required to perform those experiments,
not to mention the time-consuming optimization process of the different LC and MS parameters.
Therefore, monitoring the products stemming from a conjugation reaction of a specific mAb/protein
in development is a real challenge in this case. The BioAccord LC-MS system is a self-calibrated and
user-friendly benchtop system, which makes it convenient for analysis and data processing method
automation. In a first chapter, | have demonstrated the possibility to perform SEC-nMS and CEX-nMS
experiments through reference mAbs characterization. The SEC-nMS experiments allowed
demonstrating the robustness, sensitivity and reproducibility of the instrument. Although the ability
to perform CEX-nMS experiments is demonstrated, the reproducibility of this workflow could not be

proven now.

Upon the high throughput mAbs characterization using the automated SEC-nMS method on the
BioAccord, the same method was applied to characterize a large number of conjugates obtained
through Ugi conjugation reaction. The results highlighted in the second chapter, allowed screening
multiple reaction parameters to give the best avDAR and DLD values which highly suggests the
implementation of this automated SEC-nMS workflow in biopharma laboratories. Albeit, when
analyzing smaller proteins in native conditions such as Anticalins, the denatured form of the protein is
observed due to the low pressure in the source that is a fixed parameter. This limitation could be
tackled by inserting a modulating system at the primary pump level, to regulate the pressure in the

interface region.

Bispecific antibodies (bsAb) are also mAb formats that draw the attention of biopharma companies for
their use in cancer therapy; | wanted therefore to evaluate the adaptability of the BioAccord for these
systems characterization through SEC-nMS analysis. In the third chapter, | showed one of the main
drawbacks of the time of flight MS on the BioAccord which is the limited m/z range that reaches up to
7,000 m/z only, where we barely start to observe the first charge states of the bsAb 1:2 form. Later on,
the same experiments on the Synapt G2 reveal the formation of 1:2 bsAb forms with hallmarks of free
species and 1:1 bsAb forms. SEC-UV here is a powerful tool to quantify relatively each species and give
an idea on the efficiency of the reaction, and native MS allow the precise mass measurement of the

products while preserving the non-covalent interactions. Moreover, | have evaluated MP, which
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requires far less quantity and time of analysis, while obtaining similar results from those of SEC-nMS.
Albeit the mass resolution is lower than in mass spectrometry, in my opinion, it is the best technique
to screen the reaction conditions to confirm the bsAb formation, before confirming its exact form with

more resolutive MS experiments.

The final chapter emphasizes the ability of the BioAccord LC-MS system to perform method
development while comparing with other methods, in a short amount of time. Herein, | presented a
new method (dSEC-method), this time under denaturing conditions, suitable for characterizing
rebridged mAb-based formats. The screening of different parameters mainly the choice of the column
allowed selecting the Maxpeak Protein SEC sub-3um column (Waters) for its bio-inertness benefits.
Moreover, the comparison of this hybrid technique with methods used routinely in biopharma (namely
SEC-nMS and RPLC-MS), allowed to demonstrate its benefits for the assessment of CQAs through
precise mass measurement. Table 14 resumes the beforehand mentioned pros and cons of the
BioAccord LC-MS system.

Table 14: table resuming the benefits and limitations of the BioAccord LC-MS system.

Cons X

User-friendly (training in hours) Many parameters couldn’t be changed

Unfolding of native structures due to low
Self-calibrated (once a week)
interface region pressure (Pi= 2 mbar)

High throughput SEC-nMS experiments of
Limited m/z range until 7,000 m/z
10 mAbs in less than 1 hour

High throughput CEX-MS experiments of 10 CEX-MS results couldn’t be benchmarked

mAbs in less than 3 hours using different mAbs

Adapted for SEC-MS in native and

denaturing conditions

In fact, a considerable part of my experiments in this part, focused on the implementation of high-
throughput SEC-nMS for the characterization of ADCs and PDCs. Simply because the latter is the go-to
method to allow a prompt buffer exchange followed by precise mass measurement of mAbs/proteins.
This allows us to confirm whether the drug conjugation occurred or not through avDAR and DLD
assessment. However, to determine the specific site of conjugation, it would be necessary to go further

and characterize the primary structure of the ADCs/PDCs through fragments characterization.

119






Part lll: Top- and middle-down MS
approaches for mAb-based products

characterization

121



122



Part lll: Top- and middle-down MS approaches for mAb-based products characterization

Chapter 1: Implementation of a middle-down MS approach for mAb
characterization

1. Analytical context
The common structural MS approaches (such as Native SEC-MS, Part Il), used for the characterization

of mAb-based formats 2012

, provide us with exceptional information about the different variants
(charge, size, and hydrophobic), the conformational heterogeneity, the dynamics, and the interaction
between these proteins 719 121,123, 125127, 306 Hgwever, it is still necessary to investigate deeper the
protein sequence to gain information at the primary structure about the different modifications, and
the localization of cargo molecules in the case of ADCs for instance. For this purpose, bottom up MS
(BU-MS) approaches (i.e., peptide mapping) have been developed for the characterization of released
peptides upon an extensive proteolysis of mAbs, and ADCs %397 These LC-MS assays are always
required by the FDA to ensure the safety and the efficacy of biotherapeutics before their market
release since those modifications can alter the physicochemical properties of the proteins, and then
their safety and efficacy. The time-consuming sample preparation and the introduction of artifacts
upon enzymatic digestion are considered bottleneck of BU-MS approaches. Additionally, the difficulty
to correlate the information obtained at the peptide level with that obtained at the intact level is a
major drawback, especially for ADCs characterization where BU-MS fails to provide valuable
information such as the avDAR and the DLD. All these reasons along with the fragmentation of the
labile modifications (glycans, payloads... etc.), were the main reasons to give rise to alternative
techniques such as top-down MS (TD-MS) . Since TD-MS relies on the fragmentation of intact
proteins, it allows the correlation between the intact mass of the protein (MS1) and its fragmentation
spectrum (MS2). Therefore, the different sequence variants identified and characterized from
fragment ions can be straight linked with the intact structure of the protein giving access to the spatial
information of sequence modifications. Nevertheless, MS/MS fragmentation of intact proteins is not
trivial for several reasons. On the one hand, the fragmentation efficacy decreases with the size of the
protein, being particularly challenging when proteins with greater MW than 30 kDa are studied 2242,
On the other hand, fragmentation spectra are extremely complex and overcrowded, with multiple
overlapping and unassigned fragments. For all these reasons, TD-MS experiments require versatile MS
platforms with high-resolution and mass accuracy capabilities to, at least, partially overcome these
limitations. The latter is the only approach that preserves the structural protein characteristics while
providing specific fragments that correlate with the intact mass, which makes it a suitable approach
for mAb-based formats identification. Reducing mAbs to small ~25 kDa subunits using a digestion in
mild-conditions (middle-down MS, MD-MS)?> 30, 119, 208,215 ¢q|d undoubtedly help achieving efficient

fragmentation (~50% sequence coverage of the subunits using Electron-transfer dissociation (ETD) and
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~70% when using Electron-Transfer/Higher-Energy Collision Dissociation (EThcD)), yet 100% of the
sequence coverage is never achieved (Figure 69). The present chapter represents an attempt to reach
higher sequence coverage in single runs of reference mAb (trastuzumab) using existing dissociation
techniques on a state-of-the-art mass spectrometer: Orbitrap Eclipse™ Tribrid™ MS (Thermo Fisher

Scientific).
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Figure 69: Representation of top-down (TD), middle-down (MD) and bottom-up (BU) mass spectrometry (MS) approaches for
the characterization of monoclonal antibody (mAb). The first upper panels describe the no sample preparation required for
TD-MS, the controlled and limited sample preparation performed for MD-MS analysis of small ~25 kDa subunits (Fc/2, Lc and
Fd) or the extensive sample preparation needed for BU-MS experiments of digested small peptides. The middle panel depicts
the LC-MS/MS analysis of the resulted samples and the lower panel cites the main advantages and/or limitations of each
approach.
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2. State of the art
The analysis of large proteins followed by their direct MS/MS fragmentation in the gas phase, to yield
the molecular mass of the protein as well as the detection of PTMs, was first reported by Mclafferty et
al. (1993). However, the first full article to refer to this technique as a “top down” MS approach, to
distinguish it from bottom-up proteomics, was described in 1999 2°, and since then it gained
tremendous interest in the MS field for protein characterization. These two steps techniques, resumed
in a MS1 (or simply MS) scan to provide intact mass measurement followed by an MS2 (or MS") step
to confirm the sequence, and characterize the sequence modifications of the selected precursor ion,
is complicated, especially for “relatively” large proteins (greater than 30 kDa 232%). Due to the higher
mass of large proteins, their degree of freedom increases as well and they can accommodate more
internal energy before undergo fragmentation. For these cases, the use of different fragmentation
parameters along with the use of complementary activation techniques is strongly recommended to
improve the characterization of the primary structure of proteins. Although different activation
techniques can be used to induce the fragmentation of molecular ions, the most popular
fragmentations in TD-MS approaches are collisional activation methods (Collision-induced dissociation
(CID) 27 3% Higher-energy collisional dissociation (HCD) 3%31%) and electron-based dissociation
techniques such as electron-transfer dissociation (ETD) 23 34 205 207-208, 219 gndq Electron-capture
dissociation (ECD) %7~ 218 223,261, 311) photo-dissociation approaches are also used such as Ultraviolet
Photodissociation (UVPD) with different wavelengths 3> 251 312 gnd infrared multiphoton dissociation
(IRMPD) 2% 313, Electron-driven and photo-dissociation approaches are well known to provide
extended protein backbone fragmentation with higher sequence coverage compared to slow-heating
activation techniques such as CID or HCD. Furthermore, these techniques have been reported to
maintain labile PTMs while improving the fragmentation of proteins with intra-chain disulfide bridges.
More recently, the use of photon-based techniques has been reported as promising, in particular UVPD
35,227, 247, 249-251, 312, 314315 9t 213 nm and 193 nm that generates a considerable amount of fragment ion

types leading to a more comprehensive characterization of proteoforms 2°%,

MADbs and derived proteins have been also subjected to TD-MS experiments. In these particular cases,
different fragmentation techniques have been included along with different experimental parameters
in order to boost the overall sequence coverage. 25205 208,218219,222 | fact, mAbs and ADCs are a real
challenge to fragment due to their high MW, and presence of multiple disulfide bridges that narrows
the fragmentation efficiency even with a combination of dissociation techniques. Thereby, more
efficient results with almost complete sequence coverage have been reported by using middle-down
MS strategies (MD-MS) 3% 219, |n this context, mAbs and ADCs are previously digested with enzymes

that degrade the mAb scaffold near the hinge region 316318 Normally, after this digestion, a reduction
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step is performed to avoid the presence of inter- and intra-chain disulfide bridges, and thus improving
the fragmentation efficiency of the ~25 kDa subunits. Under these conditions, sequence coverages
between 60-65% have been reported with electron-driven, photo-dissociation techniques, and
combining different activation techniques, respectively > 2830119, 208 A recent study conducted by
Dhenin et al. (2023) * highlighted the possibility of reaching near higher sequence coverage of mAb
products with a combination of experiments, thanks to fine tuning of several parameters. Beyond the
overall sequence coverage, TD-MS, and MD-MS experiments have proven their utility to localize the
position of several mAbs PTMs such as glycoforms 2> 28 128,160, 207-208, 215, 228,31 |4 addition, some groups
have focused their efforts in the characterization of disulfide bridges 2% 20> 207. 223 \yhen dealing with
mAbs or ADCs without any reduction step, either by managing to fragment the disulfide bridge and
therefore determining the involved cysteines, or by detecting fragments containing two cysteines
within a disulfide bridge upon UVPD fragmentation. Another main application of these approaches is
to decipher the conjugation site of ADCs 26?°, Here, the benefits of TD/MD-MS compared to BU
approaches lies in the ability of proving the DLD and the avDAR, along with the localization of the drug
site without the fragmentation of this latter. However, even at the subunit level (MD-MS), the
maximum sequence coverage is never 100% (maximum ~74% using EThcD) 2% 2% All the related
TD/MD-MS literature illustrate the need of a thorough optimization step including different
experimental parameters along with the use of alternative fragmentation techniques for an improved
characterization of proteins. Hence, TD/MD-MS approaches ideally need to be developed on versatile,

state-of-the-art mass spectrometry platforms with high-resolution capabilities.

3. Objectives
This chapter is dedicated to the optimizations of TD- and MD-MS approaches using the latest-
generation Orbitrap Eclipse™ Tribrid™ MS (Thermo Fisher Scientific), which includes different
fragmentation techniques (HCD, ETD, UVPD... etc.). In a first place, we aim at evaluating the instrument
by optimizing the TD-MS parameters using reference proteins (Myoglobin, Carbonic anhydrase). Next,
we intend for optimizing the MD-MS parameters for the characterization of a reference mAb sample

(trastuzumab) with assessment of the N-glycosylation PTM.

4. Presentation of the Orbitrap Eclipse™ Tribrid™ MS (Thermo Fisher Scientific)
The Orbitrap Eclipse™ Tribrid™ MS (Thermo Fisher Scientific) is one of the newest generation orbitrap
instruments designed in 2019 for a large scale of applications including top-down proteomics. This

mass spectrometer is composed of six different blocks (Figure 70):

e The ion source (lon Max NG type) with adjustable heated electrospray ionization (HESI) probe for

sample injection, with a section dedicated for fluoranthene anions (202.0 m/z) and
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perfluoroperhydrophenanthrene (PPP, 623.9 m/z) ions for ETD and Proton-transfer charge
reaction (PTCR), respectively.

e |on optics with a series of lenses to direct ions and focalize their transmission to the quadrupole
while preventing high-velocity clusters from entering.

e A quadrupole mass filter with ion transmission across 50-20,00 m/z range for efficient precursor
selection with an isolation width of 0.4-1,200 m/z.

e An orbitrap (OT) mass analyzer with a resolving power of more than 500,000 FWHM and MS"
acquisition rate up to 40 Hz at 200 m/z.

e The ion-routine multipole (IRM) where HCD dissociation occurs with a variable pressure from 0.5
to 20 mTorr, this part ensures efficient ion transfer between the Orbitrap, the IRM and the linear
ion trap (IT) analyzers.

e A modified dual pressure linear ion trap to enable MS" for ion detection in both IT and OT mass
analyzers. Multiple fragmentations can occur at this stage, including ETD, CID, EThcD and electron-
transfer/collision-induced dissociation (ETciD) in addition to PTCR reaction that occurs in the high
pressure cell. An extended front section is available where ETD and PTCR reactions happen. The
low pressure cell is dedicated for UVPD activation with a 213 nm UVPD laser delivering 1.2 pJ/pulse

at 2.5 kHz located at the back of the instrument.
The Orbitrap Eclipse™ Tribrid™ MS (Thermo Fisher Scientific) could be easily switched to native
conditions for the analysis of intact proteins, thanks to its capability to operate within lower IRM
pressure values and larger m/z range.
All the different possibilities provided by the system open numerous options to conduct TD/MD-MS
experiments, which means that the optimization of the experimental parameters will be critical for the

characterization of proteins.
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Figure 70: Schematic representation of the Orbitrap Eclipse™ Tribrid™ MS (Thermo Fisher Scientific) used for the TD-MD/MS
experiments. The scheme shows the ion path starting from the ion source, and passing through the ions optics to reach the
quadrupole. The ions isolated in the quadrupole or in the ion trap are further fragmented in the ion-routine multipole when
using HCD (blue) or in the dual linear trap when using ETD (red), PTCR (orange) or UVPD (green). The fragment ions and the
precursor ions are detected further in the orbitrap for their mass analysis. The reagents used for ETD (red) and PTCR (orange)
are depicted in the ion source with the corresponding color. The UVPD laser (green) is located at the back of the mass
spectrometer.

5. Optimization of TD-MS parameters on reference proteins
In a first step, we aimed at evaluating the MS and MS" parameters of the Orbitrap Eclipse™ Tribrid™
MS (Thermo Fisher Scientific) using Myoglobin from equine heart as a reference protein. Due to its
relatively small size (153 residues, 17 kDa) and its simplicity as it contains one single chain without any
PTMS, it can be considered as the ideal protein for our TD-MS optimizations. Upon fine-tuning of MS
parameters such as the resolution, the AGC target value, the maximum injection time... etc., the
obtained MS spectrum revealed a distribution of more than 12 charge states allocated in the 600-2,000

m/z range (Figure 71).
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Figure 71: MS spectrum of Myoglobin obtained from direct infusion through an ESI source. The distribution is centered on
the charge state 20+ which is the most intense ion, and the highly charged is the 24+.

5.1 Impact of the precursor ion

Taking into account that several fragmentation methods show a certain dependency on the charge and
intensity of the precursor ion %7, we evaluated this parameter by selecting the most charged (24+,
707.33 m/z) and the most intense (20+, 848.50 m/z) precursor ions for ETD, HCD and UVPD
fragmentation. Figure 72 illustrates the MS/MS spectra stemming from both precursor ions
fragmentation. HCD on the 24+ shows slightly more low abundant fragments compared to the 20+. On
the other hand, ETD exhibited significantly different fragmentation patterns resulting in higher
fragments number in the case of the 24+ fragmentation, whereas for the 20+ the charge reduction
products were predominant in the MS/MS spectra. The inset illustrating UVPD fragmentation was very
similar in the both cases. Unlike the other techniques, here the precursor ion remain very intense due

to its incomplete depletion, resulting in low abundance product ions.
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Figure 72: MS/MS spectra obtained upon TD-MS fragmentation of precursor ions 848.50 m/z charged 20+ (upper panel) and
707.33 m/z (bottom panel), using different fragmentation techniques: HCD (left, blue), ETD (middle, red) and UVPD (right,
green).
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The sequence coverage produced by HCD, ETD and UVPD varied also as the fragmentation patterns
changed. Cleavage residue based on HCD was slightly enhanced when choosing the 20+ as a precursor
ion, which increased the sequence coverage to 52% (versus 36% for the 24+), this shows a slight
preference for the most intense precursor ion. Indeed, an intense precursor ion will have higher S/N
ratio and will be result in distinguishable fragment ions products that are easily identified and thus
contribute in increasing the sequence coverage. Interestingly, the sequence coverage upon ETD
fragmentation jumped to 84% with a +13% increase when selecting the 24+ as a precursor ion, showing
a clear preference for the highly charged ion, which corroborates the fact that electron-transfer is
better achieved for highly protonated ions. Indeed, it was already demonstrated that the electron

transfer cross section is proportional to the square of the charge 212233,

Unlike these typical fragmentations, UVPD exhibited no charge state dependence where the
fragmentation remained similar in both cases (80% and 81% for 24+ and 20+, respectively), which
highlights the statistical fragmentation this technique provides. Overall, our results pinpoint to the

importance of the precursor ion’s choice that is a crucial step before any efficient fragmentation.
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Figure 73: Sequence coverage obtained upon TD-MS fragmentation of precursor ions 20+ (blue) and 24+ (red) using different
activation techniques: HCD, ETD and UVPD.

5.2 Impact of the fragmentation time/energy

Beyond the precursor ion’s choice, the fragmentation energy and the activation time are crucial
parameters to carefully consider before any TD-MS experiment. To emphasize this fact, we selected
several dissociation energies for HCD (10% nce, 20% nce and 30% nce), reaction times for ETD (2ms,
4ms and 8ms) and irradiation times for UVPD (10ms, 20ms and 40ms) for the fragmentation of the 24+
charge state. As depicted in Figure 74, each technique exhibits significantly different fragmentation
patterns, with a similar trend observed upon increasing the fragmentation time/energy. At lower HCD

normalized collisional energy, the precursor ion remains highly abundant with no or very few
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fragments observed, where increasing the energy increases the number of generated fragments. ETD
at lower reaction times exhibits mainly highly abundant charge reduction products, with a non-
neglected amount of low abundance fragment ions, which increased tremendously while increasing
the reaction time. Unlike what the other techniques showed, in the case of UVPD the precursor ion
shows less depletion even when increasing the irradiation time, which leads to generation of low
abundant fragment ions compared to the precursor ion. Here, it is worth noting that the number of
generated ions could not be directly aligned with the sequence coverage, as low mass and intensity
fragments ions are more likely to be missed during deconvolution and matching with the amino acid

sequence.
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Figure 74: MS/MS spectra obtained upon TD-MS fragmentation of the 24+ charge state using different normalized collisional
energies for HCD (left), different reaction times for ETD (middle) and different irradiation times for UVPD (right).

