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Chapitre 1

La problématique des protéines de la cellule hôte dans l'industrie pharmaceutique

Les anticorps monoclonaux (mAbs) et produits dérivés font partie des protéines thérapeutiques qui jouent un rôle très important dans l'industrie pharmaceutique [START_REF] Beck | Strategies and challenges for the next generation of therapeutic antibodies[END_REF] . Au cours des dernières années, les agences américaines et européennes (FDA et EMA), responsables de la pharmacovigilance ont autorisé la mise sur le marché de plus de 90 mAbs pour des applications variées [2][3] . Ces protéines thérapeutiques sont produites de manière recombinante dans des systèmes cellulaires. Le procédé de production du médicament se divise en deux étapes : un processus de culture cellulaire en bioréacteurs (Upstream Process, USP) suivi d'étapes successives de purification (Downstream Process, DSP). Dans des conditions optimisées et contrôlées, les cellules sécrètent les mAbs dans le milieu de culture. Le fluide de culture cellulaire clarifié (CCCF) est ensuite recueilli. Il va notamment contenir les protéines d'intérêt et diverses impuretés dont les protéines résiduelles de la cellule hôte (Host Cell Proteins, HCP). Plusieurs étapes de purification vont permettre d'obtenir un produit concentré et le plus pur possible lors du DSP (Figure 1). Les HCPs font l'objet d'attentions particulières car elles peuvent réduire la quantité de biomolécules actives ou induire une réponse immunogène chez le patient [5][6] . C'est pourquoi, les autorités régulatrices recommandent la quantification de ces impuretés et requièrent une quantité globale inférieure à 100 ng d'HCPs par mg de mAb 7 . L'ELISA (« Enzyme Linked Immunosorbent Assay ») est la méthode la plus couramment utilisée pour quantifier les HCPs. Malheureusement, cette technique souffre de plusieurs facteurs limitants. Parmi ces facteurs, on peut citer l'obtention d'une quantité globale sans information individuelle sur l'identité des HCPs ou encore une couverture incomplète de ces impuretés au sein du produit final 8 . Toutes ces limitations ont encouragé le développement de méthodes alternatives en vue d'améliorer la qualité du produit médicamenteux et potentiellement réduire le coût de production des mAbs.

Dans ce contexte, la protéomique quantitative, basée sur le couplage entre la chromatographie liquide et la spectrométrie de masse en tandem (LC-MS/MS), est devenue une méthode incontournable. En effet, la détection par spectrométrie de masse (MS) va permettre l'identification et la quantification non biaisées de chaque HCPs détectable. Les avancées technologiques et bio-informatiques en analyse protéomique offrent un grand nombre de stratégies permettant l'identification et la quantification des protéines (figure 2). L'utilisation du mode « Data Dependent Acquisition » (DDA) va permettre d'obtenir une image globale du profil des HCPs et de leur quantité grâce à l'identification par MS/MS et l'extraction du courant d'ion des peptides présents (Figure 2.A). Cette méthode offre la possibilité de quantifier des milliers de protéines, avec une justesse et précision de quantification dépendant fortement de la nature des standards internes utilisés. Cependant, l'acquisition des données DDA est basée sur la sélection des ions les plus intenses pour fragmentation. En conséquence, la gamme dynamique ainsi que la répétabilité de la méthode s'en retrouvent limitées 9 . Les approches ciblées par « Selected Reaction Monitoring » (SRM, Figure 2.B) sur des instruments de type triple quadripôle ou « Parallel Reaction Monitoring » (PRM, Figure 2.C) sur des instruments à haute résolution vont permettre de cibler l'acquisition sur des peptides préalablement sélectionnés. La combinaison de ces méthodes ciblées avec la dilution isotopique permet une quantification des HCPs hautement précise, répétable et spécifique et a été l'approche initialement préconisée pour le dosage d'HCPs 7,[10][11] . Néanmoins, le développement d'une méthode de quantification ciblée est long et fastidieux comparé à la mise en oeuvre d'une approche globale de type DDA. De plus, ces stratégies sont toujours limitées à la sélection d'une centaine de candidats [12][13] .

Au cours de la dernière décennie, les développements en MS ont permis l'émergence d'un nouveau mode d'acquisition de type « Data Independent Acquisition » (DIA, Figure 2.D). Ce dernier repose sur le principe d'une co-isolation et co-fragmentation de l'ensemble des ions contenus dans des fenêtres de largeurs variables de m/z prédéfinies, pour couvrir l'ensemble de la gamme de masse. L'acquisition de tous les signaux MS2 des espèces détectables confère une spécificité, sensibilité, répétabilité et une précision de quantification comparables aux méthodes ciblées tout en maximisant le recouvrement des protéines présentes et donc des HCPs présents dans notre cas. Le facteur limitant de cette approche réside à ce jour dans les stratégies d'extraction des signaux quantitatifs fiables. Initialement, l'utilisation d'une librairie spectrale spécifique, générée à partir de données DDA pour extraire les informations quantitatives à partir des données DIA, a montré son efficacité. Néanmoins, la génération de cette librairie spectrale nécessite du temps et idéalement la mise en oeuvre de stratégies de fractionnement du protéome étudié. Le développement récent d'algorithmes ne nécessitant pas de librairie spectrale accroîtra certainement encore l'intérêt et l'applicabilité des stratégies DIA, en particulier pour le suivi d'HCPs [14][15] .

C'est dans ce contexte que mes travaux de thèse ont été réalisés avec comme objectif de développer et d'évaluer des méthodes de préparation d'échantillons, de MS et de traitement des données, adaptées pour la détection et quantification globale des HCPs présentes à l'état de traces dans des préparations de molécules thérapeutiques.

Chapitre 2

Développement de stratégies analytiques de quantification des HCPs pour assister la chaîne de production d'anticorps thérapeutiques 1. Développement d'une stratégie innovante de quantification Top3 dédiée au suivi des HCPs

Parmi les approches de protéomique quantitative globale, la stratégie Top3 permet de quantifier les espèces détectées sans avoir recours à des standards marqués coûteux ou à une préparation supplémentaire des échantillons pour marquer les HCPs. Elle repose sur l'hypothèse que la somme de la réponse MS des trois peptides les plus intenses par mole de protéine est constante, avec un coefficient de variation (CV) inférieur à 10 %, pour estimer les quantités absolues de HCPs 16 . Un standard interne est utilisé pour calculer un facteur de réponse universel (signal des Top3 peptides /mol) et pour réaliser l'estimation de la quantité des HCPs (signal des Top3 peptides HCPs/facteur de réponse). L'utilisation d'un mélange de quatre protéines standard (Mix 4P) a été précédemment rapportée à cette fin, en considérant la protéine PYGM comme référence et les trois autres protéines (ADH, BSA et ENL) pour calculer les ratios, comme des contrôles internes 17 . Les stratégies développées dans ce manuscrit pour la quantification globale des HCPs sont destinées à être utilisées dans un environnement biopharmaceutique réglementé. Par conséquent, il convient d'envisager une standardisation de l'approche de quantification Top3, ce qui nécessite le développement de standards dédiés. Dans ce contexte, nous avons évalué les performances du standard HCP Profiler 18 , un kit prêt à l'emploi pour le suivi global des HCPs (Technologie READYBEADS, Anaquant).

Le standard HCP Profiler est une bille hydrosoluble qui libère des peptides non marqués en quantité connue. L'estimation de la quantité des HCPs est obtenue à partir de la réponse MS de 54 peptides rassemblés en 6 points de calibration dans une gamme de 1 à 500 fmol. Les 54 peptides proviennent de 18 protéines (arrangements de tripeptides synthétisés à partir de E. Coli) et chaque point de calibration contient 3 protéines standards. Ainsi, les 54 peptides permettent d'obtenir une courbe de calibration du Log2(somme des aires des 3 peptides par protéines standards) en fonction du Log2(quantité des protéines standards (fmol)). Dans un premier temps, en collaboration avec Anaquant, nous avons réalisé une étude interlaboratoire de la solution HCP Profiler à l'aide d'échantillons de protéines de cellule HeLa, digérés à la trypsine, et injectés sur des instruments de type Quadripôle-Orbitrap (Q-Orbitrap) (figure 3). Ainsi, trois réplicats techniques ont été injectés sur un Q Exactive HF (Anaquant) et Q Exactive HF-X (LSMBO) avec le standard HCP Profiler ajouté dans une gamme de 1 à 500 fmol. Après extraction des courants d'ions (XIC), la quantification Top3 des protéines a été réalisée sur le logiciel HCP Profiler développé par Anaquant. Malgré les différences entre les systèmes chromatographiques, les spectromètres de masse et les moteurs de recherche utilisés pour les traitements de données, les courbes de calibration ont montrées une répétabilité significative (Figure 3.B). Les coefficients de variation (CVs) calculés sur les pentes, les ordonnées à l'origine et les coefficients de régression sont inférieurs à 3 % pour les six courbes obtenues. Ainsi, lorsque l'on compare les protéines quantifiées sur les deux plateformes MS, on remarque que 88% des estimations fournies par le standard HCP Profiler sont cohérentes dans un facteur 2 (Figure 3.C). Ces résultats affichent donc la reproductibilité inter-laboratoires du standard.

Dans un second temps, nous avons confronté notre méthode de quantification actuelle (Mix 4P) au standard HCP Profiler pour la quantification des HCPs présentes dans des échantillons d'anticorps mAb A33 produits à partir de cellules ovariennes de hamster chinois (CHO) : quatre fluides de culture cellulaire clarifiés (CCCF, Harvest) et sept éluats de chromatographie d'affinité par protéine A (PPA).

Ces derniers possèdent différents degrés de complexité avec une gamme dynamique mAbs/HCPs croissante.

Les échantillons ont été digérés sur gel. Ensuite, le standard iRT (Biognosys), pour la normalisation des temps de rétention, et une bille du HCP Profiler ont été ajoutés dans chaque échantillon. Trois réplicats d'injections de 400 ng de protéines ont été réalisés sur le Q Exactive HF-X, opéré en mode DDA. Finalement, l'identification des peptides a été réalisée sur Mascot et la validation et les XICs ont été réalisés par Proline 19 . Après l'extraction des signaux MS1, un script R a été utilisé afin de filtrer les peptides puis quantifier les HCPs à l'aide de la courbe de calibration du HCP Profiler (Figure 4). Ce qui est conforme aux études précédentes qui ont démontrées la variabilité de la stratégie Top3 9,20 .

En conclusion, le standard HCP Profiler est apparu comme une solution efficace. L'utilisation d'une bille hydrosoluble, qui libère des quantités contrôlées de peptides non marqués, permet d'éviter les biais analytiques induits par l'utilisateur. De plus, les courbes de calibration en 6 points obtenues, couvrant 2,7 ordres de grandeur, assurent la confiance et la précision de la quantification dans une gamme raisonnable. En conséquence, ce kit prêt à l'emploi présente une reproductibilité intra et interlaboratoires qui permettra la comparaison des lots de production et le suivi des impuretés tout au long de la chaîne de production.

2. Évaluation des stratégies DIA pour le suivi global des HCPs sur un instrument de type Q-orbitrap L'amélioration de la vitesse d'acquisition sur les instruments de géométrie Quadripôle-Orbitrap (Q-Orbitrap) (40Hz) a permis d'envisager le développement de stratégies DIA, au début de ma thèse, sur un instrument de type Q Exactive HF-X 21 (Thermo Fischer Scientific). Les développements de méthodes ont été réalisés sur les quatre fractions Harvest et sept échantillons PPA du mAb A33 discutés au sein de la section 1 de ce chapitre. Dans un premier temps, une méthode DIA a dû être développée pour chaque type d'échantillon, en se basant sur la distribution des précurseurs sur la plage d'acquisition des ratios masse sur charge (m/z) observée en DDA et les temps de scan MS et MS/MS de l'instrument. Deux méthodes composées de 40 fenêtres d'isolation variables ont pu être développées permettant d'obtenir une médiane de 6 cycles MS par pic chromatographique. Dans un second temps, le fractionnement par électrophorèse sur gel de polyacrylamide en présence de dodécylsulfate de sodium (1D SDS-PAGE) d'un échantillon de lignée cellulaire CHO n'exprimant pas de mAb (null cell line), a permis la création d'une librairie spectrale la plus exhaustive possible des HCPs de ce type de cellule.

Les échantillons ont été digérés sur gel. Ensuite, le standard iRT (Biognosys), pour la normalisation des temps de rétention, et une bille du HCP Profiler ont été ajoutés dans chaque échantillon. Trois réplicats d'injections de 400 ng de protéines ont été réalisés sur le Q Exactive HF-X opéré en mode DIA. Après l'acquisition des données et l'extraction des signaux peptidiques par le logiciel Spectronaut, nous avons pu comparer les résultats des méthodes DIA, avec et sans l'utilisation d'une librairie spectrale, aux données DDA acquises sur les mêmes échantillons (Figure 5). Ces observations sont encourageantes pour l'approche sans librairie spectrale. Néanmoins, ces protéines communes ont été quantifiées à l'aide de 11 436 peptides pour la DIA et 11 039 peptides pour la directDIA. Ainsi, les 346 peptides en moins utilisés pour quantifier les HCPs communes par directDIA soulignent les difficultés qui existent encore pour extraire les impuretés à l'échelle de trace dans l'échantillon.

En conclusion, l'approche DIA, avec extraction des données via librairie spectrale, a montré une amélioration majeure de la couverture des HCPs par rapport à la méthode DDA. De ce fait, la combinaison avec le standard HCP Profiler permet une quantification plus robuste et précise des HCPs tout en atteignant une sensibilité inférieure au ng/mg de mAb. La méthode ainsi développée peut-être implémentée au sein d'un environnement biopharmaceutique pour surveiller la teneur en HCPs des échantillons tout au long de la chaîne de production des anticorps monoclonaux.

3. Étude de cas : Impact de la capacité du bioréacteur sur le profil des HCPs La méthode DIA précédemment développée a été appliquée pour répondre à une question spécifique adressée par UCB Pharma : l'intensification de la production des mAbs par l'utilisation de bioréacteurs de plus grande capacité a-t-elle un impact sur le profil des HCPs ? Dans la littérature, des modifications telles que la composition du milieu de culture, des changements de température ou des modifications génétiques ont montré un impact sur le profil des HCPs 4,22 . Or, lors du développement des mAbs de la phase recherche jusqu'à la phase de commercialisation, des quantités toujours plus importantes du produit médicamenteux sont nécessaires, requérant l'utilisation de bioréacteurs de volumes croissants. De manière générale, la capacité de ces bioréacteurs va de 80 litres jusqu'à 25 000 litres. Afin de réaliser cette étude, neuf échantillons Harvest et neuf échantillons PPA provenant de quatre anticorps produits à partir des cellules CHO au sein de bioréacteurs allant de 80 à 15 000 litres ont été fournis par UCB (Tableau 1).

Tableau 1: Série d'échantillons étudiée afin d'observer l'impact de l'augmentation des quantités de mAb produites. La série est composée de neuf fractions Harvest et neuf PPA provenant de quatre mAbs produits à partir de cellules CHO DG44. Les échantillons ont été cultivés dans des bioréacteurs de 80 L à 15 000 L.

De nombreuses études ont montré l'impact du mAb produit sur les protéines co-exprimées et coéluées au cours de l'USP et DSP [23][24] . Par conséquent, nous pouvons questionner l'utilisation de notre librairie spectrale spécifique au projet IgG4 mAb A33 développée au sein de la section 2 de ce chapitre.

Les HCPs qui n'ont pas été identifiées dans les analyses DDA de la ''null cell line'' et qui co-exprimeraient préférentiellement avec l'un des quatre mAbs plutôt qu'avec le mAb A33 seront absentes de la librairie spectrale et ne seront pas ciblées lors de l'extraction des données DIA. Par ailleurs, la création d'une librairie spécifique aux quatre anticorps nécessiterait une ou deux semaines afin de réaliser le fractionnement sur gel d'échantillons Harvest de ces mAbs et l'acquisition DDA de tous les échantillons. Dans le but de développer une méthode directe, nous avons décidé d'évaluer l'utilisation d'une librairie spectrale hybride, générée à partir des données DDA et DIA 15 . Afin de générer cette librairie hybride, nous avons combiné les analyses DIA des échantillons Harvest et PPA des quatre mAbs avec l'archive de recherche de la librairie DDA spécifique au mAb A33. Après la génération d'une librairie spectrale par Spectronaut, le résultat de la recherche Pulsar est sauvegardé en tant qu'archive avant l'application de tout filtre FDR (False Discovery Rate) visant à contrôler le taux de faux-positifs dans la librairie. Cela permet de combiner cette archive avec d'autres analyses ou archives de recherche pour enrichir une librairie tout en ayant un contrôle adéquat du FDR à l'échelle de la librairie spectrale. Comparé à la librairie DDA de la section 2, un nombre de peptides et de groupes de protéines similaires ont été obtenus avec un recouvrement de 88% et 84%, respectivement. On peut noter 274 HCPs supplémentaires identifiées au sein de la librairie hybride.

Les échantillons ont été digérés sur gel puis le standard iRT ainsi que le mix de quatre protéines standards (Mix 4P) ont été ajoutés. Les échantillons ont été injectés en triplicat sur le Q Exactive HF-X opéré en mode DIA. Après l'acquisition des données et l'extraction des signaux peptidiques par le logiciel Spectronaut, les HCPs ont été quantifiées par l'approche Top3 à l'aide du facteur de réponse de PYGM. Ainsi, les résultats de quantification obtenus par l'extraction via librairie hybride ont été comparés aux résultats obtenus avec la librairie DDA développée en section 2 de ce chapitre (Figure 6). En général, les résultats obtenus sont cohérents en termes de quantités globales et de nombres de HCP quantifiées (Figure 6.A). Il est à noter que la librairie hybride a permis de quantifier un plus grand nombre d'impuretés protéiques pour presque tous les échantillons. En examinant plus en détail les résultats, nous avons observé une légère amélioration de la reproductibilité de l'extraction des signaux avec une médiane des CVs calculés sur les intensités des peptides dans les réplicats de 9,4 pour l'approche avec librairie hybride et de 9,6 pour l'approche avec librairie DDA (Figure 6.B). Les rapports PYGM/ADH obtenus avec la librairie spectrale hybride sont également plus précis autour de la valeur attendue de 0,2 (Figure 6.C). L'ajout des données DIA à l'archive de recherche de la librairie DDA du mAb A33 a fourni des valeurs iRT d'une autre source de données, celle des analyses d'intérêt ellesmêmes. Ensuite, Spectronaut utilise la meilleure source iRT disponible afin de normaliser les temps de rétention et d'extraire les signaux. Par conséquent, nous pouvons conclure que la librairie spectrale hybride, générée avec les analyses DIA d'intérêt, a amélioré l'extraction des signaux peptidiques.

Finalement, nous avons utilisé les résultats de la stratégie basée sur la librairie hybride pour comparer le contenu en HCPs des échantillons des quatre mAbs (Figure 7). À la fin de l'USP, nous avons observé des résultats de quantification similaires pour les échantillons Harvest provenant de la production du même mAb (Figure 7.A). En se focalisant sur l'impact de la capacité du bioréacteur, aucune tendance n'a émergé. Les faibles variations obtenues dans les fractions d'une même production de mAb ne permettent pas de conclure sur l'impact de la capacité du bioréacteur. Ainsi, au lieu d'un impact du bioréacteur, nos résultats suggèrent plutôt un effet du biothérapeutique produit sur les HCPs co-exprimées. De plus, les variations observées pour les fractions PPA des anticorps mAb 3 et mAb 4 montrent l'importance de suivre la teneur en HCPs tout au long de la chaîne de production (Figure 7.B). Cela permettra une meilleure compréhension de l'impact de chaque étape de culture ou de purification et ainsi d'éviter la plupart des problèmes liés aux HCPs.

Avantage de la mobilité ionique pour le suivi des HCPs

Au cours des dernières années, les spectromètres de masse ont connu des améliorations de leur vitesse d'acquisition qui ont permis l'implémentation de la mobilité ionique comme méthode de séparation supplémentaire 25 . Dans ce contexte, j'ai pu évaluer l'apport d'un instrument de type TimsTOF PRO (Bruker Daltonics) pour la caractérisation des HCPs. Cet instrument de type Quadripôle-Temps de vol (Q-TOF) intègre une cellule de spectrométrie de mobilité des ions piégés très innovante (TIMS). Cette cellule va permettre de séparer des ions qui co-éluent en sortie de LC par rapport à leur forme et charge. En combinaison avec le mode de scan appelé ''parallèle accumulationfragmentation en série'' (PASEF), le TimsTOF PRO permet d'obtenir des centaines de scan MS/MS par seconde sans perte de sensibilité 26 . Dans le cadre des HCPs, l'apport d'une dimension de séparation supplémentaire permettant de séparer des peptides d'HCPs de ceux du mAb avec lesquels ils co-éluent, parait évident. Les développements de méthode ont été réalisés sur les quatre fractions Harvest et sept échantillons PPA du mAb A33 discutés au sein de la section 1 de ce chapitre.

Les échantillons ont été digérés sur gel. Ensuite, le standard iRT (Biognosys), pour la normalisation des temps de rétention, et une bille du HCP Profiler ont été ajoutés dans chaque échantillon. Trois réplicats d'injections de 273 ng de protéines ont été réalisés sur le TimsTOF PRO opéré en mode ddaPASEF et diaPASEF. Après l'acquisition des données et l'extraction des signaux peptidiques par les logiciels MaxQuant (ddaPASEF) et Spectronaut (diaPASEF), nous avons pu comparer les performances des deux méthodes d'acquisitions (Figure 8). Pour commencer, à cause d'une trop grande sensibilité du TimsTOF PRO, nous n'avons pas pu injecter les 400 ng de protéines précédemment injectées sur le Q Exactive HF-X. Nous avons injecté 273 ng de protéines avec le standard HCP Profiler dans une gamme de 0,68 à 341 fmol. Ensuite, les résultats de quantification présentés en Figure 8.B ont montrés une plus grande couverture des HCPs avec l'approche diaPASEF. En accord avec une couverture plus élevée, la stratégie diaPASEF a présenté une gamme dynamique intra-HCPs plus élevée ainsi qu'une sensibilité accrue. Cette sensibilité accrue a également été observée pour les peptides standard du kit HCP Profiler. En effet, les 54 peptides standards ont été identifiés et quantifiés par diaPASEF alors que l'approche ddaPASEF n'a pas permis l'extraction du signal d'un peptide standard du point de calibration le plus bas à 0.68 fmol pour les quatre fractions Harvest.

Néanmoins, malgré un nombre de HCPs quantifiées supérieur, la stratégie diaPASEF à afficher une quantité globale d'impuretés inférieure pour presque tous les échantillons. De plus, une médiane des CVs calculés sur l'intensité des peptides HCPs dans les réplicats de 9,2 a été obtenue par diaPASEF comparé à 7,8 par ddaPASEF (Figure 9.A). Ceci montre une précision de quantification inférieur de l'approche diaPASEF. En examinant de plus près les signaux des peptides standard du HCP Profiler, nous avons observé des problèmes d'extraction des signaux des données diaPASEF. En effet, environ 25% des peptides standards ont montré une extraction des signaux incomplète ou partielle dans un des réplicats. Par conséquence, les courbes de calibration obtenues en diaPASEF se trouvent bien inférieure à celles de la ddaPASEF et les quantités globales de HCPs sont sous-estimées (Figure 9.B).

Figure 9: Limite de l'approche diaPASEF. Distribution des CVs moyens calculés sur les intensités des peptides HCPs dans les trois réplicats de chaque échantillon par ddaPASEF et diaPASEF (A). Superposition des courbes de calibration obtenues par les méthodes ddaPASEF et diaPASEF (B). Les courbes de calibration présentées ont été obtenues en faisant la moyenne de la pente, de l'ordonnée à l'origine et des coefficients de régression des 33 courbes de calibration obtenues par ddaPASEF et diaPASEF.

En conclusion, l'intégration du dispositif TIMS à l'entrée d'un instrument Q-TOF fournit une dimension de séparation supplémentaire après l'élution de la LC. Par conséquent, les méthodes d'acquisition ddaPASEF et diaPASEF laissent entrevoir une couverture plus importante des impuretés protéiques dans nos échantillons de mAb sans préparation supplémentaire de l'échantillon. Malheureusement, le TimsTOF PRO dans sa version actuelle présente une sensibilité accrue qui limite la quantité de matière pouvant être injectée. Cette limitation représente un inconvénient dans le contexte des HCPs. De plus, malgré des résultats d'identification supérieurs à ceux d'autres instruments sans mobilité ionique, les outils de traitement des données ne sont pas assez matures pour effectuer une quantification fiable de tous les signaux. En effet, ils rencontrent encore certaines difficultés qui conduisent à des extractions de signaux incorrectes.

Dans les années à venir, la méthode diaPASEF réalisée avec le TimsTOF PRO, associée à un logiciel perfectionné, devrait pouvoir être utilisée dans un environnement biopharmaceutique pour le suivi des HCPs pendant les développements de bioprocédés, la libération de lots ou la validation de kits ELISA.

Chapitre 3

Le défi analytique des produits pharmaceutiques purifiés 1. Amélioration de la préparation des échantillons pour l'analyse des substances médicamenteuses

Le produit final correspond au médicament prêt à être injecté au patient ayant subi une multitude d'étapes de purification afin de garantir des quantités d'impuretés à des niveaux tolérables 7 . Une gamme dynamique extrême entre le mAb et les HCPs présentes à l'état de traces caractérise donc ces échantillons. Au cours des dernières années, plusieurs stratégies ont été appliquées afin de contourner ce défi analytique majeur. On peut citer des méthodes de chromatographie 2D ou encore de déplétion du mAb [27][28][29] . C'est dans cette seconde direction que nous avons choisi d'aller afin de pouvoir proposer un protocole compatible avec une analyse de routine en milieu industriel. Le protocole développé met en oeuvre une digestion en condition native utilisant une très faible quantité d'enzyme pour favoriser la digestion des HCPs tout en limitant la digestion du mAb fortement structuré pour pouvoir dans un second temps faire précipiter ce dernier à l'aide d'une étape de centrifugation (Figure 10) 29 . Lorsque l'on applique ce schéma analytique a des réplicats techniques de NIST mAb, on remarque de suite la grande reproductibilité du protocole avec 94% et 96% de recouvrement entre les listes de peptides et groupes de protéines identifiés au sein des trois réplicats (Figure Il est intéressant de noter que 69 HCPs ont été quantifiées dans l'échantillon digéré pendant 10 minutes avec une ultrasonication continue à 2,5 W (Figure 12.A). Comparé aux 98 HCPs quantifiées dans l'échantillon contrôle qui a été soumis à une digestion pendant la nuit ( Les deux échantillons du procédé 1 et les trois échantillons du procédé 2 ont été digérés en condition native, comme décrit en section 1 de ce chapitre. Ensuite, Le mélange de quatre protéines standard du kit de digestion MassPREP de Waters a été ajouté aux échantillons avec le standard iRT. Finalement, les échantillons ont été injectés en triplicat sur le Q Exactive HF-X opéré en mode DIA. Le facteur de réponse de la protéine PYGM a été utilisé pour estimer la quantité des HCPs (Figure 13). Finalement, sur la base de ces résultats, UCB Pharma doit maintenant réaliser une nouvelle évaluation des risques en se concentrant sur les 6 protéines identifiées uniquement dans le procédé 2, ce qui permettra de voir si le procédé de production doit encore être amélioré ou non.

En conclusion, la méthode Top3-DIA a pu être appliquée à un cas concret. Elle a permis de quantifier des dizaines de HCPs dans cinq substances médicamenteuses issues de deux procédés de production. La méthode s'est avérée robuste, avec une moyenne des coefficients de variation calculés sur les intensités peptidiques inférieure à 13%, et sensible avec une quantification d'espèces inférieur au ng/mg de mAb. Cette stratégie représente une alternative prometteuse à l'ELISA comme méthode de contrôle de qualité pour une utilisation en routine. Les résultats discutés dans ce chapitre ont été intégrés dans la demande de commercialisation d'un anticorps auprès des organismes de réglementation.

Chapitre 4

Développement d'une méthode de suivi des HCPs sur une plateforme MS pour l'analyse de routine La première expérience a été conçue pour simuler la quantification des HCP en utilisant les quatre protéines standard du kit de digestion MassPREP. Ainsi, dans cinq échantillons de NIST mAb digérés, les protéines ADH, PYGM et ENL ont été ajoutées à des quantités croissantes de 20, 40, 80, 200 et 400 ng/mg de mAb. En parallèle, de la BSA a été ajoutée à une concentration constante de 100 ng/mg de mAb comme protéine de contrôle. Un échantillon de contrôle sans protéines standard dopées a également été préparé. Enfin, pour les six échantillons, cinq réplicats d'injections ont été effectués sur le BioAccord avec une quantité constante de 50 µg de mAb chargée sur la colonne. Ensuite, une librairie de peptides a été créée sur UNIFI comprenant 27 peptides des protéines standards et 4 peptides du NIST mAb. Pour ces 31 peptides, les masses de 3 fragments ont été ajoutées à la librairie. Tous ces peptides ont été sélectionnés sur la base de leur détection et profil de fragmentation observés au sein d'analyses préliminaires effectuées sur le BioAccord. Ensuite, un traitement ciblé des données a été effectué en utilisant la méthode Accurate Mass Screening on MSe data avec des tolérances de masse sur les précurseurs et des ions fragments de 15 et 20 ppm, respectivement, et une tolérance sur les temps de rétention de 0,3 min. Les signaux identifiés et extraits ont été validés manuellement sur la base de leur profil isotopique, de la forme des pics chromatographiques et de l'identification des fragments. Enfin, l'abondance des peptides a été utilisée pour évaluer la performance du BioAccord pour extraire les signaux peptidiques de protéines dopées jusqu'à 20 ng/mg de mAb (Figure 14) La Figure 14.B démontre la linéarité de la réponse MS obtenue avec le BioAccord. On remarque que la médiane des ratios expérimental sur les ratios théoriques est proche de la courbe linéaire attendue et ce jusqu'à 20 ng/mg de mAb. Cette expérience démontre que le BioAccord et la méthode développée permettent la quantification des HCPs jusqu'à 20 ng/mg de mAb avec une bonne précision. Il est très probable que la limite de quantification soit inférieure, mais une expérience supplémentaire avec des protéines standard dopées jusqu'à 1 ng/mg de mAb serait nécessaire pour appuyer cette affirmation. De plus, l'étude des fragments a montré qu'à 20 ng/mg, aucun fragment n'a été identifié pour la majorité des peptides (Figure 14.C). Le nombre limité de fragments par protéine utilisé et leur saisie manuelle fastidieuse dans le logiciel UNIFI rendent vraisemblablement trop stricte l'utilisation des fragments comme critère de validation. Par conséquent, lors de la seconde expérience, les peptides ont été validés sur la base de leurs profils isotopiques et de leurs erreurs de masse. A première vue, on remarque qu'avec trois quantités différentes de matériel injecté, les quantités estimées de HCPs sont similaires (Figure 

Chapitre 5

Conclusion générale

Ce travail de thèse m'a permis d'acquérir une expertise dans le domaine de la protéomique basée sur la spectrométrie de masse.