The sequence coverage results depicted in Figure 75 show prominent variations upon the different
activation techniques. HCD at lower energies exhibited less sequence coverage with the latter rising
linearly with the dissociation energy (37% maximum sequence coverage with 20% nce). However,
while low reaction times for ETD led to 84% sequence coverage, the extensive fragmentation that
resulted in higher MS/MS product ions did not provide additional information. This could be due to
the over-fragmentation of some ions of interest that lead to generating low abundance ions, which are
difficult to deconvolute and identify or to generating internal fragments. Thanks to the different
fragmentation and array of product ions obtained upon increasing the irradiation time for UVPD, we
were able to rise the sequence coverage to 80% upon 40 ms irradiation. In fact, while UVPD exhibits
no (or minimal) dependence on the charge state of the precursor ion, this particular technique shows
significant variations upon changing the laser pulse. However, as mentioned above, in UVPD we do not
expect complete precursor ion depletion thus upon increasing the irradiation time we will most

probably induce secondary dissociations.
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Figure 75: Sequence coverage of Myoglobin obtained upon the fragmentation of the 24+ using different energies for HCD
(10% nce, 20% nce and 30% nce), different ETD reaction times (2ms, 4ms and 8ms) and different UVPD irradiation times
(10ms, 20ms and 40ms).

5.3 Complementarity of the fragmentation techniques

The fragmentation patterns and the sequence coverage obtained upon each activation technique
exhibit clear differences. Even if HCD provides very low cleavage residue, other MS/MS data obtained
from ETD and UVPD compromise this. Indeed, after combining the results from the three experiments,
the sequence coverage of Myoglobine rose to 99% (with one single missed cleavage), which highlights
the complementarity of the different fragmentation techniques used. Figure 76 emphasizes this
deduction as it shows the distribution of the obtained fragment ions from each technique. While HCD
provides fragments that are mainly located in the C-ter and N-ter regions of the protein, ETD exhibits
a more rich fragment population located all along the protein backbone. Similarly to ETD, UVPD
fragmentation results in fragments located along the protein sequence, with high abundant ones

located in the central region with presence of multiple low abundance fragments.
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Figure 76: Distribution of C-terminal (red) and N-terminal (blue) residues along the Myoglobin amino acid sequence based
upon different fragmentation techniques: HCD (top panel), ETD (middle panel) and UVPD (lower panel)

5.4 Top-down of larger molecular weight proteins

In fact, obtaining 99% sequence coverage is more likely for such a small protein as Myoglobin, due to
the simplicity of the latter. However, larger molecular weight proteins are not expected to dissociate
with similar efficiency. In this context, the same experiments were performed on Carbonic Anhydrase
(29 kDa), which is a larger protein that contains 259 residues and one acetylation in its N-ter residue.
As the graph in Figure 77 shows, the difficulty of fragmentation of the largest protein are immediately
highlighted. This difference is even more pronounced when using ETD and UVPD which means more
reaction time is required for larger proteins. Of note, UVPD is expected to yield higher sequence
coverage than HCD, however in this experiment we did not search for neutral losses and internal
fragments that are often generated upon the fragmentation of large proteins. In addition, UVPD
fragmentation efficiency is highly dependent on the laser condition. Overall, these results clearly show
the impact of size and PTMs on the fragmentation efficiency, which means for our next mAb TD-MS
experiments an extensive optimization of the MS/MS parameters is required to reach the highest

sequence coverage along with PTMs assessment.
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Figure 77: Sequence coverage obtained upon fragmentation of Myoglobin (blue) and Carbonic anhydrase (red) using HCD,
ETD and UVPD in similar conditions. Total sequence coverage is depicted after combination of results obtained from the three
experiments.

6. MD-MS workflow for a comprehensive characterization of trastuzumab
To downsize our intact trastuzumab of ~150 kDa to ~25 kDa subunits, we performed a minimal IdeS
digestion followed by a DTT reduction prior to LC-MS analysis. One pg of the resulting sample was
injected through a MAbPac RP 4 um 1.0 x 1, mm column (Thermo Fisher Scientific) at a flowrate of 100
pL/min using a 10 min gradient. The RPLC step is mandatory in order to separate the different subunits
based on their apparent hydrophobicity before to their injection into the mass spectrometer. The
obtained chromatogram revealed three major species corresponding to the Fc/2, the Lc and the Fd
subunits, respectively. The corresponding mass spectra revealed the masses of each species; the Fc/2
subunit exhibited a mass of 25,235.37 + 0.01 Da for GOF/GOF glycoform centered on the 21+ charge
state, in-line with this subunit bearing the N-glycosylation modification. A mass of 23,443.09 + 0.01 Da
was measured for the light chain with a distribution centered on the 20+ charge and the last species
was attributed to the Fd subunit that showed a distribution centered on the 19+ with a mass of
(25,383.57 £ 0.01 Da). Overall, our LC-MS method provides accurate mass measurements (~ 2.00 ppm)

and confirmation of N-glycosylation of the Fc/2. (Figure 78)
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Figure 78: Middle-level RPLC-MS analysis of trastuzumab after Ides digestion and DTT reduction. (A) Total ion count (TIC) of
the resulted subunits eluting in their apparent hydrophobicity order: Fc/2, Lc and Fd subunits (from the least to the most
hydrophobic, respectively). The mass spectra and their corresponding measured masses are represented in the lower panel
are obtained for (B) Fc/2 subunit centered on the 21+ charge state, (C) Lc subunit centered on the 20+ and (D) Fd subunit
centered on the 19+. The depicted center charge states are the most intense.

With the aim of achieving maximum sequence coverage in single runs, along with the localization of

the N-glycosylation site, several parameters were finely tuned namely:

The fragmentation method along with dissociation energy or time
e In-source dissociation (iSD)

e Precursor ion choice, with or without multiplexing many precursor ions

Size of the isolation window of the precursor ion
The resulted fragments were deconvoluted using Xtract algorithm via FreeStyle software v1.8.51.0,
and the deconvoluted fragment ions were matched with the subunits sequences using ProSight Lite

vl.4.

6.1 Fragmentation method

In view of the fact that the fragmentation methods available on the Orbitrap Eclipse™ Tribrid™ MS
(Thermo Fisher Scientific) provide each a variety of fragment ion types, we decided to focus on the
evaluation of three main activation techniques namely HCD (providing b/y ions), ETD (providing ¢/z

ions) and UVPD that exhibits a diversity of fragment ions among which ¢/z, b/y in addition to a/x ions.
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a) Optimization of HCD normalized collisional energy (NCE)
Collisional dissociation-based methods are the most conventional techniques as they require relatively
lower reaction times and are easily implemented on commercial mass spectrometers. In particular,
HCD (20% NCE) outperformed classical CID (20% NCE) due to the variety of informative fragments it
provides, thanks to the higher energy it applies in a short time, which access more dissociation
pathways 313320, To evaluate this technique on our instrument, we used a normalized collisional energy
(NCE) by performing three experiments using 15% NCE, 20% NCE and 25% NCE. The results displayed
in Figure 79 show completely different fragmentation patterns when increasing the HCD NCE. While
lower energies give fewer fragments, increasing the energy rises significantly the number of fragments.
Interestingly, the three subunits respond in different ways as energy increases; the Fd seem to give

rise to more fragments than the Fc/2 and the Lc at similar energies
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Figure 79: Optimization of HCD normalized collisional energy (nce). The Fc/2 (left), Lc (middle) and Fd (right) subunits are all
subjected to different collisional energies: 15% nce (upper panel), 20% nce (middle pane) and 25% nce (lower panel). The
experiments have been performed after selecting 4 most abundant precursor ions which namely the 20+, 21+, 22+ and 23+
for the Fc/2, 19+, 20+, 21+ and 22+ for the Lc and 18+, 19+, 20+ and 21+ for the Fd subunit. Each HCD energy shows a different
fragmentation pattern with variable number of fragment ions.

In the present case, after matching the deconvoluted fragments to the subunits sequences, the results
were linear. Increasing the energy to 25% NCE helped reaching the maximal sequence coverage values,
with 13%, 26% and 21% for the Fc/2, the Lc and the Fd subunits, respectively (Figure 80). Of note, the
localization of the N-glycosylation site was taken into consideration when assigning the obtained
fragments to the Fc/2 amino acid sequence. This GOF glycan have already been studied in literature

321 and is expected to be located in the N61 position with an increment mass of +1,444.53 Da.
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Figure 80: Impact of varying HCD normalized collisional energy (nce) on the sequence coverage of the trastuzumab subunits.
The collision normalized energies are represented from lighter to darker blue for lower to higher reaction times, respectively.
The sequence coverage value (%) is represented in the center of the bars. The bar plot reveal higher sequence coverage at
25% nce and conversely the lowest ones are observed at 15% nce.

b) Optimization of ETD reaction time
ETD has been reported as the go-to method for the dissociation of mAb subunits, as it often showed
significant residue cleavage in short activation times (between 4-10 ms) by breaking the peptide
backbone to generate complementary c- and z- type ions to those obtained from collisional techniques
2829, 119,222 | this context, we evaluated three ETD ion-ion reaction times namely 2 ms, 4 ms and 10
ms for the fragmentation of the 4 most abundant precursor ions of each subunit (summarized in Table
15). Figure 81 shows that the obtained MS/MS spectra at each reaction time were significantly
different in term of fragmentation patterns, relative abundance of ¢/z fragment ions and background
noise, with similar behavior of all three subunits contrary to what was observed upon HCD
fragmentation. At lower reaction times (2 ms), few fragments were observed compared to higher
reaction times (4 ms and 10 ms). At 2 ms, the most intense ions correspond to the charge-reduced
species of the precursor ion. This phenomenon corroborates that few number of electrons have been
transferred to the precursor ions, leading to the charge reduction of the overall net charge with a
limited amount of fragment ions. This process is called ETnoD 32232, Conversely, when precursor ions
from the different subunits are subjected to longer reaction times (10 ms) the charge-reduced species
are no longer observed while the number of fragment ions appears to increase, leading to the
conclusion that the ETD reaction is more efficient with longer reaction times, as expected. Those ions

are the result of a series of re-fragmentation that reduces the size of fragments to smaller ones that
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could probably not be matched with the subunits sequences. Similar behavior was noticed for the

three subunits.

Table 15: The four selected precursor ions for each subunit (Fc/2, Lc and Fd) for ETD, HCD and UVPD fragmentations.

mAb subunit Selected precursor ions
Fc/2 1,262.87 m/z (20+), 1,202.76 m/z (21+), 1,147.94 m/z (22+) and 1,098.05 m/z (23+)
Lc 1,234.77 m/z (19+), 1,173.06 m/z (20+), 1,117.22 m/z (21+) and 1,066.52 m/z (22+)
Fd 1,411.06 m/z (18+), 1,336.93 m/z (19+), 1,270.63 m/z (20+) and 1,209.63 m/z (21+)
Fc/2 Lc Fd
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Figure 81: Optimization of ETD reaction time. The Fc/2 (left), Lc (middle) and Fd (right) subunits are all subjected to different
electron-transfer reaction times namely: 2 ms (upper panel), 4 ms (middle pane) and 10 ms (lower panel). The experiments
have been performed after selecting 4 most abundant precursor ions namely 20+, 21+, 22+ and 23+ for the Fc/2, 19+, 20+,
21+ and 22+ for the Lc and 18+, 19+, 20+ and 21+ for the Fd subunit. Each reaction time shows a different fragmentation
pattern with different number of fragment ions.

The residue cleavage obtained upon matching the deconvoluted data to the subunits sequences,
shows that the maximum sequence coverage (37%, 31% and 26% for Fc/2, Lc and Fd, respectively) was
obtained at 4 ms (Figure 82B), with confirmation of the N-glycosylation site at the N61 position. The
results corresponding to the longest reaction time (10 ms) did not provide an increase in the overall
sequence coverage as expected, but a decrease even when comparing with the lowest dissociation
time (2 ms). This is because the fragments were no longer informative as they are a result of over-
fragmentation or internal fragments that are not assigned. However, at the lowest reaction time (2
ms) comparable sequence coverage than at 4 ms was obtained, especially in the case of the Lc subunit,
which means that very few additional fragments from those deconvoluted, contributed to maximizing
the sequence coverage while increasing the reaction time. The fragmentation map of the Fc/2 shown
in Figure 82A, corroborates our hypothesis; when increasing the ETD reaction time we tend to

generate smaller fragments located in the N-terminal region of the sequence. The latter fragments are
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a result of consecutive dissociation of fragments of interest, which contribute to increasing the

sequence coverage.
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Figure 82: Impact of varying ETD reaction time on the sequence coverage of the trastuzumab subunits. (A) Impact of varying
ETD reaction time on the distribution of fragments along the Fc/2 sequence. C-ter residues are represented in red and N-ter
ones are in blue. (B) The reaction times are represented from lighter to darker red for lower to higher reaction times,
respectively. The sequence coverage value (%) is represented in the center of the bars. The bar plot show higher sequence
coverage at 4 ms reaction time, in contrast to 10 ms reaction time that exhibit lower sequence coverage.

Overall, these results clearly show that the optimization of ETD reaction time is at utmost importance
to aim to increase the sequence coverage. The fragmentation trend showed that maximum sequence
coverage is achieved between 2 and 4 ms, with 4 ms giving significantly higher sequence coverage for
the Fc/2 and Fd subunit, along with assessment of the N-glycosylation site on the Fc/2 chain. In
addition, the overall appearance of the MS/MS spectra should be interpreted carefully, as even when
there is charge-reduction ions the sequence coverage is still significant. Altogether, these results

enabled us to select 4 ms as an optimal reaction time for further optimizations.

c) Optimization of UVPD reaction time
With the same intention, we tested different reaction times for 213 nm UVPD to select the most
suitable irradiation time. UVPD capabilities for covering more than 50% of proteins sequence have
been demonstrated in several prior studies 2 3222250, 312 Hawever, as each UVPD experiment shows
a different cleavage propensity, many experiments are often combined to reach maximal sequence
coverage values thanks to the combination of all obtained fragments. In our case, we wanted to

understand more, which parameters affect this fragmentation starting by the UVPD reaction time.
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Interestingly, the MS/MS spectra obtained upon UVPD of trastuzumab subunits were significantly
different from the other techniques. Here, the precursor peaks remain intense despite the generation
of a tremendous amount of fragment ions. This is because UVPD activates different types of
fragmentation pathways resulting in many low-intense fragment ions compared to the precursor ion.
This number of fragments rises with increasing the photoactivation time (from 346 generated
fragments at 10 ms to 508 fragments at 20 ms). This boost is due to the several possible fragmentation

pathways that UVPD enables, leading to a wide variety of fragment ions (a/x, b/y and ¢/z) (Figure 83).
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Figure 83: Optimization of UVPD activation time. The Fc/2 (left), Lc (middle) and Fd (right) subunits are all subjected to
different UVPD photo-dissociation times: 10 ms (upper panel), 15 ms (middle pane) and 20 ms (lower panel). The experiments
have been performed after selecting 4 most abundant precursor ions namely the 20+, 21+, 22+ and 23+ for the Fc/2, 19+,
20+, 21+ and 22+ for the Lc and 18+, 19+, 20+ and 21+ for the Fd subunit. Each UVPD activation time shows a different
fragmentation pattern with variable number of fragment ions. Even at higher activation times, the MS/MS spectra show that
the precursor ion is still most abundant.

As expected, increasing the irradiation time led to an improvement for the sequence coverage. The
subunits behaved differently as for the Fc/2 the sequence coverage was plateaued leading to a
maximum of 12%, considering the N-glycosylation is at the 61" amino acid position. In the case of the
Lc, the maximum sequence coverage was obtained upon 15 ms UVPD with a value of 18%, while the
Fd reached 29% of its cleavage residue at 20 ms UVPD (Figure 84). Surprisingly, these values were
disappointing compared to the number of obtained UVPD fragment ions, simply because there is a
considerable amount of the latter fragments that remained unexplained and thus do not contribute in
confirming the amino acid sequence. In fact, at higher reaction times the number of explained
fragments start to decrease (6%, 3% and 8% at 20 ms versus 9%, 12% and 9% at 15 ms for the Fc/2, the
Lc and the Fd, respectively.). Similarly to ETD, these fragments are actually small internal ions that are
a result of secondary dissociations of fragments of interest, which are challenging to assign by
conventional softwares. In fact, in UVPD the fragment ions and the precursor ions are both irradiated
at the same time, which increases the probability of over-fragmentation and thus the generation of

internal fragments.
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Figure 84: Impact of varying UVPD activation time on the sequence coverage of the trastuzumab subunits. The UVPD photo-
dissociation times are represented from lighter to darker green for lower to higher reaction times, respectively. The sequence
coverage value (%) is represented in the center of the bars. The bar plot reveal higher sequence coverage after 15 ms and 20
ms UVPD time and conversely the lowest sequence coverages are observed upon 10 ms UVPD.

d) Complementarity of the three fragmentation techniques (HCD,ETD and UVPD)
The generated fragmentation maps from each optimal condition (i.e. HCD 25% NCE, ETD 4 ms and
UVPD 15 ms) showed different fragments location along the subunits sequence (Figure 85). Even if
HCD gives low sequence coverage compared to ETD, it provided us with golden complementary pairs
(up to 12 pair for the Fc/2) that helped confirming the amino acid sequence and thus increased the
confidence in the N-glycosylation site assessment. These are pairs of b/y fragment ions that has been
formed upon cleavage between the same pairs of amino acids. ETD gives the highest residue cleavage
with fragments located all along the subunits backbones, as we previously observed for reference
proteins, with a slight preference to cleave the N-terminal region of the mAb subunits. Despite the low
sequence coverage obtained after 15 ms UVPD reaction, this technique provided us with unique
fragments that were observed upon neither ETD nor HCD dissociation, which correspond to a/x

fragment ions.
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Figure 86 demonstrates clearly that each technique contributes with different fragment patterns.
Taking the Fc/2 as an example, 67, 20 and 14 fragments were obtained with ETD, HCD and UVPD
individually, respectively. While many fragments were shared between two or the three techniques (3
fragments between ETD and HCD, 3 fragments between HCD and UVPD, 7 fragments between ETD and
UVPD and one fragment between ETD, HCD and UVPD). This complementarity is highlighted by the
combination of the fragments from the three experiments that rises the sequence coverage to 58%,
65% and 56% for the Fc/2, the Lc and the Fd subunits, respectively. This is less than what was obtained
in a similar study aiming at fragmenting a mAb sample using a combination of different MS/MS runs
(60-80% sequence coverage of the mAb subunits) 2. Despite the fact that, in our study, we combine
only three (“8min) LC-MS/MS runs which allow us to get a good subunits characterization rapidly
compared to previous studies, we believe that we could still reach higher sequence coverage by
explaining more the obtained fragments. Here, the results were obtained through the explanation of
less than 50% of the obtained fragments, for each experiment. This could be due to many reasons: i)
First, we only search for predominant ions, whereas neutral losses are not considered. ii) Second, many
fragments could be attributed to the cleavage of the same pair of amino acids, therefore even if they
increase the confidence in the cleavage site attribution, they do not contribute in enhancing the
sequence coverage. iii) Finally, many generated fragments might be internal fragments, which are

computationally difficult to assign.
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Figure 86: Venn diagram of trastuzumab subunits (Fc/2, Lc and Fd) fragmentation upon HCD (blue), ETD (red) and UVPD
(green). The number of obtained fragments from each technique is indicated inside the circles and the sequence coverage
(%) is depicted outside the circles with the corresponding color of each technique. The total sequence coverage indicated for
each subunits is obtained upon combination of the fragment ions from each technique. Each LC-MS/MS run was performed
in monoplicates.

Moreover, the combination of the fragments obtained upon the three activation techniques (HCD, ETD

and UVPD) contributed highly in increasing the confidence in the assessment of the N-glycosylation
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site. Figure 87 show the sequence coverage and the number of specific fragments to the modification
site, obtained upon variation of the N-glycosylation site over 10 possible asparagine sites (N40, N50,
N61, N79, N89, N125, N148, N153, N154 and N185). As expected, the highest sequence coverage (58%)
was observed when considering the N-glycosylation occurred at the N61 position. Conversely, the
sequence coverage of the Fc/2 subunit significantly decreased when the N-glycosylation was assumed
to occur at different asparagine residues. Additionally, the number of fragments specific to the
modification site was significantly higher when considering the N-glycosylation occurred at the 61

position (51 fragments) compared to other sites (28-47 fragments).