La première partie de ma thèse s'articule autour des développements méthodologiques pour l'identification et la quantification des protéines de la cellule hôte par spectrométrie de masse en support de la chaine de production. Tout d'abord, j'ai réalisé l'implémentation du HCP Profiler, un standard de quantification innovant, au protocole en place afin de standardiser l'approche de quantification globale Top3. Aussi, j'ai évalué plusieurs méthodes d'extraction des données DIA grâce à des échantillons provenant de différentes étapes de la chaine de production. J'ai également observé l'influence de plusieurs paramètres en amont de cette étape, à savoir la manière de générer la librairie spectrale et des paramètres d'acquisition de la méthode DIA-MS sur des instruments de type Q Exactive HF-X (Q-Orbitrap) et TimsTOF PRO (TIMS-Q-TOF). Finalement, j'ai pu évaluer ces différentes approches afin de démontrer que notre méthode combinant le HCP Profiler avec une acquisition DIA et une extraction basée sur une librairie spectrale réalisées sur un instrument de type Q-Orbitrap peutêtre implémenté dans un environnement biopharmaceutique.

La deuxième partie a été consacrée à l'optimisation de la méthode de quantification globale pour le suivi des impuretés protéiques présentes dans les substances médicamenteuses. Pour ces échantillons purifiés, la détection des HCPs représente un véritable défi analytique en raison de la large gamme dynamique entre la protéine thérapeutique surabondante et les impuretés protéiques. Ainsi, nous avons optimisé un schéma analytique dédié comprenant un protocole de préparation des échantillons, l'utilisation de la DIA avec une approche centrée sur les peptides, ainsi que l'implémentation de filtres spécifiques pour le traitement des données, afin d'obtenir des résultats robustes. Grâce à la méthode développée, il a été possible d'identifier et de quantifier plusieurs HCPs dans diverses substances médicamenteuses finales et de soutenir l'investigation d'un changement de procédé de production. La spectrométrie de masse représente donc une méthode orthogonale efficace pour le contrôle qualité de ces produits sensibles. 

General introduction

During the last two decades, the monoclonal antibody (mAb) market has remarkably grown up with a plethora of approved antibodies by the FDA and EMA with a current sales market of over $100 billion 2,32 . The high specificity of mAbs to target diverse molecules or antigens and their various modes of action allow them to be used as pharmaceuticals for a wide range of applications [33][34] . The high demands of mAbs require the production of well-characterized drug products, both in terms of the mAb sequence and structure itself and its impurities, namely Host Cell Proteins (HCPs), remaining from the production process. These impurities are included in the Critical Quality Attributes (CQAs) risk assessment as they can affect the product efficacy due to eventual protease activities and the patient's safety by inducing immunogenic reactions [5][6] . Guidelines state classically that the acceptable HCPs amount in the final drug product should be below 100 ng/mg mAb 7,35 . Ultimately, the level of impurities should be as low as possible as issues related to HCPs arise from specific proteins rather than from overall impurities amounts [36][37][38] .

Enzyme-linked immunosorbent assays (ELISA) are commonly used for this purpose as they provide the sensitivity and throughput requested 8,39 . However, ELISA has several limitations as it provides a global amount as an output without individual identification of the HCPs present and its coverage is incomplete 8,40 . Since immunogenic risk or mAb degradation are related to specific HCPs and not necessarily to their amount, these drawbacks raise an urgent need for alternative methods.

In this context, Mass Spectrometry (MS) became the most promising alternative to monitor HCPs allowing risk assessment with individual HCP identification and unbiased quantification. In recent years, Liquid Chromatography -tandem MS (LC-MS/MS) based studies have been conducted. Datadependent acquisition (DDA) strategies were successfully applied 9,27,[41][42] but the stochasticity, the presence of missing values and a discrimination towards the quantification of most abundant proteins are significant issues when the HCPs impurities are present at trace levels compared to the biotherapeutic. Targeted strategies (Selected Reaction Monitoring (SRM) or Paralleled Reaction Monitoring (PRM)) have been developed enabling robust and accurate quantification of targeted HCPs down to the sub ng/mg mAb level 12,37,43 . Nevertheless, the development of a targeted quantification assay is time consuming and limited to the selection of about hundred candidates.

Over the past decade, advances in mass spectrometry have highlighted the potential of dataindependent acquisition (DIA) on high-resolution/accurate mass (HR/AM) instruments. DIA is based on the co-isolation and co-fragmentation of all ions contained in predefined m/z windows of variable widths to cover the entire mass range. The acquisition of MS2 signals from all detectable species allows recording complete digital proteome maps while reaching the sensitivity, quantification accuracy and robustness of targeted methods [14][15] . These advantages make DIA approaches attractive in the context of HCP monitoring. The bottleneck of DIA analysis today resides in the extraction of reliable quantitative signals. Each MS2 scan contains the fragment information of all co-isolated precursors, rendering peptide identification difficult. Initially, the use of a specific spectral library generated from DDA runs 44 to extract quantitative information from DIA data was shown to be effective. However, the generation of this spectral library requires time and ideally the implementation of fractionation strategies of the studied proteome. The recent development of algorithms that do not require a spectral library will certainly further increase the interest and applicability of DIA strategies, in particular for the monitoring of HCPs [45][46][47] .

Unfortunately, despite the advances in data acquisition and extraction, the analytical challenge remains in the dynamic range mAb/HCP. The ubiquity of the antibody may interfere with the reliable extraction of HCP peptides and lead to biases in the MS-based quantification of these impurities. Few studies have attempted to decrease this dynamic range by using multi-dimensional chromatography 11,[27][28][48][49] or mAb depletion 29,[50][START_REF] Nie | Simple and Sensitive Method for Deep Profiling of Host Cell Proteins in Therapeutic Antibodies by Combining Ultra-Low Trypsin Concentration Digestion, Long Chromatographic Gradients, and BoxCar Mass Spectrometry Acquisition[END_REF] .

My PhD work was part of this context. It focused on the development and evaluation of analytical and bioinformatics strategies in mass spectrometry-based proteomics for the accurate quantification of trace-level proteins. The main objective was to develop a method allowing the identification and accurate quantification of a large number of proteins while being straightforward and robust enough to be implemented in a biopharmaceutical environment.

This manuscript is organized into five parts, which are briefly presented below:

 The bibliographic introduction is a state of the art of quantitative proteomics and an introduction to host cell proteins. It includes a description of the different steps of the analytical scheme of the "bottom-up" proteomic strategy, from the sample preparation to the data processing through the different existing acquisition modes. The different quantification strategies will also be detailed in this section:

-Global quantification approaches: relative quantification with and without labeling as well as absolute quantification without labeling.

-Targeted quantification approaches such as SRM ("Selected Reaction Monitoring") or PRM ("Parallel Reaction Monitoring").

-The more recent DIA (Data Independent Acquisition) strategy. Then, the importance of controlling HCPs in therapeutic proteins as well as the different methods to monitor them are detailed.

 Part I describes the development of a DIA method enabling the monitoring of HCPs throughout the mAb manufacturing process:

-In Chapter 1, the performance of the HCP Profiler solution, an innovative quantification standard, is benchmarked against more conventional standard protein spikes using DDA mode on a Q-Orbitrap instrument for the characterization of HCPs. -In Chapter 2, the HCP Profiler standard is combined to a DIA approach developed on the same Q-Orbitrap instrument. Two DIA data extraction strategies, relying or not on a spectral library, are evaluated and further benchmarked against a classical MS1-XIC DDA method. The objective of this study is to evaluate the potential of MS2-based DIA quantification to support the monitoring of HCPs during the mAb manufacturing process. -In Chapter 3, the use of a hybrid spectral library, which combines DDA and DIA analyses, is evaluated against the use of a classical DDA library or the spectral libraryfree approach. The purpose of this chapter is to optimize the DIA method to make it applicable to different antibodies. Furthermore, the MS2-based DIA strategy is applied to a concrete case aiming at answering the question of whether the capacity of the culture bioreactor impacts the HCPs profile. -In Chapter 4, the performance of the TimsTOF PRO instrument is evaluated to investigate the benefits of ion mobility as an additional separation dimension for bottom-up analysis. First, the ddaPASEF and diaPASEF approaches are developed.

Then, the HCP coverage of the TimsTOF PRO is benchmarked against the Q-Orbitrap instrument on the same sample set.

 Part II focuses on the development of a specific analytical workflow dedicated to final drug products' analysis, which represents a real analytical challenge:

-In chapter 1, various optimizations are described to improve analytical performances for HCPs characterization in final drug products. It includes optimizations at the sample preparation level with an improved native digestion protocol and the implementation of a focused ultrasonication step, at the data acquisition level with a dedicated DIA method and at the data interpretation level with the implementation of a stringent data validation pipeline. -In Chapter 2, we apply our optimized workflow to support the investigation of a mAb manufacturing process change.

 Part III presents the development of a method for HCP profiling on a MS platform aimed at enabling routine analysis. The performance of the BioAccord LC-MS system is evaluated for the targeted identification and quantification of selected HCPs using the NIST reference mAb and standard protein spikes. The objective of this chapter is to evaluate the applicability of this instrument platform for the targeted quantification of problematic HCPs in a routine manner and in a quality-compliant pharmaceutical environment.

 The last part corresponds to the experimental section, in which experimental details on the different works discussed in this manuscript are described.

Chapter 1

Bottom-up proteomic strategies

The term proteome was originally coined in 1994 by Mark Wilkins, a PhD student at Macquaire University in Sydney [START_REF] Wilkins | From proteins to proteomes: large scale protein identification by two-dimensional electrophoresis and amino acid analysis[END_REF] . It combines the terms protein and genome. While the genome represents the set of genes that characterize an organism, the proteome designates all proteins contained in a living entity at a given time and under given conditions [START_REF] Anderson | Proteome and proteomics: new technologies, new concepts, and new words[END_REF] . Unlike the genome, the proteome implies a notion of dynamism [START_REF] Graves | Molecular biologist's guide to proteomics[END_REF] .

The term proteomics was introduced a few years later by Peter James [START_REF] James | Protein identification in the post-genome era: the rapid rise of proteomics[END_REF] . By analogy to genomics, the study of genomes, proteomics was defined as the characterization of all proteins in a cell, tissue or organism [START_REF] Graves | Molecular biologist's guide to proteomics[END_REF] . However, this definition has evolved to include the notion of dynamism inherent to the proteome. Now, proteomics represents the qualitative, quantitative and functional study of proteins contained in a cell, tissue or organism at a specific time and under specific conditions [START_REF] Zhang | 3rd, Protein analysis by shotgun/bottom-up proteomics[END_REF] .

Mass spectrometry has become a tool of choice for proteomic analysis, thanks to significant developments [START_REF] Zhang | 3rd, Protein analysis by shotgun/bottom-up proteomics[END_REF][START_REF] Aebersold | Mass-spectrometric exploration of proteome structure and function[END_REF][START_REF] Li | Current trends in quantitative proteomics -an update[END_REF][START_REF] Gillet | Mass Spectrometry Applied to Bottom-Up Proteomics: Entering the High-Throughput Era for Hypothesis Testing[END_REF] :

-The discovery of two soft ionization sources: MALDI (Matrix-Assisted Laser Desorption Ionization) [START_REF] Karas | Laser desorption ionization of proteins with molecular masses exceeding 10,000 daltons[END_REF] and ESI (Electrospray ionization) [START_REF] Fenn | Electrospray ionization for mass spectrometry of large biomolecules[END_REF] by Koichi Tanaka (Japan) and John B. Fenn (USA), respectively. These innovations represent a major breakthrough for the MS analysis of biological macromolecules such as proteins. They were awarded the Nobel Prize in Chemistry in 2002; -The developments of separative methods for peptides and proteins prior to MS analysis; -The constant instrumental progress of mass spectrometers allowing to improve sensitivity, dynamic range, resolution, acquisition speed and mass accuracy performances; -The development of new acquisition modes; -The improvement of high quality, i.e. curated and well-annotated protein databases; -The development and constant improvement of bioinformatics tools for efficient and automated data analysis and interpretation.

Mass Spectrometry-based proteomic approaches

Mass spectrometry-based proteomic analysis can be divided into three approaches: Bottom-up, Middle-down and Top-down (Figure 16). The bottom-up approach consists in characterizing proteins through their peptides after enzymatic digestion, mainly with trypsin. These peptides, generally lower than 3 kDa, are then separated by liquid chromatography and analyzed in MS (peptide mass) and MS/MS (peptide sequence). The comparison of the measured mass list to a theoretical one, obtained by in silico digestion of protein sequences from a given database, allows the identification of peptides and proteins by inference. This protein inference is achieved by associating multiple peptide identifications to a protein. The inference step is challenging since a peptide can be unique to a protein or shared between several, the latter can be grouped. Therefore, the result of the bottom-up approach corresponds to the smallest list of proteins satisfying the parsimony principle [START_REF] Nesvizhskii | Interpretation of Shotgun Proteomic Data[END_REF] . This approach has become the method of choice for the identification and quantification of thousands of proteins. On recent LC-MS/MS platforms, results can be obtained in a few hours [START_REF] Hebert | The one hour yeast proteome[END_REF] .

The Top-down approach enables the characterization of intact proteins by MS (protein mass) and MS/MS (protein sequence) without enzymatic digestion. The objective of the approach is to provide high coverage and a complete characterization of a targeted protein. It has some advantages over the bottom-up approach, especially for proteoforms differentiation and post-translational modifications (PTM) analysis [START_REF] Patrie | Top-Down Mass Spectrometry: Proteomics to Proteoforms[END_REF] . Recently, the Top-down approach succeeded the identifications of more than a thousand proteins and thousands of proteoforms using multidimensional separation [START_REF] Catherman | Large-scale top-down proteomics of the human proteome: membrane proteins, mitochondria, and senescence[END_REF][START_REF] Mccool | Deep Top-Down Proteomics Using Capillary Zone Electrophoresis-Tandem Mass Spectrometry: Identification of 5700 Proteoforms from the Escherichia coli Proteome[END_REF] . However, this approach has some limitations [START_REF] Cupp-Sutton | High-throughput quantitative top-down proteomics[END_REF][START_REF] Ghezellou | A perspective view of top-down proteomics in snake venom research[END_REF][START_REF] Leduc | Accurate Estimation of Context-Dependent False Discovery Rates in Top-Down Proteomics[END_REF] . First, the difficulties related to the solubility, separation, ionisation and fragmentation of proteins limit the sensitivity of the approach. Instruments with high resolution, mass accuracy and scan speed are required to finely resolve the isotopic envelopes of the multiple charge states proteins analyzed. This also implies that the approach is better suited for highly purified samples. Finally, bioinformatics tools still need to be improved.

The middle-down approach is a hybrid of bottom-up and top-down approaches [START_REF] Zhang | 3rd, Protein analysis by shotgun/bottom-up proteomics[END_REF][START_REF] Cristobal | Toward an Optimized Workflow for Middle-Down Proteomics[END_REF][START_REF] Pandeswari | Middle-down approach: a choice to sequence and characterize proteins/proteomes by mass spectrometry[END_REF] . It allows the characterization of proteins from large peptides (3 to 10 kDa), obtained after a restricted enzymatic digestion. Similar to the bottom-up approach, the peptides are fractionated and analyzed in MS (peptide mass) and MS/MS (peptide sequence). Since the number of peptides obtained with the restricted proteolysis is lower than with the bottom-up approach, it limits the proportion of shared peptides and facilitates protein inference. Furthermore, these large peptides provide access to the same information as the top-down approach while overcoming the challenge of analyzing intact proteins. However, restricted proteolysis requires special attention. It must be finely optimized in terms of enzyme used (specific or non-specific), protein/enzyme ratio and proteolysis conditions. Moreover, as for the top-down approach, data analysis represents a major challenge for the middledown strategy.

The top-down and middle-down approaches still require optimization and development to make them compatible with the analysis of complex biological samples. Consequently, the bottom-up strategy remains the most straightforward, large-scale and high-throughput proteomic method. The work done in this manuscript is only based on this approach, which is described in the next section.

Analytical workflow of the bottom-up strategy

The bottom-up proteomic workflow consists of three main parts: sample preparation, liquid chromatography coupled to tandem mass spectrometry and data treatment (Figure 17). 

A. Sample preparation

Sample preparation is a crucial step in the bottom-up approach. The quality and repeatability of the preparation will have a major impact on the MS results. Thus, the preparation sub-steps should be carefully chosen according to the type of samples [START_REF] Channaveerappa | Bottlenecks in Proteomics: An Update[END_REF][START_REF] Rogers | Sample Preparation for Mass Spectrometry-Based Proteomics; from Proteomes to Peptides[END_REF] .

i. Protein extraction

The extraction of proteins from the original biological sample (fluids, tissues ...) represents the first step of the bottom-up approach. It aims at solubilizing the maximum of proteins without degrading or modifying them. The extraction will influence the accessibility of the proteins to proteases and thus affect the quality of the proteomic analysis. Therefore, this step must be optimized according to the quantity and type of sample, the protein type and the analytical workflow used afterwards [START_REF] Bose | Proteomics: Tools of the Trade[END_REF][START_REF] Feist | Proteomic challenges: sample preparation techniques for microgram-quantity protein analysis from biological samples[END_REF][START_REF] Tubaon | Sample Clean-up Strategies for ESI Mass Spectrometry Applications in Bottom-up Proteomics: Trends from 2012 to 2016[END_REF] .

Lysis and extraction of proteins can be performed [START_REF] Feist | Proteomic challenges: sample preparation techniques for microgram-quantity protein analysis from biological samples[END_REF][START_REF] Shevchenko | Comparison of extraction methods for the comprehensive analysis of mouse brain proteome using shotgun-based mass spectrometry[END_REF] :

-Mechanically by grinding or ultrasonication for instance.

-Chemically by using:  Detergents (ionic, non-ionic, zwitterionic, salts of bile acids or detergent directly compatible with protein digestion and LC-MS/MS analysis) to enhance protein extraction and solubilisation via micelle formation.  Chaotropic agents (e.g. urea) to denature and unfold proteins by stabilizing them in their unfolded structure.  Organic solvents, such as acetonitrile, to facilitate the denaturation of proteins by altering their conformation.

Chemical lysis and extraction buffer combined with a mechanical stimulus is the most common strategy [START_REF] Feist | Proteomic challenges: sample preparation techniques for microgram-quantity protein analysis from biological samples[END_REF] .

After extraction, additional steps may be necessary to remove detergents and contaminants such as lipids or nucleic acids that negatively affect the LC-MS/MS analysis: interference during liquid chromatography, signal suppression or noisy spectra. This can be achieved via protein precipitation with cold acetone, trichloroacetic acid, chloroform-methanol mix or using dialysis or ultrafiltration steps. However, these extra steps are tricky and can lead to material loss [START_REF] Feist | Proteomic challenges: sample preparation techniques for microgram-quantity protein analysis from biological samples[END_REF] .

ii. Protein preparation for LC-MS/MS analysis Samples subjected to proteomics analysis often represent a real analytical challenge. Indeed, those samples are composed of thousands of proteins that are present under several forms. The diverse forms of a protein, called proteoforms, result from splicing variants, genetic sequence variants or PTMs (oxidation, phosphorylation, glycosylation …) increases the complexity of the proteome. For instance, around 20 000 protein-coding genes were reported by the human genome project [START_REF] Human | Finishing the euchromatic sequence of the human genome[END_REF] . If we consider a gene for a protein, then we go from 20 000 proteins to about 70 000 proteoforms if we only take into account splice variants, and even hundreds of thousands with the eventual PTMs. Furthermore, the dynamic range of protein abundances accentuates the complexity of these samples. Indeed, it can reach up to 10 orders of magnitude [START_REF] Zhang | 3rd, Protein analysis by shotgun/bottom-up proteomics[END_REF][START_REF] Wang | A deep proteome and transcriptome abundance atlas of 29 healthy human tissues[END_REF][START_REF] Wu | Overcoming the dynamic range problem in mass spectrometry-based shotgun proteomics[END_REF][START_REF] Zubarev | The challenge of the proteome dynamic range and its implications for in-depth proteomics[END_REF] , while mass spectrometers cover up to 5 orders of magnitude [START_REF] Channaveerappa | Bottlenecks in Proteomics: An Update[END_REF][START_REF] Zubarev | The challenge of the proteome dynamic range and its implications for in-depth proteomics[END_REF][START_REF] Gstaiger | Applying mass spectrometry-based proteomics to genetics, genomics and network biology[END_REF] . Various solutions are possible to reduce the complexity of the samples. It is possible to deplete abundant proteins in order to overcome the dynamic range issue, but with the risk of losing biological material [START_REF] Gianazza | With or without you -Proteomics with or without major plasma/serum proteins[END_REF] . It is also possible to fractionate proteins based on their physico-chemical properties: molecular weight (sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE)), protein size (size exclusion chromatography (SEC)), pI (ion exchange chromatography, isoeletric focusing), polarity (reverse phase chromatography) or by combining them [START_REF] Channaveerappa | Bottlenecks in Proteomics: An Update[END_REF][START_REF] Feist | Proteomic challenges: sample preparation techniques for microgram-quantity protein analysis from biological samples[END_REF][START_REF] Salvato | Strategies for Protein Separation[END_REF] .

In general, two main protein preparations for LC-MS/MS analysis have been mostly employed: insolution or in-gel preparations [START_REF] Channaveerappa | Bottlenecks in Proteomics: An Update[END_REF][START_REF] Rogers | Sample Preparation for Mass Spectrometry-Based Proteomics; from Proteomes to Peptides[END_REF][START_REF] Feist | Proteomic challenges: sample preparation techniques for microgram-quantity protein analysis from biological samples[END_REF] . In this work, both preparations were used and are detailed below:

-In-solution preparations consist of denaturing proteins, reducing disulfide bridges and alkylating cysteine residues before protein digestion [START_REF] Feist | Proteomic challenges: sample preparation techniques for microgram-quantity protein analysis from biological samples[END_REF] . For this purpose, buffers compatible with enzymatic digestion are required. To facilitate the use of this approach, a series of innovative protocols was recently developed. Among them, FASP (Filter-Aided Sample preparation) allows the use of detergents to extract proteins via filters or membranes that remove these unwanted compounds before proteolysis, but with a risk of material loss. The single-pot, solid-phase-enhanced sample preparation (SP3) protocol, another alternative, uses paramagnetic beads to immobilize proteins or peptides. Detergents can also be used with this approach [START_REF] Hughes | Ultrasensitive proteome analysis using paramagnetic bead technology[END_REF] . Finally, commercial kits are available as ready to use kits: Ist Preparation kit (Preomics) [START_REF] Kulak | Minimal, encapsulated proteomic-sample processing applied to copy-number estimation in eukaryotic cells[END_REF] , S-Trap (ProtiFi) [START_REF] Zougman | Suspension trapping (STrap) sample preparation method for bottom-up proteomics analysis[END_REF] , Pierce TM Mass Spec Sample Prep Kit (Thermo Fischer) and Sample preparation kit (Biognosys).

-In-gel preparations aim to eliminate detergents, salts and contaminants. In particular, they allow the removal of SDS when used for protein extraction. In this work, two gel protocols were used:

 1D SDS-PAGE: it consists in separating proteins by migration through a polyacrylamide gel while subjecting them to an electric field. Electrophoresis separates charged analytes according to their charge-to-size ratio under the application of an electric field [START_REF] Laemmli | Cleavage of Structural Proteins during the Assembly of the Head of Bacteriophage T4[END_REF][START_REF] Rabilloud | Power and limitations of electrophoretic separations in proteomics strategies[END_REF] . SDS, contained in the loading buffer, gives the proteins a linear conformation and a uniform negative charge allowing them to be separated on the basis of their molecular weight. The polyacrylamide gel used is composed of two distinct parts. First, in the stacking gel, composed of a low percentage of acrylamide/bis-acrylamide (4 to 5%), proteins will be concentrated in a single band before entering the separation gel. This second part, containing a higher percentage of acrylamide/bis-acrylamide (8 to 15%), allows the proteins to be separated thanks to its tighter network.

 Stacking gel: It is based on the same principle as 1D SDS-PAGE. By contrast, migration is stopped once the proteins are concentrated in a single band, just before they enter the separation gel. This protocol allows the use of SDS for protein solubilisation without fractionation of the sample. It has demonstrated to be well-suited for accurate and precise quantification.

In addition to these protocols, tube-gel [START_REF] Lu | Tube-gel digestion: a novel proteomic approach for high throughput analysis of membrane proteins[END_REF][START_REF] Muller | Extended investigation of tube-gel sample preparation: a versatile and simple choice for high throughput quantitative proteomics[END_REF][START_REF] Muller | Benchmarking sample preparation/digestion protocols reveals tube-gel being a fast and repeatable method for quantitative proteomics[END_REF] and 2D SDS-PAGE [START_REF] Rabilloud | Two-dimensional gel electrophoresis in proteomics: a tutorial[END_REF] approaches can be mentioned. The former consists of the direct incorporation of proteins into the polyacrylamide gel prior polymerization, thus avoiding electrophoretic migration. The tube-gel combines the advantages of stacking gel with a short sample preparation time. The latter involves a first dimension of protein separation according to their isoelectric points and a second via a 1D SDS-PAGE gel.

Finally, the proteins are fixed in the gel, revealed by Coomassie Blue staining [START_REF] Candiano | Blue silver: a very sensitive colloidal Coomassie G-250 staining for proteome analysis[END_REF] , reduced and alkylated prior in-gel enzymatic digestion. However, in-gel approaches are less used and are progressively replaced by more automated protocols that are well suited to high-throughput analysis.

iii. Enzymatic digestion Enzymatic digestion for bottom up analysis is often performed using trypsin. This is mainly due to its low cost, robustness and specific cleavage at the C-terminus of lysines and arginines, except when followed by proline [START_REF] Burkhart | Systematic and quantitative comparison of digest efficiency and specificity reveals the impact of trypsin quality on MS-based proteomics[END_REF][START_REF] Vandermarliere | Getting intimate with trypsin, the leading protease in proteomics[END_REF] . The presence of a positive charge at the C-terminal basic end of the peptide facilitates ionization and fragmentation of the peptide, which makes tryptic peptides ideally suited for LC-MS/MS analysis. Furthermore, the natural abundance of these two residues in proteins leads to the generation of peptides between 500 and 3000 Da, allowing for proper coverage of protein sequences.

Besides, this enzyme is also able to penetrate the polyacrylamide gels enabling in-gel digestion.

The combined use of different proteases in the same experiment has been shown to provide better sequence coverage. In the particular case of the bottom-up proteomic approach, the combination with Lys-C seems particularly effective [START_REF] Glatter | Large-scale quantitative assessment of different in-solution protein digestion protocols reveals superior cleavage efficiency of tandem Lys-C/trypsin proteolysis over trypsin digestion[END_REF][START_REF] Hakobyan | Efficient Tandem LysC/Trypsin Digestion in Detergent Conditions[END_REF] . Indeed, this enzyme is resistant to denaturing conditions and complements trypsin that is less efficient towards lysine than arginine residues.

Finally, another limitation linked to the use of "classical" trypsin is the digestion step duration, i.e. between 12 and 18h. Commercial solutions based on modified enzymes, such as the SMART Digest Kit from Thermo Fisher Scientific or the Rapid Digestion Kit from Promega 99 are available and drastically reduce the time required for this step. Nevertheless, due to the diversity of digestion methods, there is no universal protocol. It depends on the sample type, the properties of the proteins to be analysed and the purpose of the study.

B. Liquid chromatography coupled to tandem mass spectrometry analysis i. Peptide separation by reversed phased-liquid chromatography Essential for the bottom-up approach, enzymatic digestion increases the complexity of the sample [START_REF] Zhang | 3rd, Protein analysis by shotgun/bottom-up proteomics[END_REF][START_REF] Gillet | Mass Spectrometry Applied to Bottom-Up Proteomics: Entering the High-Throughput Era for Hypothesis Testing[END_REF] . For this reason, liquid chromatography is commonly used to reduce it. As a result, it improves ionization efficiency by limiting competition between analytes, but also increases sensitivity, selectivity and proteome coverage [100][101] . In this manuscript, reverse phase liquid chromatography was used to separate peptides according to their hydrophobicity by progressively decreasing the polarity of the mobile phase (mixture of water and acetonitrile). Two different chromatographic systems were used and are detailed in Table 2.

Table 2: Description of the LC system used in my PhD work.