N-glycosylation site assessment
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Figure 87: Total sequence coverage (%) of the Fc/2 subunit, and the number of specific fragments to the N-glycosylation site
upon combination of HCD, ETD and UVPD fragments. The sequence coverage and the number of specific fragments were
obtained upon variation of the glycosylation sites over 10 different asparagine sites (N40, N50, N61, N79, N89, N125, N148,
N153, N154 and N185)

In summary, the combination of fragments upon HCD, ETD and UVPD activations shows a clear benefit
of increasing the sequence coverage, which allow to increase the confidence in fragment ion

assignment and thus to localize the modification different modifications (N-glycosylation).
6.2 Choice of precursor(s) ion(s)

The fragmentation efficiency is not only affected by the time or the energy dedicated for the activation
reactions, in fact, one of the most important parameters to take into consideration is the choice of the
precursor ion. Different studies showed that multiplexing several abundant charge states or selecting
a large isolation window could remarkably increase the sequence coverage of mAb subunits 23, Qur
previous results performed on four consecutive charge states with an isolation window of 150 m/z
showed overall good sequence coverage. We thought to maximize this sequence coverage by

evaluating different precursor ion possibilities, either by selecting one abundant precursor ion, which
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is well charged and intense enough to avoid bad quality MS/MS spectra, or 2 multiplexed ions in
comparison to those fragmented beforehand, the precursor ions selected are summarized in Table 16.

Table 16: Summary of the selected precursor ions for ETD, HCD and UVPD fragmentation. For each subunit we selected 4
multiplexed ions, 2 multiplexed ions or one unique ions (from top to bottom).

mAb subunit Selected precursor ions

1,262.87 m/z (20+), 1,202.76 m/z (21+), 1,147.94 m/z (22+) and 1,098.05 m/z (23+)

Fc/2 1,147.94 m/z (22+) and 1,098.05 m/z (23+)

1098.05 m/z (23+)

1,234.77 m/z (19+), 1,173.06 m/z (20+), 1,117.22 m/z (21+) and 1,066.52 m/z (22+)

Lc 1,117.22 m/z (21+) and 1,066.52 m/z (22+)

1,066.52 m/z (22+)

1,411.06 m/z (18+), 1,336.93 m/z (19+), 1,270.63 m/z (20+) and 1,209.63 m/z (21+)

Fd 1,270.63 m/z (20+) and 1,209.63 m/z (21+)

1,209.63 m/z (21+)

As depicted in Figure 88, each experiment led to a different residue cleavage. While multiplexing 2 or
4 ions led to lower sequence coverage, it seems that focusing the fragmentation on one ion at a time
is the suitable option to achieve higher values. Taking as an example the UVPD fragmentation, we were
able to reach up to 32% sequence coverage for the Fd subunit, conversely to 11% obtained via
fragmenting 4 multiplexed ions. In some cases, similar results were obtained while multiplexing 2 ions
or fragmenting only one (Fc/2 with 17% sequence coverage for both). Similar behavior was highlighted
with ETD and HCD fragmentation, with only one slight difference at the Fc/2 subunit (maximum
reached when multiplexing 2 ions, 15% sequence coverage). In fact, the width of the chromatographic
peak limits the choice of the number of scans that can be acquired for each ion fragmentation. For
example, when selecting one unique ion we are able to acquire up to 20 MS? scans, therefore we can
average more spectra and obtain additional fragment ions with increasing S/N ratio. Whereas when
selecting four ions, the total number of scans drops to only 5 scans per (10 scans/ion for 2 multiplexed
ions) leading to a decrease of the averaged spectra with low number of fragment ions. Consequently,
the relative intensity of some fragment ions could be biased leading to their miss-identification.
Therefore, selecting one precursor ion for its fragmentation seems to be the most appropriate strategy

to be sure to include the maximum fragment ions obtained.
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Figure 88: Impact of choosing one, 2 or 4 precursor ions for MS/MS fragmentation using HCD, ETD and UVPD. Residue
cleavage obtained for trastuzumab subunits upon 25% nce HCD (blue), upon 4 ms ETD (red) and upon 15 ms 213 nm UVPD
(green). The gradient of color represent the number of multiplexed ions, from lighter to darker when choosing from one to 4
precursor ions. The best results are obtained when selecting only one precursor ion. For the fragmentation of a unique
precursor ion we selected the 23+, 22+ and 21+ for the Fc/2, the Lc and the Fd, respectively. For 2 multiplexed ions we added
to the previously selected ions, the 22+, 21+ and 20+ for the Fc/2, the Lc and the Fd, respectively.

Moreover, to understand better the propensity of precursor ions fragmentation, we compared the
highly charged precursor ion (previously compared with the 2 and 4 multiplexed ions) with the most
intense one. The results revealed in the Figure 89 an overall decrease of sequence coverage when
attempting to fragment the most intense ions in all cases. Despite the fact that the most intense ions
seem easily accessible in term of abundance and isotopic distribution, increasing the sequence
coverage does not only rely on the intensity of the precursor ion. As expected, ETD is the most
impacted by the charge state with the electron transfer that increases proportionally to the charge of
the precursor ion. Moreover, there are multiple sites accessible for protonation, mainly resulting from
cleavage of covalent bonds additionally to disruptions of weak non-covalent interactions. HCD, on the
other hand, depends on the mobility of protons, thus the more protons available, the higher the
probability of triggering fragmentation at various sites. In contrast, UVPD fragmentation exhibits less
dependence on the precursor ion charge state, unlike HCD and ETD. Overall, the fragmentation of the
most charged precursor ion was the best in our case, and yielded to 57%, 65% and 56% total sequence
coverage for the Fc/2, the Lc and the Fd subunits, respectively after the combination of the three

techniques.
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Figure 89: Impact of intensity and charge state of the selected precursor ion for MS/MS fragmentation using HCD, ETD and
UVPD. Residue cleavage obtained for trastuzumab subunits upon 25% nce HCD (blue), upon 4 ms ETD (red) and upon 15 ms
213 nm UVPD (green). The lighter colors represent the most intense precursor ions (20+, 19+ and 18+ for the Fc/2, the Lc and
the Fd, respectively.), while the darkest color depict the highly charged precursor ions (23+, 22+ and 21+ for the Fc/2, the Lc
and the Fd, respectively.). The best results were obtained when selecting the most charged precursor ion with a decent
abundance.

These results pinpoint to the fact that the number of precursor ions to be selected is highly dependent
on the protein structure (hydrophobicity, size, number of modifications...). As every subunits releases
a different charge state envelope (See Figure 3), the most convenient precursor ion could be either
selected alone, or could be a part of the 2 or 4 multiplexed ions. Moreover, the charge state is a crucial
parameter to be considered, in our case the used fragmentation techniques were leaning to the choice
of the most charged ions for ETD and HCD to be fragmented instead of the most intense ones, with
comparable results upon UVPD fragmentation. Thus, we recommend highly assessing this parameter

during TD-MS experiments.
6.3 Isolation window width impact (IW)

In addition to all the parameters evaluated previously, the choice of the isolation window must be
assessed. All the previous experiments were carried out using a 2 m/z window for the precursor ion’s
isolation, thus we wanted to evaluate a wider isolation window of 150 m/z to understand its impact.
In fact, when using a wider isolation window, we are indirectly selecting several ions instead of one,
thus the same trend than multiplexing could be observed. This suggestion is supported by the results
shown in Figure 90. On the one hand a higher sequence coverage is observed when using a narrow
isolation window of 2 m/z. On the other hand, broadening the window caused a significant drop in
sequence coverage especially upon HCD (-16% and -17% for the Lc and Fd subunits, respectively) and
UVPD (-12% and -24% for the Lc and Fd subunits, respectively) fragmentation, with an exception for
the Fc/2 that increased for HCD by +7% and that decreased slightly for UVPD (-3%) upon choosing 150
m/z as an isolation window value. For ETD, the benefits of choosing a narrower window was also

highlighted whereas a drop of -10%, -7% and -7% was noted for the Fc/2, the Lc and the Fd subunits,
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respectively. Indeed, these results corroborates our hypothesis of the wider isolation window behaving

as the multiplexing effect of several precursor ions.
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Figure 90: Comparison of MS/MS fragmentation upon 25% nce HCD, 4 ms ETD or 15 ms UVPD when selecting narrow (2 m/z)
versus wide (150 m/z) isolation window. The lightest colors represent narrow window that was actually used for the previous
optimization experiments, whereas the darkest colors represent the wider isolation window. This graph highlights the

importance of choosing narrow isolation window to increase the sequence coverage, with one exception for the Fc/2
fragmentation upon HCD.

Overall, we showed here that using a narrow isolation window can increase the specificity of ions

fragmentation and thus yield in higher sequence coverage.

6.4 Final sequence coverage outcome upon optimization of several parameters

The total residue cleavage obtained upon optimization of several parameters allowed to characterize
from 71-78% sequence coverage of all subunits instead of 56-65% before optimizations (Figure 91).
This highlights the importance of taking into consideration the several key parameters listed in Table
17 namely; the choice of the precursor ion, the fragmentation time or energy and the choice of the

most suitable isolation window of the fragmented ion.

Table 17; Name and value of the optimal MS/MS parameters leading to the highest sequence coverage (71-78%) of the three
subunits.

Parameter Optimized value
Precursorion Fc: 1,098.05 m/z (23+) Lc: 1,066.52 m/z (22+) Fd: 1,209.63 m/z (21+)
HCD energy 25% NCE
ETD reaction time 4 ms
UVPD irradiation time 15 ms
Isolation window width 2 m/z
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Nonetheless, despite this considerable increase in sequence coverage, nearly 90% of the obtained
fragments remained unassigned with theoretical fragments from the targeted sequences (Figure 91).
In more details, only 281, 353 and 336 fragments were explained out of 2,119, 2,480 and 2,332
obtained for the Fc/2, the Lc and the Fd subunits, respectively. The latter challenge is often noted in

TD-MS experiments and could be due to the several reasons we mentioned beforehand in paragraph

(d).

A) Total sequence coverage B) Number of terminal and internal fragments
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Figure 91: Final outcome of cumulated residue cleavage and number of fragments obtained with the optimal conditions: HCD
25% nce, ETD 4 ms and 213 nm UVPD 15 ms with an additional SID at 10V and an isolation window of 2 m/z. The highly
charged precursor ions were selected for MS/MS fragmentation namely 23+, 22+ and 21+ for the Fc/2, the Lc and the Fd,
respectively. (A) Total sequence coverage when combining the fragment ions obtained from the three individual experiments
(bars in light red), compared with the residue cleavage obtained before optimizations (bars in darker red). The additional
residue cleavage is depicted in pink. (B) The number of obtained fragments (black axis) versus the matched fragments with
the subunits sequence (red axis) obtained in the optimal conditions. The fragments obtained from HCD, ETD and UVPD are
represented in blue, red and green, respectively.

In the case of all fragmentation techniques, we generally search for the predominant ions without
looking for neutral losses or fragments upon side chains dissociation. Consequently, there may be
internal fragments that remain unassigned, or fragments that are miss-deconvoluted due to their
overlapping isotopic profiles. In particular, in the case of ETD activation, the charge-reduced species
are highly abundant with overall good isotopic distribution and therefore, could hamper the detection

of their neighboring low abundant m/z and their assignment (Figure 92).
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ETD fragmentation of the Fc/2 subunit
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Figure 92: MS/MS spectra obtained after 4 ms ETD fragmentation of the Fc/2 subunit upon selection of the 23+ charge state.
The fragment ions depicted with a red star represent the most abundant ions that result from a charge reduction of the
precursor ion. A zoom on the 1329.24 m/z (19+) shows an overlapping distribution of the most abundant fragment ions with
neighboring less abundant ions, which hinders the identification of the latter ones during deconvolution process.

One of the main reasons also, remains in failing to assign all the obtained fragments resulting from the
different fragmentations pathways, from the 90% obtained ions that were not matched with the
subunits sequences, more than 50% corresponded to fragment ions obtained via UVPD which are
shown in green color in Figure 91. UVPD generates a plethora of a/x, b/y and ¢/z fragment ions which
are located throughout the whole amino acid sequence of the proteins, some of those fragment ions
do not contain the N-ter nor the C-ter residues of the subunits, thus are not assigned by conventional
TD-MS softwares. Assigning those internal fragments can undoubtedly facilitates their identification in

the amino acid sequence.

7. Addressing the challenges of limited total sequence coverage
To tackle the limitations mentioned above, some solutions are proposed. First, we aimed at reducing
spectral congestion by using proton transfer charge reduction (PTCR), to enable the identification of
more fragment ions species. Next, we took advantage of a recently developed TD-MS software;

ClipsMS 2%, dedicated for internal fragments assignment, in addition to terminal ones.

7.1 Benefits of PTCR in MS3

In order to evaluate the impact of PTCR for providing a more thorough identification of the obtained
fragments, we first combined it with ETD fragmentation. Figure 93 illustrates the workflow that we
followed on the Fc/2 as an example. After a first MS scan that provides the accurate mass
measurement of the subunit, we performed an ETD fragmentation using the optimized MS?

parameters (see Table 17). Among the product ion population generated by ETD, we isolated the m/z
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1108.95 that clearly overlapped with several other fragment ions, and subjected it to PTCR MS3 using
an isolation window of 200 m/z. Of note, at the MS? level, we are only reducing the charge of the

selected fragments ions to decomplexify the MS? spectra in this window, and no further fragmentation

is induced.
MS MS? Mms3
Fe¢/2:2,5235.37 £ 0.01 1,108.95 m/z
21+ ~1.8 ppm 200 m/z window

ETD 4 ms PTCR 10 ms
— —
Fragmentation

800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000
miz miz miz

Figure 93: PTCR reaction after ETD fragmentation of the Fc/2 subunit. The Fc/2 is first analyzed at the MS level for accurate
mass measurement, then the selected precursor ion (21+ in this case) is subjected to ETD fragmentations in the optimized
conditions (4 ms here). A product ion (1108.95 m/z) is selected using a window of 200 m/z and subjected to PTCR ion-ion
reaction for charge reduction to identify more overlapping species in the selected window.

Interestingly, the fragment ions obtained upon PTCR MS? at the selected window allowed reaching a
sequence coverage of 42% for the Fc/2, these results summed with those upon only ETD MS?
fragmentation increased the overall sequence coverage up to 56%. Similar results were observed for
the other subunits rising the sequence coverage to 50% and 47% for the Lc and the Fd, respectively

(Figure 94).
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Figure 94: Sequence coverage obtained upon 4 ms ETD MS?2 reaction before and after PTCR MS3 reaction. The residue cleavage
of the Fc/2, Lc and Fd subunits before PTCR is represented in red, and the one obtained upon ETD 4 ms x PTCR 10 ms is
represented in orange. Cumulative sequence coverage of the two experiments is represented in pink.
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In light of this considerable increase, we compared the fragment ions obtained from both experiments.
Several new c- and z- type fragment ions were observed when applying PTCR MS3, these unique

fragments account for 27, 22 and 32 for the Fc/2, the Lc and the Fd subunits, respectively (Figure 95).

Fc/2 Lc Fd
48 68 27 42 66 22 SRR 32
Number of fragments

Figure 95: Venn diagrams of the number of obtained fragments via ETD 4 ms with and without PTCR 10 ms for the Fc/2, the
Lc and the Fd subunits. These diagrams show that a considerable number of unique fragments are obtained only when using
PTCR which pinpoint to the importance of using this reaction for more fragments identification.

Moreover, the fragmentation maps showed that the gained fragment ions were located all over the
central portion of the subunits sequences, leading to a homogeneous and complementary distribution.
It is worth noting that a large number of ions were accounted for one, as they belonged to
complementary ion pairs and thus do not contribute in increasing the sequence coverage. The number
of those golden pairs was nearly doubled when subjecting the Fc/2 subunit to PTCR reaction (from 13
to 24), which helped increasing the confidence in the N-glycosylation site assessment (Figure 96). The
same behavior was noticed upon Lc and Fd subunits PTCR reaction where the complementary ion pairs
were accounted for 21 for both Lc and Fd subunits instead of only 8 and 14 for the Lc and Fd,

respectively without PTCR.
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Figure 96: Fragmentation maps obtained upon ETD 4 ms fragmentation of the Fc/2 upon selection of the 23+ charge state
(left). Fragmentation of the same ion followed by PTCR MS3 reaction on the 1108,95 m/z for 10 ms with an isolation window
of 200 m/z (right). The fragment ions obtained after PTCR are depicted with a black circle.
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The benefits of applying PTCR at the MS? level was also highlighted after HCD fragmentation. The
spectral simplification at the same selected region using similar isolation window and similar reaction
time (200 m/z, 10 ms), allowed to increase the sequence coverage up to 18%, 34% and 32% instead of
only 14%, 31% and 24% for the Fc/2, the Lc and the Fd subunits, respectively. This increase is owed to
the identification of new ions through PTCR reaction, accounted for 10, 12 and 21 new b- and y-
fragment ions with no prominent increase in the complementary ion pairs (15 when applying PTCR
versus 14 without PTCR, for the Fc/2). Despite the overall limited sequence coverage obtained upon
HCD fragmentation, the benefit of PTCR could not be neglected as it increases the confident in
confirming the amino acid sequence, and thus confirm the presence of the modification site of the

Fc/2 (Figure 97).
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Figure 97: Results obtained upon using PTCR reaction in combination with HCD fragmentation. (A) Sequence coverage
obtained upon 25% nce HCD MS2 reaction before and after PTCR MS3 reaction. The residue cleavage of the Fc/2, Lc and Fd
subunits before PTCR is represented in blue, and the one obtained upon HCD 25% nce x PTCR 10 ms are represented in
orange. Cumulative sequence coverage of the two experiments is represented in purple. (B) Venn diagrams of obtained
fragments via HCD 25% nce with and without PTCR 10 ms for the Fc/2, the Lc and the Fd subunits. These diagrams show that
a considerable number of unique fragments are obtained only when using PTCR which pinpoint to the importance of using
this reaction for more fragments identification.

In light of the results shown above, we can clearly observe the considerable impact of PTCR ion-ion
reaction to reduce the spectral congestion. The latter gives rise to identifying new fragments, by simply

reducing the overlap between existing fragment ions, which improves their identification. Herein, a

narrow window of 200 m/z for 10 ms was sufficient to allow an increase of 8-11% of the sequence
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coverage when applying PTCR after ETD fragmentation, whereas a lower increase of 3-8% was
observed when HCD outcome is subjected to the same reaction. In fact, PTCR does not enhance the
ion dissociation but it facilitates product ion identification through spectral de-congestion. Thus, as the
resulted spectra from ETD MS? spectra is more complex compared to the one upon HCD fragmentation,
fragment ion overlapping is more likely. For these reasons, we tend to reduce the overlapping of the
different isotopic envelopes in the selected m/z region and therefore more fragment ions are
identified. Moreover, the number of fragments upon ETDXPTCR contributed more in increasing the
confidence in the N-glycosylation site assessment, and accounted for 27 overall fragments instead of

only 8 fragments in the case of HCDxPTCR.

Nevertheless, it is worth noting that several studies reported the use of larger isolation windows or a
combination of several narrow windows, which tends to increase significantly the sequence coverage
of large intact proteins #2°, however, it was noticed that when applying longer ion-ion reaction times,
several informative product ions are lost due to excessive charge reduction or complete
deprotonation. Thus, our promising results open doors to more optimizations of this parameter when

analyzing mAb-based formats.

7.2 Added value of internal fragments assignment

Internal fragments are a result of two cleavage events that generate ax, ay, az, bx, by, bz, cx, cy and cz,
depending on the used activation technique. Contrary to terminal fragments that contain the N- or C-
terminus of the protein, internal ones do not include neither protein termini, and have often remained
unassigned due to the focus of classical TD-MS softwares on assigning only terminal fragments. Here,
we evaluate a recently developed software, ClipsMS 2%, intended for internal fragment assignment, in
additional to terminal ones. ClipsMS has been used to assign internal fragments obtained upon

collisional and electron-transfer dissociations *?°

, as well as in combination with UVPD fragmentation
249 using mass tolerance of 2 ppm generally to avoid, or at least mitigate, false positives assighment
225, 324 Therefore, to understand more the unidentified regions of the subunits sequences, we
processed the obtained data through ClipsMS. The consideration of internal fragments upon the
fragmentation of trastuzumab subunits using HCD, ETD and UVPD fragmentations, showed directly an
increase in sequence coverage (Figure 98). In the case of HCD fragmentation, the sequence coverage
was slightly enhanced and reached up to 25-49% for all subunits. As previously demonstrated, HCD
provides the lowest fragmentation propensity due to the restrained cleavage in the N- and C-terminus
sides of proteins and mAb subunits. Because collision-based dissociations are based on less energetic
fragmentations pathways, therefore there is a lower chance for this technique to provide more internal

fragments than ETD and UVPD. For ETD, the maximum sequence coverage reached was 65-72% for the

trastuzumab subunits after internal fragments inclusion, which accounts for x1.5-1.8 times the
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fragments matched when considering only terminal fragments. The formation of internal fragments
upon electron-driven dissociations of <30 kDa proteins was already highlighted in a previous study 3%,
thus our results are in good agreement with literature. As expected, UVPD generated a significant
number of internal fragments that allowed vyielding up to 88-94% sequence coverage of the
trastuzumab subunits, which account for more than the double of the sequence coverage when
considering only terminal fragments. UVPD takes multiple fragmentation pathways that lead to a
higher number of fragment types (¢/z, b/y, a/x) compared to other techniques (only b/y for HCD and
¢/z for ETD), as explained previously. Thus, the probability of generating internal fragments with UVPD
is even higher compared to HCD and ETD, namely ax, ay, az, bx, by, bz, cx, cy, and cz ion types.