The separation efficiency of chromatographic systems depends on the properties of the column, i.e. its length, internal diameter, pore and particle sizes [START_REF] Gillet | Mass Spectrometry Applied to Bottom-Up Proteomics: Entering the High-Throughput Era for Hypothesis Testing[END_REF]102 . Nanofluidic systems operating at high pressure (>500 bar), provide improved sensitivity, resolution and peak capacity, while requiring small amounts of biological material. These systems are particularly suitable for proteomic analysis where samples are often available in small quantities. However, they are subject to recurrent problems (ionization spray instability, difficult-to-detect leaks or dead volumes) and require real expertise. On the other hand, microflow systems display a reduced sensitivity, which can be compensated by increasing the amount of material injected 103 . They also show a higher robustness than nanoflow systems [START_REF] Graves | Molecular biologist's guide to proteomics[END_REF]103 .

ii. Tandem mass spectrometry Peptides eluted from reverse phase liquid chromatography are directly ionized, via electrospray ionization (ESI), before entering the mass spectrometer. This instrument first measures the mass-tocharge ratio (m/z) and intensity of each ion to generate an MS (or MS1) spectrum. These ions are then isolated and fragmented. The m/z ratios and intensities of the fragments are measured, generating an MS/MS (or MS2) spectrum 104 . The successive generation of MS1 and MS2 spectra, so-called tandem mass spectrometry, is accomplished on hybrid instruments coupling different mass analyzers (quadrupole (Q), time of flight (TOF), Orbitrap, ion trap and ion cyclotron resonance (FT-ICR)).

In my work presented in this manuscript, three different mass spectrometers were used: Q-Orbitrap, Q-TOF and TOF instrument types. Their specifications are detailed in Table 3. Throughout the gradient, the mass spectrometer operated in DDA mode will perform the successive acquisition of MS1 and MS2 spectra in a cyclic manner. Over a cycle, an MS1 spectrum will first be acquired, and the N most intense precursor ions of this spectrum will be sequentially and in real time selected in a narrow m/z window for fragmentation before being analyzed to generate N MS2 spectra 105 (Figure 18). This acquisition mode provides identification of several thousand proteins, thus offering a good coverage of proteomes [106][107] . However, the selection principle based on precursor ions intensities on the MS1 spectrum leads to stochasticity and a lack of reproducibility. Instrumental advances in sensitivity and acquisition speed have reduced the undersampling effect 106 . Furthermore, technical solutions are available to increase the number of identifications. The discrimination towards the selection of the most intense precursor ions can be overcome by dynamic exclusion which allows to reduce the redundancy of the collected spectra or by the definition of inclusion or exclusion lists 108-109 .

b. peptide fragmentation

Several approaches have been implemented on mass spectrometers to fragment peptides: Collision Induced Dissociation 110 (CID), Higher energy C-trap Dissociation 111 (HCD) Electron Transfer Dissociation 112 (ETD), Electron Capture Dissociation 113 (ECD) and even a combination of ETD and HCD called EThcD. Among these fragmentation modes, CID is the most commonly used for bottom-up proteomics analysis [START_REF] Zhang | 3rd, Protein analysis by shotgun/bottom-up proteomics[END_REF] . Ions are isolated and accelerated to induce high kinetic energy. Then, collision with neutral molecules (argon, helium or nitrogen) present in the collision cell results in the conversion of kinetic energy into internal energy inducing the rupture of the peptide bond according to the mobile proton model [114][115] . CID fragmentation generates y and b ions, as defined by Biemann's nomenclature 116 (Figure 19). It is well suited for tryptic peptides that have at least two positive charges, one mobile at the N-terminus and one on the lysine or arginine side chain. Finally, the fragment ions produced by the CID fragmentation are analyzed simultaneously to generate an MS2 spectrum, from which the peptide sequence can be determined (Figure 20). C. Ion mobility spectrometry for bottom-up proteomics Ion mobility spectrometry (IMS) in combination with mass spectrometry (MS) has grown significantly in the last 20 years [117][118] . IMS allows the separation of ions in a buffer gas under the influence of an electric field based on their mobility. The mobility of the ions depends on their size, shape and charge. Thus, the information obtained by IMS can be considered as complementary to MS. For instance, the IMS-MS combination has been used to separate isomers, filter signal and annotate untargeted features via Collision Cross Section (CCS) database matching 117,[119][120][121] .

Several ion mobility technologies have been developed with their own applied field and gas dynamics. Therefore, it has become common to convert the mobility into CCS values that are related to the ion shape for a given compound in a specific gas environment. A summary of the various type of IMS devices commercialized is presented in Figure 21. Among these technologies, two IMS devices are the most used in combination with MS for bottom-up proteomic analysis: the Field Asymmetric Ion Mobility Spectrometry device (FAIMS) and Trapped Ion Mobility Spectrometry (TIMS). Their implementation acts as an additional separation dimension and greatly impacts data acquisition and processing. Therefore, we will describe the two principles in this section.

i. Field Asymmetric Ion Mobility Spectrometry (FAIMS)

FAIMS technology performs fast and efficient gas phase separation of precursor ions as they leave the electrospray emitter and before they enter the mass spectrometer [122][123][124] . Indeed, the FAIMS source transmits ions between the inner and outer electrodes according to their mobility difference when they are in a high or low electric field. Ions with a large mobility difference between the high and low field migrate toward the electrodes, while ions with no or small mobility difference are transmitted.

The ion trajectory can be modified by adding a DC voltage, so-called compensation voltage (CV). Thus, selecting an appropriate DC level will compensate the drift of a specific ion or ion group, allowing them to pass through the device. This CV value, determined empirically, controls which ion population passes through the FAIMS device. Moreover, because the CV can be changed rapidly (~25 milliseconds per transition), it is possible to switch between multiple current values during a MS cycle, and thus independently analyze ions of different charges (Figure 22). Finally, FAIMS does not use ion accumulation. Thus, its duty cycle is about 100% for the ions passing the filter allowing an improved signal to noise ratio. Due to the application of this waveform electrical field, those devices are not able to provide CCS values.

ii. Trapped Ion Mobility Spectrometry (TIMS)

Trapped Ion Mobility Spectrometry (TIMS) is one of the newest IMS technologies. It was developed by Bruker and equips the TimsTOF instruments. It is necessary to differentiate between the classical TIMS device and the TIMS device included in the TimsTOF instruments, which use a 9.7 cm dual TIMS cell.

Here, only the basic principle of TIMS will be described. The operation of the dual TIMS cell and the resulting PASEF acquisition mode, which achieves a duty cycle of about 100%, will be detailed in the results section of this manuscript (Part I, Chapter 4, section 1.A).

A TIMS device is divided into three parts, two ion funnels at the entrance and exit of a TIMS tunnel as shown in Figure 23.A. The funnels accumulate the ions entering and exiting the TIMS tunnel. In this technology, ions are driven into the TIMS cell by a constant buffer gas flow and are retained by the application of a static electric field. Three steps are performed in the TIMS tunnel as described in Figure 23.B. First, the ions from the ion source are accumulated. Then they are trapped at their equilibrium position in the tunnel, as shown in Figure 23.C. Their position in the tunnel depends on their shape for the same charge state. Larger ions will be dragged by the gas flow further into the tunnel and will be closer to its exit. The ions are then released in decreasing order of CCS by a slow decrease of the electric field. The TIMS device can achieve high resolution. The principle of the TIMS also increase the signal-to-noise ratio as the noise is diluted on the complete ion mobility range whereas signal ions are packed at the same position during the trapping step. Another advantage of TIMS is its size between 5 and 10 cm allowing to easily coupling it with other instruments and making upgrading possible.

In this manuscript, the TimsTOF PRO (Bruker Daltonic) was the only MS system with an IMS device.

D. Data processing and interpretation i. Protein identification strategies

Multiple strategies have been developed to automatically assign peptide sequences to MS2 spectra generated via LC-MS/MS analysis 126 . Among them, spectrum-centric database searching is the most commonly used approach. De novo sequencing, an alternative approach, is based on the peptide sequence extraction directly from the MS/MS spectra. This strategy is of particular interest for the study of non-sequenced organisms. The work done during my PhD involved the study of sequenced organisms. Thus, only the spectrum-centric approach, detailed below, was used.

a. Search engine

The raw data generated by bottom-up analysis are converted into peak lists containing the information on the mass of precursor and fragment ions as well as their intensities. Then, peptides are identified by peptide fragmentation fingerprinting 127 . It consists in comparing experimental mass lists to theoretical ones generated via in-silico digestion and fragmentation of a specific protein sequence databank. The identified peptides are then gathered for protein inference. This step can be complex because of peptides shared between proteins or proteins identified with a unique peptide [START_REF] Nesvizhskii | Interpretation of Shotgun Proteomic Data[END_REF] . Finally, the list of identified proteins in the sample is obtained. All these steps are performed automatically by search engines such as Andromeda 128 , Mascot 129 (Matrix Science, London, UK), Pulsar (Biognosys, Schlieren, Switzerland), OMSSA 130 , Sequest 131 , Byonic TM (Protein Metrics, Cupertino, USA) and X!Tandem 132 . Regardless of the search engine used, they will all require information about the experimental and instrumental conditions under which the data were generated:

-The protease used and the maximum number of missed cleavages allowed.

-The protein sequences database.

-The tolerance on the precursor and fragment ions m/z ratio.

-The charge of the precursor and fragment ions.

-The expected modifications (fixed or variable) of particular amino acids.

-The fragmentation type used.

In the work described in this manuscript, three search engines were used: Mascot, Andromeda and Pulsar.

Mascot is a commercial search engine, which use a probability-based scoring algorithm that is not accessible. For each MS2 spectrum, a score named "ion score" is calculated, equivalent to the probability that the match between the experimental and theoretical mass lists, obtained in silico, occurs by chance. The higher the score, the higher the confidence in the peptide identification. This score only considers the quality of the spectrum and is independent of the protein sequence database.

In addition, identity and homology thresholds are determined by taking into account the size of the database in order to determine if the identification of a peptide is random. Finally, all identifications associated with a peptide spectrum, named "Peptide Spectrum Matches" (PSM), are classified.

In line with Mascot, a probability-based scoring algorithm also drives Andromeda. It can be used on its own or integrated with Maxquant software, which enables the recalibration of spectra. Despite different scoring scales, the comparison of the two search engines showed comparable results 128 .

Finally, Pulsar was introduced by Biognosys in 2017 and has been implemented in the Spectronaut™ software. It is dedicated to the generation of spectral libraries, which are then used for the extraction of DIA data via Spectronaut™. It is a commercial solution, as such the algorithm is not accessible.

Despite instrumental and software developments, between 60 and 75% of MS2 spectra remain unidentified 133 . The reasons include:

-The insufficient quality of some MS2 spectra.

-The co-isolation and co-fragmentation of peptides in the small isolation windows used (1 to 3 m/z). It could have a negative effect when search engine use unassigned peaks on MS2 spectra for score calculation. Since the 2.5 version, Mascot enables the identification of peptides from chimeric spectra.

-The use of incomplete and inadequate protein sequence database.

-The underestimation of the number of modifications, which represents one third of the unassigned spectra [134][135] .

-Errors in data processing resulting to wrong assignment of the mono-isotopic peak or charge state.

b. Protein sequence database

Peptide assignment via a protein sequence database limits the possible identifications to the content of this repository. Thus, it is crucial to work with the most adequate database for the biological context. Moreover, in order to extract relevant and quality information, it is necessary to use high quality databases obtained with sequence annotation and data filtering. Several databases are available, differing in annotation quality, completeness and degree of redundancy [START_REF] Nesvizhskii | Interpretation of Shotgun Proteomic Data[END_REF] . Among which:

- Databases are updated frequently due to the discovery of new variants, new sequences and manual verification of entries. Thus, the issue of a high proportion of unassigned MS2 spectra can be reduced by using updated databases. Moreover, combining results from genomic, transcriptomic, and proteomic studies enables improved genome annotation and gene prediction algorithms, as well as peptide and protein identifications [144][145] . This combination of data, first introduced in 2004, was defined under the term proteogenomics 146 . Nevertheless, the task is highly complex 147 . During this work, high quality databases were preferentially chosen when available. The aim is to limit the search space and to limit false identifications.

NCBI
ii. Validation of the identification results

The automatic identification of peptides and proteins can be subject to errors. Search engines have their limits. Since the score associated with each identification is not sufficient to assess the correct assignment and it is not feasible to manually check several thousands of identifications, it is therefore essential to validate the identification results using an additional criterion. For this purpose, the "target-decoy" strategy is the most commonly used, allowing to distinguish correct identifications from wrong assignments 148 . It consists in performing searches using a database including the target protein sequences and decoy protein sequences. The latter corresponds to randomized or inverted protein sequences. These decoy sequences preserve amino acid frequencies as well as protein and peptide sizes and masses identical to those of the corresponding target proteins and peptides. The false positive rate (FDR) is then estimated as the proportion of decoy sequences assigned to MS2 spectra among the total number of assigned sequences. It is calculated as follows 149 :

Although some journals have established strict validation guidelines for publication, no consensus has been established [START_REF] Channaveerappa | Bottlenecks in Proteomics: An Update[END_REF] .

𝑭𝑫𝑹 = 𝟐 × 𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒂𝒔𝒔𝒊𝒈𝒏𝒆𝒅 𝒅𝒆𝒄𝒐𝒚 𝒔𝒆𝒒𝒖𝒆𝒏𝒄𝒆𝒔 𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒂𝒔𝒔𝒊𝒈𝒏𝒆𝒅 𝒅𝒆𝒄𝒐𝒚 𝒔𝒆𝒒𝒖𝒆𝒏𝒄𝒆𝒔 + 𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒂𝒔𝒔𝒊𝒈𝒏𝒆𝒅 𝒕𝒂𝒓𝒈𝒆𝒕 𝒔𝒆𝒒𝒖𝒆𝒏𝒄𝒆𝒔 × 𝟏𝟎𝟎

Chapter 2

Global quantification strategies

Beyond protein identification, quantitative information on the peptides and proteins present in the samples allows a better understanding of the functions and dynamics of a biological system. Indeed, abundance variations may reflect biological processes or perturbations in the system [START_REF] Zhang | 3rd, Protein analysis by shotgun/bottom-up proteomics[END_REF] . Even if MS, as such, is not a quantitative approach, strategies have been developed to use these signals for comparative quantitative studies between several samples (Figure 24). ). The light and dark gray Petri plates and Eppendorf tubes represent the two conditions to be compared without labeling. When these are orange and blue, labeling has been performed. The tubes that are both orange and blue illustrate the multiplexing of the two conditions. The dashed lines indicate the steps in which variations and errors in quantification can occur.

Label-based relative strategies

Labeling quantification strategies are based on the principle that isotope-labeled and unlabeled peptides have similar physicochemical properties, e.g. chromatographic (elution time) and mass spectrometric conditions (ionization efficiency, MS signal response, fragmentation pattern ...). The labeled forms being heavier than the unlabeled ones, their mass will be the only characteristic to differentiate them. These strategies have the advantage of being able to gather samples of interest in order to analyze them in a single acquisition and to compare the MS measurement for quantification.

A. Metabolic or enzymatic labelling strategies

Metabolic labeling of proteins consists in the incorporation of stable isotopic labels during cell culture. This labeling step is performed at an early stage of the proteomics analytical scheme allowing to limit the biases related to the sample preparation protocol for precise and accurate quantification. SILAC 151 (Stable Isotope Labelling with Amino acids in Cell culture) is the most common metabolic labelling strategy. Labeled lysine and arginine residues ( 13 C, 15 N) are incorporated into the cell culture. Once the samples are harvested, the cell lysates are mixed in equivalent amounts before the sample preparation protocol for proteomic analysis. Finally, the comparison of labeled and unlabeled peptide MS signals enables their relative quantification. However, this approach is limited to three conditions and is restricted to a particular type of sample, i.e. cell cultures or SILAC mice 152 . To overcome these limitations, new strategies have been developed such as super-SILAC 153 which proposes to incorporate labeled internal standards for relative quantification control, or NeuCode 154 (Neutron enCoding) which allows to increase multiplexing by the incorporation of lysine isotopologues and by the combination with other labeling strategies. However, these metabolic labeling strategies display a lack of multiplexing, which can be improved via approaches including chemical labeling.

B. Chemical labelling strategies

These strategies involve a labeling with stable isotope to modify reactive groups of peptides, i.e. the α and ε amine groups of lysine or the thiol group of cysteine. A first category is based on isotope tagging. ICAT 155 (Isotope Coded Affinity Tag), introduced in 1999, uses light and heavy reagents composed of a thiol group that will react with the cysteine residues of the proteins, an isotope-labeled linker and a biotin group to enrich the ICAT-labeled peptides via streptavidin affinity chromatography after the mixing of the samples to compare. However, this method is limited to cysteine-containing peptides. Modification of retention times with the deuterated form and MS signal interferences, caused by biotin, are other limitations. Alternative approach have been developed to overcome these issues. Among them, the use of 13 C for labeling or the development of cleavable ICAT agents to remove biotin before MS analysis 156 .

The second category uses isobaric labeling. These methods target the N-terminal ends of peptides and proteins as well as the ε-amino group of the lysine side chain. These isobaric labels are composed of a group reactive with the primary amines of peptides and a cleavable group upon fragmentation. The latter includes so-called reporter and balance groups that will present several variants. These isobaric variants produce different fragments allowing them to be differentiated. Thus, the relative quantification is obtained by labeling each sample with different isobaric markers at the peptide level. The intensity ratio of the reporter ions, located in the low m/z part of the MS2 spectrum, is used for relative quantification while the b-and y-ions from the peptide are used for identification. One of these approaches, TMT 157 (Tandem Mass Tags), is commonly used in proteomics. It enables the multiplexing of up to 16 samples and even 18 theoretically 156 . Another, named iTRAQ (isobaric Tags Relative and Absolute Quantification), also allows to generate labeled forms of the same peptide and to multiplex from 4 to 8 samples 158-159 , reducing the complexity of the spectra. Both solutions are marketed by Thermo Fisher Scientific and Sciex, respectively. Nevertheless, these approaches suffer from ratio compression due to interferences, which can be alleviated by adding isolation and fragmentation step to generate MS3 spectra 156 .

Label-free relative quantification approaches

In recent years, label-free quantification strategies have gained popularity in the field of quantitative proteomics, thanks to increasing acquisition speed and sensitivity of mass spectrometers 160 . Without the need of stable label or evaluation of the labelling efficiency, label-free method are cost-effective as well as easier and faster to set up. Moreover, they are compatible with all types of samples (cells, fluids, tissues, etc.) and are not restricted in the number of conditions to be compared since they do not include multiplexing 156 . However, samples are therefore prepared individually and analyzed separately under similar conditions. Thus, each step in the analytical scheme can have a significant impact on the precision and accuracy of the quantification. To reduce the variability between samples, all conditions are often analyzed in the same sequence on the same robust and stable LC-MS system 161 . The DDA acquisition mode is the most commonly used for label-free quantification strategies, providing information on the identity and quantity of peptides and proteins present in samples.

A. Spectral counting

The spectral counting strategy is based on the assumption that the abundance of a protein is correlated with the number of MS2 spectra acquired for it. A major advantage of this approach is its simple data processing, since it requires only the tools used for protein identification and validation. However, this strategy suffers from the stochasticity and undersampling of the DDA acquisition mode. As a consequence, it generates missing values and affects the repeatability between samples. In addition, the dynamic exclusion parameter, which excludes previously selected precursor ions, must be removed or minimized to preserve the redundancy of the spectra that correlates with protein abundance. Otherwise, a bias towards small variations and low abundance proteins is observed 156 . Furthermore, another limitation of this approach comes from the fact that the number of peptides, link to number of associated spectra, is dependent on protein length. Quantification of small proteins (<20 kDa) would be less accurate than for large proteins. To overcome this issue, normalization methods based on protein length, protein mass or detection probability of an MS2 spectrum were proposed 156 . Shared peptides would also affect the quantification if the PSM spectra is assigned to all proteins. It is rather recommended to proportionally distribute them between the proteins involved by considering the distribution of the unique peptides [162][163] . Finally, label-free quantification data should be normalized to minimize the variations that may occur during the analytical workflow.

B. Extracted ion chromatogram

The ion current extraction method is based on the assumption that the abundance of a peptide is linearly correlated with its MS-acquired chromatographic signal, named XIC ("eXtracted Ion Chromatogram") 164 . The XIC quantification can be obtained with the height or area under the curve of the peptides as they elute on the chromatographic column. It is collected at the MS1 signals while the MS2 signals are used for peptide identification. Since the DDA acquisition mode is usually used for this strategy, the parameters of the method must be balanced. The aim is to collect enough MS1 spectra to correctly define the chromatographic peaks and obtain an accurate quantification. But at the same time, it is also essential to generate enough high-quality MS2 spectra to achieve a good coverage of the proteome. Mass spectrometers with good mass accuracy, also called HR/AM ("High-Resolution/Accurate-Mass") are used, allowing good separation of the precursor ion isotopes at defined m/z and retention times 165 . It is also recommended to use a robust chromatographic system for good signal discrimination and to ensure an accurate quantification 162 .

However, this approach requires a more sophisticated data processing algorithm than the spectral counting strategy. Indeed, to compensate for possible variations induced during the steps of the analytical workflow (sample preparation, chromatographic variations and signal instability), an alignment of the retention times and a normalization of the data can be performed 156,163,[166][167] . Several software were developed, including open source solutions such as Skyline 168 , Maxquant 169 or even Proline 19 , developed by the French proteomics infrastructure ProFI, and those under license such as SpectroMine™ (Biognosys) or Proteome Discoverer (Thermo Fisher Scientific). Comparative studies have already investigated the performance of the different software solutions for processing quantitative proteomics data 19,165,170 . The role of these tools is to detect and integrate the chromatographic peaks of ions with a peptide isotope profile, called "features", in order to generate LC-MS maps gathering information on the m/z ratio, retention time, charge and peak intensity. Then, a second step consists of RT alignment, peptide sequence identification, signal normalization, protein identification and quantification 162 . The alignment performed enables the peptide identification between LC-maps of different condition, thus limiting the number of missing value 162,171 . Alternatively, a list of precursor ions can be defined from database searche of LC-MS/MS analyses of interest. The generated spectral library, including the MS2 spectra of the identified peptides, is used to query their presence in the MS1 spectra. Finally, the XIC is obtained and used for quantification.

Label-free ''absolute'' quantification

The aim of label-free "absolute" quantification strategies is to provide an estimation of the protein quantity. They enable the quantification of a large number of proteins with a reduced cost and a simplified experimental protocol compared to labeled-based approaches 156 .

A first approach, named emPAI 172 (exponentially modified Protein Abundance Index), is defined as emPAI = 10 PAI -1. It is the extension of PAI 173 , which provides an estimation of the protein abundance by calculating the ratio of the number of observed peptides per protein to the number of observable peptides. Other approaches using intensities have been developed. This is the case of iBAQ ("intensity-Based Absolute Quantification"), which divides the sum of the intensities of all peptide peaks by the number of theoretically observed peptides 174 . There is also the Top3 16 approach, which uses an unlabeled protein spiked in the sample as a standard protein. The abundance is then calculated based on the three most intense peptides of a protein by comparing them with the three most abundant peptides of the standard protein. This latter strategy was used in the work presented in this manuscript.

Chapter 3

Targeted quantification strategies

Targeted proteomics strategies became popular for the quantification of proteins of interest with high sensitivity, quantification accuracy and reproducibility 175 . Indeed, even though global proteomics approaches allow the identification and quantification of a significant number of proteins, the DDA acquisition mode remains limited in terms of sensitivity, reproducibility and dynamic range 176 . Thus, targeted approaches are preferred for the precise quantification of a few dozen target proteins. SRM (Selected Reaction Monitoring), the reference method in targeted proteomics, is performed on triple quadrupole (QQQ) mass spectrometers. However, these approaches have been successfully implemented on HR/AM instruments, such as PRM (Parallel Reaction Monitoring) on Q-Orbitrap instruments 177 .

During this work, a targeted approach was developed on the BioAccord system, a user-friendly instrument. However, this system is only composed of a TOF analyzer without a quadrupole for ion selection. The targeted approach was therefore optimized at the data processing level in order to extract the signals of interest. Besides, only HR/AM instruments were used. Therefore, this chapter will focus on the PRM approach that can be implemented on such instruments and more particularly to the Q-Orbitrap HF-X system.

1. Selected reaction monitoring SRM, also called Multiple Reaction Monitoring (MRM), is the reference method for targeted proteomic approaches 156 . It is conducted on QQQ mass spectrometers, composed of three quadrupoles: the first (Q1) and the third (Q3) are used to filter precursor and fragments ions according to their m/z ratios, while the second (Q2) is used as a collision-induced dissociation cell. In order to perform a SRM study, the analyst creates an acquisition method based on a transition list, i.e. a predefined list of precursor and fragment ions to be sequentially isolated. The precursor and a fragment ion pair is called a transition. For each of these transitions, ion chromatograms are extracted and then combined when they come from the same precursor ion (Figure 25). The selection of a precursor ion and a specific fragment ion during the SRM mode results in a quantification with high specificity and sensitivity. In addition, the higher the number of transitions followed, the higher the specificity 175, 178 .

Parallel Reaction Monitoring

A. The principle of Parallel Reaction Monitoring

The development of HR/AM mass spectrometers, such as the Q-Orbitrap or Q-TOF, has allowed the emergence of a new targeted approach. It is known as Parallel Reaction Monitoring (PRM) when performed on a Q-Orbitrap instrument 177,179 , but also as MRM-High Resolution (MRM-HR) or Targeted MS/MS. Like SRM, the predefined precursor ions are sequentially isolated using a quadrupole, which acts as a mass filter (1-2 m/z), and then fragmented in a collision cell. However, unlike SRM, no selection of fragment ions is performed. Thus, all these ions are analyzed simultaneously and full MS2 spectra are generated. Finally, ion chromatograms are extracted for each precursor and fragment ion pair (transition) (Figure 26). The SRM and PRM approaches demonstrate similar performances in terms of reproducibility, accuracy and precision of quantification [START_REF] Li | Current trends in quantitative proteomics -an update[END_REF]156,180 . The PRM approach is an easier method to implement, since there is no need to predefine the transitions to monitor. This advantage greatly facilitates the optimization of the method. Another advantage of PRM is the use HR/AM instruments, which improves selectivity, sensitivity and dynamic range [START_REF] Gillet | Mass Spectrometry Applied to Bottom-Up Proteomics: Entering the High-Throughput Era for Hypothesis Testing[END_REF]156,177 . Moreover, they offer the possibility to perform both non-targeted (discovery proteomics experiments such as DDA) and targeted analyses (PRM experiments) on the same instrumental coupling facilitating method optimization through the transfer of key parameters 181 .

B. The development of a PRM method

The steps required to develop a PRM method are presented in Figure 27. The first two steps will be detailed in this section. The PRM approach allows the quantification of a limited number of peptides of interest with a high specificity and an increased sensitivity. However, the optimization of the method can be complex and time-consuming even if it is simplified compared to an SRM method. i. Hypothesis and protein selection PRM, like SRM, is a hypothesis-driven approach. The targeted proteins must be selected beforehand according to the biological context and the results of the proteomic discovery study. This approach enables the monitoring of hundreds of proteins with optimized acquisition parameters to maximize the multiplexing capabilities.

ii. Peptide selection To infer protein abundance, a representative set of peptides is used. For a robust quantification, a minimum of two peptides per protein is recommended. The selection of these peptides is based on several criteria 181 :

-Unicity: peptides must be unique to the proteins of interest to ensure high specificity. This information can be obtained by performing a BLAST 31 (Basic Local Alignment Search Tool) search against the proteome of interest to determine sequence homologies.

-Peptide sequence: between 7 and 25 amino acids are recommended in order to obtain m/z ratio values within the mass range of the instrument. Sequences should not contain any enzyme missed cleavage sites (unless a proline is at the carboxyl end of the arginine or lysine), nor should there be any series of arginine or lysine at the ends of the sequences, e.g. KK, KR, RK or RR. Finally, it is recommended to avoid peptides subject to chemical modifications (oxidation, deamidation, N-terminal cyclization).

-MS response: peptides already detected during LC-MS/MS analyses are preferred in order to obtain a high sensitivity. Peptides meeting the criteria of unicity and MS-response are called proteotypic, while those that meet the three criteria are described as quantotypic 181 .

C. Absolute quantification using isotopic dilution i. Label-based absolute quantification

In order to obtain an absolute quantification of peptides and proteins, it is possible to add to the samples a known quantity of isotopically labelled peptide (AQUA 192 ,QconCAT 193 , …) or protein standards (PSAQ 194 ,FLEXIQuant 195 ,PrEST 196 ,…). These standards are designed with the same amino acid sequence as the endogenous peptide or protein to maintain the same physicochemical properties. However, the overall mass is modified due to the labeling. In proteomic studies including trypsin as protease, peptides and proteins are usually labeled on the C-terminal side of the amino acids arginine and lysine with 13 C and 15 N, resulting in a mass increase of 10.01 and 8.01 Da, respectively.

ii. Isotopic dilution Isotopically labeled peptides are commonly used for the accurate detection and quantification of endogenous peptides of interest. However, synthetic standards are commercially available with different degrees of quality:

-Low-quality synthetic crude peptides are used to verify the presence of endogenous proteins in samples, or for relative quantifications of peptides or proteins of interest. These standards have a low purity and are added at unknown quantities in samples. However, they have the advantage of being cheap (about 20€/peptide).

-High quality synthetic peptides are preferred when the objective of the study is to achieve a precise and accurate quantification, since these standards are spiked at known amounts in the samples. However, these standards are expensive (about 300€/peptide) and can therefore represent an economic constraint.

The amount of these isotopically labeled standard peptides must be optimized according to the samples. The aim is to obtain a balanced concentration between the light form (endogenous peptide) and the heavy form (labeled peptide). A ratio between the two forms close to 1 maximizes the sensitivity of the method. Peptide quantity is estimated by summing the areas under the curves of the different transitions. Thus, the ratio of the areas of the endogenous peptide and its isotopically labeled form determines the amount of endogenous peptide in the sample (Figure 28). Peptide quantification is therefore performed from the XIC (extracted ion chromatogram) that was discussed in the previous chapter (Chapter 2, part 2.B). Dedicated software for the processing of these data has been developed. Among them, Skyline 168 is the most widely used because of its free access but also because of the numerous functionalities and representations it offers, facilitating the work of the user when inspecting the data. We can also mention the SpectroDive™ software, commercialized by Biognosys, which includes a high quality automated algorithm for peak detection.

iii. The determination of the quantification limits

In order to determine the absolute amount of peptides, it is essential to determine the conditions for which the area under the chromatographic signal curve is directly correlated to the peptide amount. Therefore, calibration curves are generated from the MS response of the standard peptide in order to determine the limits of quantification (LOQ). In targeted proteomics, these curves are obtained by adding different amounts of isotopically labeled peptides to a mixture representative of the sample matrix with the endogenous peptides. Thereafter, strict data validation criteria are applied: CV ≤ 20% between replicates, a difference of less than 20% from the expected value, and a coefficient of curve determination (R²) greater than 0.99. Finally, the lowest amount of peptide allowing accurate quantification will be defined as the low limit of quantification (LLOQ) and the highest amount as the upper limit of quantification (ULOQ) (Figure 29). Peptide chromatographic signal is correlated to the amount of peptide in a linear range (green area). This range is determined by calibration curves for each peptide. Thus, the lower limit of quantification (LLOQ) and the upper limit of quantification (ULOQ) can be obtained.

Chapter 4

Data-independent acquisition Proteomics aims to provide the identification and quantification of several proteins in multiple samples. However, although DDA-based approaches allow the quantification of several thousands of proteins, they display a limited sensitivity and specificity and a restricted dynamic range. Targeted approaches (SRM and PRM), on the other hand, offer increased sensitivity, specificity and dynamic range in a multitude of samples but for a limited number of target proteins. Over the last decade, developments in MS have allowed the emergence of a new mode of acquisition: Data Independent Acquisition (DIA). This mode of acquisition promises to combine the advantages of both approaches: the proteome coverage of DDA on the one hand, and the high sensitivity, specificity, accuracy and dynamic range of targeted methods on the other. Indeed, the instrumental developments in the early 2000s have resulted in very fast mass spectrometers with high resolution. Moreover, the interest in this approach has been intensified by the numerous algorithms dedicated to the processing of DIA data that were developed by the scientific community 45,[START_REF] Gillet | Mass Spectrometry Applied to Bottom-Up Proteomics: Entering the High-Throughput Era for Hypothesis Testing[END_REF] (Figure 30). As further evidence of this success, the American Society of Mass Spectrometry (ASMS) hosts a dedicated session each year. 

Principle of data-independent acquisition

The DIA acquisition mode allows the collection of MS/MS spectra of all peptides along the chromatographic gradient in an untargeted and unbiased manner. It is performed on HR/AM instruments, such as Q-TOF or Q-Orbitrap. Briefly, DIA relies on the generation of MS2 spectra of all precursor ions isolated in predefined isolation window, or possibly contained within the entire mass range. The acquisition of the fragments from all co-isolated and co-fragmented peptides results in multiplexed MS2 spectra. Finally, chromatographic peaks are extracted for all detected fragment ions in order to perform their quantification (Figure 31). Thus, DIA mode enables the collection of information on all peptides contained in complex samples, with the only constraint being the detection limit of the instrument [START_REF] Gillet | Mass Spectrometry Applied to Bottom-Up Proteomics: Entering the High-Throughput Era for Hypothesis Testing[END_REF] . 

Evolution of the DIA-based approaches

DIA was introduced in 2000 by Masselon et al. 197 . In this experiment, several polypeptides were characterized from multiplexed MS/MS spectra generated on an instrument with high mass measurement accuracy, a Fourier transform ion cyclone resonance mass spectrometer (FT-ICR).

In 2003, shotgun CID was proposed by Purvine et al. 198 . This alternative approach is based on in-source fragmentation of peptides by CID. A first analysis is performed at low source voltage to limit the CID fragmentation and thus obtain the MS spectra of the precursor ions. Then, a second analysis is conducted at high source voltage in order to induce the fragmentation and generate the MS spectra of the fragment ions. However, the term "data-independent acquisition" did not appear until the work done by Venable et al. 199 . In 2004, they proposed a new alternative strategy based on sequential isolation and fragmentation of precursors included in large isolation windows (10 m/z) via a linear ion trap mass spectrometer.

Since then, several DIA-based approaches have been developed on different instruments, using different strategies for MS acquisition parameters but also for data processing. Table summarizes these methods. The strategies can be gathered in two main categories: those performed on the whole mass range and those based on the use of isolation windows.

Table 4: Evolution of DIA approaches (adapted from [44][45] ).

A. DIA strategies performed over the entire mass range

A first alternative to the CID shotgun, called MS E , was proposed in 2005 by Waters 200 . This strategy takes advantage of technological developments on the Q-TOF instruments allowing the acquisition of MS1 and MS2 spectra over the entire mass range along the chromatographic gradient. For this purpose, an alternation between low and high collision energy is performed in order to generate MS spectra of precursor ions and fragment ions respectively. This approach was used in the development of an approach on the BioAccord system (Part III, chapter 1).

Thermo Fisher Scientific introduced a similar approach in 2010 called All-Ion Fragmentation 202 (AIF). It is based on the sequenced acquisition of MS1 spectra of precursor ions and MS2 spectra generated after HCD fragmentation of all precursor ions without prior selection. This method was developed on an Exactive instrument.

In 2012 and 2014, the High-Definition MS E (HDMS E ) 205 and Ultra-Definition MS E (UDMS E ) 209 approaches were proposed. These methods represent two successive advances of the MS E strategy. First, the addition of ion mobility, as an additional separation dimension, has reduced the complexity of MS2 spectra. Second, the application of variable collision energies as a function of ion mobility data allowed the optimization of precursor ion fragmentation based on their masses. The Precursor Acquisition Independent From Ion Count (PAcIFIC) approach was proposed in 2009 by Panchaud et al. 201 . It is based on the use of narrow isolation windows (2.5 Da) to reduce the MS2 spectra complexity. However, it requires multiple injection of the sample over several days to cover the entire mass range. An improved version of this method was published in 2011, reducing the required acquisition time thanks to instrumental developments 218 . Furthermore, a similar strategy, called PulseDIA, was proposed more recently by Cai et al. 216 . The PulseDIA strategy aims to decrease the number of windows and thus the number of injections required with the use of isolation window sizes adapted to the ion density.

DIA method Year of Introduction

In 2010, Carvalho et al. 203 proposed an alternative strategy, named eXtended Data-Independent Acquisition (XDIA). It relies on the acquisition of a high-resolution MS1 spectrum at the beginning of each cycle followed by a combination of CID and ETD to fragment the precursor ions.

The Fourier Transform-All Reaction Monitoring (FT-ARM) approach was introduced by Weisbrod et al. 204 in 2012. Precursor ions are co-isolated and co-fragmented using 12 or 100 m/z windows on LTQ-FT or LTQ-Orbitrap instruments. The same year, Gillet et al. 14 proposed a similar strategy on a Q-TOF instrument. This approach is called Sequential Windowed Acquisition of All THeoretical fragment ion spectra (SWATH) and uses isolation windows of 25 m/z. It is now commercialized by the Sciex company.

Next, Prakash et al. and Martin et al. used the parallelization capabilities of some Q-Orbitrap instruments to propose the pSMART 207 and Wide Selected-Ion Monitoring 208 (WiSIM) approaches, respectively. Therefore, while high-resolution MS spectra are acquired, MS2 spectra are generated independently after isolation of precursors in restricted mass windows. The MS1 spectra are then used for quantification while the MS2 spectra are used for identification.

In 2019 and 2020, the addition of ion mobility in front of HR/AM instruments, as an additional separation dimension has led to improvements in SWATH. Thus, diaPASEF 215 has been implemented on the TimsTOF Pro (Bruker, Billerica, MA, USA) while DIA-FAIMS 217 has been developed on the latest generation Q-Orbitrap instruments.

In addition to these approaches, the BoxCar acquisition method seems interesting. The method was implemented in 2018 by Meier et al. 213 . It relies on MS1 acquisition of narrow mass windows to improve the ion filling time compared to a standard method. Thus, an increased dynamic range is obtained from MS1 signals. This approach seems promising, if combined with DIA, as it would result in much better precursor information 219 .

ii. Consecutive variable width windows

In LC-MS/MS analysis, tryptic peptides are not homogeneously distributed over the m/z acquisition range along the chromatographic gradient. Therefore, the use of different size isolation windows based on ion density would allow the ion population to be evenly distributed. As a result, better selectivity and overall quantification performance would be achieved. To this end, the SWATH approach with variable windows was proposed by Zhang et al. 210 . Small isolation windows are used when the ion density is high and larger windows are defined when the number of competing ions is lower. Software tools have been developed, such as swathTUNER, to automate the optimization of the isolation window size to uniformly distribute the precursor ion density. This strategy is implemented by Sciex as SWATH 2.0.

The Hyper Reaction Monitoring 211 (HRM) approach is a similar strategy but conducted on Q-Orbitrap instruments. It was implemented by Bruderer et al. and this term is now the property of the company Biognosys. However, it should be mentioned that unlike SWATH methods developed on Q-TOF instruments, the isolation scheme of an HRM method must be written manually for acquisition on a Q-Orbitrap instrument.

iii. Overlapping windows

Other strategies are based on the use of overlapping isolation windows (Figure 32.A). Thus, the isolation scheme is composed of windows that cover half of the mass range already covered by the previous window, resulting in increased selectivity. Information from overlapping MS2 spectra is used to generate demultiplexed MS2 spectra (Figure 32.B).

In 2018, Moseley et al. 212 developed the SONAR approach on a Waters Q-TOF instrument. The MS2 spectra are acquired continuously over the 400-900 m/z mass range using 24 Da isolation windows.

Similarly, the Scanning SWATH strategy has been developed by Messner et al. 214 for restricted chromatographic gradients. It reduces cycle time compared to conventional DIA methods because successive window acquisition is replaced by continuous scanning with the first quadrupole.

iv. Multiplexed strategies

In 2013, Egertson et al. 206 proposed a new acquisition method termed as MSX. It consists of sequentially co-isolating the precursor ions contained in randomly selected isolation windows (Figure 32.A). The mass range 500-900 m/z is thus divided into 100 windows of 4Da each. The MS2 spectra are then computationally demultiplexed to increase the selectivity and the signal-to-noise ratio. This approach is based on the multiplexing capabilities of the Q-Orbitrap instruments but it may still suffer from a loss of sensitivity due to the limited time for ion trapping. 

DIA assay development

The process to develop a DIA method is shown in Figure 33. In this manuscript, the DIA method was optimized on a Q-Orbitrap instrument. Therefore, the following section will focus on this type of instrument. 

A. Hypothesis

The development of all proteomics studies begins with a hypothesis. Unlike targeted proteomics approaches, this hypothesis does not condition data acquisition.

B. LC-DIA parameter optimization

The optimization of instrumental parameters remains crucial to achieve high sensitivity, specificity and quantification accuracy, while ensuring a good coverage of the proteome. Several parameters need to be optimized: the number of targeted precursor ions, the cycle time, the number and the window size (Figure 34). The number of ions accumulated and analyzed is critical for the sensitivity of the method. Several parameters will influence this number, such as the maximum injection time and the automatic gain control target (AGC target) value. The first refers to the maximum time allowed for the accumulation of ions in a trapping cell, called C-trap, before injection into the Orbitrap. The second is set to limit the maximum number of ions to be accumulated and thus limit the duration of this step when a large amount of ions is available. This accumulation step is performed in parallel with the detection of ions in the Orbitrap to avoid the loss of analysis time. Thus, the higher the number of accumulated ions, the higher the sensitivity. However, even if the accumulation of the ions is carried out in parallel of the detection, it is essential to define these parameters carefully in order to avoid increasing the cycle time.

The cycle time represents the time required to perform the acquisitions in all isolation windows that cover the mass range. This parameter is crucial to achieve an accurate XIC-based quantification but also depends on the chromatographic conditions influencing peak width. Between 8 and 10 MS scans are recommended to obtain a good chromatographic peak resolution. This means that for a 30 seconds chromatographic peak, the cycle time should not exceed 3 seconds to have 10 MS acquisition points (10 cycles). The cycle time is calculated according to the following equation:

𝐼𝑓 𝑚𝑎𝑥𝑖𝑚𝑢𝑛 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 < 𝑇𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 𝑡𝑖𝑚𝑒 𝐶𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒 = 𝑀𝑆1 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 + (𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑤𝑖𝑛𝑑𝑜𝑤𝑠 * 𝑀𝑆2 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒)
The transient time or acquisition time is linked to the resolving power, which corresponds to the capacity of the Orbitrap to discriminate ions according to their m/z ratios. Thus, the higher the value of the resolution, the greater the transient time. For instance, for resolution values of 15 000, 30 000 and 45 000 (at 200 m/z), the respective transient times are equal to 32, 64 and 128 ms on the Q Exactive HF-X. The window size refers to the mass range over which the precursor ions are co-isolated and cofragmented. It will directly impact the selectivity of the method, since the MS2 spectra complexity increases with the isolation window size, but also the sensitivity with a reduced dynamic range.

The succession of isolation windows will allow to cover a certain m/z range during a cycle. Thus, the higher the number of windows, the longer the cycle time will be. It must be defined carefully in order to ensure a good coverage of the proteome while maintaining a high sensitivity and a high accuracy of quantification. The distribution of tryptic peptides as a function of the m/z ratio depends on the sample but is generally between 350 and 1200 m/z, with an increased density between 400 and 800 m/z (Figure 35). Thus, a balance between all these parameters must be established according to the instrument speed in order to cover the largest mass range while adjusting isolation windows. Finally, a last factor to optimize for a DIA analysis is related to the ion transmission of the quadrupole mass analyzer. Indeed, even if it is almost square, the transmission efficiency is not optimal at the limits of the mass range. To overcome this constraint, it was proposed to set a 1 Da overlap between two consecutive windows 14 (Figure 36). Thus, fragment ions are extracted over the mass range covered by the isolation window excluding the margins on both sides. In Part I, Chapter 2, Section 3 of this manuscript, the optimization of several key acquisition parameters of a DIA method performed on the Q-Exactive HF-X is detailed.

C. LC-DIA data processing

The processing of DIA data requires dedicated bioinformatics tools and strategies due to the MS2 spectra complexity. This step is described in the following section.

D. New hypothesis

Since the DIA approach theoretically collects the MS2 spectra of all detectable peptides contained in a sample, the DIA data can be reprocessed endlessly based on new hypothesis.

The challenge of data processing

Data processing remains the bottleneck of the DIA strategy. Indeed, the multiplexed MS2 spectra generated in cannot be interpreted with the conventional tools used for DDA data 45,220 . Therefore, dedicated bioinformatics tools have been developed. They are based on two different approaches: peptide-centric and spectra-centric (Figure 37). ). The peptide-centric approach involves the use of a previously generated spectral library to query for the presence of peptides in the DIA-MS2 spectra. The spectrum-centric approach aims at identifying peptides directly from DIA spectra. For this purpose, pseudo DDA spectra are generated from the DIA-MS2 spectra and a classical database search is performed. The assigned spectra are used to generate a spectral library and further extract the signals via a peptide-centric approach.

A. Peptide-centric approach

The analysis of DIA data based on a peptide-centric approach can be performed by targeted data extraction or by direct comparison of the spectra. It can be performed using a spectral library or possibly a protein database.

i. Extraction via a spectral library

The spectral library is built from MS2 spectra that have been assigned to a peptide sequence with a high level of confidence 44,222 . These spectra can be collected from previously acquired data in DDA mode or from the deconvolution of spectra acquired in DIA mode. The use of a spectral library for DIA data extraction implies that only the peptides contained in the library are targeted. It is therefore essential to ensure the generation of a complete spectral library. The limitations of the DDA acquisition mode do not allow the use of the same sample acquired with the DDA mode. Therefore, it is required to perform sample fractionation or peptide/protein enrichment beforehand. Unfortunately, these steps can be time-consuming, tedious, and expensive 223 . Alternatively, recombinant proteins can be expressed or peptides synthesized to ensure the presence of the peptides and proteins of interest in the spectral library 224 . "Hybrid" spectral libraries, resulting from a combination of endogenous and synthetic peptide analyses, have already been performed 225 .

To avoid these additional steps related to the generation of the sample-specific spectral library, public spectral libraries are available. This information can come from dedicated platforms that collect spectral libraries for DIA-SWATH data extraction (PeptideAtlas 183 , MassIVE, PRIDE 226 or SWATHAtlas 227 ). Moreover, it is also possible to access files that are available on various public platforms. They were used to generate spectral libraries in a specific context and can be reinvested in other studies.

The use of a spectral library generated from data acquired on the same LC-MS coupling and under the same chromatographic conditions remains the optimal method for DIA analysis 223,228 . Nevertheless, studies have shown that MS2 spectra acquired on instruments using the CID fragmentation are sufficiently comparable. Moreover, the normalization of retention times through standard peptides, e.g. iRT peptides (Biognosys), allows the transfer of chromatographic information between different system. The only requirement being that the peptide elution order is maintained [44][45] . An approach named Multiple Characteristic Intensity Pattern (MCIP) has been introduced and allows a better understanding of the spectral variability during the generation of libraries 229 . Thus, multiple publicly available LC-MS/MS data sets can be used, as long as standard peptides for retention time normalization are included in the analyses.

More recently, artificial intelligence-based tools were developed for the prediction of MS2 spectra (DeepMass 230 , Prosit 231 , pDeep 232 ). Depending on the solution used, they can predict fragmentation patterns, fragment ion intensity and/or retention time. Several software packages, such as Spectronaut (Biognosys) or DIA-NN 233 , now include artificial intelligence in their algorithm to improve the analysis of DIA data. However, the predicted fragment intensities remain instrument dependent 234 . Regardless of the strategy used, the quality of the spectral library remains essential. Indeed, all the precursor ions contained in the library are considered as correctly identified, even if it has been validated with an FDR of less than 1%. This means that the remaining false positives are also considered as true identifications 222,229 . Since spectral libraries can represent large search space, it is necessary to control the error rate through extensive statistical tests 44,235 .

ii. Targeted data extraction

Targeted extraction of MS2 spectra was proposed by Gillet et al. 14 for processing SWATH data. This approach exploits the information contained in the spectral library to query for the presence of peptides in DIA analyses. It uses the information:

-At the peptide level: sequence and normalized retention time, -At the precursor ion level: m/z ratio and charge, -At the fragment ion level: fragment type, m/z ratios, charges and relative intensities.

Next, extracted ion chromatograms (XIC) are collected at the MS2 level for all transitions and a score is computed to each peak group. Statistical validation of peptide identifications is performed via the "target-decoy" approach through the calculation of the false positive rate (FDR). This strategy was explained in the bibliographic introduction, chapter 1, section 2.D.ii. Several software packages use this strategy such as OpenSWATH 236 , PeakView (Sciex), DIA-NN 233 , Skyline 168 and Spectronaut (Biognosys). In the latter two, the mProphet 237 algorithm is implemented and the scoring model is trained for each data set. Furthermore, algorithms have been developed, such as Transfer of Identification Confidence 238 (TRIC) or DIAlignR 239 , to normalize the retention time between analyses. These algorithms are used to improve the robustness of identifications and limit the proportion of incorrect identifications. Others, such as Mobi-DIK 215 or Spectronaut (Biognosys), exploit technological advances in mass spectrometry, e.g. the use of ion mobility as an additional separation dimension on HR/AM instruments.

iii. Direct spectrum matches Another strategy for extracting DIA data consists in directly comparing the multiplexed MS2 spectra acquired in DIA with those theoretically assigned and contained in a spectral library or in a data bank. Thus, contrary to the previous approach, this extraction is performed in a non-targeted way. A first example, the ProbIDtree 240 software includes an algorithm that identifies all potential precursor ions contained in an isolation window using the corresponding MS1 spectrum. The program calculates a probability score on the identification of each peptide, and then these are distributed in a peptide tree. At each step, a new DIA-MS2 pseudo-spectrum is generated by removing the already matched fragments. A second software, MSPLIT-DIA 241 , tries to demultiplex the DIA-MS2 spectra by evaluating the similarities between these spectra and the MS2 spectra contained in the spectral library. It includes the removal of spectra too similar for targeted extraction, a combination of scores as a function of retention time and a FDR control. As final example, the EncyclopeDIA 242 software is based on the PECAN 46 algorithm, which uses a spectral library generated from multiple injections of the sample in DIA via narrow isolation windows (4 m/z).

B. Spectrum-centric approach

Spectrum-centric approaches are based on the generation of pseudo MS2 spectra from DIA-MS2 spectra. These pseudo-spectra are then subjected to a database search via classical search engines. This approach was introduced in 2003 by Purvine et al. 198 . From analyses performed at low and high voltages, they reconstructed pseudo DDA spectra based on the similar chromatographic characteristics of precursor and fragment ions to identify them manually.

Since then, several spectrum-centric algorithms have been developed in parallel with the creation of new DIA acquisition methods [44][45]220 . Among them, the DIA-Umpire 47 software, allows the nontargeted identification and quantification of peptides. It also offers the possibility to generate a spectral library from the identification results and then perform a peptide-centric extraction of the initial DIA data. More recently, with the implementation of the Pulsar search engine in the Spectronaut software, Biognosys has integrated a spectrum-centric algorithm, called directDIA™. Finally, the DIA-NN 233 software also offers the possibility to perform DIA data extraction with both peptide-and spectra-centric approaches.

Chapter 5

The concern of Host Cell Proteins in biopharmaceutical companies

Monoclonal antibody

Monoclonal antibodies (mAbs) became a major class of human therapeutics mainly because of their high specificity to target diverse molecules or antigens and their various modes of action [33][34] . The therapeutic effect of mAbs includes the neutralization of soluble antigen, blocking or stimulation of intracellular signal pathway, activation of cellular and complement-mediated mechanisms (ADCC, ADCP and CDC) and target delivery of various components 34,243 . Muromonab-CD3 (trade name: Orthoclone OKT3) was the first marketed therapeutic antibody in 1986. It was used as immunosuppressive agent during organ transplantation. Since then, the US and European agencies (FDA and EMA) responsible for pharmacovigilance have approved more than 90 mAbs with a current sales market of over $100 billion 2,32 .

A. Expression system

In 1975, Köhler and Milstein were the first to report the in vitro production of murine mAbs using hybridoma technology 244 . Nine years later, they received the Noble Prize of Physiology and Medicine for their work that revolutionized the diagnostic and therapeutic use of antibodies. Hybridoma technology, for the continuous production of mAbs, is based on cell fusion. First, an antigen is injected into a mouse to induce an immune response. B-lymphocytes are then isolated and fused with myeloma cells. The resulting hybrid cell, called hybridoma, combines the ability to secrete specific antibody from B cells with the immortality from the myeloma cells. However, murine mAbs have limited therapeutic use due to side effects reported by increasing the human anti-mouse antibody response 245 . In addition, they display a relatively short half-life in humans compared to human Immunoglobulins G (IgG) 246 . Two parameters that may be critical to their efficacy, especially in oncology. Advances in molecular biology and genetic manipulation techniques enabled the production of chimeric 247 , then humanized 248 , or even human mAbs, in order to extend the half-life in humans and to reduce the immunogenicity towards the mAb product. In order to improve their yield, mAbs are produced in a variety of expression systems, ranging from yeast, bacteria, fungi, insects, mammalian cell lines to transgenic plants and animals 249 . However, the large majority of currently approved mAbs are produced in mammalian host cells due to their abilities to introduce post-translational modifications analogous to those in humans 250 . Chinese hamster ovary (CHO) cells are the most frequently used host cell system for the industrial manufacture of recombinant therapeutic proteins due to several key advantages over other cell types, including: (i) robust growth in chemically-defined and serum-free suspension cultures, (ii) powerful gene amplification systems that increase their productivity, (iii) the ability to express mAbs with human post-translational modifications. CHO cells have been demonstrated to be a safe host, which facilitates approval by regulatory agencies [251][252] .

B. Manufacturing process

The mAb manufacturing process is divided in two steps: a cell culture process in bioreactors (Upstream Process, USP) followed by cells removal and protein purification (Downstream Process, DSP) (Figure 38). i. Upstream process First a stable, robust and high yielding cell clone is selected. Then, it is expanded and several hundred cell vials are stored at -180°C in various locations to form a stock of cells to be used only when needed. This stock is called the Master Cell Bank (MCB). The MCB is thoroughly characterized for identity, purity and stability. Cells from a vial of MCB will be grown for multiple passages and hundreds of aliquots will again be stored at -180°C to form the Working Cell Bank (WCB). The WCB cells are used for production. The first step of the mAb manufacturing process is the thawing of a vial of cells from the WCB. The cells are then grown in a small volume (50 ml) and expanded to the volume of a production bioreactor (500 to 20 000 L). This expansion phase is followed by a production phase in which the mammalian cells secrete mAb in the culture media until typical titers of 1 g/L in batch and 1-10 g/L in fed-batch processes 255 . Next, the cell culture fluid (CCF) is centrifuged and filtered (microfiltration) to remove cells and cell debris 256 . The resulting clarified cell culture fluid (CCF) is the final step in USP.

ii. Downstream process During the DSP, a succession of purification steps using chromatographic systems, viral elimination and multiple filtrations will allow to obtain a concentrated product that reaches the desired specifications [257][258] .

DSP commonly begins with a protein A affinity chromatography step. This step, also called capture step, aims to remove the majority of impurities from the raw harvest material 259 . Protein A was initially found in the cell wall of the bacterium Staphylococcus aureus. Its natural high affinity to the Fc region of immunoglobulin G (IgG) from various species was first described in 1958 260 . Since then, modified versions of protein A have shown increased stability and binding capacity 261 . Thereafter, mAbs undergo up to three chromatographic steps, also known as polishing steps. These include viral clearance (inactivation and filtration), and filtration steps to concentrate the product (ultrafiltration) or remove buffer components (diafiltration) 254,257 . The final filtration step is designed to concentrate the mAb product in a buffer to allow formulation (i.e., addition of an excipient) and packaging (e.g., lyophilization). Impurities, particularly HCP and DNA, must be monitored throughout the process 262 , and typical purity goals are <100 ppm for HCP (<100 ng HCP/mg mAb), and <10 ng/dose for DNA 263 .

Host cell proteins monitoring

A crucial step in the biotherapeutics manufacturing process involves the removal of Host Cell Proteins (HCPs). These impurities are included in the Critical Quality Attributes (CQAs) risk assessment as they can affect the product efficacy with protease activity and patient's safety by inducing immunogenic reactions [5][6] . Guidelines state classically that the acceptable HCP amount in the final drug product should be below 100 ng/mg 7,35 . However, this level is only a recommendation because problems with HCPs arise from specific proteins rather than the overall amount [36][37][38] . On top of these issues, the HCP profile can be affected by various USP decisions (cell culture duration, feeding strategies or culture temperature) 264 , the increasing production to commercial scale 258 or the biotherapeutic itself which can impact the co-elution of HCPs during DSP 7,265 . All these factors highlight the need to monitor HCPs throughout the manufacturing process in order to understand the impact of a given bioprocess development. Therefore, analytical methods capable of covering the wide dynamic range between mAb and impurities (about 5 to 6 order of magnitude) are needed (Figure 39) 4,11 . Several detection methods for HCPs are available. They can be classified as immuno-specific (Western-Blot and ELISA) or non-specific (electrophoresis and mass spectrometry) methods 35,39 . 

A. Immuno-specific methods

Immuno-specific methods detect HCPs using polyclonal anti-HCP antibodies. These antibodies are usually produced in rabbits or goats by repeated injections of the HCP mixtures of interest. The choice of these HCP pools is crucial, as it will determine the spectrum of HCPs that will be detected by the anti-HCP antibodies. In order to avoid the production of anti-mAb antibodies, HCP mixtures are usually produced using a null version of the host cell line, i.e., a mock transfected cell line. This approach is based on the assumption that the HCP contents of the null cell line and the mAb-producing cell line are similar 8,35,39 .

With the strong interest in immunospecific strategies, anti-HCP antibodies are commercially available. They are generally produced from cell lysates or culture supernatants of multiple null cell strains. Assays relying on these anti-HCP antibodies are called generic assays. Easy and quick to implement, they are capable of detecting a broad spectrum of HCPs from a variety of cell strains and processing conditions. However, they display a low specificity in purified products and even in crude samples (30%) 39,266 . To overcome this limitation, process-specific anti-HCP antibodies can be generated inhouse using specific material from the cell line employed (upstream process specific), or from the manufacturing process (downstream process specific). It will increase the specificity of the assays but still face issues because new HCPs resulting from a change in the manufacturing process will not be detected.

Finally, no anti-HCP antibodies reagent can cover the entire spectrum of HCPs resulting from a specific manufacturing process. The method will be limited to the HCPs that induce an immune reaction in the organism used to generate the anti-HCP antibodies. Moreover, the development of a process-specific immunoassay is time consuming and costly 267 . The anti-HCP antibodies are limited reagents and will need to be reproduced.

i. ELISA

The enzyme-linked immunosorbent assay (ELISA) is routinely used as a diagnostic tool in the fields of medicine and biotechnology [268][269][270] . It is currently the gold standard method to measure the amount of HCPs during the manufacturing process of mAbs, from process development to final product formulation. This method displays a high sensitivity (down to ng HCP/mg mAb), high specificity and high throughput that help to monitor HCP amounts in biopharmaceutical companies 8,39 .