Consequently, the internal fragments number is significantly higher in the case of UVPD fragmentation

and allow to drastically increase the sequence coverage of the three subunits which reached nearly.
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Figure 98: Sequence coverage of the different trastuzumab subunits before and after considering internal fragments for HCD
(blue), ETD (red) and UVPD (green). Significant increase is observed especially upon UVPD fragmentation.

Beyond enhancing the sequence coverage, some of the assigned internal fragments could increase the
confidence in the N-glycosylation site assignment, expected at the N61 position, prior confirmed upon
terminal fragments consideration. Indeed, inclusion of internal fragments allowed increasing the
confidence in the N-glycosylation site localization, as many fragments contained the N-glycosylation
(Figure 99). These fragments are represented in the fragment location maps obtained via HCD, ETD
and UVPD in 1, and accounted for 8, 13 and 113 internal fragments upon HCD, ETD and UVPD
fragmentation, respectively. The number of internal fragments specific to the N-glycosylation site
increased linearly with the sequence coverage upon the variation of fragmentation technique choice.
These results emphasizes our hypothesis of UVPD generating more internal fragments compared to

other techniques (HCD and ETD), which was also demonstrated by Brodbelt’s group 3.

Overall, the inclusion of internal fragments upon combination of all techniques, allowed reaching 100%

of the sequence coverage of all subunits with assignment of up to 38% of the MS/MS spectra.
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Moreover, it increased the number of specific fragments to the N-glycosylation site, which accounted
for 197 fragments upon combination of all three fragmentation techniques (28, 32 and 137 upon HCD,

ETD and UVPD fragmentation).

25% NCE HCD 4 msETD

Fragment number

o 21 42 63 84 105 126 147 168 189 210 1] 21 a2 63 84 105 126 147 168 189 210 1] 21 a2 63 84 105 126 147 168 189 210
Amino acid number

Figure 99: Fragment location map generated via Fc/2 subunit fragmentation upon 25% nce HCD (left), 4 ms ETD (middle) and
15 ms UVPD (right). Grey lines represent the fragment ions from their start to their end positions. Vertical orange dashes
indicate the N-glycosylation site position. The blue, red and green dots represent the relative abundance of the fragment
ions, with N- and C-terminus ions being more intense than the internal (central region) ones.

Nevertheless, the inclusion of internal fragments can increase the risk of false-positive identification,

which requires a caution when considering those fragments 32

. In fact, we chose stringent
deconvolution parameters (S/N ratio and fit factor) to avoid the risk of assigning bad quality peaks,
therefore we increase the matching probabilities and thus the risk of assigning false positives is
increased. Indeed, the Figure 99 highlights the intensity of the terminal and internal matched
fragments, depicted by dots on the extremities of the fragments, represented by grey lines from the
start to the end amino acid. The most intense dots correspond the most intense fragment ions, and
vice versa. As observed in the maps, the terminal fragments covering the N- and C-terminus are clearly
more intense than the internal ones in the case of HCD and ETD fragmentation. Upon UVPD, the
majority of the fragments represent lower intensities, as expected due to the low depletion of the

precursor ion that remains very intense and the high number of fragments generated, prior discussed

in this chapter.

In the case of UVPD in particular, the high number of internal fragments either could be due to the
multiple fragmentation pathways, or could be a result of mis-matching due to the complexity of the
spectra or matching several fragments with the same mass to multiple amino acid association
possibilities. To explore this risk of false positives, we searched for internal fragments using a
scrambled sequence of the trastuzumab subunits. Sequence coverage plots obtained for trastuzumab
Fc/2, Lc and Fd subunits, and the scrambled sequences are displayed in Figure 100 based on HCD, ETD
and UVPD.

First, to understand more the nature of the internal fragments matched upon sequence scrambling,

we searched for generated fragments from HCD, where a low sequence coverage of 9%, 17% and 27%
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was observed for the scrambled sequences of the Fc/2, the Lc and the Fd subunits, respectively, instead
of 25%, 46% and 49% for the real sequences. This decrease is due to the drastically loss of terminal
fragments that did not match with the scrambled sequences, as expected. Similarly, for ETD a decrease
of 48-57% was observed upon sequence scrambling of all subunits, highlighting the reduced number
of terminal fragments and few internal fragments. However, for UVPD the sequence coverage of the
scrambled subunits sequences was surprisingly comparable with the one obtained for the real
sequences. Only 1-8% decrease was observed for the three subunits, which means that a high number
of fragments is still miss-matched. Those fragments are mainly internal (176, 288 and 212 internal
fragments for the Fc/2, Lc and Fd subunits, respectively.), and could be a result of a series of amino
acids that have similar masses than those from the real sequences. These results were supported by
studies from Brodbelt’s group that observed similar behavior upon sequence scrambling when
considering a high variety of fragments 32%. Indeed, as UVPD is the technique that affords multiple
fragmentation pathways leading to a wide variety of internal fragments, the risk of matching false-

positives is even greater than for other techniques.

Sequence coverage upon sequence scrambling

100 -
92 94

Sequence coverage (%)

Fc/2 Lc Fd

B HCD NETD EUVPD HReal sequence = Scrambled sequence

Figure 100: Sequence coverage upon three experiments (HCD 25% NCE, 4 ms ETD and 15 ms UVPD) with consideration of
internal fragments. The sequence coverage obtained when using the real sequence is represented in darker colors (blue for
HCD, red for ETD and green for UVPD), while the data obtained from the scrambled sequence are in lighter colors.

Moreover, among the matched fragments upon sequence scrambling, several internal fragments
contained the N-glycosylation at the N61 position of the Fc/2 subunit. In more details, 9 fragments
upon HCD, 6 fragments upon ETD and 102 fragments upon UVPD were containing the N-glycosylation

modification when using the scrambled sequence versus 28, 32 and 137 fragments for HCD, ETD and
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UVPD, respectively when using the real sequence. This shows clearly that many false-positives are
assigned, especially upon UVPD fragmentation that generates many internal fragments. Therefore,
when it comes to assessment of modification sites, it is worth noting that internal fragments can be

tricky and can easily lead to mis-assignment (Figure 101).
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Figure 101: Number of obtained internal fragments that contain the N-glycosylation modification upon three experiments
(HCD 25% NCE, 4 ms ETD and 15 ms UVPD). The number of internal fragments obtained when using the real sequence is
represented in darker colors (blue for HCD, red for ETD and green for UVPD), while the data obtained from the scrambled
sequence are in lighter colors.

In summary, our results pinpoint to the possibility of maximizing the sequence coverage of
trastuzumab subunits upon inclusion of internal fragments, usually not assigned with classical TD-MS
softwares. However, even when using low mass tolerance (2 ppm), the probability of matching false-
positives is increased when matching internal fragments, especially in the case of UVPD. The increase
risk of false-positives is mainly due to absence of scoring systems that reflect the confidence of
sequence or modification site assignment; therefore, more caution should be taken when considering

those internal fragments.

8. Conclusions
In this chapter, we aimed at developing a TD-MS workflow on the latest generation Orbitrap Eclipse™
Tribrid™ MS (Thermo Fisher Scientific) for the characterization of reference proteins (Myoglobin 17
kDa and Carbonic anhydrase 26 kDa) as well as a reference mAb (trastuzumab, ~150 kDa). Our

optimizations pinpointed that the achievement of high sequence coverage of a small size protein or a
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challenging mAb along with PTMs localization, is possible when taking into consideration the variety

of tunable MS" parameters.

In summary, our optimizations open doors for the primary structure characterization of more complex
mAb-based formats. Among the most challenging structural information to obtain is the conjugation
sites on ADCs for instance, which could possibly be provided thanks to fine instrumental tuning or
combination of several fragmentation techniques, as showed in a recent study . This ability of TD-
and MD-MS approaches to provide information on the primary sequence of mAb-based products,
could be valuable for the comprehensive characterization of multiple therapeutics formats, which will

be discussed in the next chapter.

9. Scientific communications

Benazza R., Beaumal C., Hernandez-Alba O. and Cianférani S. Optimization of MD-MS analysis and
data treatment to improve the characterization of mAbs. Oral presentation. INSERM. January 2022,
Online.
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Chapter 2: Full characterization of a single domain antibody-drug conjugate

(sdADC) using top down MS

1. Analytical context
To advance treatment and diagnostic options in cancer therapy, biopharmaceutical companies focus
on the development of new antibodies-formats to broaden the immunotherapy library *. Among those
entities, single-domain antibodies (sdAb) also called VHHs (heavy chain variable domain) gained an
increased interest in the last decade, thanks to their small size, fast generation, their easy tissue
penetration as well as their high specificity and affinity compared to their antibody counterparts 3>
97.99,326 Known as hanobodies, sdAbs are the small variable domain that binds to antigens, derived
from camelid heavy-chain antibodies (HCAbs) that are deprived from the light chain contrary to
conventional antibodies °® (Figure 102). Similarly to antibodies, hanobodies could be conjugated to
fluorescent molecules to generate chromobodies and fluobodies that are widely used for live-cell
imaging of their endogenous antigens 327-328, Moreover, to improve their efficacy and potency, sdAbs
could be conjugated to cytotoxic payloads paving the way for the next generation of chemodrug
therapies %. Consequently, robust and straightforward analytical strategies have to be developed for
the comprehensive characterization of these sdAb conjugates (single-domain antibody drug
conjugates, sdADCs). Commonly, the biochemists tend to lean towards SDS-Polyacrylamide Gel
Electrophoresis (SDS-PAGE) analysis to assess the production and the conjugation efficiency of these
entities 326 32 Albeit this technique offers relatively prompt and approximative molecular weight
determination, it still suffers from lower resolution, lower sensitivity and lower mass accuracy
compared to mass spectrometry approaches. Furthermore, the localization of the exact site of
conjugation (for sdADCs) is unattainable through a simple SDS-PAGE gel. In this context, we aimed at
evaluating our TD-MS workflow in complementarity to SEC-nMS approach, to fully characterize an anti-
EGFR sdAb 3% with its sdADC analog, prepared during a TACT secondment at Cotton’s team (Almac

discovery, UK). Owing to their small size, sdAbs represent an ideal candidate for TD-MS approaches.
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Figure 102: Schematic representation of single-domain antibodies (sdAb, VHH or nanobody) in comparison to heavy-chain
only antibodies (HCAbs) and conventional antibodies (Abs).
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2. State of the art
In terms of recently developed approaches aiming at nanobodies characterization, a limited number
of studies focused on the characterization of their primary structure. A noteworthy study conducted
by Resemann et al. (2010), discussed a valuable approach of elucidating the primary structure of ~14
kDa nanobodies, using in-source Decay (ISD) with Matrix-Assisted Laser Desorption lonization ToF
(MALDI-TOF) for top-down analysis. This study represents a significant milestone in the field of mass
spectrometry as it was the first to elucidate a complete primary structure characterization of proteins
with MW of >13 kDa 2%. More recently, Macias et al. (2022) conducted a study focused on the
characterization of nanobody-antigen complexes upon the combination of native mass spectrometry
and UVPD dissociation. Indeed, the comparison of UVPD-generated fragments from free nanobodies
and nanobodies included in the sdAb-antigen complex, facilitated the precise assignment of nanobody
paratopes location 28, Nonetheless, no fully comprehensive TD-MS characterization of nanobodies and

nanobody-conjugates was documented yet.

3. Objectives
The first step of this study would consist of the generation of the site-specific fluorescent anti-EGFR
nanobody (~15 kDa) using expressed protein ligation technology (EPL) 331333, followed by its complete

characterization using our cutting-edge MS-based approaches:

e Native MS (nMS) to assess homogeneity, drug load distribution (DLD) and average drug-to-
antibody ratio (avDAR),

e Top-down MS (TD-MS) using a combination of complementary fragmentation techniques
(HCD, ETD and UVPD) to validate the primary structure of the protein, provide the precise
localization of the conjugation site and assess the disulfide bond integrity in the nanobodies

scaffolds.

4. Production of anti-EGFR sdAb/sdADC
Anti-EGFR nanobodies are proteins that target the epidermal growth factor receptor (EGFR or Herl)
330, 334335 \which is over-expressed in a large number of cancer cells. By targeting EGFR 33% 3% these
nanobodies aim to block the growth signals that promote cell proliferation, thereby helping to slow
disease progression and improve treatment outcomes in cancer patients. Herein, we aimed at

producing an anti-EGFR nanobody, followed by its site-specific conjugation to a fluorescent molecule

to mimic commercially available nanobody conjugates.
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4.1 Anti-EGFR nanobody expression in Escherichia coli (E. coli)

In a first place, we transformed competent BL21 E. coli cells with the suppressor plasmid pTXeGFR, the
latter containing the nanobody sequence in Luria-Bertani (LB) media. BL21 are chemically made
competent through a CaCl, or MgCl; salt treatments followed by a heat-shock step, which allows the
plasmid entry. Next, we streaked the stock cells in 100 pl/ml ampicillin (AMP)-containing agar plates
that were incubated at 37°C overnight to induce cells transformation. Here, the use of AMP antibiotic
was necessary to prevent any bacterial growth. After the successful transformation of colonies on the
agar petri plate, a single colony was transferred to a 100 ml solution supplemented with LB media and
AMP, which were incubated overnight at 37°C at 180 RPM. The pre-inoculum was then transferred to
bigger flasks (3 flasks of 1L) and were incubated again at 37°C under 180 RPM for 2h30 for larger scale
cultivation. When the optical density (OD600) reached 0.9 we stopped cells growth by a cold shock
(4°C, 2h) before inducing their expression using 1 ml of a 500 mM Isopropyl B-D-1-

thiogalactopyranoside (IPTG) solution at 25°C to the supernatant, overnight (Figure 103).
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in 1L flask expressed in LB media with CBD tag nanobody

Figure 103: Bacterial expression anti-EGFR nanobody. The competent BL21 E. coli cells are transformed with the pTXxEGFR
plasmid containing the gene of the anti-EGFR nanobody, and are streaked on AMP agar plates for cells formation. A single
colony was transferred to prepare a pre-inoculum that was then transferred to 1L flasks for large scale expression in LB media.
At OD~0.9 the IPTG is added to the inoculum to induce protein expression. Protein expression resulted in a nanobody-intein-
CBD complex that was purified with intein-CBD affinity chromatography with cysteamine cleavage to release the nanobody.

Briefly, IPTG binds to the lac repressor (Lacl) on the BL21 E. coli cells, which inactivates its ability to
prevent target genes transcription 3. This allows RNA polymerase to transcribe the gene of interest
and produce the desired nanobody. In absence of IPTG, the Lacl binds to lac operon (LacO) which blocks

the T7 promoter from initiating the transcription (Figure 104). The final step consisted in harvesting

163




Part Ill: Top- and middle-down MS approaches for mAb-based products characterization

the cells to extract the nanobody prior to nanobody purification using CBD affinity chromatography

338
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Figure 104: Schematic representation of the nanobody gene transcription before (A) and after (B) addition of IPTG that
induces protein expression in E. coli cells. In absence of IPTG Lacl binds to LacO which prevents the promoter recognized by
the RNA polymerase to start the gene expression. When IPTG is present, it binds to lacl and releases the latter, which allows
the promoter to initiate the transcription.

4.2 Purification by affinity chromatography

As mentioned above, we aimed in this study at using the expressed protein ligation (EPL) approach to
produce our site-specific conjugated nanobody. The principle of EPL consists in labelling proteins
through their C-terminal side upon thiol-mediated cleavage of the intein domain 332, Therefore, a
purification using chitin binding domain (CBD) affinity chromatography followed by a cysteamine
cleavage (200 mM cysteamine, 16h, rT°) was necessary to eliminate impurities and facilitate the thiol-
mediated cleavage ¥3°. In contrary to other intein cleavage methods that use dithiothreitol (DTT) 34°,
here the disulfide bond contained within our protein will be maintained thus the conjugation is
expected to occur on the C-terminal thiol. Figure 105 shows the obtained anti-EGFR nanobody
sequence along with a SDS-PAGE analysis used to monitor the nanobody purification. For the
expressed nanobody with the CBD tag (lane 1 and 2, Figure 105), the SDS-PAGE revealed a spreading
of bands which reflects the heterogeneity of the protein. After washes using lysis and cleavage buffers,
the drained fractions exhibited a single band around ~40 kDa (lane 5-12, Figure 105) that means the
protein is relatively pure, in line with the nanobody attached to the CBD tag via its intein. The same
mass is observed after inducing cysteamine cleavage (lane 13, Figure 105) which indicates that no
reaction has occurred yet. After 16 hours of reaction, two distinct visible bands were observed
corresponding to nanobody at ~15 kDa and CBD at ~30 kDa (labelled i and ii in Figure 105, respectively).
This confirms the occurring of the cleavage of the nanobody-CBD complex that released a

homogeneous nanobody after few washes (lane 17, Figure 105).
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A)
Protein Sequence Expected mass (Da)
Anti-EGFR nanobody MAVQLVESGGGSVOAGGSLRL TCAASGRTSRSYGMG 13,521.89
WFRQAPGKEREFVSGISWRGDSTGYADSVKGRFTISRD
NAKNTVDLOMNSLKPEDTAIYYCAAAAGSTWYGTLYEY
DYWGQGTQVTVSSG
Chitin binding domain CITGDALVALPEGESVRIADIVPGARPNSDNAIDLKVLDR 27,810.24
(CBD) HGNPVLADRLFHSGEHPVYTVRTVEGLRVTGTANHPLL
SLVDVAGVPTLLWKLIDEIKPGDYAVIQRSAFSYDSAGFA
RGKPEFAPTTYTVGVPGLVRFLEAHHRDPDAQAIADELT
DGRFYYAKVASVTDAGVQPVYSLRVDTADHAFITNGFY
SHATGLTGLNSGLTTNPGVSAWQVNTAYTAGQLVTYN
GKTYKSLQPHTSLAGWEPSNVPALWQLQ
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Figure 105: Purification of anti-EGFR nanobody by intein-CBD affinity chromatography. (A) anti-EGFR nanobody and chitin
binding domain amino acid sequences with the expected theoretical masses. (B) SDS-PAGE gel stained with coomassie blue
following the different steps of the nanobody expression and purification. Lane 1 corresponds to the PageRuler marker
(Thermo Scientific) band. The IPTG induced cells, post-spin cells and unbound cell lysate showed heterogenic spreading bands
(lane 2, lane 3 and lane 4, respectively). Lanes 5-8 represent the protein after lysis buffer wash while lanes 9-12 corresponds
to the protein after cleavage buffer wash. After cysteamine cleavage, the mixture was analyzed at t0 (lane 13) and after 16h
(lane 14). Two distinct bands were observed at (lane 15-17) after additional cleavage buffer wash, which correspond to (i)
nanobody with cysteamine and (ii) CBD alone.

To separate our nanobody fraction from the CBD, we performed SEC with a Superdex 75 Increase
3.2/300 column (Cytiva, Germany) in PBS, using an AKTA system (Cytiva, Germany). The SEC-UV signal
at 280 nm showed one major peak that could correspond to the nanobody species, due to no observed
change in the conductivity (Figure 106). Consequently the fraction within this peak range were
collected and showed a single band on Coomassie blue stained SDS-PAGE with a molecular weight of
~15 kDa (lane 3, 4 and 5 in Figure 106), in line with the nanobody bearing a cysteamine modification
(theoritical mass: 13,580.89 Da), which implies a loss of one H,0 molecule as a result of a peptide bond

between cysteamine and the glycine at the C-terminus.
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Figure 106: Purification of the obtained nanobody upon cysteamine cleavage using a Superdex 75 Increase 3.2/300 column
(Cytiva, Germany) in PBS on an AKTA system (Cytiva, Germany). The UV signal at 280 nm is represented in blue line while the
conductivity signal is represented in orange line. The eluted nanobody fractions were analysed on SDS-PAGE gel. The SDS-
PAGE gel stained with Coomassie blue shows bands around ~15 kDa for nanobody fractions (lane 3, 4 and 5). Lane 1
corresponds to the PageRuler unstained marker (Thermo Scientific) and lane 2 corresponds to the impurities fractions.

In summary, the production of an anti-EGFR sdAb with a cysteamine at the C-terminal was achieved,
based on SDS-PAGE confirmation, thus we next aimed at conjugating this nanobody with a fluorescent

molecule to mimic a nanobody drug-conjugate (sdADC).

4.3 Site specific bioconjugation of anti-EGFR nanobody

In order to generate our site-specific sdADC, we aimed at covalently conjugating the resulted
nanobody with a commercially available fluorescent dye; Alexa Fluor 488 (AF488, C30H25N4012S2Na,
720 Da), through a maleimide reaction. We reacted 4 mg of anti-EGFR nanobody with 4x molar excess
of AF488 reconstituted in 10 mM N,N-Dimethylformamide (DMF), that we left for 30 min in the dark
at room temperature. Briefly, the fluorescent molecule that contains a maleimide functional group will
react readily with the thiol group of the C-terminal cysteamine and form a thioether bond. Thanks to
the high specificity and selectivity of this reaction, the disulfide bond within the nanobody will be
maintained and thus an addition of an increment mass of 757 Da is expected exclusively on the C-
terminal of the amino acid sequence (Figure 107). The latter mass corresponds to the nanobody mass
after the addition of one cysteamine (C2H7NS, + 77 Da), through maleimide-thiol reaction inducing a
loss of a H,O molecule (- 18 Da), followed by a covalent linking of the AF488 molecule in absence of

sodium clusters (C30H25N4012S2, + 698 Da).
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Figure 107: Labeling of anti-EGFR with Alexa Fluor 488 (AF488) dye following a cysteamine addition. (A) Schematic
representation of the anti-EGFR nanobody cleavage by cysteamine followed by a labelling with AF488 through a maleimide
reaction with the cysteamine’s free thiol. (B) Chemical formulas and masses of cysteamine and AF488 before reaction. The
cysteamine addition (+77 Da) will be depicted in a blue star in this manuscript and the payload addition (cysteamine + AF488)
will be depicted in an orange star during the next sections.

The SEC-UV chromatogram (Figure 108A) shows the profile obtained after loading 3 times the reacted
mixture onto a HiTrap 5 ml desalting column, using the AKTA system (Cytiva, Germany). Each change
in conductivity corresponds to the signal of the unbound AF488, consequently the fractions that
corresponded to the sdADC species were collected and analysed on SDS-PAGE to confirm the mass of
the latter (Figure 108B). The observed masses on the coomassie blue stained SDS-PAGE reveal a mass
around ~15 kDa corresponding to the sdADC. Moreover, a UV stained SDS-PAGE was run to confirm
the fluorescent molecule labelling, which revealed a band around ~15 kDa, as expected. The sdAb and
sdADC were both analyzed by UV/VIS to determine the degree of labelling (DOL). Taking advantage of
a characteristic 450 nm absorbance for the fluorescent molecule attached on the sdADC led to achieve

a DOL of 95% for the sdADC, suggesting a labelling of one AF488 molecule.
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Figure 108: Purification of labelled anti-EGFR nanobody with AF488. (A) SEC-UV profile of the anti-EGFR labelled nanobody
loaded three times and showing three peaks corresponding to the nanobody (blue line). Conductivity changes pinpoint to the
unbound AF488 signal (orange line). The fractions corresponding to the nanobody were analyzed by SDS-PAGE. (B) SDS-PAGE
gel of anti-EGFR nanobody with cysteamine (lane 2) and after AF488 conjugation (lane 3) both stained in coomassie blue.
Lane 4 represents the conjugated nanobody visualized in UV which confirms the fluorescence of the nanobody.
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Overall, those preliminary results obtained at Almac laboratory (Edinburgh, UK) highlight the
successful formation of the reference (sdAb with cysteamine) and the conjugated nanobody (sdADC
with AF488). Albeit SDS-PAGE revealed approximative masses of the obtained products, this technique
still suffers from low resolution, low sensitivity and low mass accuracy. In addition, the ability of AF488
to access the cysteine residues within the disulfide bond that remains a possibility if the reaction
conditions are not optimal could not be confirmed by a simple SD-PAGE analysis. Consequently, to
pinpoint the exact site of conjugation with high resolution, our MS toolbox appear to be a promising

solution.

5. Characterization of anti-EGFR sdAb products
For more accurate mass measurement, we took advantage of our MS toolbox to; first confirm the
sdADC labelling with one AF488 molecule using SEC-nMS, before going further with TD-MS
experiments to determine the specific site of conjugation and to assess the disulfide bond

preservation.
5.1 Intact mass analysis and average degree of conjugation (avDAR) determination using

SEC-nMS

For more sensitive, resolutive and accurate intact mass analysis of our final sdADC, we performed size
exclusion chromatography (SEC) hyphenated to mass spectrometry (MS) in native conditions (SEC-
nMS)121-122, 124 \whijch is a suitable approach for the assessment of DLD, DO and avDAR for mAb-based
formats, as previously demonstrated (Part Il). This experimental set-up allows providing a more precise
experimental mass along with a reliable relative quantitation of all the different species. The SEC-UV
chromatogram (Figure 109A) reveals a major peak at ~3.88 min corresponding to homogeneous sdADC
species. The mass spectrum corresponding to the main chromatographic peak exhibits mainly one
population with an experimental mass of 14,145.7 £ 0.1 Da that can be assigned to the sdAb conjugated
to one AF488 molecule, lacking the first methionine of the amino acid sequence. Indeed, this
phenomenon of N-terminal methionine excision (NME) is well known for E. coli proteins that have

alanine at position 2 3, therefore this PTM was expected.
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Figure 109: SEC-nMS analysis of anti-EGFR sdADC. (A) SEC-UV chromatogram of intact sdADC showing one major species at
~3.88 min with minor species at ~4.50 min. (B) Mass spectra of the main peak corresponding to the conjugated nanobody
centered on the charge state 7+ with avDAR value calculated based on the MS intensities. The species depicted as a star
corresponds to a fragment of AF488 conjugated to the nanobody.

In summary, SEC-nMS results allowed to confirm the conjugation of the sdADC, leading to an average
drug-to-antibody ratio (avDAR) of 1 (Figure 109B). Additionally, the experimental mass of the D1
population corresponds to the sdADC with a disulfide bridge, suggesting that the integrity of the
linkage between both cysteine residues has been maintained during the conjugation reaction.
However, to determine the specific site of conjugation we need to investigate deeper into the amino

acid sequence through TD-MS analysis.

5.2 Optimization of LC-MS parameters upon TD-MS analysis of the sdAb

As demonstrated in the previous chapter (Part Ill, chapter 1), top-down MS (TD-MS)[28-33] is a
valuable approach for the primary sequence characterization of antibody (Abs)-based formats,
through their direct fragmentation at the intact level, without prior sample preparation. Consequently,
we focused at first adapting our TD-MS workflow to characterize the primary sequence of the sdAb
and confirm the cysteamine addition on the C-terminus. Then, we aimed at determining the specific
site of the sdADC conjugation (AF488), and to investigate the preservation of the disulfide bridge
during the conjugation reaction.

Taking into consideration that efficiency of most fragmentation techniques depends not only on the
mass 2, but also on the number of disulfide bridges of the protein of interest and the conjugation site
250, 342383 the primary sequence confirmation of the sdAb was carried out upon reduction of the

cysteine residues (10 mM TCEP for 30 min, rT°). Subsequently, the reduced sdAb was analyzed by LC-
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TD-MS (See Experimental part) using different activation techniques (HCD, ETD, and UVPD). The
reduction of the disulfide bridge within the sdAb consequently altered the structure leading to a higher
number of residues exposed to protonation (Figure 110). Indeed, upon disulfide bridge reduction, a
mass difference of 2 Da was observed; i.e. a mass of 13,449.1 + 0.4 Da versus 13,447.2 + 0.8 Da for the

unreduced sdAb.

13,447.2 + 0.8 Da 13,449.1 £ 0.4 Da
3 7+ 3
10 Mm TCEP 134
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Figure 110: RPLC-MS analysis of anti-EGFR sdAb before and after 10 mM TCEP reduction to unfold the proteins and release
additional charge states. The nanobody is depicted by a pink square and the addition of one cysteamine is depicted by a blue
star corroborating the addition of 59 Da.

a) Choice of precursorion
The importance of the ion’s charge state prior to every TD-MS experiment was already highlighted in
the previous chapter, thus we wanted to evaluate this parameter using the reference sdAb. Three high
charge states (1,121.78 m/z (12+), 1035.49 m/z (13+) and 961.67 m/z (14+)) were selected for HCD
fragmentation using 30% NCE. The resulted MS/MS spectra from each ion showed significantly
different fragmentation patterns. Although the fragmentation of the 14+ ion generated the largest
number of fragments, some ions were not informative due to further fragmentation of product ions
(internal fragments). The ion charged 13+ generated more informative fragments leading to a
maximum sequence coverage of 28% (versus only 20% and 27% for 12+ and 14+, respectively) (Figure

111).
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Figure 111: Optimization of the choice of the precursor ion upon 30% nce HCD fragmentation of the reference sdAb. (A)
MS/MS spectra with the selected precursor ion (left) showing different fragmentation patterns. (B) Sequence coverage based
on the MS/MS spectra deconvolution.

b) Optimization of the energy (HCD) and reaction time (ETD, UVPD) for sdAb fragmentation
Upon the choice of the precursor ion, the fragmentation technique used could provide significantly
different information on the primary structure. We first used HCD 3% 3% as it is the reference and more
characterized techniques of fragmentation. We evaluated three different NCE values for the sdAb
fragmentation. Figure 112 shows the obtained spectra upon 10%, 20% and 30% NCE HCD, where a
clear difference in the fragmentation patterns is observed. In fact, at lower energies, the precursor ion
remains intact because the peptide backbone is barely broken, where higher collision energies appear
to re-fragment some ions of interest leading to the observation of fragments at lower m/z that
probably will not be informative. Indeed, HCD at 20% nce exhibited the largest number of fragment
ions leading to a maximum sequence coverage of 30% versus only 23% and 28% at 10% nce HCD and

30% nce HCD, respectively.
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Figure 112: Optimization of the NCE of HCD upon the fragmentation of the precursor ion 13+ of the reference sdAb. The
selected nce HCD values are represented in the left side of the spectra and the obtained sequence coverage are at the right.

Despite the limited sequence coverage upon HCD fragmentation, this method provided 13 diagnostic
y-fragment ions of the position of the cysteamine molecule at the C-terminal side (Figure 113) which

strengthens our conclusion that the conjugation was performed in the C-terminal side of the sdAb.

Sequence coverage: 41%
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Figure 113: Fragmentation map of sdAb upon 20% NCE HCD confirming the cysteamine modification occurred on C-terminal
position. The specific fragments to the modification site are depicted with a red circle.

Next, in order to maximize the sequence coverage and gain more confidence in the modification site
assessment, we USEd both ETD 23, 205, 207-208, 222, 242 and UVPD 28, 35, 227, 247-248, 250-251, 312 for the
fragmentation of the 13+ charged ion, to reach higher backbone fragmentation. Similarly to HCD

optimizations, we evaluated three activation times for ETD (2ms, 4ms and 10ms) and three dissociation
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times for UVPD (10ms, 15ms and 25ms) upon the fragmentation of the 13+. At lower reaction times,
very few fragmentation pathways are accessed resulting in lower sequence coverage (33% at 2ms ETD
and 59% for 10ms UVPD). When increasing the reaction time for both techniques, additional fragment
ions are observed, resulting in different fragmentation profiles. However, when the reaction time
reaches its maximum the fragments can undergo further fragmentation, leading to lower sequence
coverage for both experiments (23% and 58% for 10ms ETD and 20ms UVPD, respectively). The results
reached here are similar to the conclusions drawn in the case of HCD, which allowed obtaining a
maximum sequence coverage of 47% and 64% for ETD and UVPD, respectively at the optimal

conditions (Figure 114).
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Figure 114: Optimization of (A) ETD and (B) UVPD reaction time upon the fragmentation of the precursor ion 13+ of the
reference sdAb. The selected nce HCD values are represented in the left side of the spectra and the obtained sequence
coverage are at right.

c) Complementarity of fragmentation techniques (HCD, ETD and UVPD)
Upon combination of the results obtained via HCD, ETD and UVPD fragmentation of the sdAb, we were
able to reach up to 88% of the sequence coverage (Figure 115). The obtained fragments from each
technique, cover different regions of the sequence, with ¢/z fragment ions covering mainly the interior
of the amino acid sequence, b/y fragment ions located mainly in the N- and C-terminus sides, and a/x
fragment ions located all along the amino acid sequence (Figure 115A). This complementarity is
highlighted by the Venn diagram represented in Figure 115B. This diagram shows that there are many
fragments unique to every techniques (28, 18 and 5 fragments upon HCD, ETD and UVPD alone,
respectively), while many fragments are shared between at least two techniques (47 between ETD and
HCD, 4 between ETD and HCD and 15 between HCD and UVPD). In addition the three techniques share

3 cleavage sites which highlights the complementarity of the latter dissociations.

More importantly, UVPD shares many fragments with both other techniques (ETD and HCD) as it uses
additional similar dissociations pathways than ETD and HCD resulting in more fragments. The

complementarity of these techniques is also highlighted by the sequence coverage that reached up to
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88% when combining fragments from the three experiments. This sequence coverage was only 30%,

49% and 60% when using individually HCD, ETD and UVPD, respectively.

In more details, UVPD allowed reaching high sequence coverage when used individually, which is
mainly due to the small size of the sdAb sequence which is composed of only 125 residues (~15 kDa),
and to the reduction of the disulfide bridge that allowed reaching the entire backbone of the
nanobody. HCD provided specific fragments that confirm the conjugation site (13 b type diagnostic
ions that contained the cysteamine modification at C-terminus), despite its low sequence coverage.
Finally, ETD provided fragments in the interior region of the sequence coverage, which allowed to

increase the confidence in the primary structure and the modification site assessment of the

nanobody.
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Figure 115: Total sequence coverage of sdAb upon combination of fragments obtained from three dissociation techniques
(HCD, ETD and UVPD). (A) Fragmentation map showing the localization of the different fragment ion types and showing the
localization of the cysteamine addition depicted in a blue square. (B) Venn diagram showing the sequence coverage (outside
the circles in percentage %) obtained upon each individual technique, with number of shared fragments inside the circles.

In summary, combining the fragment ion data obtained from the three dissociation techniques is a
promising strategy to provide a more comprehensive characterization of nanobodies. With this in
mind, we followed the same strategy for the characterization of the AF488 sdADC using the previously

optimized parameters.

5.3 Top-down MS for the characterization of the primary structure of the sdADC

In a similar way, we first reduced the disulfide bridge of the sdADC upon TCEP mild treatment. The
reduced samples exhibited a mass of 14,147.6 + 0.2 Da, consistent with the reduced nanobody bearing

one AF488 payload (+ 698 Da), and in-line with our previous SEC-nMS results (Figure 116).
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Figure 116: RPLC-MS analysis of anti-EGFR sdADC before and after 10 mM TCEP reduction to unfold the proteins and release
additional charge states. The nanobody is depicted by a pink square and the addition of AF488 is depicted by an orange star
corroborating the addition of 698 Da. The precursor ion selected for fragmentation is highlighted in orange (13+ charge state).

a) Sequence coverage and conjugation site assessment of the sdADC
The selected parameters upon sdAb TD-MS optimizations were applied for the fragmentation of the
13+ charged precursor ion of the sdADC (1089.27 m/z). The resulted MS/MS raw spectra upon the
fragmentation of the sdADC using 20% NCE HCD, 4 ms ETD and 213 nm UVPD laser irradiation for 20
ms were dramatically different. Consequently, the different deconvoluted MS/MS spectra matched
with the sdADC sequence allowed achieving different sequence coverage of; 35%, 52% and 55% upon

HCD, ETD and UVPD fragmentation, respectively, along with assessment of the conjugation site on the

C-terminus.
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Figure 117: TD-MS experiments of the sdADC. The upper panel represents the obtained MS/MS spectra upon the sdADC
fragmentation using 20% NCE HCD, 4 ms ETD and 20 ms UVPD. The lower panel shows the fragmentation map obtained from
each single run using one fragmentation technique at a time; HCD, ETD or UVPD fragmentation. b/y fragment ions are
depicted in blue, ¢/z in red and a/x in green. AF488 conjugation is outlined in an orange square. AF488 conjugation site is
highlighted in an orange square.
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After the addition of the AF488 fluorescent molecule on the C-terminal cysteamine, the results were
comparable with sdAb bearing cysteamine only. Thus, in a similar manner and with the objective of
confirming the conjugation on the added cysteamine, we first compared the MS/MS spectra obtained
from both samples. Indeed, the MS/MS spectra of the sdADC was different from that obtained upon
HCD fragmentation of the sdAb with fragment ions observed only upon AF488 conjugation. In the
highest mass range window (800-1,400 m/z), many fragments were observed in the case of the sdADC,
corresponding to the amino acid sequence region V120-S124). Indeed, in these regions many
fragments were diagnostic to the AF488 modification, confirming the sdADC conjugation. In addition,
in the low mass range (200-900 m/z), a fragment ion corresponding to the G125 and the Cysteamine-
AF488 cleavage was observed. Those diagnostic fragments, provided confidence in the conjugation

confirmation at the C-ter of the nanobody sequence. (Figure 118).
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Figure 118: Comparison of the MS/MS spectra upon 20% NCE HCD fragmentation of sdAb (top) and sdADC (bottom). In the
high mass range (800-1,400 m/z), five cleavages corresponded to the amino acid region bearing the AF488 conjugation
(highlighted in orange in the fragmentation map). In the low mass range (200-900 m/z), a fragment ion corresponding to the
cysteamine-AF488 cleavage was observed, confirming the conjugation of the nanobody at C-ter glycine.

Moreover, the position of the conjugation on the sdADC was modified to the two cysteine residues at
position 22 and 96, respectively, which showed significant differences in the sequence coverage and
AF488 specific fragments number (Figure 119). Indeed, when assuming the conjugation occurred on
the other cysteines, the sequence coverage drastically decreases from 35% (in case of C-ter labelling)

to 12% and 6% in case of C96 and C22 labelling, respectively. Furthermore, no diagnostic fragmentions
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bearing the AF488 molecule in position 22, and/or 96 were assigned this time, which increases our

confidence in locating the conjugation site at the C-ter cysteamine.
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Figure 119: SdADC fragmentation upon 20% nce HCD. (A) Fragmentation map of matched b/y ions with the sdAb sequence.
AF488 modification is outlined in an orange frame. Specific fragments are depicted with red circles. (B) Graph representing
the sequence coverage with different potential conjugation sites. The numbers on the bars represent the specific fragment
to the modification.

In addition, similarly to the sdAb fragmentation, each technique allowed to dissociate the amino acid
sequence in specific regions. In more details, HCD mainly provided fragments on the N-terminus of the
amino acid sequence allowing us to confirm the site of conjugation, while the fragment ions obtained
via UVPD and ETD were located throughout different parts of the sequence including the interior
region of the sdADC sequence. More importantly, yielded in a large number of fragment ions resulting
from different dissociation pathways. (Figure 120). Overall, combining the fragment ion data obtained
from the three dissociation techniques, resulted in 87% sdADC sequence coverage along with the
localization of the AF488 modification at the C-terminus cysteamine. Furthermore, among the 238
fragments matched with the sequence, 16 fragment ions (7% of the sequence) containing the AF488

molecule allowed to confirm that the labelling occurred on the C-terminal cysteamine.
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Figure 120: Location of C-terminal and N-terminal residues upon sdADC fragmentation using (A) 20% nce HCD, (B) 4 ms ETD
and (€) 20 ms 213 nm UVPD. This schematic shows that HCD fragments are mainly located in the C-ter and N-ter regions of
the sdADC. ETD fragments are present in the central region of the nanobody conjugate. Fragments obtained upon UVPD are
located all along the sdADC backbone. C-ter residues are represented in red while N-ter are in blue. (D) Fragmentation maps
of total sequence coverage of the sdADC obtained upon combination of the fragments from 20% nce HCD, 4 ms ETD and 20
ms UVPD. b/y fragment ions are depicted in blue, ¢/z in red and a/x in green. AF488 conjugation is outlined in an orange
square.