There are several types of ELISAs, but the most widely used for HCP monitoring is the sandwich ELISA. Its name comes from the use of two antibodies to target and detect antigens in a sandwich manner, as described in Figure 40. First, capture antibodies specific to the target protein are coated onto a multi-well plate. After incubation and removal of the unbound antibodies, the remaining protein binding sites are blocked by incubation with bovine serum albumin (BSA) or non-fat dry milk, for instance. The purpose is to prevent further non-specific binding onto the wells. Following washing, the samples are added and the target protein binds to the immobilized capture antibodies. After incubation, unbound target proteins are washed away. The detection antibodies are conjugated to an enzyme (e.g. horseradish peroxidase (HRP)) and are specific to another epitope of the target protein. The use of these antibodies allows simultaneous binding of the capture and detection antibodies to the target protein, which is necessary to detect the protein of interest. After addition and incubation of the detection antibodies, unbound reagents are removed by washing. Finally, the substrate (e.g., TMB) is added and converted by the enzyme. The product is then quantified by measuring its absorbance with a spectrophotometer. The concentration of the antigen is estimated using calibration curves derived from standard sample of known concentration.

The ELISA for HCP is designed to quantify a large number of proteins. Usually, the same anti-HCP antibodies are used for binding and detection of HCPs. However, the binding antibodies are either applied directly to the well or conjugated to biotin to improve their binding to streptavidin-coated plates and enhance the sensitivity of the assay [271][272] . On the other hand, detection antibodies are conjugated to an enzyme, most often HRP [273][274] . In order to be detected, the simultaneous binding of both antibodies to the HCP must be sterically possible. Steric hindrance, limited number or lack of accessible binding epitope will lead to the non-detection of HCPs 267 .

However, the limitation of ELISA come from low or non-immunogenic species that will not be covered by the anti-HCP antibody pool. Another limitation, which highlights the need for orthogonal methods, is that ELISA assay give a global HCP amount without individual identification 8,40 .

ii. Western-blot

Western blot is another immuno-specific approach that is routinely used in various fields of scientific research to detect specific proteins from a complex sample [275][276] . The method is based on three steps described in Figure 41. First, separation of the proteins according to their size by gel electrophoresis. Second, the transfer of the proteins onto a membrane, the actual western blot step. Finally, the detection of the target protein using specific antibodies.

Figure 41: Principle of protein detection by Western blot

To summarize, the membrane is incubated with a blocking solution (e.g., BSA or dry nonfat milk) to prevent nonspecific binding of the antibodies to the membrane. After a washing step, the membrane is incubated with primary antibodies that are specific to the target protein. Following the incubation, the unbound primary antibodies are washed away. Secondary antibodies, which are conjugated to an enzyme, specifically target the primary antibodies. After incubation and washing, the substrate is added and the enzyme generates a compound that is detected using a spectrophotometer.

As well as ELISA, western blot is used to detect a large number of HCPs but it is usually used to support the development of ELISA. Indeed, this technique is used to assess the coverage of anti-HCP antibodies during the animal immunization process. The HCP fraction detected after the western blot will be compared to the global HCP profile visualized using 2D gels. This comparison can be performed at different stages of the manufacturing process to assess the coverage of anti-HCP antibodies in purified samples. Finally, the western blot remains an immune-specific method that suffers from the same limitation of ELISA by providing incomplete coverage of HCPs.

B. Non-specific methods

Non-specific methods are also available to characterize HCP profiles. It is recommended to use these orthogonal methods as they allow detection of non-immunogenic proteins and complement immunospecific methods for a comprehensive HCP monitoring.

i. Gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE) was described in the sample preparation steps to follow prior a LC-MS/MS analysis (Chapter 1, Section 2.A.ii). The technique consists in the separation of proteins according to their size. The 2D-PAGE method adds an isoelectric focusing (IEF) step before protein separation by molecular weight. IEF enables the migration of proteins according to their isoelectric point in a polyacrylamide gel strip containing an immobilized pH gradient 277 . Once they have migrated, proteins are fixed in the gel and stained with global dyes (Coomassie blue 278 or silver stain 279 ) to allow global protein profiling.

Nowadays, 2D PAGE and differential gel electrophoresis (2D-DIGE) are widely used to monitor HCPs during manufacturing process development [280][281] . Both techniques are robust and provide visual mapping of the HCP population along with their molecular weight and isoelectric point. In addition, they also allow visualization of several post-translational modifications (PTMs) 282 , such as phosphorylation. 2D PAGE does not allow the identification of HCPs and needs to be combined with mass spectrometry (MS) to provide the information 277,282 .

The main drawback of these methods is their limited dynamic range. Indeed, 2D-PAGE will display the most abundant proteins of the studied sample. Moreover, some proteins are difficult to analyze. This is the case for small or very large proteins, extremely basic or acidic proteins or hydrophobic proteins 277 . In the field of HCP, the limited dynamic range is a major issue. For instance, the presence of the overwhelming mAb heavy and light chains can hide the presence of low abundance HCPs (Figure 42). Among the analytical toolbox to characterize HCPs, the non-specific methods based on polyacrylamide gel can be used conjointly with ELISA to evaluate the dynamics of the HCP content 281,283 . However, they are not suitable for high throughput and display a lack of reproducibility 39,277 . To overcome this limitation, 2D-DIGE approach can be used to analyze up to five samples on the same gel using different fluorescent dyes (cyanine dyes). However, the labeling step of 2D-DIGE slightly alters the physical properties of the proteins such as their solubility, hydrophobicity and size 39 .

ii. Mass spectrometry

In this context, Mass Spectrometry (MS) became the most promising alternative to characterize HCP allowing risk assessment with individual HCP identification and unbiased quantification. Recent advances in MS, in particular the use of MS2 signals for quantification by targeted or DIA methods, have resulted in a 2-to 8-fold gain in sensitivity 14 as well as a significant gain in specificity and dynamic range compared to the use of MS1 signals. These features are crucial in the field of HCP.

The targeted strategy using SRM coupled to isotopic dilution has been the gold standard MS-based technique enabling to achieve the highest sensitivity, quantification robustness and accuracy 12,37,43 . However, the development of a targeted quantification method is time consuming and still limited to the selection of about hundred candidates. Besides, DIA performs the acquisition of MS2 signals from all detectable species allowing to obtain the complete proteome map while reaching the sensitivity, quantification accuracy and robustness of targeted methods [14][15] .

Tandem MS coupled to liquid chromatography (LC-MS/MS) studies have been conducted to validate the HCP coverage of ELISA assays 284 , to evaluate risk due to HCPs 37,48 or to support process developments 4,285 . Unfortunately, despite the advances in data acquisition and extraction, the analytical challenge remains in the dynamic range mAb/HCP. The ubiquity of the antibody may interfere with the reliable extraction of HCP peptides and lead to biases in the MS-based quantification of these impurities. Few studies have attempted to decrease this dynamic range by using multidimensional chromatography 11,[27][28][48][49] or mAb depletion 29,[50][START_REF] Nie | Simple and Sensitive Method for Deep Profiling of Host Cell Proteins in Therapeutic Antibodies by Combining Ultra-Low Trypsin Concentration Digestion, Long Chromatographic Gradients, and BoxCar Mass Spectrometry Acquisition[END_REF] .

The main limitations of MS are its cost and the need for a highly trained operator. In addition, the lack of a high quality, publicly available CHO protein sequence database is another issue 286 , as most of the approved mAbs are produced from CHO cells.

Conclusion

Biopharmaceutical companies rely on the ELISA method to monitor HCP during the mAb manufacturing process. This method is accepted by the regulatory agencies. It has a high sensitivity (up to ng HCP/mg mAb), high specificity and high throughput that allow the assessment of the HCP content in samples with different purity levels (from crude harvest to the final drug product) 8,39 .

Unfortunately, this technique has several limitations as a global quantification result without individual identification or an incomplete coverage of the HCPs in the drug product 8,40 . As the immunogenic risk or product degradation are linked to particular HCPs and not necessarily to their quantity, these drawbacks raised an important need of alternative orthogonal analytical methods. Table 5 summarizes the available methods for HCP monitoring with their detection limits, pros and cons.

Table 5: Summary of the HCP monitoring approaches (adapted from 7,39 ).

In this context, mass spectrometry, and more particularly the bottom-up proteomic analysis, has emerged as a key tool. From a LC-MS/MS analysis, it is possible to perform a risk assessment of HCPs through the identification and quantification of protein impurities present in the sample. Through this bibliographic introduction, it is easy to realize the analytical arsenal available in MS-based quantitative proteomics. All of these MS-based approaches will have strengths and weaknesses (Table 6). It is of course essential to consider these in order to choose the appropriate strategy to answer the question at hand. Indeed, different methods will be used if the goal of the analysis is to quantify a small number of problematic HCPs or if the overall HCP content needs to be assessed. 288 . The Top3-ID-DIA method combines a Top3 quantification strategy 16 for global HCP profiling and isotopic dilution (ID) to accurately quantify key HCPs. Among the quantitative proteomics approaches, the Top3 strategy allows the quantification of detected species without the use of costly labelled standards or supplementary sample preparation to labelled the HCPs. It relies on the assumption that the sum of the MS response of the three best responding peptides per mole of protein is constant within a coefficient of variation of less than 10% to estimate absolute amounts of HCPs 16 . An internal standard is used to calculate a signal response factor (TOP3 peptides signal/mol) and to perform the HCP quantity estimation (HCP TOP3 peptides signal/signal response factor). The use of a mixture of four standard proteins (Mix 4P) has been previously reported for this purpose 10,17 , considering the PYGM protein as a reference and the three other proteins (ADH, BSA, and ENL) to calculate ratios, as internal controls. In recent years, this approach has been used in different ways. The use of three, five or seven standard proteins has been reported 29,48,289 . Some methods have been developed using a single reference protein while others are based on an average amount calculated from the quantity obtained by each standard proteins. The strategies developed in this manuscript for the quantification of HCPs are intended to be used in regulated biopharmaceutical environments. Therefore, a standardization of the Top3 quantification approach should be considered, which requires the development of dedicated standards.

In this context, we choose to confront our current quantification workflow against the HCP Profiler standard, an original mixture of peptides coated on a water-soluble bead releasing controlled amounts of the peptides after solubilization (READYBEADS technology, from Anaquant) 18 . ANAQUANT, the French company that developed the standard, aimed to provide a ready-to-use kit for global profiling of HCPs. An objective perfectly in line with the need for standardization in the field. First, we started a collaboration with ANAQUANT. Together we conducted an inter-laboratory study in order to assess the reproducibility of the solution. The HCP Profiler standard was solubilized in a HeLa (Human cervical cancer cells) cells total proteins digest prior to injections run in DDA mode on two Q-Orbitrap instruments, one in their laboratory in Lyon and one in our laboratory in Strasbourg.

Thereafter, the ready-to-use kit was evaluated in a matrix containing HCPs.

We therefore used the sample set produced by Gauthier Husson in collaboration with UCB Pharma and the University College London (UCL), including two levels of HCP complexity. Two cell culture durations (7 and 10 days), three harvest procedures (no shear, low shear or high shear) and two protein A purification protocols were investigated resulting in four HCP-rich Clarified Cell Culture Fluids (CCCF) and seven purified Post Protein A (PPA) fractions (Figure 43).

Figure 43: mAb samples production workflow (adapted from 288 ). Four IgG4 A33 mAb samples were collected after 7 or 10 days of cell culture followed by different shear stress conditions during harvest using an Ultra Scale-Down (USD) shear device [290][291] . Finally, two protein A purification protocols were applied, a standard and a modified protocol, resulting in seven Post Protein A (PPA) fractions.

The CCCF and PPA samples, produced from CHO cells, were spiked with the water-soluble bead or the mix of four standard proteins classically used in our laboratory. Both methods were benchmarked using DDA acquisitions on a nanoLC-Q Exactive HF-X instrument (Themo Fischer Scientific). The global and individual HCP quantities were compared in order to assess the accuracy and reproducibility of the HCP Profiler standard versus the use of the Mix 4P.

Experimental design

The analytical workflow presented in Figure 44 shows the two experiments used to assess the HCP Profiler kit's performances. We started the evaluation of the standard with an inter-laboratory study. One bead was solubilized in HeLa proteins digest and the samples were analyzed using DDA on two different nanoLC-MS/MS platforms. Three injection replicates of 400 ng of HeLa proteins with the HCP Profiler peptides in a range from 1 to 500 fmol were performed on Q-Orbitrap instruments at the Anaquant laboratory (Lyon) and the LSMBO (Strasbourg). Peptides and proteins were identified using X!Tandem (Anaquant) or Mascot (LSMBO) database searches and further validated using Proline 19 . After XIC-MS1 quantification by Proline, the data was loaded on the HCP Profiler software that performs the selection of the HCP Profiler peptides to determine the calibration curve. Finally, the software developed by Anaquant calculates each HCP's amount.

The second experiment involves the samples produced by Dr. Gauthier Husson, collected after a harvest procedure (4 samples) and after Protein A affinity chromatography (7 samples) as described in [ 288 ]. CCCF and PPA samples were stacked in a single band. After in-gel trypsin digestion, samples were split and spiked either with a water-soluble bead or with the mix of 4 standard proteins (ADH, PYGM, BSA and ENL from Waters MassPREP Digestion Standard Kit) for HCP quantification. In all samples, retention time standards (iRT kit, Biognosys) were spiked. Finally, Samples were analyzed in triplicate on a nanoLC-Q Exactive HF-X (Thermo Fisher Scientific) in DDA mode. Peptides and proteins were identified using Mascot database search engine. The validation of the dataset as well as the XIC-MS1 quantification were performed by Proline 19 . Then, a Top3 strategy 16 was applied on precursors showing a coefficient of variation below 20%. For the HCP Profiler kit, a calibration curve of the log2(TOP3 standard peptides abundance) in function of log2(standard proteins quantity) is obtained and allowed us to estimate protein mol quantities. Using the Mix 4P standard, the 2 fmol of PYGM were used as a universal response factor (Top3 peptides signal/mol) to perform the HCP quantity estimation (HCP Top3 peptides signal/signal response factor).

Sample preparation, nanoLC-MS/MS methods and data treatment are detailed in the experimental part, section 1.A.

Inter-laboratory study

In collaboration with ANAQUANT, we conducted an inter-laboratory study to evaluate the performance of their innovative standard. The HCP Profiler standard is a water-soluble bead, which releases unlabeled peptides at known amount. The quantity estimation of the HCPs is obtained from the MS response of 54 peptides gathered in 6 calibration points in a range from 1 to 500 fmol. The 54 peptides come from 18 proteins (tripeptides arrangements synthesized from E.Coli) and each calibration point contains 3 HCP Profiler proteins. Thus, the 54 standard peptides allows to obtain a calibration curve of the Log2(TOP3 HCP Profiler peptides area) as function of the Log2(HCP Profiler proteins quantity (fmol)). First, we focused on the calibration curves obtained in a mixture composed of thousands of proteins (Figure 45). Even with differences in chromatographic systems, mass spectrometers and database search engines, the calibration curves showed significant repeatability (Figure 45.A). The coefficients of variation (CVs) calculated on the slopes, intercepts and regression coefficients are below 3% (Figure 45.B). This reproducibility is an important criterion that will allow batch-to-batch comparisons or support interproduction sites investigations.

Following these positive results, we compared the overall and individual protein amounts provided by the HCP Profiler standard (Figure 46). First, the overall amounts were obtained by excluding proteins detected out of the range (1 to 500 fmol) of the HCP Profiler proteins. These out-of-range proteins represent a total of 25 to 50 ng and around 40 ng, respectively in Anaquant and LSMBO data. Even without these proteins, the global estimations are close to the 400 ng of HeLa proteins injected (Figure 46.A). It can be noticed that higher amounts and number of quantified proteins were obtained by LSMBO. These differences might be due to the use of the Q Exactive HF-X, which is more sensitive than its predecessor 21 , the Q Exactive HF, used in the Anaquant laboratory. On average, 344 additional HeLa proteins could be quantified with the Q Exactive HF-X. An increase that still displays a great correlation with about 69% of common proteins (1661 proteins) between Anaquant and LSMBO data (Figure 46.B).

Finally, we compared the individual amounts estimated for the 500 most abundant proteins common to both datasets as these proteins represent about 78% of the global quantity. Figure 46.C shows the ratios calculated between Anaquant and LSMBO amounts. The log of a ratio at 0 means that the same amount was obtained by both laboratories. We can observe that the variation between quantities is low for the most abundant proteins and is more diffused for the less abundant ones. At least 88% of the Top3 estimations provided by the HCP Profiler standard are consistent within a factor 2. These results are in line with previous studies that demonstrated the variability of the Top3 strategy 9,20 .

As a conclusion, the inter-laboratory study revealed high reproducibility cross laboratory usability of the HCP Profiler standard. The use of different nanoLC-MS/MS platforms and database search engines even strengthens the investigation results. It demonstrates the reproducibility of the standard regardless of the analytical conditions. Therefore, the HCP Profiler kit can be an efficient solution to characterize HCPs on different production sites. In order to investigate the suitability of the standard to support process developments, we performed a second experiment using real HCP matrices.

HCP Profiler standard to support process development

The HCP sample set used includes two levels of HCP complexity and had been produced in 2015 to investigate bioprocess developments by MS. We re-used the four CCCF and seven PPA samples to benchmark the HCP Profiler standard against our current workflow that involves a mixture of 4 standard proteins PYGM, ADH, BSA and ENL (Mix 4P), from the MassPREP digestion standards (Waters). Both MS-based Top3 quantification standards were spiked after digestion and peptides extraction from the gel bands. Samples were injected in triplicate in DDA mode on a Q-Exactive HF-X instrument.

First, the 33 HCP Profiler-based calibration curves showed coefficients of variation (CVs) calculated on the slopes, intercepts and regression coefficients below 3%. The curves obtained in this experiment support the reproducibility of the standard observed during the inter-laboratory study. Without filters applied to the standard peptide signals, the reproducibility was observed among CCCF and PPA fractions without differences related to the matrix complexity. Next, the overall HCP amounts as well as the number of HCPs quantified were benchmarked for both Top3 strategies (Figure 47). 47). We noticed that for almost all samples, the global HCP amounts are higher using the 6 points calibration curves, except for PPA 5 and Harvest 1 samples. In contrast, a lower number of HCPs was quantified, an average of 34% less for PPA samples and 13% for CCCF fractions. In order to understand this observation, we compared the individual HCP amounts obtained for the protein impurities quantified using both quantification methods (Figure 48). The ratios between the Top3 HCP Profiler over the Top3 Mix 4P were overall very consistent (Figure 48). Indeed, 78% of the 5305 ratios were in accordance within a factor 2. The median value of all ratios is 1.3 in favor of higher amounts estimated with the water-soluble bead. Indeed, the sum of increased quantities estimated at the individual level results in higher global HCP amounts. As we observed similar data extraction of common HCPs in our samples, the differences are most explainable by the way quantities are calculated. Since the ionization efficiency of peptides can vary, taking into account the MS response of 54 peptides spiked at different amounts leads to an increased quantity estimated alongside with an increased confidence about the results.

As a conclusion, the evaluation of the HCP Profiler standard in HCP matrices supports the high reproducibility observed in our previous inter-laboratory study. The difference in HCP content between PPA and CCCF fractions did not impact the signal extraction of the HCP Profiler peptides. It demonstrates the potential of this promising standard to monitor HCPs at different stages of the mAb manufacturing process and therefore support process developments. Moreover, the HCP Profilerbased Top3 quantification showed consistent results in line with previous studies 9,20 which increases the interest in using this innovative standard for HCP profiling.

Conclusion

Mass spectrometry has emerged as the major orthogonal method to ELISA for HCPs monitoring. The combination with a Top3 quantification strategy allows, in addition to individual identifications, to quantify all detectable species. Due to these advantages, a multitude of studies have been conducted highlighting a lack of standardization of the internal standards used for Top3 quantification. Most of the standards involve the preparation of a homemade mixture of proteins. A direct impact on the reproducibility can be observed as the analyst can induce biases during the sample preparation.

Consequently, The HCP Profiler standard appeared to be an efficient solution. The use of a watersoluble bead, which releases controlled amounts of unlabeled peptides, allows to avoid user-induced analytical biases. Moreover, the 6 points calibration curves obtained, covering 2.7 orders of magnitude, ensures confidence and quantification accuracy over a reasonable range. As a result, the ready-to-use kit displays an intra-and inter-laboratory reproducibility that allows batch-to-batch comparison and process development support.

The HCP Profiler standard demonstrated its ability to accurately quantity HCPs. To continue the standardization of the field, Anaquant also developed a software dedicated to the data treatment of the HCP Profiler-based XIC-MS1 quantification. The software will perform the selection of the three most intense peptides per proteins. Then, it will calculate the calibration curve and estimate HCP amounts. The advantages of the software solution are the representation of the data available (histograms, pie plots, 2D gel-like representations) and the highlight of risky HCPs. Unfortunately, the user has no control over the Top3 selection and the list of risky HCPs, which can only be modified by Anaquant for the moment. Prior to the Top3 selection, HCP peptides identified have to be filtered in order to keep highly confident and reproducible signals. This is why we choose to develop an R script dedicated to the treatment of the HCP profiler-based quantification allowing a more straightforward application of the method. The applied filters will be detailed in the next chapter.

Chapter 2

Evaluation of DIA strategies for global HCP profiling on a Q-orbitrap instrument 1. The promises of DIA-based quantification

In recent years, nanoLC-MS/MS-based studies have been conducted in the field of HCPs. Datadependant acquisition (DDA) strategies were successfully applied allowing global HCP profiling and reliable individual quantifications down to 10 ng/mg mAb 9,27,[41][42] . Most of the time, Top 10 to 15 ions in a MS scan are isolated for fragmentation resulting in a limited dynamic and reproducibility. The presence of missing values and a discrimination towards the quantification of abundant proteins are major issues when the HCP impurities are present at trace levels compared to the biotherapeutic itself.

Targeted strategies (Selected Reaction Monitoring (SRM) or Paralleled Reaction Monitoring (PRM)) have been developed enabling robust and accurate quantification of targeted HCPs down to the sub ng/mg mAb level 12,37,43 . Nevertheless, the development of a targeted quantification method is time consuming compared to the implementation of a global DDA-type approach, and it is still limited to the selection of about hundred candidates. Consequently, the lack of throughput of these strategies does not allow for routine quantification of the maximum number of HCPs.

Over the past decade, advances in mass spectrometry have shown the potential of data-independent acquisition (DIA) on high-resolution/accurate mass (HR/AM) instruments. DIA relies on the co-isolation and co-fragmentation of all ions contained in predefined m/z windows of variable widths, to cover the entire mass range. The acquisition of MS2 signals from all detectable species allows to obtain the complete proteome map while reaching the sensitivity, quantification accuracy and robustness of targeted methods [14][15] . These advantages make DIA approaches attractive in the context of HCP monitoring. The bottleneck of the DIA strategy today is still the reliable extraction of quantitative signals. The generation of multiplexed MS2 spectra leads to the loss of link between the fragment ions and the precursor, making peptide identification challenging. Consequently, software generally used for the processing of DDA analyses are not adapted to the extraction of peptides/fragments information from DIA data. Several approaches have been developed to overcome the high complexity of DIA data. They can be divided in two categories: peptide-centric and spectrum-centric approaches.

Both categories can also be described as library-based or library-free strategies.

The first peptide-centric strategy became popular in 2012 with the development by Gillet et al. of Sequential Windowed Acquisition of All Theorical Fragment Ion Mass Spectra (SWATH-MS) 14,45 . SWATH-MS allowed the identification and quantification of peptides through targeted extraction using a spectral library. This approach requires the generation of a spectral library that will contain MS2 spectra from DDA analyses and/or deconvoluted pseudo-MS2 spectra from DIA data, with highconfidence peptide sequence assignments 44 . In general, the library is composed of the precursor m/z, fragment ion m/z, relative intensity of fragment ions and normalised retention time (RT) for each precursor and its fragments. The library can also contain ion mobility information on most recent instruments 215 . Then, the library is used to screen for the presence of specific targeted peptides in the DIA MS2 spectra, as it is done in targeted approaches 16 . Finally, the signal quality is controlled using computed scores allowing to validate peptide identification. This peptide-centric approach has been implemented in several software, such as OpenSWATH 236 , Skyline 292 , Spectronaut 15,211,293 (Biognosys), PeakView (Sciex), DIA-NN 233 .

The second approach, called spectrum-centric, aims to overcome the limitation of the peptide-centric approach. Indeed, the generation of the spectral library requires time and ideally, the implementation of fractionation strategies of the studied proteome. Moreover, peptides absent from the library cannot be targeted by the library-based search, even if they are present in detectable amounts and will thus be missed. Alternatively, the spectrum-centric approach consists of an untargeted analysis of the DIA data. It relies on the generation of pseudo-MS2 spectra from co-eluting precursor and fragment ions which will be used to query a research using conventional search engines and protein inference tools as for DDA analysis. Since its introduction in 2003 198 , many bioinformatics advances have allowed the development of new algorithms based on the spectrum-centric approach 46-47, 201, 203 in line with new DIA methods 44,220 . The library-free approach will certainly increase the interest and applicability of DIA strategies in the future, in particular for the monitoring of HCPs [45][46][47] .

Context of the project

The implementation of DIA methods on a Q-TOF instrument was obvious due to its intrinsic capabilities in terms of acquisition speed and dynamic of detection. Indeed, Sciex TripleTOF instruments were the first MS able to scan at up to 100 Hz. In this context, Dr. Gauthier Husson developed the Top3-ID-DIA method that benefited from the fast acquisition speed and wide dynamic range of the TripleTOF 6600 (Sciex) to characterize HCPs.

In the meantime, Thermo has conducted major developments on their Q-Orbitrap instruments to improve both acquisition speed and intra-spectral dynamics. These improvements are featured on the Q Exactive HF-X that can achieve a scan speed of up to 40 Hz, thanks to its brighter ion source and optimized ion transfers 21 . In comparison with its predecessor, the Q Exactive HF could reach a maximum scan speed of 23 Hz. Based on these characteristics, we considered the development of DIA strategies at the beginning of my thesis on this other type of HR/AM instrument.

Using the sample series of IgG4 mAb A33 CCCF and PPA samples (Part I, Chapter 1), we applied the HCP Profiler Top3 quantification strategy combined with DIA on a Q-Exactive HF-X instrument (Thermo Fischer Scientific). First, UCB Pharma provided a CHO-DG44 null cell line harvest sample to generate a spectral library dedicated to the organism used for the culture. We generated a comprehensive spectral library including the fractionation of the null cell line harvest sample and DDA runs of the mAb A33 CCCF and PPA fractions. In order to process the DIA data, we used the Spectronaut TM software which offers the possibility to extract the data by peptide-and spectrum-centric approaches with its own Pulsar search engine and the development of directDIA TM . Finally, the DIA peptide-centric approach was benchmarked against the MS1-XIC DDA method developed in the previous chapter and the directDIA approach. The data acquisition and extraction methods were evaluated through the comparison of the number of HCPs quantified as well as the quantification accuracy obtained.

Experimental design

The analytical workflow is presented in Figure 49. Samples produced by Dr. Gauthier Husson, collected after harvest procedure (4 samples) and after Protein A affinity chromatography (7 samples) as described in [ 288 ], were stacked in a single band. After in-gel trypsin digestion, retention time standards (iRT kit, Biognosys, Schlieren, Switzerland) for RT normalization during DIA data processing and a bead of the HCP Profiler standard were spiked. Samples were analyzed in triplicate on a nanoLC-Q Exactive HF-X (Thermo Fisher Scientific) in DDA and DIA modes.

First, peptides and proteins were identified from DDA analyses using Mascot. The validation of the dataset as well as the XIC-MS1 quantification were performed by Proline 19 . Then, a Top3 strategy 16 was applied to derive HCP amounts using the 6 points calibration curve of the HCP Profiler standard.

Then, a dedicated spectral library was generated using DDA runs of a CCCF CHO-DG44 null cell line fractionation (24 analyses including iRT retention time standards from Biognosys) combined with all DDA analyses of the current CCCF and PPA mAb A33 samples spiked with the HCP Profiler kit as well.

The software Spectronaut TM and its Pulsar algorithm were used to generate a CHO-specific spectral library containing 40 281 peptides from 3 978 protein groups. Moreover, Spectronaut TM was used in order to extract MS2 signals from the DIA data using either the spectral library or the directDIA TM algorithm. For both extraction methods, a Q-value filter of 0.01 was applied and iRT profiling was set on. Finally, HCP amounts were estimated using the Top3 HCP Profiler strategy. Sample preparation, LC-MS/MS methods and data treatment are detailed in the experimental part, section 1.B.

Data acquisition and processing optimisations

A. Sample-dependent data acquisition optimizations HR/AM instruments achieve acquisition speeds allowing a survey MS scan followed by MS2 scans of co-eluting precursors' fragments within small m/z windows in a few seconds. The Q Exactive HF-X is slower than the TTOF 6600. Therefore, the DIA method had to be optimized according to the MS system used but not only. As shown in Figure 50.B, the distribution of precursors over the m/z acquisition range is not uniform. Consequently, the use of windows of variable widths is necessary to reduce the MS2 spectra complexity and increase the specificity towards the sample studied. Samples collected at the same purification step tend to have similar HCP profiles in terms of numbers and quantities, respectively around 100 000s ng/mg mAb for 1 000s of HCPs in CCCF fractions and 1 000s ng/mg mAb for 100s HCPs in PPA samples. As we aim to develop a method that can support the manufacturing process of mAbs, we started to optimize DIA methods dedicated to HCP-rich harvest samples on the one side and less complex PPA fractions on the other side (Figure 50). First, we selected the number of isolation windows based on the MS and MS/MS scan times at our working resolutions. The aim is to maximize the number of MS cycles per elution peak, i.e. the number of times the instrument will perform a MS scan followed by the MS/MS acquisitions within a chromatographic peak. A 40 variable windows DIA method that will theoretically allow 5 to 11 MS cycles per peak was selected (Figure 50.A). Then, based on the distributions of precursors over the m/z acquisition range in DDA runs (Figure 50.B), a method was optimized for each type of sample (Figure 50.C). Finally, we were able to reach a median of 6 data points per peak for PPA fractions and 8 for CCCF samples. The value was calculated in Spectronaut based on all peptide precursors identified in the RT calibration. As the number of peptides is higher in CCCF fractions, we observed a higher median peak width resulting in an increased data points per peak number.