Altogether, our TD-MS results upon fragmentation of sdADC illustrated a clear complementarity
between HCD, ETD and UVPD for a more comprehensive characterization of the amino acid sequence

along with the conjugation site identification.

b) Investigation of the disulfide bonds incorporated in the sdAb and sdADC proteins
Since AF488 covalent labelling is accomplished through a maleimide reaction with a thiol group,
potentially, the cysteine residues contained within the sdAb disulfide bond could also be conjugated.
Albeit the results afforded in the previous sections clearly show that the conjugation is solely
performed on the C-terminal cysteamine, suggesting that the conjugation process does not disrupt the
intramolecular disulfide bridge, we aimed at evaluating our TD-MS approach to see if it affords
information about the presence of intra-molecular disulfide bridges. To investigate this, we aimed at
determining the terminal fragments that contained specifically the cysteines of interest by using

traditional collisional activation methods such as HCD, on the unreduced form of the sdADC.

The resulting MS/MS spectrum represented in Figure 121 was searched for products arising from the
regions of interest. Despite the significantly limited sequence coverage (4%), we successfully identified

fragments that clearly exhibited the presence of both cysteines in their oxidized form, in addition to
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the AF488 modification. The peak intensity and the isotopic distribution were key factors to validate
the specific fragments to the modification, thus we selected m/z 2,308.88 (y122), m/z 2,290.03 (y121),
m/z 2,273.52 (y120) and m/z 2,252.02 (y119) which were clear evidence that the C22 and C96 amino
acids were involved in a disulfide bridge and that the C-terminal Glycine incorporated one AF488

payload.
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Figure 121: TD-MS experiments of unreduced sdADC showing MS/MS spectra upon 10% nce HCD fragmentation with
fragmentation map on top and a zoom on the fragment ion y120. b/y fragments are depicted in blue. AF488 modification is
outlined in orange frame and hydrogen loss modifications are in grey frames. The precursor ion is depicted with a star.

Interestingly, upon 213 nm UVPD many fragments could be matched to the sequence increasing the
sequence coverage to 19%, confirming the multiple pathways of dissociation that UVPD involves. The
observed fragment ions were containing either the unreduced C22 exclusively, such as the ion m/z
1,243.14 represented in Figure 122, or both cysteines C22 and C96 involved in a disulfide linkage:
2,289.88 m/z. This pointed out to the existence of the S-S bond.
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Figure 122: TD-MS experiments of unreduced sdADC showing MS/MS spectra upon 30 ms UVPD fragmentation with
fragmentation map on top and a zoom on the fragment ion a30. a/x fragments are depicted in green. AF488 modification is
outlined in orange frame and hydrogen loss modifications are in grey frames. The precursor ion is depicted with a star.

Assigning the internal fragments resulting from the different dissociation experiments could also be
considered %, to allow comprehensive sequence coverage of proteins containing either the intact or
fragmented disulfide linkage. Indeed, after submitting our deconvoluted MS/MS spectra to ClipsMS 2%°
software, we could allocate many ion products in addition to terminal fragments that were prioritized.
In the case of UVPD in particular, inclusion of internal fragments raised the sequence coverage to 35%,
mostly due to the access of the interior regions between C22 and C96 that contained 8 fragment ions,
including 6 internal fragments incorporating one or both cysteines as depicted in the fragment location
map in Figure 123. We believe that this drastic increase is mostly due to the multiple possible pathways
of internal fragmentation in UVPD that can take place after each reaction, which explains the
generation of a plethora of fragment ion types due to the cleavage of many backbone bonds, namely
ax, ay, az, bx, by, bz, cx, cy and cz ions. Moreover, the improvement of the sequence coverage led to
characterize specific fragments to the disulfide bridge leading to achieving a more comprehensive
characterization of our sdADC.

However, as we mentioned in the previous chapter (Part lll, chapter 1), the risk of false positive when
including internal fragments is significantly high. Therefore, these internal fragments should be
considered with caution. In this context, the 8 internal fragments that contained the cysteines involved

in the sdADC disulfide bridge, were searched in the raw MS/MS spectrum. Indeed, among the six

180



Part lll: Top- and middle-down MS approaches for mAb-based products characterization

matched internal fragments, 2 were false positives (ay26 and cx46). Conversely, 4 internal fragments
were confirmed in the MS/MS spectra (cy48, cx43, bz40 and az28) and allowed to confirm the linkage
of the disulfide bond containing C22 and C96 residues. In fact, those fragments ions have relatively low

abundance which explains why they are ignored from classical TD-MS softwares in the first place.

Fragment Location
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Figure 123: Added value of internal fragments to determine fragments in the S-S bond area. (A) Fragment cleavage sites
showing terminal and internal fragments. (B) Fragment location map representing internal fragments between Cys22 and
Cys96 depicted in orange dashed lines, and incorporating the AF488 modification depicted in blue lines.

In summary, the fragmentation of the sdADC in its intact form generates few terminal fragments,
resulting in very limited sequence coverage. This is due to the difficulty to reach the core of the
nanobody, which is normally maintained by a set of cysteines that form a disulfide bond. To
demonstrate this hypothesis we first determined terminal fragments upon HCD fragmentation of the
unreduced sdADC. Albeit very limited sequence coverage was obtained (4%), some few fragments
were informative of the conservation of the disulfide bond. This information was further confirmed by
UVPD that generated a larger number of terminal fragments and increased the confidence in assigning
the disulfide bridge (19%). Taking into account the plethora of internal fragments that UVPD generates,
we searched for these fragments using ClipsMS for further disulfide bond assessment. As expected,
the inclusion of internal fragments increased the sequence coverage up to 35%, which helped
confirming the preservation of the disulfide linkage between C22 and C96, along with assessment of
the AF488 modification in the C-terminus. However, the inclusion of these internal fragments can

increase the risk of false positive and should be considered with caution.

6. Conclusions
The main objective of this chapter was to test the validity of our TD-MS workflow by characterizing our
in-lab produced anti-EGFR nanobody conjugate. First, we demonstrated the successful expression and
subsequent purification of the anti-EGFR nanobody, along with its conjugation to an AF488 molecule.
Thanks to a straightforward SEC-nMS analysis, we could confirm the successful AF488 labelling through
precise mass measurement of the conjugated sdADC (avDAR of 1). Subsequently, using our TD-MS

approach we determined the specific site of conjugation at the C-ter amino acid by providing a total
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sequence coverage of 87%. This high sequence coverage was obtained by combining results from three
fragmentation techniques (HCD, ETD and UVPD) which highlighted the complementarity of these
activation techniques. Moreover, we confirmed the preservation of the disulfide bridge upon the
sdADC by UVPD fragmentation that gives specific fragments including the S-S bond along with the
conjugation on the C-ter. In addition, inclusion internal fragments confirmed the preservation of the

S-S bond upon manual validation of those fragment ions.

7. Scientific communications

Benazza R., Papadakos G., Diemer H., Cotton G., Cianférani S. and Hernandez-Alba O. Full
characterization of single-domain antibody-drug-conjugates (sdADC) with assessment of
modification and conjugation sites using top-down mass spectrometry (TD-MS).Oral communication.
Journées Club Jeunes de la FPS. Avril 2023, Strasbourg, France.

Benazza R., Papadakos G., Cotton G., Hernandez-Alba O. and Cianférani S. TD-MS approaches for
straightforward characterization of an anti-EGFR single-domain antibody-drug conjugates. Poster
communication. JFSM. September 2023, Nantes, France.

Benazza R., Papadakos G., Cotton G., Hernandez-Alba O. and Cianférani S. Full characterization of sdAb
conjugates using top-down mass spectrometry (TD-MS). Poster communication. Analytics. June 2022,
Nantes, France.

Benazza R., Papadakos G., Diemer H., Cotton G., Cianférani S. and Hernandez-Alba O. Characterization
of anti-EGFR nanobodies using top-down mass spectrometry (TD-MS). Article in preparation.

182



Part lll: Top- and middle-down MS approaches for mAb-based products characterization

Conclusions of Part Il

In the first chapter of this part, we first evaluated the latest generation Orbitrap Eclipse™ Tribrid™ MS
(Thermo Fisher Scientific) upon TD-MS characterization of reference proteins (Myoglobin 17 kDa and
Carbonic anhydrase 26 kDa). Upon optimization of several parameters using Myoglobin, we pinpointed
to the importance of the precursor ion choice, which is a crucial step for an efficient fragmentation.
Indeed, a highly charged and well intense precursor ion lead to better yield in residue cleavage and
thus higher sequence coverage. Next, we demonstrated that each fragmentation technique used (HCD,
ETD and UVPD), leads to completely different fragmentation patterns and different fragmention types,
which consequently provide coverage of different regions of the protein sequence. Therefore, the
combination of fragment ions resulted from the three dissociation techniques (HCD, ETD and UVPD)
allow to reach 99% of the Myoglobin sequence. In fact, yielding 100% of the sequence coverage is not
challenging when it comes to low MW proteins. Therefore, we explored this hypothesis through the
fragmentation of Carbonic anhydrase (29 kDa) which contains an acetylation at the N-ter residue.
Indeed, the fragmentation of Carbonic anhydrase using similar Myoglobin TD-MS conditions, allowed
reaching only 64% of the sequence coverage, highlighting the impact of the size on the fragmentation
efficiency.

Then, we moved forward to the characterization of a more challenging protein (trastuzumab, 150 kDa),
which required a mild digestion/reduction to downsize the intact mAb to ~25 kDa subunits. This
required an additional chromatographic dimension, which allowed the separation of the resulted
subunits: Fc/2, Lc and Fd subunits. Indeed, the successful outcome of characterizing the intact mAb
sequence with localization of the N-glycosylation site was achieved thanks to the fine-tuning of
different parameters, again. Our optimizations studies started first with evaluating different energies
(for HCD) and reaction times (for ETD and UVPD), to find a compromise between maximum obtained
and explained fragments. The results revealed that at lower reaction times or when using lower
energies, the precursor ions depletion is not completely achieved resulting in low residue cleavage.
Conversely, at higher dissociation times/energies the ions undergo additional fragmentation giving rise
to low abundant and non-informative fragment ions accompanied with an increasing number of
internal fragment ions. Second, the combination of the three activation techniques at their optimal
conditions, allowed covering different regions of the subunits sequence, which enhanced the sequence
coverage and increased the confidence in the glycosylation site assignment. Furthermore, we tested
several combinations of precursor ions selection; four multiplexed ions, two multiplexed ions or one
unique precursor ion selection either one of the most charged or the most intense ones. Through these
experiments, we found that the fragmentation relies highly on the choice of the number of precursor

ions to be fragmented. Multiplexing several ions lead to lower sequence coverage, due to mainly
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acquiring less scans for each ion (5 scans per precursor ion versus 20 scans when the ion is selected
alone). Moreover, multiplexing leads to the combination of many low-intensity fragment ions that
reduces the overall quality of the spectra (lower S/N ratio), which directly affects the deconvolution.
Therefore, focusing on one precursor ion can significantly increase the sequence coverage. This specific
ion should be at a decent abundance (high intensity, high charge state) to undergo better
fragmentation. In the same propensity, widening the isolation window induces a drop in the sequence
coverage, as the averaging of the resulted ions reduces the relative intensity of some fragment ions of
interest. Overall, our preliminary optimizations could achieve 75%, 78% and 71% sequence coverage
obtained for Fc/2, Lc and Fd subunits. Finally, different key points could help improving the sequence
coverage. Notably, PTCR reaction performed at the MS3level added a remarkable value of simplifying
the fragmentation MS/MS spectra (mostly after ETD fragmentation) and thus allowing identifying more
fragment ions. Assigning internal fragments in addition to terminal ones could also, help reach to an
important information that is usually ignored by common TD-MS softwares, which increased the
sequence coverage up to 98%, 100% and 100% for the Fc/2, the Lc and the Fd subunits, respectively.
However, we demonstrated through the subunits sequence scrambling, that inclusion of internal
fragments could lead to false-positive assignment especially in the case of UVPD. This is due to
similarities in masses of different combinations of amino acids, which could not be differentiated due
to lack of scoring parameters that reflect the confidence of sequence assignment. We believe that this
limitation could be tackled by strengthening the deconvolution and fragment matching parameters,
available on classical or newly developed TD-MS softwares. When possible, sometimes it is worth

adding an additional fragmentation level (MS3) to confirm these fragment ions.

Overall, we showed in this study that the achievement of high sequence coverage of a monoclonal
antibody is now possible when taking into consideration the variety of tunable MS" parameters. Even
so, in this study we only focused on the use of two conventional fragmentation techniques (HCD and
ETD) in comparison of the most cutting-edge dissociation techniques (UVPD). Achieving near complete
sequence coverage can be even enhanced by taking advantage of other techniques available on the
latest generation Orbitrap instruments, namely EthcD 2% and EtciD that combine the features of
electron-driven and collisional dissociations to yield higher sequence coverage. Moreover, combining
the capabilities of Orbitrap analyzers with an Omnitrap platform (FasmaTech, Greece) can also yield in
efficient proteins fragmentation due to the combination of multi-stage MS/MS methods available on

this platform (AI-ECD, AlI-UVPD, IRPMD... etc.).

However, among the most challenging structural information to obtain is the conjugation sites on ADCs
for instance, which could possibly be provided thanks to fine instrumental tuning or combination of

several fragmentation techniques, as showed in a recent study '?°. This ability of TD- and MD-MS

184



Part lll: Top- and middle-down MS approaches for mAb-based products characterization

approaches to provide information on the primary sequence of mAb-based products, could be valuable

for the comprehensive characterization of multiple therapeutics formats, such as nanobodies.

Therefore, the main objective of the second chapter was to test the validity of our TD-MS workflow by
characterizing our in-lab produced anti-EGFR nanobody conjugate. First, we demonstrated the
successful expression and subsequent purification of the anti-EGFR nanobody. This nanobody was
strategically engineered to include a free thiol group at its C-terminus, which facilitated further AF488
conjugation through a maleimide reaction. Thanks to a straightforward SEC -nMS analysis, we could
confirm the successful AF488 labelling through precise mass measurement of the conjugated sdADC.
The drug load distribution showed a homogeneous distribution of D1 species that could allow us to
calculate an avDAR value of 1. Subsequently, using our TD-MS approach we aimed at determining the
specific site of this conjugation, along with assessment of the disulfide bond, through direct
fragmentation using mainly three fragmentation techniques (HCD, ETD and UVPD). The first
experiments performed on a reduced form of the sdADC (and sdAb as a reference), aimed at obtaining
a maximum sequence coverage to localize the AF488 position, after denaturation of the compact form
of the nanobody. Indeed, this step allowed releasing a broader range of charge states that we
evaluated using HCD fragmentation. Our results revealed that the choice of the precursor ion is
extremely important to enhance the fragmentation efficiency. The latter should be highly intense and
well charged to energetically collide with the neutral gas molecules (in this case, using HCD) and thus
dissociate the backbone of the nanobody. Bearing in mind that ETD fragmentation depends also on
the high charge state of the precursor ion and that UVPD has no preference for the charge state or
intensity of the latter, the 13+ seemed to be a good compromise for our further optimizations.
Moreover, the fragmentations performed using HCD provided valuable information on the site of
conjugation, where we obtained several diagnostic fragments of the cysteamine and AF488 sites,
despite the limited sequence coverage that this technique offers. To enhance the nanobodies
sequence coverage, we took advantage of ETD and UVPD techniques available on the Orbitrap Eclipse™
Tribrid™ MS (Thermo Fisher Scientific). Both techniques generated different and various fragments
ions that were located in diverse regions of the nanobody sequence. For instance, ETD favored the
interior region fragmentation in contrary to HCD that fragmented the nanobody in its C- and N-ter
regions. Whereas UVPD provided fragments ions that were located all along the peptide backbone.
This study highlighted the complementarity of these activation techniques, which allowed to achieve
87% of the sdADC (and 88% for the reference sdAb) sequence coverage with more confidence in the

AF488 localization site assessment.

In fact, to confirm that our conjugation was at the C-terminus with the disulfide bond (between C22

and C96) was preserved, we sought to characterize our sdADC at its unreduced form. Despite the
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limited sequence coverage that HCD provided upon fragmentation of the 7+, some fragments were
overall good intensity and good isotopic distribution, could confirm the involvement of C22 and C96 in
a disulfide linkage. This hypothesis was supported by UVPD data, which showed higher sequence
coverage with more terminal fragment bearing the disulfide bridge along with the AF488 conjugation.
However, a large number of the obtained fragments via UVPD were mainly internal ones that were
explained further using ClipsMS algorithm. Inclusion of these internal fragments was a key step to
confirm the conservation of the disulfide bridge in the core of the nanobody, which additionally
contained a labelled AF488 in its C-terminus. However, we must bear in mind that the automatic
assignment of these small internal fragments comes with a big risk of false positive even when using
low mass tolerance (< 2 ppm), therefore a manual validation is required. The obtained fragments could
be either directly checked on the MS/MS spectra, which is far more complicated when characterizing
larger proteins (mAbs, ADCs...), or upon matching those fragments with a scrambled sequence 3%,
Overall, whilst our study seems to be one of the first TD-MS experiments performed on nanobodies, it
paves the way to several optimizations and improvements. Among the main challenges for any top
down workflow, disulfide bonds seem to challenge the fragmentation efficiency by being inaccessible
with the classical dissociation techniques. This limitation could be tackled by using additional activation
of the protein of interest along with its fragmentation, as for instance infrared photoactivation during
ETD reaction (AI-ETD) 2& 249232 Thijs technique has outperformed conventional ETD and HCD
fragmentation and improved the sequence coverage of ~29 kDa proteins. In addition, hybrid
techniques that combine electron-based and photon-based activations (ETuvPD %°2, ECuvPD %*%) could
probably boost the sequence coverage of disulfide bond-containing proteins, by accessing the regions
that are constrained by this linkage. Therefore, we believe that our promising results give a valuable
insight and lead the way to more optimizations for a comprehensive characterization of nanobody

therapeutics.
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General conclusions and perspectives

The aim of my PhD work was to develop tailored and straightforward MS-based techniques for the
characterization of a specific class of therapeutic proteins: ADCs/PDCs. My research was conducted on
state-of-the-art mass spectrometers, with the aim of evaluating these platforms and developing
dedicated methodologies for biotherapeutics assessment. The results obtained in the frame of my PhD

work contributed to discuss the following questions:

Are native MS methods mature enough to enter biopharmaceutical companies for routine
analysis?
One of the central aspects described in my thesis is the evaluation of a new benchtop mass
spectrometer (The BioAccord, Waters) to develop tailored LC-MS approaches for biotherapeutics
characterization. From an instrumental standpoint, this platform is indeed user-friendly and allows
going from routine quality control analyses to thorough method development. For instance, |
demonstrated the possibility to perform SEC-nMS *2* and CEX-nMS *7* experiments through reference
mAbs characterization, which allowed highlighting the robustness, sensitivity and reproducibility of
the instrument under native conditions. In particular, | showed that the automated SEC-nMS method
is important for monitoring the development of new ADCs/PDCs upon a site-specific reaction (Ugi
multicomponent reaction 3?). From a data processing point of view, this platform offers detailed
reports comprising accurate mass measurements, and straightforward assessment of the different

CQA:s (size variants, DO, avDAR and DLD).

However, the bottlenecks of this platform rely mainly on the limited m/z range (until 7000 m/z) which
| highlighted through the study of different bsAb?*° formats. Compared to other ToF analyzers where
the m/z range is extended up to 10,000 m/z and more, using the BioAccord platform large MW could

344 and antibody-nanoparticle conjugates 3%,

not be identified (such as adeno associated viruses, AAVs
ANCs), and HMWS that can be formed upon therapeutic mAbs aggregation %. This limitation of the
BioAccord will be certainly overcome in the near future to widen the application scope of this benchtop
LC-MS instrument. Nevertheless, | showed that MP 33, is a good alternative to nMS as it provides
extremely fast measurements (< 1min) in a wide mass range (from 30kDa to 5MDa) using less
concentrated samples (100 pm — 100 nM). Thus, this technique could be more involved in
biotherapeutics characterization projects. Nevertheless, this technique lacks of detailed structural and
| information, a limitation that | anticipate to be tackled in the near future. Moreover, it is still limited

in term of resolution compared to nMS. Overall, even if | showed that the BioAccord is a suitable

platform for straightforward characterization of newly developed bioconjugates, as well as for method
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development of more tailored LC-MS methods for their characterization, | still anticipate that its
capabilities need to be improved.