B. Evaluation of the HCP Profiler standard combined with DIA

In the previous chapter, we demonstrated the strength of the HCP Profiler standard for the global profiling of HCPs. The standard was initially developed using a XIC-MS1 DDA approach and the use of MS2-based DIA quantification combined with the HCP Profiler had never been investigated.

At first, we performed the peptide-centric approach using the dedicated spectral library including the IgG4 mAb A33, the HCPs and the HCP Profiler peptides information. This search lead to wrong assignments for the profiler peptides such as acetylated and oxidized peptides or peptides showing one missed cleavage. The resulting calibration curves showed regression coefficients between 0.7 and 0.9 (Figure 51.A). As the HCP Profiler standard is well characterized by ANAQUANT, we know exactly which peptides should be observed in our data. Consequently, a second search was performed using a spectral library that contained only the HCP Profiler peptides information. Optimized settings, such as no missed cleavage allowed and only carbamidomethylation of cysteine as fixed modification, were used to generate the HCP Profiler specific library with the Pulsar search engine. Similarly, the parameters used to extract HCP peptide signals using the spectrum-centric approach were not suitable. The most accurate calibration curves were obtained in a second search using the same optimized settings and a database composed of the 18 HCP Profiler proteins. After the improvements, we benchmarked the DIA HCP Profiler calibration curves against DDA curves (Figure 51.B). The same reproducibility was observed for both acquisition modes as CVs calculated on the slopes, intercepts and regression coefficients were all below 3%. Furthermore, DIA calibration curves were obtained using the signal of the 54 standard peptides for PPA samples and 53 out of the 54 peptides for CCCF samples. A difference could be noted using the directDIA approach with CCCF calibration curves obtained from 52 out of the 54 peptides. The missing peptides in both DIA strategies are from the lowest calibration point (1 fmol). In comparison, no DDA calibration curves were obtained with all standard peptides. They were obtained using 51 to 53 peptides depending on the sample. As for DIA, the missing standard peptides were from low calibration points (1 or 2.5 fmol), the increased sensitivity of the DIA approach was already observed at the standard peptides level with a better coverage of the low calibration points. This observation will be further investigated with the HCP impurities.

C. Implementation of a stringent data filtering workflow

After the optimization of the HCP Profiler peptides extraction, we focused our efforts on HCP peptides. Following data acquisition and peptides signals extractions, the manual checking of many extracted signals rise the need to implement stringent validation criteria in order to end up with only highly confident and reproducible signals. Therefore, the following validation workflow including 5 stages of data filtering was implemented (Figure 52). First, we kept doubly and triply charged peptides and we removed oxidized and acetylated peptides with their unmodified counterparts (2). Most of the time, these modifications and the four times charged peptides display bad quality signal in terms of intensity and peak shape. The second filter can be described as signal quality filter (3). Precursors with more than one Q-value > 0.01 and/or profiled were removed. This filter is the most impactful as it removes several peptides and protein groups (Figure 52.B). The 89% less peptides for PPA 1 also demonstrates the difficulty of the software to extract signals of low abundant proteins. The third criteria is linked to the reproducibility of the signal as precursors with CV above 20% were filtered out (4). Next, a homology filter is applied using BLASTP 31 (v.2. 10.0+) against mAb heavy and light chain sequences (5). HCP peptide sequences containing a minimum of 6 amino acids, 80% coverage and 100% identity were removed. This last filter does not remove many peptides but it is an important filter as the mAb is the most abundant protein in the sample. A mAb peptide signal wrongfully attributed to a HCP would then inevitably result in an overestimation of its quantity. Finally, the selection of the 3 most intense peptides was performed and absolute HCP amounts were estimated using the HCP Profiler standard.

Results

A. Benchmarking DIA versus MS1-XIC DDA

To dig deeper into the global profiling and individual quantification of HCP impurities, we decided to investigate DIA on the Q Exactive HF-X. DIA strategy promises gains in reproducibility, sensitivity and quantification accuracy over DDA acquisition mode. The performance of the peptide-centric DIA strategy was evaluated against the standard MS1-XIC DDA approach on the same samples. The number of protein groups quantified and the global HCP amounts estimated are presented in Figure 53. At first sight, we observed the improvement achieved by the DIA peptide-centric strategy on the HCP coverage as around 19% and 111% more HCPs were quantified for CCCF and PPA samples respectively. The Harvest 2 sample was the only one to show a lower number of HCP quantified in DIA. This is largely due to a problem with one of the injection replicates resulting in the loss of several HCP peptides after the CV filter. Unfortunately, the sample could not be re-injected. For PPA samples, the overall estimated HCP amounts were consistent with the increased numbers of HCPs quantified. On the contrary, even with a higher number of quantified HCPs, the CCCF fractions showed lower overall amounts compared to the DDA strategy. This observation shows the potential presence of false positives or interferences during the extraction of MS1 signals resulting in an overestimation of the HCP amounts.

As previously observed with the calibration curves, the DIA acquisition displayed an increased dynamic compared to DDA. While MS1-XIC DDA was able to achieve 2.4 to 5.5 orders of magnitude between the least and most abundant HCP, MS2-based DIA allowed to reach a dynamic between 3.5 and 6.1 (Figure 53.B). We can highlight that 7 orders of magnitude between the mAb and the HCPs were covered with the DDA and DIA acquisition modes. The precision of the DIA data extraction was observed by looking at CVs calculated on peptide intensities within injection replicates for all HCPs quantified, a median of 9.0% was obtained for DIA compared to 9.8% for DDA (Figure 53.C). Our DIA approach showed an average variation of less than 10% despite a higher number of identified peptides. Then, we compared the ratios of the quantities obtained by Top3-DIA over Top3-DDA (Figure 54). Representation of the ratios calculated between the Top3-DIA and Top3-DDA amounts obtained for the common HCPs between both acquisition methods (A) Out of range ratios were removed to observe the 52% of 3779 common HCPs within a factor 2. Grey area represent the ratios comprised within a factor 2. Representation of the number of peptides used to quantify each HCP (B).

Within the DDA and DIA results of the 11 samples, 3779 HCPs were quantified by both methods. We notice that only 52% of the ratios are within a factor 2 (Figure 54.A). This is due to the number of peptides used to quantify each protein (Figure 54.B). A larger number of peptides was used in DIA compared to DDA, 8034 and 7836 peptides, respectively. Among the 3779 proteins compared, 1735 HCPs were quantified with a Top3 in DIA while this number drops to 1648 in DDA. As we sum the area of the Top3 peptides, the increased number of peptides per HCP obtained in DIA has a direct impact on the HCPs quantification. Thus, the Top3 strategy combined with DIA improves the accuracy of quantification results.

Our results demonstrate a great reproducibility and accurate quantification using the Top3-DIA approach and a sensitivity down to sub-ng/mg mAb. The DIA acquisition mode has shown its ability to extract signals close to the background noise. This is a significant benefit when the impurities of interest are at the level of traces. Moreover, the combination with the Top3 quantification method provides an overview of the HCPs content and thus to follow manufacturing process developments.

B. Spectral library free-based approach investigation

A crucial point of the DIA approach is the way to extract the signals from each MS² scan, which contains the fragmentation information of several precursors. We already demonstrated the use of a specific spectral library to extract peptide signals from DIA data. To continue the development of a straightforward method using DIA acquisition, we focused on the spectrum-centric approach called directDIA in Spectronaut (Biognosys AG). This approach relies on the generation of "pseudo MS/MS spectra" from the DIA runs which will be used to query a search against the organism's proteome database as it is done using classical DDA search engine. The directDIA algorithm was evaluated against the spectral library-based approach on the same sample set. The overall HCP quantities and numbers of HCPs quantified by the peptide-and spectrum-centric approaches were benchmarked (Figure 55). Looking further at individual HCP amounts, we compared the quantities obtained using Top3-DIA over Top3-directDIA (Figure 56). For the 5833 HCPs commonly quantified with both methods. A median of 0.96 was obtained and the amounts estimated were in accordance for 82% of the common HCPs within a factor 2 (Figure 56.A).

Similarly, close numbers of peptides were used to quantify those common HCPs, respectively 11 436 and 11 090 for DIA and directDIA (Figure 56.B). These observations showed confidence towards the spectral library free approach. Nevertheless, the lower numbers of HCPs quantified using directDIA results still highlight the difficulties that still exist to extract low-level impurities using directDIA.

To continue the comparison between both extraction strategies, we focused on the list of quantified HCPs. An average of 62% of the HCPs quantified in DIA were also extracted in directDIA. On the one hand, about 38% of the HCPs quantified using the spectral library could not be extracted by directDIA. This observation thus concerns hundreds of unidentified HCPs highlighting the need for optimization of the search algorithm as these HCPs were identified in the spectral library. On the other hand also, hundreds of HCPs were not quantified using the spectral library-based approach highlighting the incompleteness of the spectral library (Figure 57). Looking further into these lists of HCPs, we observed that on average 260 HCPs for each CCCF sample were not identified in the spectral library. These HCPs cover 5 orders of magnitude between the least and most abundant HCP with a maximum reaching thousands of ng/mg mAb. The number and quantities of those HCPs are not negligible and bring to light the limitations of the spectral library extraction approach as HCPs not present in the library will not be identified and further quantified. However, we cannot be completely confident in these results. We could suppose that HCPs with an estimated amount around thousands of ng/mg mAb should be identified in the spectral library generated, at least with a few peptides. The number of false positives must therefore still be significant in directDIA while current methods still fail to properly estimate the error rates. Compared to the targeted DIA analysis, the spectral library free-based approach relies only on the use of the CHO protein sequence database. Unfortunately, this database is composed of 56 565 protein sequences (UniProtKB/TrEMBL) in which 99% are annotated without any manual verification nor curation. As a result, the redundancy and high number of proteins complicates the extraction of peptides unique to a protein or even protein group. At least, these are encouraging results to a move towards a universally applicable method for an accurate and reproducible HCP profiling. Overall the directDIA approach supported the increased HCPs coverage enabled by the DIA acquisition in line with previous studies 45- 46, 294 .

C. Where do we stand in regards to ELISA and the Sciex Triple-TOF instrument (TTOF 6600)?

As mentioned in the presentation of the project context, our HCP Profiler-DIA method developed on the Q Exactive HF-X follows the first implementation of a DIA-SWATH method on a Triple TOF 6600 by Dr. Gauthier Husson. It is interesting to see where we stand in comparison to the fast scanning TTOF and the gold standard ELISA. As the ELISA assays were performed on the PPA samples, we compared the global quantities and numbers of HCPs quantified using both MS methods and the overall HCP amounts obtained for the three strategies on the seven PPA fractions (Figure 58). Several differences between both MS methods made the comparison of the quantification results challenging. First, the samples spent five years in the -80°C freezer since their first injections on the TTOF 6600. The LC system of the Q Exactive HF-X was operated in nano-flow while the TTOF instrument was run in micro-flow mode. As a result, the nano-LC system offers an increased sensitivity at the expense of robustness compared to micro-LC system. Therefore, we compared injections of 400 ng of peptides on the Q Exactive HF-X to injections of 8 µg on the TTOF 6600. Then, the lower acquisition speed of the Q-Orbitrap instrument (40 Hz vs 100 Hz) made us decrease the number of variable windows in order to increase the number of MS cycles per elution peak thus ensuring a minmal number of 6 points per peak (40 vs 75 variable windows methods). Finally yet importantly, we moved from Skyline to Spectronaut for DIA data processing. Indeed, Dr. Joanna Bons and Dr. Nicolas Pythoud demonstrated the advantages of Spectronaut that allows non-linear regression for RT alignment 293 and the dynamic adjustment of the RT window width. The first setting offers an increased sensitivity compared to a linear regression that does not take into account local unexpected variations and nonlinear chromatographic gradients, while the second allows to best fit the peptide elution profile.

Despite all these changes, the optimizations of the spectral library and the MS method in accordance to the sample series allowed us to reach equivalent or even better HCPs coverage (Figure 58.A). We were able to increase the numbers of HCP quantified for most of the samples. The lower number of HCPs quantified in the Harvest 2 sample is largely due to a problem with one of the injection replicates resulting in the loss of several HCP peptides after the CV filter. For PPA 5 and PPA 6 samples, no explanation could be found as a lower number of HCPs was identified in each replicates for both samples. In contrast, the overall HCP amounts estimated using the DIA-SWATH strategy were higher (Figure 58.B). This result was not surprising as the data extraction and data treatment have been largely optimized since the implementation of the initial DIA-SWATH method. Overall, thanks to Spectronaut and our post-data extraction filters (Part 4.C), we have increased confidence in the results while reducing the presence of false positives or the use of interfered signals for the quantification.

Compared to the gold standard ELISA assay, the HCP Profiler-DIA method showed global quantities higher by a factor 4 for standard samples and 32 for the PPA 8 sample that was obtained with a modified protocol. These results highlighted the limits of ELISA that were previously mentioned such as the incomplete coverage of HCPs. In parallel, this has further shown the importance of MS as an orthogonal method. Indeed, the increased HCP map coverage alongside with the accurate and reproducible quantification make DIA a method of choice to reach an overview of the HCP contents of samples from various steps of the mAb manufacturing process.

Conclusion & Perspectives

HR/AM instruments operated in DIA mode became powerful tools for HCP impurities identification and quantification. These instruments have sufficient acquisition speeds, resolutions and dynamic ranges to really benefit from the DIA mode. Indeed, DIA combines the advantages of DDA for the global profiling of HCPs and the ones of targeted strategies for the precise quantification.

The evaluation of DIA against the standard DDA-based method displayed a major improvement towards the HCP coverage as an average of 1.8 more HCPs were quantified. The combination with a Top3 strategy enables the quantification of all identified HCPs. The use of the HCP Profiler standard has shown to benefit from the DIA acquisition. Its use improves the robustness of the sample preparation. Moreover, the multi-level peptides allow more precise quantification and internal controls of the analysis. Consequently, the method is ready to be implemented in several production sites.

Our HCP Profiler-DIA approach allows to obtain the identity and the quantity of HCPs in a single analysis. Therefore, the method enables the monitoring of HCP impurities throughout the manufacturing process to support the release of safer biotherapeutics. In the next chapter, we have challenged our developed Top3-DIA method in order to increase our understanding of the manufacturing process.

One of the main objectives of the developed method was to support the analyses of USP and DSP samples. The harvest and PPA fractions used for this purpose were collected at steps where the HCP content is still accessible, even though hardly, by MS. On the contrary, the final drug products display the lowest HCP contents but they are the most complex to analyze due to the extreme dynamic range between the mAb and the HCPs requiring the detection and quantification of impurities at the amollevel. The next part of this manuscript will focus on the optimization of the sample preparation dedicated to these challenging drug products. Several methods can be applied to decrease the dynamic range 27,29,49,[START_REF] Nie | Simple and Sensitive Method for Deep Profiling of Host Cell Proteins in Therapeutic Antibodies by Combining Ultra-Low Trypsin Concentration Digestion, Long Chromatographic Gradients, and BoxCar Mass Spectrometry Acquisition[END_REF] but we will continue to progress with the intention of developing a robust and straightforward method to achieve a maximal HCPs coverage.

Chapter 3

Case study: Impact of the bioreactor capacity on the HCPs profile

Context of the project and samples description

Following the development of the Top3-DIA method on the Q Exactive HF-X, we wanted to challenge our approach and use it to increase the knowledge of the mAb manufacturing process from UCB production cell line. UCB Pharma had the idea to study a potential impact of the production scale up during the development of a new therapeutic until its commercialization. From early research stages to the commercialization of the drug product, the demand for mAbs grows from grams to kilograms.

In order to meet the need, the culture during the USP is conducted in larger capacity bioreactors. In general, the volume of these bioreactors ranges from 80 L to 25 000 L at the latest stages of this scale up process.

Recent studies have explored the impact of USP conditions on the HCP Profiles 4,22,295 . It was shown that mAb type, cell line, culture viability, temperature and duration could have an effect on HCPs and other CQAs. In addition to the work done, we wanted to observe any tendency or impact of the production scale up. Therefore, we performed the study of four mAb CCCF and PPA samples produced from a CHO DG44 cell line and cultured in bioreactors of varying capacity from 80 L to 15 000 L (Table 7). The sample series was prepared and injected on the Q Exactive HF-X using DIA mode. Unfortunately, we could not get provided with a sufficient number of HCP Profiler beads to use them for the study of the 18 samples. This is why we decided to use the mix of four standard proteins from the MassPREP digestion standard kit (Waters). The use of the mix also relies on the Top3 strategy considering the PYGM protein as a reference and the three other proteins (ADH, BSA, and ENL) to calculate ratios, as internal controls.

Table 7: Sample series studied in order to observe an impact of the production scale up. A series of nine CCCF and nine PPA fractions produced from four CHO DG44-derived mAbs. Samples were cultivated in bioreactors from 80 L to 15 000 L.

First, samples produced by UCB Pharma, collected after harvest procedure (9 samples) and after Protein A affinity chromatography (9 samples), were stacked in a single band. After in-gel trypsin digestion, retention time standards (iRT kit, Biognosys, Schlieren, Switzerland) for RT normalization and the mix of 4 standard proteins (ADH, PYGM, BSA and ENL from Waters MassPREP Digestion Standard Kit) were spiked. Samples were analyzed in triplicate on a nanoLC-Q Exactive HF-X (Thermo Fisher Scientific) in DIA mode. Next, we investigated the use of a hybrid spectral library composed of DDA and DIA analyses to increase the specificity of our library-based DIA approach toward the analysis of these four mAbs fractions. This hybrid library was benchmarked against the spectral library generated in the previous chapter and further against the directDIA approach. Finally, the evaluation of the process scale up was performed starting from the overall HCP amounts and the numbers of HCPs quantified. Then, we focused on intra-and inter-mAb samples comparisons in terms of HCP profiles and individual quantities.

Data analysis strategy

The general workflow of the data analysis is presented in Figure 59. The possibility to use hybrid spectral libraries combining both DDA and DIA runs was very recently implemented into Spectronaut TM with the aim to improve the accuracy of signals extraction and the coverage of the proteome using spectral library DIA data extraction. We wanted to evaluate the benefits of this strategy on our sample series and have therefore set up a hybrid spectral library using the DIA runs of the four mAbs PPA and CCCF samples added to the search archive of the IgG4 mAb A33 project-specific spectral library (DDA library). The use of the hybrid library generated containing 46 330 peptides and 4139 protein groups was benchmarked against the mAb A33 project-specific spectral library, including 44 726 peptides and 4308 protein groups, and directDIA approach. Then, the filters developed in the previous chapter were applied after data extraction. HCP amounts were estimated using the universal response factor calculated from the PYGM Top3 peptide area. Finally, the overall and individual amounts of HCP were investigated through intra-and inter-mAb type samples comparisons.

Sample preparation, LC-MS/MS methods and data treatment are detailed in the experimental part, section 1.C.

Results

A. Optimization of a project-specific spectral library

Several studies have shown the impact of the mAb type on co-expressed and co-eluted HCPs during USP and DSP [23][24] . Therefore, we can raise questions regarding the use of our IgG4 mAb A33 projectspecific spectral library (DDA library). HCPs that were not identified in the mock cell line DDA analyses and that would preferentially co-express with any of the four mAbs rather the mAb A33 will be missed in the spectral library and not targeted during DIA data extraction. Besides, the generation of a library specific to the four mAbs would require additional sample preparation and acquisition time. Gel fractionation of a CCCF sample from the four mAbs added to the acquisition time of each band would take a total of one to two weeks. With the aim to develop a straightforward method, we rather decided to evaluate the use of a hybrid spectral library generated from DDA and DIA data 15 . First, we compared the identification results of the hybrid library against the DDA library (Figure 60). Representation of the number of peptides and protein groups identified in the DDA and hybrid library (C).

In order to generate this hybrid library, we combined the DIA analyses of the CCCF and PPA samples of the four mAbs with the search archive of the mAb A33-specific DDA library (Figure 60.A). After the generation of a spectral library, the result from the Pulsar search is saved as an archive before applying any FDR filter. It allows combining this archive with other analyses or search archives to enhance a library while having an adequate FDR control at the spectral library scale. First, the majority of the HCPs identified are common to both libraries and we were able to observe 274 new HCPs (Figure 60.B).

Looking at the overall peptides and protein groups identification number, the generation of this hybrid library allowed us to identify 111 additional peptides compared to the DDA library (Figure 60.C). Interestingly, we identified 182 fewer protein groups. Since our samples are from the same cell line culture, our results showed significant overlap with small differences that can be explained by the application of the FDR filter on two different data sets. Next, we compared the quantification results to evaluate the capabilities of the hybrid library (Figure 61). In general, the results obtained are consistent in terms of overall amounts and numbers of HCPs quantified (Figure 61.A). It is noteworthy that despite a less comprehensive library, due to a lower number of protein identifications, the hybrid library allowed the quantification of more HCPs for almost all samples. Looking further into the results, we observed a slight improvement of the extraction reproducibility with a median of the CVs calculated on peptides intensities within replicates of 9.4 for the hybrid library and 9.6 for the mAb A33 spectral library (Figure 61.B). The PYGM/ADH ratios obtained with the hybrid library are also more accurate around the expected value of 0.2 (Figure 61.C). The addition of the DIA data to the mAb A33 DDA search archive provided iRT values from another source, including the analyses of interest themselves. The source-specific iRT calibration, implemented in Spectronaut thus allows the use of the iRT calibration from best source possible. As a result, we can conclude that the hybrid spectral library implemented with the DIA runs of interest has improved the extraction of peptide signals.

However, the presence of iRT values from different sources may also generate signal extraction issues in some cases in a hybrid approach. This phenomenon has been observed with the CCCF fractions of In conclusion, the use of the hybrid spectral library to target HCPs in our analyses improved reproducibility and accuracy of quantification without tedious experimental labor and extra acquisition time. In our case, the addition of iRT values from the DIA runs of interest in the hybrid library allowed the correction of the XIC extraction windows to best fit peptide elution. After the benchmarking of the hybrid library against a classical DDA-based library, we compared our results against the spectral library free-based approach of Spectronaut, namely directDIA.

B. Evaluation of a spectral library free-based strategy

When the intention is to implement a new method in a biopharmaceutical environment, the objective remains the same: the method must be straightforward and allow a maximum recovery and an accurate quantification. A first step was reached with the use of a hybrid spectral library, which showed an improved accuracy of quantification as well as a higher number of HCPs quantified. However, an approach that would not need the use of a spectral library still remains in theory the most appropriate method to extract data from our four antibody samples as it prevents any concerns about the absence of HCPs from the spectral library. Therefore, the directDIA approach was evaluated against the use of the hybrid library. The overall amounts, numbers of HCPs quantified, CVs and PYGM/ADH ratio were benchmarked (Figure 63). When we look at the nine harvest samples, we notice that directDIA allowed us to quantify 9 to 179 more HCPs than using the hybrid spectral library (Figure 63.A). On the contrary, a higher number of HCPs were quantified within PPA samples using the hybrid library-based approach with the exception of the mAb 3 PPA sample from 80L tank. These differences of HCPs contents can also be seen at the PYGM Top3 peptides level (Table 8).

Table 8: PYGM Top3 peptides obtained using the hybrid library-based DIA and directDIA methods.

List of the three most intense peptides of PYGM extracted in each samples by hybrid library-based DIA or directDIA approaches. Peptide sequences in red represent peptides that differ between the two Top3 methods. mAb 1 (green tank), mAb 2 (yellow tank), mAb 3 (blue tank) and mAb 4 samples (red tank).

The peptides used within the harvest samples were identical for the majority of samples. An average of 1.02 was obtained when comparing the response factors obtained by the hybrid library and the directDIA strategies. However, the Top3 peptides of PYGM used within the PPA samples were not the same with at least one peptide differing. One can highlight the absence of the peptide "VLVDLER" which was not identified by the directDIA method while it was used for all PYGM Top3 of the hybrid library approach. As a result, the PYGM/ADH ratios of the PPA samples are less accurate with a median of 0.13 obtained by directDIA and 0.20 with the hybrid library (Figure 63.B). Our results confirm the limitations of the approach without spectral library for the extraction of low abundant signals that was observed in the previous chapter. In addition, directDIA did not improve the reproducibility of the extraction with a median of CVs calculated on peptide intensities within replicates of 9.9 compared to the median of 9.4 obtained for the hybrid library (Figure 63.C). Finally, we kept the results of the hybrid library-based strategy to compare the HCPs contents of the samples from the four mAbs. 

C. HCP profiles characterization

To begin the study, we compared the overall HCPs quantities and the numbers of HCPs quantified in the CCCF and PPA fractions from the production of four mAbs (Figure 64). At the end of the USP, we observed similar quantification results for harvest samples from the same mAb production (Figure 64.A). Focusing on the impact of the bioreactor capacity, no trend emerged. Samples from mAb 1 and 2 (green and yellow) displayed a decrease of HCP impurities when the culture was performed in a 2000L bioreactor. In contrast, the mAb 3 CCCF fraction (blue) produced in the 2000L bioreactor showed the highest amount of impurities. The low variation obtained in fractions from the same mAb production does not allow to conclude on the impact of the bioreactor capacity.

In addition to the overall quantification results, we performed the comparison of the quantified HCPs lists to study the profile of the co-expressed HCPs in CCCF fractions (Figure 65). Venn diagrams showed that around 64% of the co-expressed HCPs are common in samples from the same mAb production (Figure 65.A). Looking further at the individual HCP quantities, we saw that 74% of the 5357 ratios between common HCP amounts are within a factor 2 (Figure 65.B). The results are consistent within the same mAb project and support that the majority of co-expressed HCPs are common with similar amounts. Therefore, the process scale up has a low impact on the HCP profile.

The variations are more likely to come from small changes in the culture media, the incubation temperature or a concentration effect.

In a second step, we compared all samples together. The mAb 1 fractions showed about twice less quantified HCPs compared to the three other mAbs that are in the same range of contaminants. This trend was supported by the results obtained for the PPA fractions (Figure 64.B). Co-eluted HCPs during the DSP are also impacted by the mAb of interest. While the mAb 1, mAb 2 and mAb 3 showed similar HCP amounts, the PPA fractions of the mAb 4 (red) displayed about 3-fold more HCPs. Thus, instead of an impact of the bioreactor, our results rather suggest an effect of the biotherapeutic of interest on co-expressed HCPs. The venn diagrams of the lists of quantified HCPs within each mAb-project also point in the same direction (Figure 66). With the overlap of CCCF fractions, we notice 54 to 199 HCPs unique to a mAb project. The PPA samples confirm this observation with 7 to 174 HCPs unique to a mAb production. This highlights the importance of using a spectral library specific to each culture process knowing that it will lead to the expression of a specific set of proteins.

In addition, the mAb 3 fraction from a 15 000L bioreactor showed a HCPs content of 1016 ng/mg while the other two fractions from 80 and 200L tanks have an overall HCPs amount of 488 and 495 ng/mg, respectively (Figure 66.B). Twice the amount of other fractions with more than 90 additional HCPs can have serious consequences. Although no trend was observed in relation to an impact of the culture process scale up, the HCPs content of the samples should be monitored at different stages of the mAb manufacturing process in order to understand the impact of each culture or purification steps. Over time, this will help to understand and avoid most of the issues related to HCPs.

Conclusion

The study of the fractions from the production of the four antibodies allowed us to address one of the crucial points of the DIA acquisition mode. Indeed, the peptide-centric approach requires the use of a complete and specific spectral library in order to take full advantage of the DIA strategy. Interestingly, the same trend was observed between the overall amounts of the different samples whether it was estimated using a DDA-based library, a hybrid library or the directDIA approach to extract peptide signals.

The use of a hybrid spectral library that combines the identification results of DDA and DIA analyses has shown great potential. It allowed deep coverage of HCPs while maintaining iRT-precision and FDR control at different stages of the DIA search. Although it is always recommended to fractionate a nontransfected mock cell line and project-specific CCCF samples to generate the most comprehensive spectral library, it will be possible to implement this library with the runs of interest to obtain a projectspecific library allowing an improved iRT precision. This can be done until an optimization of the directDIA approach that still showed limitation in sensitivity compared to the approach with spectral library.

The ultimate aim of the study was to observe an impact of the production scale up during the development of a new therapeutic. However, the small variations between samples did not bring any conclusion. Our results, in agreement with previous studies [22][23]296 , showed the impact of the mAb type produced on the HCPs profile. Even if the samples are from the same CHO cell line, special attention must be given to generate a specific spectral library for each biotherapeutic. This library combined with the accumulation of MS analyses will create a database allowing a better understanding of each culture and purification steps leading to the safest final product.

Chapter 4

Benefit of ion mobility in the field of HCPs monitoring 1. Presentation of the TimsTOF PRO instrument

Following the arrival of the TimsTOF PRO in the laboratory in 2019, we were interested to see the performance of this system for the identification and quantification of HCPs. More precisely, two acquisition modes specific to the TimsTOF PRO were evaluated: DDA and DIA acquisition combined with the Parallel Accumulation-Serial Fragmentation approach (ddaPASEF and diaPASEF).