Perspectives

Upon the ability of characterizing mAb complexes, the biopharma field is more and more interested in
the characterization of gene therapy products such as AAVs 3% 3% and in other immunoconjugates
such as ANCs 3%, in native conditions. These biomolecules reach higher mass ranges (> 200 kDa) and
thus their characterization using conventional nMS is challenging. MP would be a valuable tool for their
straightforward assessment and thus could allow to assess the heterogeneity and the macromolecular
assemblies of AAVs and ANCs, which will make it soon the go-to approach for straightforward
biotherapeutics characterization upon slight instrumental developments. Another track for
characterizing those complexes, could be taking benefit of the charge detection MS (CDMS) approach,
which allows determination of single ions on various mass analyzers 3¥. Although this technique is
major breakthrough in the analytical field, it is still in its infancy and could be improved in order to be
applied on complex molecules. One example of the evolution of this technique is the recent publication
of Bones and coworkers where SEC separation was coupled to CDMS 3%, Beyond improving the
resolution to detect those single ions, | anticipate that in the near future it would be taking benefits
from coupling with other separation techniques, and from improvement of straightforward data

processing softwares 3%,

At this stage, and to answer the former question, | believe that nMS is certainly ready to be imbedded
in biopharmaceutical laboratories for the characterization of biotherapeutics. Obviously, biopharma
companies are already adopting nMS workflows for mAb characterization for instance, but the need

for expertise and extensive method development is still required for more challenging products.

Are TD/MD-MS methods valuable alternatives to peptide mapping for mAb-based product
primary sequence assessment?
The expanding need to characterize new bioconjugates formats in a prompt manner, and to replace
more time-consuming approaches such as peptide mapping, was supported by the development of
cutting-edge mass spectrometers. | had the opportunity to evaluate one of these instruments: the
Orbitrap Eclipse™ Tribrid™ MS (Thermo Fisher Scientific), for the characterization of the primary
structure of mAb-based formats. The evaluation of the instrument through TD-MS analysis of
reference proteins (Myoglobin ~17 kDa, carbonic anhydrase ~26 kDa) and a reference mAb
(trastuzumab ~150 kDa) allowed to pinpoint the importance of different parameters optimization, in
particular the choice of the precursor ion and the choice of the energy and/or the time of dissociation.

While for proteins with molecular weights lower than 30 kDa TD-MS is relatively easy, for mAbs it is
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still challenging due to their size, the presence of multiple intra-, and inter-chain disulfide bridges and
the presence of multiple chains. These structural characteristics prompted me to opt for a MD-MS
approach instead. Upon the optimization of the MS/MS parameters, | showed the benefits of PTCR %
26 for spectral decongestion, which allowed improving the subunits (Fc/2, Lc and Fd) sequence
coverage and increasing the confidence in the identification of the glycosylation site. The overall
optimizations allowed to increase the sequence coverage up to ~70% for the subunits, in less time (~15
min) compared to peptide mapping that are usually time-consuming due to the extensive

digestion/alkylation process.

This high sequence coverage along with the PTM localization, was obtained upon the combination of
fragments from different fragmentation techniques (HCD, ETD and UVPD in this case), which allows to

highlight the complementarity of these techniques.

In terms of data processing, TD/MD-MS is more challenging as it does not offer many tailored softwares
for MS/MS spectral interpretation and fragments/sequence matching. In addition, there are not
general agreement on the used data processing parameters. In this context, | evaluated a new TD-MS
software that takes into consideration the internal fragments (ClipsMS) 2%°. The inclusion of internal
fragments allowed increasing dramatically the sequence coverage (~100% for all subunits). However,
| could confirm that a large number of internal fragments were false-positives due the similarities in
masses of different combinations of amino acids (isobaric fragments) and due to the absence of scoring

systems.

This overall optimized TD-MS workflow was useful for the assessment of a conjugated nanobody that
| produced myself in a secondment at Almac Discovery, in Edinburg. On the one hand, it allowed me
to confirm the conjugation site of the sdADC, through nearly complete sequence coverage (87%) and
specific fragments localization near the conjugation site region. On the other hand, the data from TD-
MS could be correlated to those obtained from SEC-nMS confirming the conjugation one molecule
(avDAR of 1), a correlation that cannot not be obtained through peptide mapping. Moreover, TD-MS
was a valuable approach for assessing the disulfide bond among the sdADC, through consideration of
terminal and internal fragments (validated manually). However, in TD-MS the fragmentation spectra
are complex especially for large intact proteins, which requires more appropriate handling and more

softwares that are powerful.
Perspectives

While | demonstrated the clear benefits of state-of-the-art mass spectrometers that comprise several
fragmentation techniques, | also highlighted the fact that a substantial portion of the fragmentation
spectra remains undisclosed, which limits yielding complete sequence coverage. Indeed, a major

bottleneck of the TD-MS field is the lack of tailored softwares for processing the data from complex
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and large MW biomolecules. In fact, there are multiple softwares that assign terminal fragments 2*7,

but still produce inaccuracies upon miss-deconvolution and miss-interpretation of overlapped species
rising from the dissociation of more complex biomolecules. To date, there is only one software that
deals with internal fragments assignments (ClipsMS) 22, but lacks robust scoring systems which require

time-consuming manual validation of these fragments.

| expect that this point will be the main focus of the TD-MS field in the near future, as the interest
increase of the multinational Consortium for Top-Down Proteomics (CTDP) 3! is concentrated in the
nTDMS 2*° characterization of more complex and challenging biomolecules. In the context of nTDMS,
which is by far the most attractive technique to extensively characterize bimolecular complexes in their
intact form, novel technologies could be useful. The recently developed novel ion trap (Omnitrap,
Fasmatech, Greece) *° that allow multidimensional MS" fragmentation thanks to the incorporation of
multiple fragmentation techniques within one MS platform, has demonstrated fascinating capabilities
of complete cleavage of unfolded proteins, with successful detection either on an orbitrap or ToF
analyzer 351352 Thus, | anticipate that the use of this platform will be further strengthened for the
characterization of biotherapeutics. A last point that | would like to briefly discuss is the potential use
of the new high sensitivity, high resolution and high mass accuracy mass analyzers for nTDMS, such as
the recently developed SELECT SERIES MRT (Waters) 3>* and The Orbitrap Astral MS (Thermo Fisher)
34 The high sensitivity and high resolution thanks to the nearly lossless ion transfer could result in

better identification of fragment ions and consequently yield in high sequence coverage.
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Experimental section

This part describes the used instrumentations, protein sequences, sample preparation, data

acquisition and data processing methods.

1. Instrumentation

1.1 The BioAccord LC-MS system (Waters, UK)

The BioAccord LC-MS system is a continuous coupling of an Acquity UPLC M-Class liquid
chromatography system that includes, a binary solvent manager (BSM), a sample manager (SM), a
column oven and a tunable UV detector (TUV detector), continuously coupled to an RDa™ time-of-
flight (ToF) mass spectrometer with ESI source. Of note, the sample loop can inject a maximum volume
of 10 pL. The whole system is fully controlled by UNIFI software v3.1.0.16 from data acquisition to data

processing (Waters, UK).

The mass spectrometer is calibrated prior to every native or denaturing MS analysis, in the 400-7000
m/z range in the positive mode using a solution containing, 50 ng/pL of sodium iodide in
isopropanol/water (80/20 v/v) and 0.5 ng/pL of rubidium iodide in isopropanol/water (80/20 v/v). A
LockMass solution containing 3.75 ng/uL of leucine encephalin, 12.5 ng/uL of caffeine and 2.5 ng/uL
of 1-pentanesulfonic acid in ACN/water (80/20 v/v) is injected automatically prior to each analysis.
This platform was used for the SEC-nMS and CEX-nMS analyses of Part Il chapter 1, the SEC-nMS
analyses of Part Il chapter 2, the SEC-nMS analyses of Part Il chapter 3, the dSEC-MS analyses of Part
Il chapter 4 and for the SEC-nMS analysis of Part lll chapter 2.

RDa detector

Oven
SM ¥
___Calibrant
- - Wash
- - - Lockmass

Picture of the BioAccord LC-MS system (Waters, UK)
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1.2 The Synapt G2 HDMS (Waters, UK)

The Acquity H-Class composed of a quaternary pump (QSM), a sample manager (FTN sample manager),
a column oven and a TUV detector was coupled to a Synapt G2 HDMS is a time-of-flight mass
spectrometer. It was used for the analysis of reference mAbs and ADCs in Part Il chapter 1 and for the
analysis of bispecifics in Part Il chapter 3. Of note, the sample loop can inject a maximum volume of
20 pL.

The instrument was calibrated and tuned using a 2 g/L solution of cesium iodide in 2-propanol/water
(50/50 v/v), and then was operated in sensitivity mode using a + 1.5 kV capillary voltage. The
acquisitions were recorded in the 1000-5,000 m/z range with a 4 s scan time. MS data processing was

performed using Mass Lynx V4.1 (Waters, Manchester, UK).

Picture of the Acquity H-Class system coupled to the Synapt G2 HDMS (Waters, UK)

1.3 The Orbitrap™ Eclipse™ Tribrid™ MS (Thermo Fisher Scientific, USA)

The Orbitrap™ Eclipse™ Tribrid™ MS (Thermo Fisher Scientific, USA) is an MS equipped with three
analyzers; ion trap, quadrupole and orbitrap. It’s also equipped with 4 fragmentation techniques: CID,
HCD, ETD and UVPD along with PTCR technique. The ETD and PTCR are injected in the source and the
UVPD laser is located at the back of the spectrometer. The MS was used directly upon ESI injection of
samples analyzed in Part lll chapter 1. An Ultimate 3000 LC including a pump module, a column oven
and an autosampler was coupled to the MS for the analyses in Part lll chapter 2. The sample loop can
inject until 20 pL. The system was calibrated using a Pierce™ Flexmix™ calibration solution at a

flowrate of 5 uL/min, using an HESI source and a low flow needle.
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The Orbitrap"

B clipse™ Tribrid™ | E4

gTD reagent
PTCR reageliyy

Picture of the the Ultimate™ 3000 LC coupled to The Orbitrap™ Eclipse™ Tribrid™ MS (Thermo
Fisher Scientific, USA)

1.4 TWO MP (Refeyn Ltd, UK)

The mass photometer used for analysis of bsAbs in Part Il chapter 3 was a Two MP from Refeyn Ltd,

UK.

Picture of the two MP (Refeyn Ltd, UK)
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2. Protein sequences

Sample

Amino acid sequence

Theoritical
mass (Da)

Anticalin D11vs

QDSTSDLIPAPPLSKVPLQQNFQDNQFHGKWYVVGRAGNTGLREDKDPGKMFATI
YELKEDKSYNVTYVWSGQKKCMYSIVTFVPGSQPGEFTLGNIKSAPGRTSWLVRVVS
TNYNQHAMVFFKSVTQNREGFAITLYGRTKELTSELKENFIRFSKSLGLPENHIVFPVP
IDQCIDGSAWSHPQFEK

21,302

Anticalin (K46R)-D11vs

QDSTSDLIPAPPLSKVPLQQNFQDNQFHGKWYVVGRAGNTGLREDRDPGKMFATI
YELKEDKSYNVTYVWSGQKKCMYSIVTFVPGSQPGEFTLGNIKSAPGRTSWLVRVVS
TNYNQHAMVFFKSVTQNREGFAITLYGRTKELTSELKENFIRFSKSLGLPENHIVFPVP
IDQCIDGSAWSHPQFEK

21,330

Anticalin (Q1-D6)-
D11vs

NLIPAPPLSKVPLQQNFQDNQFHGKWYVVGRAGNTGLREDKDPGKMFATIYELKE
DKSYNVTYVWSGQKKCMYSIVTFVPGSQPGEFTLGNIKSAPGRTSWLVRVVSTNYN
QHAMVFFKSVTQNREGFAITLYGRTKELTSELKENFIRFSKSLGLPENHIVFPVPIDQCI
DGSAWSHPQFEK

20,782

Anticalin (Q1-D6)-
(K46R)-D11vs

NLIPAPPLSKVPLQQNFQDNQFHGKWYVVGRAGNTGLREDRDPGKMFATIYELKE
DKSYNVTYVWSGQKKCMYSIVTFVPGSQPGEFTLGNIKSAPGRTSWLVRVVSTNYN
QHAMVFFKSVTQNREGFAITLYGRTKELTSELKENFIRFSKSLGLPENHIVFPVPIDQCI
DGSAWSHPQFEK

20,810

AntiEGFR sdAb

MAVQLVESGGGSVQAGGSLRLTCAASGRTSRSYGMGWFRQAPGKEREFVSGISW
RGDSTGYADSVKGRFTISRDNAKNTVDLQMNSLKPEDTAIYYCAAAAGSTWYGTLY
EYDYWGQGTQVTVSSG

13,521

Atezolizumab

LC:DIQMTQSPSSLSASVGDRVTITCRASQDVSTAVAWYQQKPGKAPKLLIYSASFLY
SGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQYLYHPATFGQGTKVEIKRTVAAP
SVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSK
DSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

HC:EVQLVESGGGLVQPGGSLRLSCAASGFTFSDSWIHWVRQAPGKGLEWVAWIS
PYGGSTYYADSVKGRFTISADTSKNTAYLQMNSLRAEDTAVYYCARRHWPGGFDY
WGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGAL
TSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCD
KTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWY
VDGVEVHNAKTKPREEQYASTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEK
TISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNY
KTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

144,356
(GOF)2

Bevacizumab

LC:DIQMTQSPSSLSASVGDRVTITCSASQDISNYLNWYQQKPGKAPKVLIYFTSSLHS
GVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQYSTVPWTFGQGTKVEIKRTVAAPS
VFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKD
STYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

149,199
(0GF)2

198




Experimental section

HC :EVQLVESGGGLVQPGGSLRLSCAASGYTFTNYGMNWVRQAPGKGLEWVGWI
NTYTGEPTYAADFKRRFTFSLDTSKSTAYLQMNSLRAEDTAVYYCAKYPHYYGSSHW
YFDVWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWN
SGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEP
KSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKF
NWYVDGVEVHNAKTKPREEQYJSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPA
PIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPE
NNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLS
PG

Carbonic anhydrase

SHHWGYGKHNGPEHWHKDFPIANGERQSPVDIDTKAVVQDPALKPLALVYGEATS
RRMVNNGHSFNVEYDDSQDKAVLKDGPLTGTYRLVQFHFHWGSSDDQGSEHTVD
RKKYAAELHLVHWNTKYGDFGTAAQQPDGLAVVGVFLKVGDANPALQKVLDALDS
IKTKGKSTDFPNFDPGSLLPNVLNYWTYPGSLTTPPLLESVTWIVLKEPISVSSQQMLK
FRTLNFNAEGEPELLMLANWRPAQPLKNRQVRGFPK

28,981

Durvalumab

LC:EIVLTQSPGTLSLSPGERATLSCRASQRVSSSYLAWYQQKPGQAPRLLIYDASSRA
TGIP
DRFSGSGSGTDFTLTISRLEPEDFAVYYCQQYGSLPWTFGQGTKVEIKRTVAAPSVFI
FPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTY
SLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

HC:EVQLVESGGGLVQPGGSLRLSCAASGFTFSRYWMSWVRQAPGKGLEWVANIK
QDGSEKYYVDSVKGRFTISRDNAKNSLYLQMNSLRAEDTAVYYCAREGGWFGELAF
DYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNS
GALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPK
SCDKTHTCPPCPAPEFEGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFN
WYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPASI
EKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPEN
NYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSP
GK

148,973
(GOF)2

Ipilimumab

LC:EIVLTQSPGTLSLSPGERATLSCRASQSVGSSYLAWYQQKPGQAPRLLIYGAFSRA
TGIPDRFSGSGSGTDFTLTISRLEPEDFAVYYCQQYGSSPWTFGQGTKVEIKRTVAAP
SVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSK
DSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

HC:QVQLVESGGGVVQPGRSLRLSCAASGFTFSSYTMHWVRQAPGKGLEWVTFISY
DGNNKYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAIYYCARTGWLGPFDYW
GQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALT
SGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDK
THTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYV
DGVEVHNAKTKPREEQYBSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTI
SKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKT
TPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG

147,992
(GOF)2
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GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEM
Myoglobin KASEDLKKHGTVVLTALGGILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISDAIIHVL 16,940
HSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG

LC:EIVLTQSPATLSLSPGERATLSCRASQSVSSYLAWYQQKPGQAPRLLIYDASNRAT
GIPA
RFSGSGSGTDFTLTISSLEPEDFAVYYCQQSSNWPRTFGQGTKVEIKRTVAAPSVFIFP
PDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLS
STLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

HC:QVQLVESGGGVVQPGRSLRLDCKASGITFSNSGMHWVRQAPGKGLEWVAVI
Nivolumab WYDGSKRYYADSVKGRFTISRDNSKNTLFLQMNSLRAEDTAVYYCATNDDYWGQG
TLVTVSSASTKGPSVFPLAPCSRSTSESTAALGCLVKDYFPEPVTVSWNSGALTSGVH
TFPAVLQSSGLYSLSSVVTVPSSSLGTKTYTCNVDHKPSNTKVDKRVESKYGPPCPPC
PAPEFLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSQEDPEVQFNWYVDGVEVH
NAKTKPREEQFBSTYRVVSVLTVLHQDWLNGKEYKCKVSNKGLPSSIEKTISKAKGQP
REPQVYTLPPSQEEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLD
SDGSFFLYSRLTVDKSRWQEGNVFSCSVMHEALHNHYTQKSLSLSLG

146,240
(GOF)2

LC:QIVLTQSPAIMSASPGEKVTMTCSASSSVSYMNWYQQKSGTSPKRWIYDTSKLA
SGVPAHFRGSGSGTSYSLTISGMEAEDAATYYCQQWSSNPFTFGSGTKLEINRADTA
PTVSIFPPSSEQLTSGGASVVCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSK
DSTYSMSSTLTLTKDEYERHNSYTCEATHKTSTSPIVKSFNRNEC

OKT3 HC:QVQLQQSGAELARPGASVKMSCKASGYTFTRYTMHWVKQRPGQGLEWIGYI 146,189
NPSRGYTNYNQKFKDKATLTTDKSSSTAYMQLSSLTSEDSAVYYCARYYDDHYCLDY
WGQGTTLTVSSAKTTAPSVYPLAPVCGGTTGSSVTLGCLVKGYFPEPVTLTWNSGSL
SSGVHTFPAVLQSDLYTLSSSVTVTSSTWPSQSITCNVAHPASSTKVDKKIEPRPKSCD
KTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWY
VDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEK
TISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNY
KTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

LC:DIQMTQSPSSLSASVGDRVTITCQASQDISNYLNWYQQKPGKAPKLLIYDASNLE
TGVPSRFSGSGSGTDFTFTISSLQPEDIATYFCQHFDHLPLAFGGGTKVEIKRTVAAPS
VFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKD
STYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

147,094

Panitumumab HC:VQLQESGPGLVKPSETLSLTCTVSGGSVSSGDYYWTWIRQSPGKGLEWIGHIYY (GOF)

SGNTNYNPSLKSRLTISIDTSKTQFSLKLSSVTAADTAIYYCVRDRVTGAFDIWGQGT
MVTVSSASTKGPSVFPLAPCSRSTSESTAALGCLVKDYFPEPVTVSWNSGALTSGVH
TFPAVLQSSGLYSLSSVVTVPSSNFGTQTYTCNVDHKPSNTKVDKTVERKCCVECPPC
PAPPVAGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVQFNWYVDGVEVHN
AKTKPREEQFNSTFRVVSVLTVVHQDWLNGKEYKCKVSNKGLPAPIEKTISKTKGQP
REPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPMLD
SDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG
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Pertuzumab

LC:DIQMTQSPSSLSASVGDRVTITCKASQDVSIGVAWYQQKPGKAPKLLIYSASYRY
TGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQYYIYPYTFGQGTKVEIKRTVAAPS
VFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKD
STYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

HC:EVQLVESGGGLVQPGGSLRLSCAASGFTFTDYTMDWVRQAPGKGLEWVADV
NPNSGGSIYNQRFKGRFTLSVDRSKNTLYLQMNSLRAEDTAVYYCARNLGPSFYFDY
WGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGAL
TSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCD
KTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWY
VDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEK
TISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNY
KTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG

148,102
(GOF)2

Ramucirumab

LC:DIQMTQSPSSVSASIGDRVTITCRASQGIDNWLGWYQQKPGKAPKLLIYDASNL
DTGVPSRFSGSGSGTYFTLTISSLQAEDFAVYFCQQAKAFPPTFGGGTKVDIKGTVAA
PSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDS
KDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

HC:EVQLVQSGGGLVKPGGSLRLSCAASGFTFSSYSMNWVRQAPGKGLEWVSSISS
SSSYIYYADSVKGRFTISRDNAKNSLYLQMNSLRAEDTAVYYCARVTDAFDIWGQGT
MVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVH
TFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTC
PPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVE
VHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAK
GQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPP
VLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

144,264
(deglycosylate
d)

Rituximab

LC:QIVLSQSPAILSASPGEKVTMTCRASSSVSYIHWFQQKPGSSPKPWIYATSNLAS
GVPVRFSGSGSGTSYSLTISRVEAEDAATYYCQQWTSNPPTFGGGTKLEIKRTVAAPS
VFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKD
STYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