As mentioned in the bibliographic introduction, the TimsTOF PRO is equipped with a dual ion mobility cell. The constant buffer gas flow will drive the ions into the first TIMS cell. They will be accumulated and retained by the application of a static electric field. Once the ions are accumulated, they are transferred to the second cell where they are separated according to their ionic mobility by a slow decrease of the electric field. With the same charge, the ions with a higher mass and surface will be located near the exit of the mobility cell while the more mobile ions will remain near the entrance (Figure 67). The mobility cell of the TimsTOF PRO will therefore act as an additional separation dimension for coeluted ions from the nanoLC. In addition, the TimsTOF PRO features a quadrupole synchronized with the ion elution from the mobility cell. Thus, a rapid switch of the quadrupole mass position allows the selection of different precursor ions at different m/z during their TIMS elution time. This acquisition mode, which combines the dual mobility cell and quadrupole synchronization, is called PASEF 26 (Parallel Accumulation -Serial Fragmentation). It allows full use of the target ions for fragmentation (Figure 68). ).

Nevertheless, ddaPASEF mode will still suffer from the limitations of DDA acquisition. Therefore, a DIA approach specific to TimsTOF, called diaPASEF 215 , was developed to overcome the undersampling and lack of reproducibility inherent to DDA. As with a conventional DIA approach, the precursor ion groups eluted from TIMS will be co-isolated and co-fragmented in small m/z windows covering the entire mass range. The main difference is that the m/z isolation windows are defined in two dimensions, ion mobility and m/z (Figure 70). Finally, the DIA mode will benefit from the acquisition speed of the instrument, the noise reduction and the separation of co-eluted ions from the LC thanks to ion mobility. In order to evaluate the performance of TimsTOF PRO in the context of HCPs, we analyzed the sample series produced by Dr. Gauthier Husson supplemented with our previously introduced HCP Profiler standard. These 11 samples were used in the development of the DIA method on the Orbitrap Q Exactive HF-X (Part I -Chapter 2). First, the ddaPASEF and diaPASEF methods were developed to investigate the identification and quantification capabilities of the TIMS-QTOF instrument. The HCPs quantification results were compared to evaluate its sensitivity, reproducibility and accuracy of quantification. Then, the performance of the TimsTOF PRO and the Q Exactive HF-X were benchmarked to assess the contribution of TIMS to the characterization of HCP impurities.

Analytical strategy

The analytical workflow is presented in Figure 71. Samples produced by Dr. Gauthier Husson, collected after harvest procedure (4 samples) and after Protein A affinity chromatography (7 samples) as described in [ 288 ], were in-gel digested using trypsin. Retention time standards (iRT kit, Biognosys, Schlieren, Switzerland) and a bead of the HCP Profiler standard were spiked. Samples were analyzed in triplicate on a nanoElute-TimsTOF PRO (Bruker) system in ddaPASEF and diaPASEF modes.

First, peptides and proteins were identified from ddaPASEF analyses using Andromeda search engine integrated in MaxQuant software. Dataset validation and XIC-MS1 quantification were also performed in MaxQuant. Next, the Top3 strategy 16 was applied to derive HCP amounts using the 6 points calibration curve of the HCP Profiler standard.

Then, Pulsar search engine, integrated in Spectronaut TM , was used to generate a mAb A33 projectspecific spectral library using ddaPASEF runs of a CCCF CHO-DG44 null cell line sample fractionated (24 analyses including iRT retention time standards from Biognosys) combined with all ddaPASEF analyses of the CCCF and PPA mAb A33 samples spiked with the iRT standard and HCP Profiler kit. The generated spectral library contains 56 818 peptides from 5826 protein groups. Moreover, Spectronaut TM was used to extract MS2 signals from the diaPASEF data using the project-specific spectral library or the directDIA TM algorithm. For both extraction methods, IM and RT extraction windows were adjusted dynamically based on a large sample set during calibration. A Q-value filter of 0.01 was applied and iRT profiling was set on. Finally, HCP amounts were estimated using the Top3 HCP Profiler strategy.

Sample preparation, LC-MS/MS methods and data treatment are detailed in the experimental part, section 1.D.

Results

A. DIA-PASEF for in-depth characterization of HCPs First, we used the ddaPASEF parameters optimized by Chloé Moritz, a PhD student in the laboratory, using human cervical cancer cells (HeLa) as reference sample. The accumulation and ramp times were set to 100 ms. Thus, one full frame (MS1 spectrum) followed by 10 PASEF frames, containing an average of 12 MS/MS spectra, were acquired resulting in a cycle time of 1.1 s. This means that in 1.1 s, the TimsTOF PRO can acquire one MS spectrum followed by up to 120 MS/MS spectra (Figure 72). MaxQuant software was used for data processing of the ddaPASEF analysis thanks to its improvements, which exploit the added data dimension for feature detection, mass recalibration, alignment and matching between runs 297 . Next, based on the initial publication of the diaPASEF 215 mode on complex proteomes, we decided to use a DIA method composed of 64 windows of 25 m/z. Those windows are covered in 16 TIMS cycle of 100 ms. Concretely, four m/z windows are selected and fragmented in a TIMS elution. The windows overlap in the ion mobility dimension to reduce potential artifacts linked to reduced ion transmission at the edges of the diaPASEF windows. After data acquisition, Spectronaut software was used to process the data from the diaPASEF analysis.

As it was done on the Q Exactive HF-X, we applied our HCP workflow on the TimsTOF PRO. We started with 400 ng protein injections. However, the total ion current (TIC) of the first injections showed signs of detector and/or column saturation. Thus, we had to reduce the amount of material to be injected. Finally, 273 ng of protein were loaded onto the column for the 11 samples studied and the HCP Profiler standard peptides were in a range between 0.68 and 341 fmol. Next, the overall amounts, the number of HCPs quantified, the intra-sample dynamic range and the extraction repeatability were investigated (Figure 73). The quantification results, presented in Figure 73.A, displayed a higher coverage of HCPs with the diaPASEF approach for most samples. Between 32 and 118 additional HCPs were obtained with diaPASEF. Two exceptions were noted, PPA 5 and Harvest 1 fractions showed a lack of repeatability within replicates. As a result, application of the CV filter on the repeatability of MS2 signals led to the loss of several peptides. In accordance with a higher coverage, the diaPASEF strategy achieved between 1.8 and 7.2 orders of magnitude between the least and most abundant HCP compared to 2.3 and 5.7 for the ddaPASEF method (Figure 73.B). A higher dynamic range as well as an increased sensitivity were obtained with the diaPASEF approach. This increased sensitivity was also observed for the standard peptides of the HCP Profiler kit. Indeed, the 54 standard peptides were identified and quantified by diaPASEF while the ddaPASEF approach did not allow signal extraction of one standard peptide from the lowest calibration point at 0.68 fmol for the four CCCF fractions.

Nevertheless, despite a slight increased sensitivity, the diaPASEF strategy displayed a lower overall amount of impurities for almost all samples. Moreover, the quantification accuracy obtained with a median of 9.2 was lower than that of the ddaPASEF method which was about 7.8 (Figure 73.C). Looking further at the signals of the standard HCP Profiler peptides, we observed issues with the extracted signals from diaPASEF data (Figure 74). Finally, the additional separation dimension complicates the signal extraction and requires the use of dedicated algorithms. In addition, the link between a precursor ion and its fragments is lost with the DIA approach. Thus, minor variations in LC or TIMS elution times between replicates can lead to incorrect signal extraction. Current software solutions do not yet allow to overcome some of these problems and they continue to be optimized on a case by case basis. In the future, they will allow the reliable extraction of signals while limiting the number of missing values.

B. diaPASEF combined with spectrum-centric data extraction

Following the evaluation of the diaPASEF method combined with an extraction method based on a spectral library, we investigated the directDIA approach implemented in Spectronaut (Figure 75). Whether in terms of the numbers of HCPs quantified, the overall HCPs amounts, or the repeatability of the signal extractions, similar results were obtained with both approaches (Figure 75.A and Figure 75.B). However, as shown in Figure 75.C, comparable calibration curves were obtained by both approaches. Thus, the directDIA approach displays the same difficulties regarding the signal extraction and more particularly at the level of standard peptides. Finally, our results also highlight the need for optimization of the search algorithm to improve reliable signal extraction of the PASEF mode combined with DIA acquisition.

C. Benchmarking of diaPASEF against DIA on a Q-Orbitrap instrument

In the previous sections, we have seen that the diaPASEF approach allows to increase the coverage of HCP compared to a ddaPASEF method. Even though the search algorithm for the extraction of reliable quantitative signals is not yet mature, we wanted to see if the performance of the TimsTOF PRO in terms of peptide and protein identifications surpasses the results obtained on the Q Exactive HF-X (Figure 76). The comparison illustrated in Figure 76 is actually not really fair. Indeed, the amount of proteins injected is not the same on the TimsTOF PRO and the Q Exactive HF-X, as 273 ng and 400 ng were injected, respectively. In addition, the samples injected on both instruments are from different aliquots of the same samples frozen in 2015. This may explain the large difference in peptides and protein groups identified for the PPA 8 sample. Nevertheless, the rest of the samples show results close to those of the Q Exactive HF-X with 1.5 times less material injected. It is reasonable to assume that the TimsTOF PRO can exceed the performance of the Orbitrap HF-X due to its acquisition speed. Indeed, the diaPASEF method allows the acquisition of one MS spectrum followed by 64 MS/MS spectra in about 2 seconds while the DIA method developed on the Q Exactive HF-X allows to perform one MS scan followed by 40 MS/MS in 3 seconds. These promising results demonstrate the power of the TimsTOF PRO that, combined with an adapted and optimized extraction tool, will allow, in addition to a deeper coverage, to obtain a reliable quantification of the HCP content in samples from various steps of the mAb manufacturing process.

Conclusion & Perspectives

The integration of the TIMS device at the entrance of a Q-TOF instrument provides an additional separation dimension following the elution from the LC. Consequently, the ddaPASEF and diaPASEF acquisition methods hint at a deeper coverage of protein impurities in our mAb samples without additional sample preparation.

Unfortunately, the TimsTOF PRO in its current version shows an increased sensitivity that limits the amount of material that can be injected. This limitation represents a drawback in the context of HCPs, i.e., the identification and quantification of impurities at trace level compared to the mAb present in large amounts in the samples. Since our injections, a new ion mobility cell, called SRIG (Stacked Ring Ion Guide), was installed on our instrument. It has two major advantages: it can be dismantled for cleaning and it has a greater ion capacity. With this improvement, we can hope to inject more samples and thus quantify HCPs that were below the detection limit in our analyses. Furthermore, despite identification results that are superior to those of other instruments without ion mobility, the data processing tools are not mature enough to perform a reliable quantification of all signals. Indeed, they still encounter some difficulties that lead to incorrect signal extractions.

In the years to come, the diaPASEF method performed with the TimsTOF PRO, combined with a perfected software solution, should be suitable for use in a biopharmaceutical environment for HCP monitoring during process development, batch release or validation of ELISA kits.

Part II: The analytical challenge of drug products Chapter 1

Sample preparation improvements for the analysis of drug substances 1. Challenge of the analysis of final drug substances

In the previous parts, we addressed the critical need to monitor protein impurities from the host cell during the manufacturing process of biotherapeutics. Indeed, the monitoring of HCP is considered as a critical quality attribute (CQA) and the impurity content in the final product must be as low as possible 35,298 . Among the analytical arsenal allowing the control of HCPs, we have demonstrated the power of mass spectrometry for the identification and quantification of impurities during the manufacturing process. For instance, mass spectrometry has been used to validate the HCP coverage of ELISA assays 284 , to evaluate risks due to HCPs 37,48 or to support process developments 4,285 . However, only a handful of publications have shown the use of mass spectrometry to study the HCP content in final products. Most of them concern the study of the NIST mAb 17,29,50,[299][300]Darmstadt,Germany), a reference mAb produced by the National Institute of Standards and Technology (NIST), and very few are related to the study of drug substances administered to humans 17,[301][302][303] .

Despite the high potential of MS, the analysis of these high purity samples remains a major analytical challenge. Indeed, protein impurities are progressively removed during the purification steps and identifying HCPs in final drug products is like looking for needles in a haystack 4,35,283 . While the concentration of mAb increases, the amount of HCPs decreases. As a result, the monitoring of these impurities becomes more complicated during the purification process and requires extreme sensitivity and covered dynamic range for their detection at the end of the process (Figure 77). In this context, interferences due to the ubiquitous mAb represent an obstacle to the accurate detection and quantification of HCPs by mass spectrometry. To overcome this problem, few studies have attempted to decrease the amount of therapeutic proteins using multidimensional chromatography 10-11, 27, 48-49 or mAb depletion 29,[50][START_REF] Nie | Simple and Sensitive Method for Deep Profiling of Host Cell Proteins in Therapeutic Antibodies by Combining Ultra-Low Trypsin Concentration Digestion, Long Chromatographic Gradients, and BoxCar Mass Spectrometry Acquisition[END_REF] . Both approaches aim at reducing the dynamic range of mAb versus HCPs in the sample. However, despite the various couplings that can be considered, the use of a multidimensional chromatography step inevitably reduces the overall robustness of the strategy. For this reason, the native digestion protocol introduced in 2017 by Huang et al., has gained popularity over past few years 29 . This protocol involves a liquid digestion in native conditions with a small enough amount of trypsin to keep the mAb almost undigested while targeting and digesting the HCPs. A heat stress followed by a centrifugation step is then used to precipitate the antibody, decrease its amount in the sample and concentrate HCPs digested peptides in the supernatant. This strategy has shown improved coverage of HCPs in drug substances (DS) compared to traditional digestion [50][START_REF] Nie | Simple and Sensitive Method for Deep Profiling of Host Cell Proteins in Therapeutic Antibodies by Combining Ultra-Low Trypsin Concentration Digestion, Long Chromatographic Gradients, and BoxCar Mass Spectrometry Acquisition[END_REF]303 .

Context of the project

For samples analytically as challenging as DS, every step becomes crucial, from the sample preparation to the MS acquisition instrumentation and scanning methods down to the data processing workflow.

We have been investing significant effort in the laboratory over the past few years in this context and have attempted optimizing several steps of the overall workflow 303 .

In this chapter, we will first detail the native digestion protocol that we have adapted and optimized from the Huang et al. 29 protocol by implementing a double trypsin/Lys-C digestion intended to improve the proteolytic efficiency by reducing missed cleavages at lysine residues 30 . Then, we optimized a DIA acquisition method and a data processing workflow dedicated to the study of final drug products. Finally, we describe our attempt to further improve the sample preparation of DS by implementing a micro-mixing step via focused ultrasonication. To conduct this latter evaluation, we benefited from the technical support of the Covaris company and especially of Dr. Nicolas Autret. Covaris manufactures devices that deliver focused ultrasonication, or adaptive focused acoustics (AFA), to samples for DNA/RNA shearing, FFPE extraction, chromatin shearing or cell lysis (Figure 78). The electronics and ultra-high frequency transducer produce a wavelength of only a few millimeters, allowing the ultrasonic acoustic energy to converge into a focal area inside a sample vessel immersed in the water bath. The acoustic energy passing through the water bath induces localized pressure fluctuations that form the cavitation bubbles. Then, the generated cavitation bubbles oscillate or grow to a critical size to finally collapse, creating a hydrodynamic shear stress in the sample. The oscillation and collapse also generate a micro acoustic current, which generates fluid flow in the sample. As a result, the AFA technology enables to focalize the acoustic energy directly to the sample thus improving the efficiency of the energy delivered with less overall heat.

When seeing very preliminary, though promising results, on the analysis of blood samples using an ultrasonication device, we wanted to explore this idea further for the analysis of DS. Indeed, those preliminary results highlighted the potential improved recovery of blood proteins by allowing the identification of proteins interacting with albumin, which are thus generally removed during the albumin depletion step. This triggered our idea to attempt applying this approach to drug substance samples in which the HCPs remaining after extensive USP and DSP purification tend to be the ones that interact with the highly predominant antibody. We thus wanted to evaluate the benefits that such a micro-mixing step could bring to the coverage of identified HCPs. We could get access to a local Covaris S220 ultrasonicator (Figure 79) system located at the Research Center of Immunology and Hematology in Strasbourg (UMR_S INSERM U1109). This system delivers a precise and controlled acoustic energy while controlling the temperature of the sample. It allows to process one sample at a time using a microTUBE AFA Fiber Pre-split-Cap from Covaris.

Experimental design

The general analytical scheme is presented in Figure 80. Technical replicates were injected using a DIA variable isolation windows method dedicated to DS on a nanoLC-Q Exactive HF-X system (Thermo fischer Scientific). Data extraction was performed via a spectral library and filters applied to the list of identified peptides, using an R script, were finely tuned for this type of challenging sample.

Prior to any sample preparation and acquisition method optimizations, we have developed a stringent data validation workflow including a series of filters. This is of utmost importance when conclusions about HCP amounts have to be drawn on final drug products. More than ever, the identification and quantification results need to be reliable and robust.

With the data validation workflow in hand, we have first developed a native liquid digestion protocol inspired and adapted from the protocol of Huang et al. The NIST mAb was digested overnight in its buffer at an adjusted pH with a trypsin/Lys-C mixture. The use of a low protease:protein ratio of 1:400 aims at preferentially digesting HCPs of smaller size than the mAb, which under native conditions remains highly structured and is thus less accessible to enzymatic digestion. Then, a heat stress of the sample at 90°C followed by a centrifugation step at 13 000 g allows the precipitation of the antibody. Finally, the supernatant is collected after addition of the retention time standards (iRT kit, Biognosys, Schlieren, Switzerland) for RT normalization during DIA data processing and the mixture of 4 standard proteins (ADH, PYGM, BSA and ENL from Waters MassPREP Digestion Standard Kit) for HCP quantification.

Second, we optimized a DIA method of 60 isolation windows, dedicated to drug substances, based on the NIST mAbs DDA analyses performed on the nanoLC-Q Exactive HF-X (Thermo Fisher Scientific). Technical triplicates of the NIST mAb samples subjected to the native digestion were injected on the same instrumental coupling in DIA mode to assess the robustness of the sample preparation protocol. A spectral library-based approach was applied to extract the MS2 signals from the DIA data. The Spectronaut TM software and a mouse spectral library, generated from 24 DDA runs of a NIST mAb fractionated sample (including iRT retention time standard from Biognosys) combined with 16 DDA analyses of the NIST mAb samples spiked with the mix of four standard proteins, were used for this purpose. This library includes 771 peptides from 143 protein groups. Then, a Q-value filter of 0.01 was applied and iRT profiling was set on. The 2 fmol of PYGM was used as a universal response factor (Top3 peptides signal/mol) to perform the HCP quantity estimation (HCP Top3 peptides signal/signal response factor). Finally, we improved the R script dedicated to the validation and quantification of HCP peptides.

Following the development of the HCP workflow dedicated to drug substances, we implemented a micro-mixing step to try to further enhance the native liquid digestion. Thus, we evaluated the use of an AFA step during a 10 min and 30 min trypsin/Lys-C double digestion with a continuous energy of 2.5W applied. The addition of this ultrasonication step involves transferring the sample into the microTUBE AFA Fiber Pre-split-Cap (AFA tube). The samples are then transferred to an eppendorf for final sample preparation. Finally, technical triplicates were injected on the nanoLC-Q Exactive HF-X and were subjected to the MS2-based DIA quantification workflow discussed above.

Sample preparation, nanoLC-MS/MS methods and data treatment are detailed in the experimental part, section 2.A.

Results

A. Optimization of a stringent data validation workflow

We have optimized a stringent data validation workflow including a series of filters. First, it should be noted that the identified HCPs were validated by the target-decoy approach with a FDR of 1% at the peptide level. However, the number of identified proteins being low, the use of this approach at the protein level would lead to an inaccurate estimation of the false positive rate. Thus, we have implemented four stringent levels of filtering that were applied on the raw identification results before proceeding to peptides and proteins quantification (Figure 81). From signal extraction to HCP quantification, 134 peptides were removed (Figure 81.A). Indeed, the excess of antibody can cause signal suppression or lead to identification and quantification biases (Figure 81.B). These biases can significantly influence the conclusions and lead to time-consuming and costly investigations. Thus, we filter the identified peptides on four levels. The first filter level concerns the type of peptide. Its purpose is to:

-Eliminate peptides carrying modifications commonly observed during a bottom-up proteomic analysis, such as acetylation of proteins n-termini and oxidation of methionine. Their unmodified counterparts are also removed because the modifications are not complete and represent a portion of the peptide signal. Therefore, quantifying the unmodified counterpart will lead to biases in the quantification step as its signals are not representative of the entire peptide signal.

-Keep doubly and triply charged peptides only.

-Keep peptide specific to a protein group. Modified peptides and four times charged peptides display bad quality signal in terms of intensity and peak shape.

The second level of filtering can be described as a signal quality filter. Only precursors with at least two q-values ≤ 0.01 among the three replicates are kept.

Then, the reproducibility of the precursor ion abundances extracted at the MS2 level is controlled. Retention time profiling between replicates is activated. This option proposed by several software including Spectronaut allows, if a precursor ion is not identified in one of the replicates, to use the information collected in the other samples to extract the signals of the missing precursor. As a result, no missing values are tolerated allowing to retain only precursor ions that can be consistently quantified. In addition, only precursor ions with a CV ≤ 20% across the replicate areas are conserved to ensure reproducibility of the quantification. This avoids the use of peptides, such as the one in Figure 81.C, which would lead to a non-robust quantification.

For the fourth filtering level, the similarity between the quantified peptides and the mAb sequences is studied. After removal of protein groups including either mAb chains or common contaminants included in the database, an alignment of the identified HCP sequences with those of the mAb chains is performed using the BLASTp algorithm (v.2.10.0+). Thus, HCP sequences of at least six amino acids with more than 80% overlap with the targeted mAb sequence, and without sequence variation, were excluded from the identification results. The purpose of this filter is to avoid false identifications of HCPs resulting from uncontrolled mAb degradation 304 or aspecific cleavages caused by protease impurities [305][306][307] .

The application of all these filters allows the use of reliable identifications with reproducible abundances in order to perform the HCPs quantification by the Top3 strategy 16 (Figure 81.D). However, a manual verification of the most abundant HCPs is still recommended to avoid any surprises. This was the case for a drug substance produced from CHO cells. The most abundant impurity was quantified at 479 ng/mg with the second most abundant HCP at 18 ng/mg. Investigations showed that the peptide used for quantification had the same mass as a mAb peptide, i.e. 402.7449 m/z for the doubly charged peptide. A similarity in terms of mass up to the fourth decimals was observed. This example illustrates how important the manual checking of the results is, especially when dealing with HCPs characterization in final drug substances.

B. Development of an optimised native liquid digestion protocol

Based on the native digestion protocol proposed by Huang et al., we implemented the use of a double trypsin/Lys-C digestion instead of using trypsin alone. Then, we applied our developed MS2-based DIA quantification workflow to the NIST mAb samples. The results are presented in Figure 82. Venn diagrams presented in Figure 82.A display the 313, 315 and 326 peptides and 105, 105 and 109 protein groups identified in the three technical replicates, both showing 94 and 96% similarity, respectively. These results demonstrate a high reproducibility of our optimized digestion protocol, which uses about 8 times less amount of enzyme than a classical digestion protocol. After application of our stringent data validation workflow presented in section 4.A., we were able to quantify 98 HCPs for an overall amount of 247 ng/mg mAb (Figure 82.B). A median of CVs calculated on HCPs peptides intensities of 8.4% was obtained, demonstrating the accuracy of DIA extraction on the three technical replicates of these challenging samples (Figure 82.C). Furthermore, when comparing our results with those of Huang et al., we noted that 82% of the HCPs identified on their Q-TOF instrument could be covered by our DIA method, performed on the Q Exactive HF-X, with 49 additional HCPs (Figure 83). Interesting results, given that various mass spectrometers can be found at different drug production sites. C. Implementation of a focused ultrasonication step Before using the Covaris ultrasonicator as a micro-mixing step for the duration of the digestion, we had considered using an AFA step before or after addition of the trypsin/Lys-C mix to detach HCP peptides that would be in interaction with the antibody before the depletion of the latter. First, we aimed at investigating the effect of power of the AFA step. We applied AFA energy to the samples ranging from 5 to 30 W for a duration of 4 minutes. However, the results obtained showed such a low reproducibility that for most samples, no HCPs could be quantified (filtered out at the CV level). In addition, the identification results did not display an increased HCPs coverage but rather a decrease in the number of HCPs identified compared to the control sample. We consider robustness as a crucial criterion for our method and as no improvement was observed in terms of HCPs coverage, we did not continue the experiments with this starting hypothesis.

In addition, the chromatograms of these analyses showed maximum TIC intensities 3 to 7 times higher than the maximum expected intensity around 1E+10. The most intense peptides being those of the antibody, it is very likely that the addition of the described ultrasonication step tends to destabilize the antibody and makes it more prone to digestion. Thus, the amount of injected material is underestimated, which leads to TIC chromatograms with low repeatability and high intensity.

Following these experiments, we considered using the micro-mixing step during the digestion time. Instead of using AFA energy to potentially detach HCPs interacting with the mAb, we wanted to use it to enhance the digestion of HCPs. Thus, the trypsin/Lys-C double digestion was performed in the bath of the Covaris system at 30°C with a continuous AFA energy applied of 2.5 W. Two incubation times were tested: 10 and 30 min. The samples were injected in triplicates on the Q Exactive HF-X and the quantification results were compared to those of the control sample (Figure 84). Interestingly, 69 HCPs were quantified in the sample digested during 10 minutes with continuous ultrasonication at 2.5 W. Compared to the 98 HCPs quantified in the control sample that was subjected to an overnight digestion, we note promising results that would decrease the sample preparation time below the 20-23 hours currently required. However, we quantified 29 fewer HCPs with this ultrafast digestion. A non-negligible number in our context. The NIST mAb sample digested for 30 min displayed 24 quantified HCPs. It therefore showed a lower HCPs coverage than the control sample and the one digested in 10 min. To understand these results, we investigated the identification results and the CVs of the HCPs peptides used for quantification (Figure 85). Looking at the numbers of peptides and protein groups identified, we observed a decrease in the numbers of identifications in line with the reduction in digestion time (Figure 85.A). These results highlighted that the application of our strict filters led to the loss of a higher number of HCPs for the samples digested in 30 min compared to those digested in 10 min. This assumption was confirmed by Figure 85.B. Indeed, we observe a median of CVs calculated on HCPs peptides intensities of 17.9% for the 40 HCPs peptides quantified in the 30 min digestion sample compared to 10.2% for the 114 peptides quantified in the 10 min digestion sample. This low repeatability observed for the samples digested in 30 min is explained by the use of the Covaris S220 system. It works for one sample at a time and requires the use of specific tubes. It is necessary to transfer the sample into the Covaris tube. Then for the final centrifugation step, the sample must be transferred into an Eppendorf. These transfers, especially the Covaris-Eppendorf tube transfer, lead to material losses because the Covaris tube contains a fiber that hinders the recovery of the sample. This problem was particularly observed for the first two replicates of the 30 min digestion samples. In conclusion, these results, while promising, would require a new dedicated experiment to confirm the interest of the ultrasonication step to improve the native digestion protocol.

Conclusion & Perspectives

In this chapter, we have seen that drug substances represent the most complex sample type from an analytical point of view. Indeed, the extreme dynamic range of mAb/HCP and the overabundance of antibody make it difficult to analyze these samples by MS. This is why we have developed a workflow dedicated to final drug products. The native digestion protocol was found to be the most adequate to increase the coverage of HCPs while keeping a fast and repeatable sample preparation.

Several approaches can be considered to further optimize the protocol proposed by Huang et al. We have investigated the use of an ultrasonication step to enhance HCP coverage. Our first hypothesis was not confirmed as the use of AFA before or after addition of the trypsin/Lys-C mix tends to destabilize the mAb and makes the depletion of the latter less efficient. Our second approach gave interesting results. The use of a Covaris system during the digestion would help to enhance the proteolysis step. Therefore, lower digestion duration can be considered, which will help to develop a more straightforward sample preparation even more suitable to routine analysis. A new experiment needs to be done. This experiment would investigate the use of a Covaris system at low energy (2.5W) during the digestion. Thus, an overnight digestion as well as proteolysis duration of 30 min, 1 hours and 5 hours can be considered and the results can be compared to an overnight native digestion without ultrasonication. Finally, regardless of the method, strict data validation is always required to ensure confident quantification of HCP impurities.

Chapter 2

Case study: Manufacturing process investigation 1. Context of the project During the development of an antibody, UCB Pharma had to redesign the purification process in order to decrease the amount of HCPs in the drug substance. While the amounts measured via a commercial ELISA kit showed a decrease in the impurity content, the use of an in-house ELISA kit did not support this conclusion. These conflicting results led to an additional investigation to determine if the problem was with the in-house ELISA kit, which is supposed to be more specific to the samples, or if the new bioprocess did not meet expectations. Thus, the protein characterization team of UCB Pharma based in Slough performed LC-MS/MS analyses using DDA analysis on a Q-Exactive instrument. In addition, we got involved in this investigation and five samples from both manufacturing processes were sent to Strasbourg, allowing us to apply our DIA strategy on a concrete case.

The two samples from process 1 and the three samples from process 2 were analyzed on the Q Exactive HF-X with the Top3-DIA approach. The four standard proteins mix of the MassPREP digestion kit from Waters was used. In the interest of confidentiality, only the results obtained in Strasbourg will be discussed. Moreover, the purification process and the samples will be anonymized.

Experimental design

The experimental design is detailed in Figure 86. Five drug substance samples were subjected to the native digestion protocol and spiked with iRT retention time standards (Biognosys) and the mix of 4 standard proteins (ADH, PYGM, BSA, ENL from MassPREP digestion standard kit, Waters). Samples were injected in injection triplicates using DIA acquisition on a nanoLC-Q Exactive HF-X (Thermo fischer Scientific) system. MS2-based quantification results were used to evaluate the effects of process 2 on the HCPs content.