HC:QVQLQQPGAELVKPGASVKMSCKASGYTFTSYNMHWVKQTPGRGLEWIGAIY
PGNGDTSYNQKFKGKATLTADKSSSTAYMAQLSSLTSEDSAVYYCARSTYYGGDWYF
NVWGAGTTVTVSAASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNS
GALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPK
SCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFN
WYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHODWLNGKEYKCKVSNKALPAP
IEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPEN
NYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSP
GK

147,075
(GOF)2
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YVCEQQGQFKYSIPMREHVKDRSAPVTSKLPTPAGVWVPKNIETVKDGTPKSTENG
Scrambled LVKPKLTPHHVNQVYGKPLNPTEASNFDTHTQTLEKKEFNTVCSSKMWLRESNKQA

trastuzumab Fc/2 FKNVTPYTSDLVAKSSEPGYVRPQPEAQYFNEIYVLVPSGLQSILEKKLPRPFLVCWSV

DVVDSTVNDLLPNVEFSHHLKRSCVSVYMESDGESYGDW

23,790

GFNNTYYADGSTSVYLTVLAPGYDVFVTKYGVLGPNGAIAWYHADQATSGDDMHS
SSSTHPYQNGKLRMWGNRYTDTCEPIVSGSKALRSLKGTNVSTGPLGDPVASAEEV
DKVTSGTPDAKPVGSTTLLGFPSSPTPPFYWGKQQGACSCKGVIVRTGSPSQAGQE 25,383
VCERVTPPSSLLFKTYLVNLLAAKNSVWKLHGSLVCSFCYWVEISKERRGSTVIVSLQY
CATSTSALKSGAP

Scrambled
trastuzumab Fd

GKYEVTGPTYQGVVYHRFDQSTLPYCLODDSGASVKSFYDFATTNQSLTRHTRSFSP
Scrambled VTKCTNIVFGVENSVSSHSLIGSLAAMISQDRCKDTASTRQNVNQASQSKFGFSEPY

trastuzumab LC ASDLRISGAVLPEYVLPTKTITWSECNKPKSKKTSETAPEDEPLKEQPRFQDVVCFGSA

AVYDTSGIQKTLAQKPQSGVPSLASTYSAQLWSLSTSVLQY

23,443

LC:DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLY
SGVPSRFSGSRSGTDFTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTVAAPS
VFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKD
STYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

HC:EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPT
NGYTRYADSVKGRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDY
WGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGAL
TSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCD
KTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWY
VDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEK
TISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNY
KTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

148,056

Trastuzumab (GOF)2

Fd:EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPT
NGYTRYADSVKGRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDY
WGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGAL
TSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCD

KTHTCPPCPAPELLG

Fc/2:GPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAK
TKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPRE
PQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSD
GSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGYVCEQQGQFKY
SIPMREHVKDRSAPVTSKLPTPAGVWVPKNIETVKDGTPKSTENGLVKPKLTPHHVN
QVYGKPLNPTEASNFDTHTQTLEKKEFNTVCSSKMWLRESNKQAFKNVTPYTSDLV
AKSSEP
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3. Sample preparation and acquisition methods

3.1 SEC-nMS experiments

Intact level SEC-nMS analysis of intact mAbs was performed after injecting 10 pg of the analyzed mAbs
through a Maxpeak BEH 250 A 2,5 um, 4.6 x 150 mm column (Waters) unless it’s mentioned otherwise.
Mobile phase was 150 mM AcONH, pH 6.9. The flowrate was 250 ul/min for 6 min. Voltage cone was
120V and desolvation temperature was 300 °C. For Anticalin conjugates a cone voltage of 80V was

used with a desolvation temperature of 100 °C to avoid denaturation of the protein.

For the middle level SEC-nMS analysis of trastuzumab, the mAb was digested using IdeS (1 unit/ug)
and incubated for 30 min at 37 °C. Similar conditions than for intact trastuzumab were used, except

for voltage cone that was reduced to 80V.

3.2 CEX-nMS experiments

For CEX-nMS analysis, 5-10 pg of intact or digested mAb were injected through a BioResolve SCX mAb
column (3 pm, 2.1 mm x 100 mm) using a flowrate of 100 pL/min at room temperature. Mobile phase
A was 50 mM AcONH;, at pH 5.0 and mobile phase B was 160 mM AcONH, at pH 8.6. Similar voltage

and desolvation temperatures were used than for SEC-nMS.

3.3 Peptide mapping studies of antibodies and anticalines

a) Sample preparation
20 pg of sample were solubilized in 150 mM NH4HCOs;, 0.1% RapiGest (Waters) at pH 7.8, to obtain a
final volume of 24 L. Disulfide reduction was performed by incubating the solution with 5 mM DTT
for 30 min at 57°C. Alkylation of cysteins was performed in 10 mM IAM in the dark at room temperature
for 40 min. The enzyme was prepared by suspending 20 pg of trypsin in 100 pL of H,O. Digestion was
performed by adding 1 pL of trypsin (Promega, V5111), which corresponds to a 1:100
enzyme:substrate ratio. Samples were incubated overnight at 37°C. The reaction was stopped by 1%
of TFA. RapiGest was eliminated by incubation at 37°C for 30 min and centrifugation at 10,000 g for 5

min.

b) nanoLC-MS/MS
The analysis were performed using a nanoACQUITY Ultra-Performance-LC (Waters) coupled to a Q
Exactive HF-X Hybrid Quadrupole-Orbitrap Mass Spectrometer (ThermoFisher). A volume equivalent
to 140 ng of digest were trapped on a Symmetry C18 pre-column (180 um x 20 mm, 5 um particle size,
Waters) and the peptides were separated on an ACQUITY UPLC® BEH130 C18 separation column (75

pm x 250 mm, 1.7 um particle size, Waters). The solvent system consisted of 0.1% FA in water (solvent
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A) and 0.1% FA in acetonitrile (solvent B). Peptide trapping was performed during 3 min at a flow rate
of 5 puL/min with 99% A and 1% B and elution was performed at 60 °C at a flow rate of 350 nL/min from
6% to 40% of B in 43 minutes. MS and MS/MS acquisition were performed in positive mode, with the
following settings: spray voltage 1800 V and capillary temperature 250°C. The MS scan had a resolution
of 70000, the AGC target was 3x10% and the maximum IT was 50 ms on m/z [300-1800] range. The
MS/MS scans were acquired at a resolution of 17500, the AGC target was 1x10° and the maximum IT
was 100 ms with fixed first mass of 100 m/z and Isolation window of 2 m/z. Top 10 HCD was selected
with intensity threshold of 5x10* and dynamic exclusion of 3 s. The normalized collision energy (NCE)
was fixed at 27 V. The complete system was fully controlled by Thermo Scientific™ Xcalibur™ software.

Raw data collected were processed and converted with MSConvert into .mgf peak list format.

c) Peptide identification for Trastuzumab samples
Identification of peptides was performed by using the search engine MASCOT 2.6.2 algorithm (Matrix
Science) and Byos® 5.0 software (Protein Metrics). The search was performed against the amino acid
sequence of trastuzumab. Spectra were searched with a mass tolerance of 10 ppm for MS and 0.05 Da
for MS/MS data. The search was made without enzyme specified for MASCOT search, in order to allow
the identification of any non-specific peptide cleavage. For Byos® search, trypsin was specified as
enzyme with a maximum of three missed cleavages. Variable modifications were specified:
carbamidomethylation of cysteine residues, oxidation of methionine residues and adduct of Ugi
(769.431 Da for ik-025-02 and 773.389 for ik-025-05) and Passerini (787.442 Da for ik-025-02 and
791.400 for ik-025-05) payload on lysine, aspartate and glutamate residues. Peptide identifications

were validated with a minimal ion score of 25 for Mascot and 300 for Byos.

Peptides containing Ugi or Passerini payload were validated with the following criteria: be a tryptic
peptide (without unspecific cleavage), the retention time higher than that of the unmodified peptide,
identification of signature fragment ions at m/z 286.172 and 637.343, (characteristic of payload

fragmentation in the spectrum), and identification with both search engines (Byos® and MASCOT).

d) Peptide identification for Anticalin samples
Identification of peptides was performed by using the search engine MASCOT 2.6.2 algorithm (Matrix
Science) and Byos® 5.0 software (Protein Metrics). The searches were performed against the amino
acid sequence of proteins. Spectra were searched with a mass tolerance of 10 ppm for MS and 0.05 Da
for MS/MS data. The search was made without enzyme specified for MASCOT search, in order to allow
the identification of any non-specific peptide cleavage. For Byos® search, trypsin was specified as

enzyme with a maximum of three missed cleavages. Variable modifications were specified:
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carbamidomethylation of cysteine residues, oxidation of methionine residues and adduct of Ugi
(308.185 Da) and Passerini (326.195 Da) payload on lysine, aspartate and glutamate residues. Peptide

identifications were validated with a minimal ion score of 25 for Mascot and 300 for Byos.

Peptides containing Ugi or Passerini payload were validated with the following criteria: be a tryptic
peptide (without unspecific cleavage), the retention time higher than that of the unmodified peptide,

and identification with both search engines (Byos® and MASCOQOT).

3.4 Peptide mapping studies of nanobodies

a) Sample preparation
Ten pg of the sdADC was solubilized in 150 Mm NH4HCO3 0.1% RapiGest (Waters) at pH 7.8, to obtain
a final volume of 24 pL. Disulfide reduction was performed by incubation of the solution with 5 mM
DTT for 30 min at 57°C. 10 mM of IAM for 40 min in the dark at room temperature, was added to

alkylate free thiol groups on cysteine residues and prevent reformation of disulfide bridges.

Digestion was performed by adding 5 uL of trypsin solution; i.e. 20 pg of trypsin (Promega) suspended
in 100 pl of H20 which corresponds to 1:50 enzyme:substrate ratio, at 37°C for 5h. The reaction was
stopped by adding 1% of TFA. RapiGest was eliminated by incubation during 30 min at 37°C and
centrifugation at 13,000 g for 10 min.
b) LC-MS/MS analysis

nanolLC-MS/MS analysis was performed using a Dionex Ultimate 3000 LC system. 100 ng of sdADC
digest was trapped on a Symmetry C18 pre-column (180 um x 20 mm, 5 um particle size, Waters) and
the peptides were separated on an ACQUITY UPLC® BEH130 C18 separation column (75 pum x 250 mm,
1.7 um particle size, Waters). The solvent system consisted of 0.1% formic acid in water (solvent A)
and 0.1% formic acid in acetonitrile (solvent B). Peptide trapping was performed during 3 min at a flow
rate of 300 nL/min with 97.5% A and 2.5% B and elution was performed at 40 °C at a flow rate of 300
nL/min from 7.5% to 50% of B in 37 minutes. For optimal nanoLC-MS/MS, the mass spectrometer was
operated in positive mode, with the following settings: spray voltage 2000 V and capillary temperature
275°C. The MS scan had a resolution of 120 000, the AGC target was 106 and the maximum IT was 50
ms on m/z [300-1800] range. The MS/MS scans had a resolution of 15 000, the AGC target was 105
and the maximum IT was 22 ms with an Isolation window of 2 m/z. Top 10 HCD was selected with
intensity threshold of 104 and dynamic exclusion of 5 s. The normalized collision energy (NCE) was
fixed at 30%. The complete system was fully controlled by Thermo Scientific™ Xcalibur™ software. Raw

data collected were processed and converted with MSConvert into .mgf peak list format.
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c) Data processing
search engines MASCOT 2.6.2 algorithm (Matrix Science) was used. The search was performed against
the sequence of the light and heavy chains of the ADC. Spectra were searched with a mass tolerance
of 10 ppm for MS and 0.05 Da for MS/MS data. The search was made without enzyme specified, in
order to allow the identification of any non-specific cleavage peptide. Variable modifications were
specified: oxidation of methionine residues, pyro-glutamylation of the N-termini, deamidation of
asparagine, isomerization of aspartic acid residues and drug-linker conjugation (C52 F H56 N9 013 and
C26 08 N6 H34) on cysteine residues. Peptide identifications were validated with a minimal Mascot

ion score of 30.

3.5 Mass photometry

The bsAb samples were diluted to 50 uM in PBS and then 2 pL were mixed with 18 pL of PBS in the

wells on the gasket.

3.6 RPLC-MS of rebriged Fabs and intact trastuzumab

Less than 1 pg was injected on a Bioresolve RP mAb polypheny! (4504, 2,7 um 2.1x50 mm column,
Waters) at a flowrate of 300 puL/min at 80 °C. Mobile phases consisted of 0.1% FA in H20 (mobile phase
A) and 0.1% FA in ACN (mobile phase B). The separation was carried out using a gradient from 5 to 95%
of mobile phase B in 25 min. The column was washed with 95% mobile phase B for 1 minute and then
was equilibrate with 5% mobile phase B for 3 minutes. The BioAccord was operated in the positive
mode with a capillary voltage of 1.5 kV. Desolvation temperature was set to 330 °C, the cone voltage
to 60V and the source pressure was fixed at 2 mbar. Acquisitions were performed on the m/z range

400-7000 with a 1 s scan time.

3.7 dSEC-MS of rebriged Fabs and intact trastuzumab

SEC analysis was performed using the AdvanceBioSEC3 (300 A 2,5 pum, 4,6 x 150 mm, Agilent) or the
Maxpeak Protein SEC (4.6 mm x 150 mm, 2.5 um, 250 A, Waters) column kept at room temperature.
The separation was carried out using an isocratic gradient of mobile phase (20% ACN+0.1%
FA+0.1%TFA) at a flowrate of 0.1 mL/min for 15 minutes. For dSEC-MS, 1 to 3 pg of protein samples
were injected. The BioAccord was operated in the same conditions than for rpLC-MS. Full scan

acquisition was performed on the high mass range (400 — 7000 m/z) with a 1 s can time.

3.8 TD-MS experiments of reference proteins

Myoglobin from equine heart (Sigma-Aldrich) and carbonic anhydrase from bovine erythrocytes

(Sigma-Aldrich) were diluted to 2 pM in 49.5/49.5/1 H2O/ACN/FA. Both proteins were infused with an
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H-ESI source (Thermo Fisher Scientific) at a syringe flowrate of 5 uL/min. The source temperature was

275°C.

The Orbitrap Eclipse Tribrid MS (Thermo Fisher Scientific) was in Intact Protein mode. Spray voltage,
sheath gas and auxiliary gas were set to 3,800 V, 4 arbitrary units (a. u.) and 2 a. u., respectively. The
MS/MS fragmentation was performed at an Orbitrap resolution of 120,000 (at 200 m/z) using HCD,
ETD and UVPD using different optimization parameters discussed in the Part Ill chapter 1. The AGC
target was set to 7x10e5 and the maximum injection time to 200 ms. The MS/MS spectra were
collected after averaging 10 pscans for 1 min.

For data analysis, spectra averaged over 1 min were deconvoluted using Xtract™ algorithm included in
the FreeStyle software (Thermo Fisher Scientific) using the following parameters: S/N of 7, fit factor of
80%, remainder threshold of 25 and maximum charge state to the charge state of the precursor ion
and minimum number of charges to 1.

For the determination of terminal fragments, deconvoluted [MH+] fragments were matched to the
corresponding sequences with ProSight Lite using a mass tolerance of 10 ppm. For each fragmentation,

the type of fragment ions was prior selected.

3.9 MD-MS experiments of trastuzumab subunits

For subunits generation, intact trastuzumab was digested using IdeS (1 unit/pg) and incubated for 30
min at 37 °C and then was reduced using 100 mM DTT and incubated for 1h at 57°C. Around 1 pg of
sample were loaded on the column.

RPLC separation of the subunits was carried out on the MabPac RP 4 um 1.0 x 100 mm column (Thermo
Fisher Scientific) for 12 min. Mobile phase A was 0.1% FA in water and mobile phase B was 0.1% FA in
ACN. Antibody The flow rate was set to 100 uL/min following a linear gradient of 12 min: from 20% to
50% B in 5.5 min, 90% B for 2 min and equilibration at 20% B for 4 min.

MS and MS/MS analyses were performed under similar conditions than TD-MS workflow, except for
source parameters that were set as follows: ion transfer tube to 320°C, vaporizer to 300°C, spray
voltage to 3,500 V, sheath gas to 25 a. u., auxiliary gas to 10 a. u. and in-source fragmentation of 10 V.
Terminal fragments were assigned similarly for TD-MS experiments for reference proteins. For internal
fragments analysis, ClipsMS was used with a mass tolerance of 2 ppm and a smallest internal fragment
size of 5 amino acids. For each fragmentation techniques, terminal and internal corresponding

fragment types were searched.
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3.10 TD-MS experiments of nanobodies

A Dionex Ultimate 3000 LC system was used to inject one to 3 pg of samples through an Agilent Zorbax
300 SB-C8 (2,1 x 50 mm, 1,8 microns) at 60°C. The solvent system consisted of 0.1% TFA in water
(solvent A) and 0.1% TFA in acetonitrile (solvent B). Elution was performed at a flow rate of 200 puL/min
from 20% to 60% of B for 7 minutes. All experiments were performed on an Orbitrap Tribrid Eclipse
MS (Thermo Scientific). The LC was hyphenated to an Orbitrap Tribrid Eclipse MS (Thermo Scientific)
equipped with ETD, HCD and 213 nm UVPD options. For all experiments, the spray voltage was set to

3.4 kV, and the ion transfer tube temperature at 320 °C.

The MS scans were acquired at a resolution of 15 000, the AGC target was 106 and the maximum IT at
200 ms on a range of [200-3000] m/z. MS/MS scans had a resolution of 120 000, the AGC target was
106 and the maximum IT was 200 ms on m/z [180-2000] with an IW of 2 m/z. The MS scan had a
resolution of 120 000, the normalized AGC target was 250% and the maximum IT was 50 ms on m/z
[300-1800] range. The MS/MS scans had a resolution of 15 000, the nAGC target was 200% and the
maximum IT was 22 ms with an Isolation window of 2 m/z. For HCD fragmentation, the ions were
accelerated under a constant N2 pressure of 10-9 mbar with 12 eV. For performing ETD, anionic
fluoranthene radicals were generated in the source region of the instrument. For UVPD, ions were

activated with 213 nm laser delivering a total energy of 150 W (2 pJ /pulse).
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spectrométrie de masse

pour la caractérisation de

protéines thérapeutiques
bioconjuguées

Résumé

Ce travail de thése se concentre des développements méthodologiques en spectrométrie de masse
(MS) pour la caractérisation des protéines bioconjuguées, notamment les anticorps monoclonaux
(mAb), ainsi que d’autre protéines thérapeutiques. Le premier axe majeur de cette thése consiste a
'amélioration des techniques de couplage de chromatographie liquide (LC) a la MS dans des
conditions natives (nMS) ainsi que dénaturantes afin de rendre ce couplage plus versatile et plus
adaptée a l'utilisation en industrie pharmaceutique. Deuxiemement, le développement de nouvelles
approches dites Top- ou middle-down MS (TD/MD-MS) a été étendu sur une large variété de
biothérapeutiques, allant des protéines et de mAb de références jusqu’au protéines conjuguées. Les
développements au niveau intact ainsi qu’au niveau de la structure primaire ont été réalisé sur des
spectromeétres de masse de pointe, ce qui a permis d’évalué ces instruments. De plus, cette thése a
permis de mettre en évidence la complémentarité des techniques nMS et TD/MD-MS offrant une
meilleure compréhension des structures et des modifications post-traductionnelles des protéines
bioconjuguées.

Mots-clés : spectrométrie de masse native, top-down, middle-down, anticorps monoclonaux,
protéines bioconjuguées

Résumé en anglais

This PhD work focuses on methodological developments in mass spectrometry (MS) for the
characterization of bioconjugated proteins, in particular monoclonal antibodies (mAb), as well as
other therapeutic proteins. The first major thrust of this thesis is the improvement of the liquid
chromatography (LC) coupling to MS under native (nMS) and denaturing conditions, in order to make
this coupling more versatile and more suitable for use in the pharmaceutical industry. Secondly, the
development of new Top- or middle-down MS (TD/MD-MS) approaches has been extended to a
wide variety of biotherapeutics, from reference proteins and mAbs to conjugated proteins.
Developments at both the intact and primary structure levels were carried out on state-of-the-art
mass spectrometers, enabling the evaluation of these instruments. In addition, this thesis highlighted
the complementary of nMS and TD/MD-MS techniques, offering a better understanding of the
structures and post-translational modifications of bioconjugated proteins.

Keywords: native mass spectrometry, top-down, middle-down, monoclonal antibodies, bioconjugated
proteins