The five samples were digested overnight in their buffer at an adjusted pH with a trypsin/Lys-C mix at a protease:protein ratio of 1:400. Then, a heat stress of the sample at 90°C followed by a centrifugation step at 13 000 g was performed in order to precipitate the mAb. Finally, the supernatant was collected and ready to be injected after addition of the retention time standard (iRT kit, Biognosys, Schlieren, Switzerland) for RT normalization during DIA data processing and the mix of 4 standard proteins (ADH, PYGM, BSA and ENL from Waters MassPREP Digestion Standard Kit) for HCP quantification. Injection triplicates were performed on the nanoLC-Q Exactive HF-X (Thermo Fisher Scientific) in DIA mode.

A spectral library based approach was applied to extract the MS2 signals from the DIA data. The Spectronaut TM software and a CHO-specific spectral library, generated from 24 DDA runs of a CCCF CHO-DG44 null cell line fractionated sample (including iRT retention time standards from Biognosys) combined with all DDA analyses of the CCCF and PPA mAb A33 samples spiked with the mix of four standard proteins, were used for this purpose. This library includes 44 726 peptides from 4 308 protein groups. Then, a Q-value filter of 0.01 was applied and iRT profiling was set on. Finally, the 2 fmol of PYGM was used as a universal response factor (Top3 peptides signal/mol) to perform the HCP quantity estimation (HCP Top3 peptides signal/signal response factor).

Sample preparation, nanoLC-MS/MS methods and data treatment are detailed in the experimental part, section 2.B.

Results

A. Quantification results

The overall amounts and numbers of HCPs quantified thanks to our DIA strategy are presented in Figure 87. The MS2-based DIA approach was able to quantify an average of 47 HCPs within the Process 1 samples with overall amounts between 125 and 127 ng/mg mAb. For process 2, an average of 6 HCPs were quantified representing 6 to 22 ng/mg mAb. Thus, the results obtained leave no doubt about the conclusion. On average, process 2 allowed to decrease the amount of HCPs by a factor 8 with more than 40 fewer HCPs identified. The objective of reducing the protein impurity content was thus reached thanks to the development of this new purification protocol.

B. Process related impurities study

When developing a biotherapeutic, in addition to the quantity, it is necessary to obtain the identity of process-related HCPs to perform risk assessment. Indeed, the presence of residual proteases has been reported to cause product degradation [305][306][308][309][310] . Some contaminants, such as proteins with reactive cysteine residues, have been linked to protein aggregation [311][312] . Alternatively, other enzymes have been found to degrade stabilizing surfactants [313][314] . Various issues that can lead to reduce shelf-life of mAb, diminish its efficiency or promote immune reactions.

For our case study, UCB Pharma had already performed a risk assessment study on the internally identified HCPs from process 1. As the manufacturing process itself may influence the HCP profile, we have compared in detail the HCPs identified and quantified in both processes (Figure 88). The quantified HCPs in samples 1.A and 1.B were combined into a single list for process 1 and the same was done for process 2 with samples 2.A, 2.B and 2.C. The Venn diagram revealed 6 HCPs uniquely quantified in process 2 samples (Figure 88.A). These proteins represent between 0.7 and 18 ng/mg mAb (Figure 88.B). Noteworthy is that three of these HCPs proteins were also identified in process 1 samples but they were not quantified because they did not pass the CV < 20% filter or the Q-value filter, i.e., at least two Q values < 0.01 out of the three replicates. Finally, based on these results, UCB Pharma must now perform a new risk assessment study focusing on the 6 proteins uniquely identified in Process 2 which will then lead to the decision of whether the purification process should still be improved or not.

Conclusions

The Top3-DIA method could be applied to a concrete case. It allowed the quantification of 10s of HCPs in five drug substances from two bioprocesses. The method was shown to be robust, with an average of the coefficients of variation calculated on peptide intensities lower than 13%, and sensitive with a quantification down to the sub-ng/mg mAb level.

As a conclusion, we were able to assist UCB Pharma in its investigation. The results obtained revealed a decrease of the HCPs content with the new purification process, in line with the conclusions obtained internally by the UCB Pharma protein characterization team. Moreover, a new risk assessment study can be performed on the HCPs uniquely identified in Process 2. The results obtained by ELISA can be explained by the presence of some HCPs that manifested high immunoreactivity to anti-HCP reagents, which could explain the high response observed in the second process samples. Indeed, the development of a specific ELISA kit is performed with a mock cell line sample. Thus, if the antibody production conditions change, compared to this standard, the HCP population may vary and bias the quantification. It is in this context that we demonstrated the strength of mass spectrometry as an orthogonal method.

Finally, the spectral library-based DIA approach, combined with a Top3 quantification strategy and a suitable sample preparation, provides a comprehensive picture of HCPs remaining in drug substances. This strategy represents a promising alternative to ELISA as a quality control method for daily use. The results discussed in this chapter were incorporated into the commercialization request of an antibody to regulatory agencies.

Part III: Development of a HCP profiling method on a MS platform for routine analysis

We obviously turned to this second acquisition mode to characterize HCPs and have worked on the reference NIST mAb sample for the evaluation of the instrument. The BioAccord system is only composed of an ionization source, lenses to guide the ions and a TOF analyzer and it thus does not allow to select the ions during the analysis. Thus, MS and MS/MS scans will contain all precursors and fragment ions contained in the 50 to 2000 m/z acquisition range. Furthermore, the UNIFI software is not a proteomics software per se enabling the analysis of hundreds of thousands of proteins. For example, it is only possible to add one protein sequence at a time in the software. This is a limitation for CHO cell based products as the CHO organism currently contains 56,569 entries.

To conduct this instrumental platform's evaluation, I have spent three months at UCB Pharma in Braine l'Alleud within the Physico-Chemistry Method Development (PCMD) team. We performed the evaluation of the BioAccord LC-MS system for the characterization of dozens of HCPs using a targeted approach via manual data processing. For this purpose, we used the NIST mAb standard prepared according to the native liquid digestion protocol developed in Part II in which we spiked standard proteins. Once the data were acquired on the BioAccord, a UNIFI method, called "accurate mass screening on MSe data", was used to identify the precursor ions and perform the ion current extraction (XIC) of the peptides selected via a discovery approach earlier conducted on the Q-Orbitrap HF-X.

Experimental design

The general workflow is presented in Figure 90. Two experiments were performed to evaluate the BioAccord solution for the characterization of HCPs in the NIST mAb using the workflow optimized for Drug Substances analysis in Part II.

The first experiment was designed to simulate the quantification of HCPs using the four standard proteins of the MassPREP digestion kit. Therefore, in five digested NIST mAb samples, ADH, PYGM and ENL proteins were spiked at increasing amounts of 20, 40, 80, 200 and 400 ng/mg mAb. In parallel, BSA was spiked at a constant concentration of 100 ng/mg mAb as a control protein. A control sample without spiked standard proteins was also prepared. Finally, for the six samples, five injection replicates were performed using the BioAccord system with a constant amount of 50 µg mAb loaded on the column. Then, a peptide library was created on UNIFI including 27 peptides of the standard proteins and 4 peptides of the NIST mAb. For those 31 peptides, the masses of 3 fragments per peptide were added to the library. All these peptides were selected based on their detection in preliminary analyses performed on the BioAccord. Next, targeted data processing was performed using the Accurate Mass Screening on MSe data method with precursor and fragment ion mass tolerances of 15 and 20 ppm respectively, and a retention time tolerance of 0.3 min. The identified and extracted signals were manually validated on the basis of their isotopic profile, chromatographic peak shape and fragments identifications. Finally, peptides abundances were used to assess the performance of the BioAccord to extract peptides signals of proteins spiked down to 20 ng/mg mAb.

The second experiment was designed to quantify 30 targeted HCPs of the NIST mAb, selected from global analyses previously conducted on our Q Exactive instrument. Five injection replicates were performed using the BioAccord system. Fifty, 75, and 100 µg of NIST mAb were loaded on column with the same amounts of standard proteins, namely 2 pmol of ADH, 1 pmol of PYGM, 600 fmol of BSA, and 400 fmol of ENL spiked in all 3 samples. Then, a peptide library was created on UNIFI including 115 peptides uniquely belonging to the 30 targeted HCPs and 16 peptides from the four standard proteins.

Creating such a library requires the manual entry of every single targeted peptide's sequence. As the number of peptides was quite high, we did not add information about the fragments at this stage. This step would have been very tedious and time consuming as it would have required manually entering all fragments' masses with a precision to the fourth decimal. As previously, the created library was used to target the HCPs peptides using the Accurate Mass Screening on MSe data method with a precursor ions mass tolerance of 15 ppm. For this experiment, no restriction about the predicted retention time were set as the peptides to target were selected on a MS platform used at a different flow rate, which leads to a shift in retention times. The identified and extracted signals were manually validated on the basis of their isotopic profile and chromatographic peak shape. Then, we kept only the peptides that did not present missing values within the five replicates per injected amount and that showed CV<20% calculated on peptide intensities among the five replicates. Finally, the 2 pmol of ADH was used to estimate the amount of the targeted HCPs via a Top3 quantification strategy.

Sample preparation, nanoLC-MS/MS methods and data treatment are detailed in the experimental part, section 3.

Results

A. HCP monitoring simulation

The BioAccord system is not adapted to a discovery approach aiming at the identification of all detectable HCPs in the sample. We therefore opted for a targeted approach, called Accurate Mass Screening on MSe data, available in the UNIFI software (Figure 91). The first step in this approach is to select representative peptides and fragments of the protein of interest. This step is detailed in chapter 3 section 2.B.ii of the bibliographic introduction. As a reminder, the selection is based on unicity, peptide sequence and MS response criteria. Once the peptides are selected, a library can be created in UNIFI. It will contain the peptide sequences, their masses and the expected retention times. Finally, with the library information, precursor and fragment ion mass tolerances (15 and 20 ppm respectively) and retention time tolerance (0.3 min), the UNIFI software performs a search of the selected peptides and fragments in the low energy and high energy scans (Figure 91.A). In addition, it allows the XIC extraction at the MS1 level, which will enable their quantification (Figure 91.B).

We mentioned the fact that UNIFI is not a proteome characterization software. However, it is possible to perform an analysis called Pep Map MS, which allows identifying the peptides of a protein in the manner of DDA search engines. Thus, a peptide identified in a low energy scan will be validated by the presence of its fragments in the high energy scan. It is worth noting that we were impressed by the fragmentation of the NIST mAb peptides using the in-source fragmentation of the BioAccord (Figure 92). Repeated injections of 1 µg of NIST mAb digested using trypsin allowed us to evaluate the reproducibility of the BioAccord system. Indeed, more than 90% of the NIST mAb peptides could be covered in each Pep Map MS analysis (Figure 92.A). Based on five injection replicates, we observed a relative standard deviation percentage <5% on peptide intensities and sequence coverage and <0.05 min on peptide elution. These results highlight the high reproducibility offered by the LC-MS instrument. In addition, we also performed Pep Map MS analyses of NIST mAb samples spiked with the four standard proteins (Mix 4P) to get hands-on experience with BioAccord. Thus, it was on these analyses that we selected the peptides to follow the four standard proteins and NIST mAb for our HCP monitoring simulation experiment. Since we did not have isotopically labeled peptides for an isotopic dilution quantification approach, we also selected the most intense fragments of each peptide as validation criteria and to study their behavior when the amount of injected standards was decreased.

First, we selected a total of 27 peptides and 3 fragments per peptides for the four standard proteins from the analyses performed on the BioAccord instrument. Directly on the result file of the Pep Map MS analysis in UNIFI, it is possible to select a peptide and send it to the desired peptide library. Thus, the sequence, mass and RT information will be automatically updated but the fragment information must be added manually with a precision to the fourth decimal. This step is tedious and time consuming when you have to manually add the masses of 108 fragments. Finally, we performed the Accurate Mass Screening on MSe data analysis using the created library. The ion abundances were extracted and we investigated the MS response of species spiked at different amounts with BioAccord (Figure 93). For each replicate, the sum of the areas of the three most intense peptides was plotted on a log2 scale (Figure 93.A). An increasing peptide MS response was observed with an increasing amount of standard injected. However, the results were dispersed due to some instrument instabilities resulting in less reproducible TIC chromatogram intensities. Therefore, we used the median of the BSA Top3 areas as a factor to normalize the signals of the peptides of interest (Figure 93.B). This resulted in much more homogenous and linear results. Noteworthy is that the 40 ng/mg mAb spike point showed the same behavior as the 20 ng/mg mAb spike point. This can be explained by an error during sample preparation that led to the presence of the 20 ng/mg sample twice. We therefore removed the 40 ng/mg sample from the rest of the study. To further document our investigation, we have represented the measured fold changes between the different spike points (Figure 94). Figure 94.A confirmed the linearity of the MS response observed in Figure 93. It can be noticed that the median of the experimental fold change is close to the expected linear curve and this, down to 20 ng/mg mAb. This experiment demonstrates that the BioAccord and the developed method allows the quantification of HCPs down to 20 ng/mg with good accuracy. It is very likely that the quantification limit is lower, but an additional experiment with spiked standard proteins down to at least 1 ng/mg mAb would be requested to support this statement. Furthermore, the fragments study showed that at 20 ng/mg, no fragment was identified for the majority of the peptides (Figure 94.B). The limited numbers of fragments per protein used and the tedious manual entry of fragments in the UNIFI software make it likely too stringent and fastidious to use fragments as validation criteria. Therefore, peptides were validated on the basis of their isotopic profiles and mass errors.

B. Targeted profiling of NIST mAb HCPs

In Part II-Chapter 1, we quantified 98 HCPs from a NIST mAb sample on our Q Exactive HF-X instrument run in DIA mode. Based on these data, we selected HCPs that have been quantified using a minimum of 3 unique peptides. From those, 115 peptides from 30 HCPs ranging from 2 to 100 ng/mg mAb were added to a UNIFI library. As these peptides were not identified on BioAccord data, the sequence, mass and RT information have been manually added to the library. In addition, as discussed in the previous section we did not add the mass information of 345 fragments for obvious reasons. This step would be too tedious and the fragmentation method differs between both instruments (HCD vs. in-source), which may have an impact on the MS response of these fragments anyway. The fragment information is not a requirement, as the software will only target precursor ions if no fragments are added to the library.

Then, we performed a first targeted search without restricting the predicted retention times. It is of note that the Q Exactive HF-X was operated in nanoflow compared to the use of the BioAccord operated at microflow. Therefore, even though the gradient is the same, a shift in retention times is expected. Since iRT had been spiked in all samples and followed in all analyses, RT alignment was possible. Next, the identified and extracted peptides signals were manually validated based on their isotopic profile and chromatographic peak shape. This manual verification of the signals was necessary as we observed the presence of signals falsely attributed to our peptides of interest. We observed peptides identified with a single isotope for instance. These peptides were discarded as they are not sufficiently informative and we do not have a fragmentation spectrum to validate the identification of the peptide in question. Then, doubly or triply charged peptides were identified from an isotopic profile corresponding to a peptide with a different charge. The third example of error corresponds to a peptide identified from the N+1 or N+2 isotopes of another peptide.

After manual verification, we obtained 65 peptides from 21 HCPs of sufficient quality. Then, we kept only the peptides that did not present missing values within the five replicates per injected amount and that showed CV<20% calculated on peptide intensities among the five replicates. This final filtration led to the selection of 23 peptides corresponding to 14 HCPs that were confidently quantified in NIST mAb samples injected at 50, 75 and 100 µg of starting material (Figure 95). At first sight, it was noticed that with three different amounts of injected material, the estimated quantities of HCPs were similar. For most of the HCPs, the small error bar demonstrates a highly reproducible quantification using the targeted data processing strategy on the BioAccord. In addition, amounts in the same order of magnitude were estimated when compared to the amounts estimated on the Q Exactive HF-X. We have represented the comparison of these values on Figure 96. We observed that 70% of the 40 values compared for the three amounts of injected materiel are consistent within a factor 2. These results highlight the promising performance of BioAccord while showing some limitations with respect to the amount of HCP present and the amount of injected material. Indeed, below 4 ng/mg mAb, no HCPs were quantified with more than one peptide (Figure 95). Moreover, the EF1A1_MOUSE and UB2V2_MOUSE proteins were not quantified in the injections of 50 µg of NIST mAb starting material. We noted that the quantity injected needs to be optimized in order to have the HCPs in sufficient amount to be able to quantify them.

Conclusion

During the handling of the system, we could observe the easy-to-use feature of the instrument that will allow even unexperienced MS analysts to run injections on the system. In addition, the robustness of the instrument combined with the compliant UNIFI software will allow running the instrument in quality-regulated environments of biopharmaceutical companies.

Our evaluation of the BioAccord LC-MS system highlighted its performance for the quantification of HCPs in a targeted mode on preselected lists of HCPs of interest. The first experiment showed that the BioAccord allows to obtain proportional MS responses and thus to confidently quantify species down to 20 ng/mg mAb. Unfortunately, we could not extend the experiment to the ng/mg mAb or sub-ng/mg mAb levels. It will be interesting to perform this experiment to get a clear idea of the lower quantification limit of the system. The second experiment demonstrated the possibility of applying a Top3 approach to quantify a set of pre-selected HCPs. Indeed, the estimated quantities were comparable to those obtained on a Q-Orbitrap instrument. The main drawback of the developed approach is the data processing. I spent several weeks selecting the HCPs of interest, creating the UNIFI peptide library, and manually verifying all identified and extracted signals.

Finally, the BioAccord instrument can be used in routine analysis for the targeted quantification of HCPs of interest. However, a prior discovery experiment has to be conducted on an instrument dedicated to shotgun proteomics, preferably on a similar chromatographic system, in order to select proteotypic peptides of the targeted HCPs. Once those peptides have been selected, they should be ideally synthesized with an isotopic labeling in order to conduct accurate/absolute quantification using isotope dilution. In these conditions, the BioAccord has a real potential to be applied for the accurate and robust quantification of targeted HCPs.

General conclusion

General conclusion

The objective of my PhD work was to improve the quantification of trace level proteins in complex biological mixtures, namely host cell proteins in therapeutic antibodies, through the development of analytical and bioinformatic strategies using quantitative proteomics based on mass spectrometry.

The first part of this manuscript focused on a bibliographic summary of quantitative proteomics. In this part, the different steps of the "bottom-up" proteomic approach, aiming at identifying proteins by LC-MS/MS, have been described. They include sample preparation, analysis by liquid chromatography coupled to mass spectrometry and protein identification via the use of protein sequence databases.

Then, the different quantification approaches available in proteomics were detailed with, on the one hand, global quantification strategies (relative quantification based on labelling and relative or "absolute" quantification without labelling), and on the other hand, targeted acquisition methods (SRM, PRM). In addition, the data-independent acquisition approaches, which combine the advantages of global and targeted strategies, and which are becoming increasingly popular, were also presented.

Finally, the topic of host cell proteins was addressed. These protein impurities require careful monitoring during the production of monoclonal antibodies. For this purpose, immunospecific and non-immunospecific methods have been presented while paying particular attention to MS, which is gradually becoming an essential method to characterize these impurities.

In this context, the objectives of my PhD work were the following:

 Development of a DIA-based global quantification workflow for the characterization of trace level impurities at all stages of the mAb manufacturing process.

 Improvement of dedicated data processing parameters and strict validation criteria in accordance with the sample complexity.

 Development of a targeted quantification workflow on a MS platform dedicated to routine analysis.

The first part of the results involved several methodological developments for the identification and quantification of host cell proteins by mass spectrometry. First, an innovative quantification standard was evaluated using crude harvest and post protein A fractions and a MS1-XIC data-dependent acquisition approach. This study, conducted in collaboration with ANAQUANT, demonstrated the high intra-and inter-laboratory reproducibility of the HCP Profiler standard. Thus, the HCP profiler allows batch-to-batch comparison and process development support while addressing the need for standardization of the Top3 quantification approach for an implementation in a biopharmaceutical environment.

Then, I developed DIA methods on a Q-Orbitrap instrument using the same sample set. For global protein quantification, the peptide-centric approach of DIA seems particularly interesting compared to DDA as it offers better performance in terms of proteome coverage and quantification accuracy. On the other hand, the spectrum-centric approach of DIA, although very promising in principle, still shows some limitations compared to the peptide-centric approaches. Therefore, I demonstrated that the combination of the HCP Profiler with a peptide-centric DIA strategy enables the monitoring of HCPs impurities throughout the manufacturing process to support the release of safer biotherapeutics.

Next, I also evaluated the influence of a hybrid spectral library-based strategy, which combines DDA and DIA analyses, on samples from the production of four mAbs. The use of the DIA analyses of interest to generate the hybrid spectral library allows the addition of the IRT sources of the peptides to target in the peptide-centric DIA approach. Then, signal extraction is improved with the use of the best available IRT source, especially for standard peptides, and thus more accurate quantification of HCPs is obtained. Furthermore, the application of the hybrid spectral library-based DIA method to various CHO-derived mAbs highlighted the need to monitor HCPs contents at each change in the manufacturing process. Finally, we have shown that recent advances in MS, combining ion mobility and HR/AM instruments, represent a promising added value in the analytical context of HCPs. Indeed, the performance of the TimsTOF PRO suggests increased coverage due to the additional ion mobility cell. Unfortunately, the increased sensitivity of the instrument, which drastically limits the total proteins/peptides injection amount capacity and the fact that the data extraction software are not yet mature do not allow reliable quantification of protein impurities yet.

The second part of the results was dedicated to the adaptation of the global quantification method for the monitoring of protein impurities present in drug substances. For these purified samples, the detection of HCPs represents a real analytical challenge due to the extreme dynamic range between the overabundant therapeutic protein and the protein impurities. Thus, we have optimized a dedicated analytical workflow including a sample preparation protocol, the use of DIA with a peptide-centric approach, as well as the implementation of specific filters for data processing, in order to obtain robust results. Thanks to the developed workflow, it was possible to identify and quantify several HCPs in various final drug substances and to support bioprocess investigation. Therefore, mass spectrometry represents an efficient orthogonal method for the quality control of these sensitive products.

The third and final part of the results was dedicated to the development of a targeted analytical strategy on a MS platform designed and dedicated to routine analysis. When implementing a MS method in the regulated environment of biopharmaceutical companies, a robust LC-MS system and software that meets data integrity expectations is required. This is the case of the BioAccord LC-MS system driven by the UNIFI software. We evaluated the performance of a targeted data processing approach on this system for the identification and quantification of problematic HCPs. Thus, the BioAccord system demonstrated its robustness and capacity to quantify low level HCPs pre-selected from a discovery study performed on a dedicated instrument, such as HR/AM instruments. Thus, the user-friendly BioAccord LC-MS system can be considered for targeted routine analysis of a set of problematic HCP.

My PhD work highlights the importance of analytical developments, at all levels of the workflow, for proteomic analysis and in particular on samples as challenging as therapeutic proteins with their tracelevel impurities.

Throughout this manuscript, I have discussed the contribution of proteomics in the context of therapeutic proteins and more particularly the monitoring of protein impurities. I have also mentioned some potential perspectives in this field. Thus, to conclude, I would like to emphasize some of these points.

A significant part of this work has been focused on the optimization of the DIA approach. This strategy is very popular in the scientific community and I think it has a great future in the field of proteomics and HCPs monitoring in particular. Indeed, the possibility to combine in a single analysis the performances of the global and targeted approaches for the identification and quantification of proteins is continuously demonstrated in different biological contexts. In addition, it represents a real added value compared to the ELISA assay that gives total proteins amount without identification. Furthermore, since this method theoretically provides information on all detectable peptides in a sample, it offers the possibility of reprocessing the data and combining the results to improve the HCPs coverage of the production organism. Thus, it will be possible to consider reprocessing the data with an improved CHO database, which is still the bottleneck in the search for impurities in CHO-derived mAbs.

However, I have also shown that the processing of these data remains the Achilles' heel of this approach. Considerable efforts have been made in this respect but I am convinced that the implementation of artificial intelligence in bioinformatics tools can further improve this critical step with, for instance, the prediction of fragmentation spectra for the generation of spectral libraries or a better discrimination of real signals from background noise.

In addition to bioinformatics innovations, technical advances on mass spectrometers are continuously carried out. Besides the fact that these instruments are more and more sensitive, fast and accurate, the addition of an extra dimension via ion mobility on the very latest generation instruments (timsTOF Pro (Bruker), Exploris 480 with FAIMS (Thermo Fisher Scientific) as an example) promises to further increase their performance in terms of specificity and sensitivity.

Finally, the last point I would like to mention concerns the implementation of MS-based methods in quality control (QC) environments. The use of the HCP Profiler standard represents a first step to standardize the global quantification approach. Indeed, this type of standard will improve the sample preparation step with reduced user-induced analytical biases. In the meantime, mass spectrometers became more and more robust allowing routine analysis. Nevertheless, the main challenge concerns the software that will run the acquisition, data treatment and report the results. These software solutions require to meet data integrity expectations in terms of creation, maintenance, transmission, storage and modification of electronic records. Currently, software like UNIFI that meet the criteria cannot handle the data treatment of complex mixtures of proteins. Even if they run the system from the acquisition to the release of reports, they are more dedicated to intact protein or peptide mapping analysis of a single protein. Thus, an effort is needed to make DIA software like Spectronaut compliant. This action will undoubtedly facilitate the implementation of MS systems in this type of environment. 

Experimental section

c. HCP Profiler standard

The HCP Profiler standard is a water-soluble bead, which releases unlabeled peptides at known amounts. Eighteen tripeptides distributed over six concentration points ranging from 1 to 500 fmol, thus a total 54 peptides, are coated on a bead (Table 9). Those 54 peptides areas extraction allows building a calibration curve that is further used to derive each individual HCP amount. ii. NanoLC-MS/MS analysis Analyses were performed on a NanoAcquity UPLC device (Waters) coupled to a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Mobile phase A was 0.1% (v/v) formic acid in water and mobile phase B was 0.1% (v/v) formic acid in acetonitrile. The equivalent of 400ng of proteins was trapped onto a Symmetry C18 precolumn (20 mm × 180 μm, 5 μm diameter particles; Waters) and eluted on an Acquity UPLC BEH130 C18 column (250 mm × 75 μm, 1.70 μm particles; Waters).

a. Chromatographic conditions

The analyses were performed on the nanoAcquity UPLC-Q Exactive HF-X coupling described in the Experimental section, section 1.A.ii., with the 115 min gradient detailed Table 10. Table 10: Chromatographic gradient used for the analysis of biotherapeutic samples containing HCPs.

b. NanoLC-DDA analysis

The Q Exactive HF-X source temperature was set at 250°C and spray voltage to 2 kV. The system was fully controlled by XCalibur software v4.0.27. 19, 2013 (Thermo Scientific) and NanoAcquity UPLC console v1. 51.3347 (Waters). DDA injections were performed in a randomized injection sequence. Full scan MS spectra (375-1500 m/z) were acquired in positive mode at a resolution of 120 000 at 200 m/z, a maximum injection time of 60 ms and an AGC target value of 3 x 10 6 charges. The 10 most intense multiply charged peptides per full scan (charge states ≥2) were isolated using a 2 m/z window and fragmented using higher energy collisional dissociation (normalized collision energy set at 27). MS/MS spectra were acquired with a resolution of 15 000 at 200 m/z, a maximum injection time of 60 ms and an AGC target value of 1 x 10 The same four harvest and seven PPA samples that were prepared in section 1.A.i were analyzed with the DIA mode on the nanoLC-MS/MS system in the Experimental section, section 1.A.ii. In addition, a CHO-DG44 mock cell line sample was provided by UCB Pharma (Braine l'Alleud, Belgium) to generate the spectral library further used for DIA data extraction. Thus, the sample was fractionated using a 1D SDS-PAGE gel and analyzed using DDA mode.

a. Protein precipitation

The mock cell line sample was mixed with 4 volumes of cold acetone. After 1h30 incubation at -20°C, the sample was centrifuged at 14 000 g for 10 min. The supernatant was discarded and the protein pellet was kept.

b. Protein quantification

The protein pellet was resuspended in gel loading buffer (10 mM Tris, 1 mM EDTA, 5% β-Mercaptoethanol, 5% SDS, 10% glycerol, pH 6.8). The total protein concentration was determined using the RC DC Protein Assay kit (Bio-Rad laboratories, Hercules, CA, USA) following manufacturer's instructions.

c. Gel separation CHO-DG44 mock cell line sample was fractionated onto 12% acrylamide sodium dodecyl sulfatepolyacrylamide gel electrophoresis SDS-PAGE for spectral library generation. Gel bands of the fractionated mock cell line sample were cut into small pieces. Proteins were in-gel reduced with 10 mM DTT for 30 min at 60°C. Alkylation was performed with 55 mM IAA for 30 min in the dark. Then trypsin (Promega, Madison, USA) was added to a 1:50 enzyme:substrate ratio (we estimated 1 µg of proteins in each band of the mock cell line fractionation). Samples were incubated overnight at 37°C (14 hours). Peptides were extracted from gel band using 60% ACN, 0.1% FA for 1 hour under agitation and a second step with 100% ACN for 1 hour. After vaccum drying, samples were resolubilized in 2% ACN, 0.1% FA to obtain a final protein concentration of 0.4 µg/µL. In all 24 samples, retention time standards (iRT kit, Biognosys, Schlieren, Switzerland) were spiked.

ii. nanoLC-MS/MS analysis

The DDA analyses of the fractionated mock cell line and DIA analyses of CCCF and PPA samples were performed on the nanoAcquity UPLC-Q Exactive HF-X coupling described in the Experimental section, section 1.A.ii., with the 115 min gradient detailed Table 10. The Q-Exactive HF-X source temperature was set at 250°C and spray voltage to 2 kV. The system was fully controlled by XCalibur software v4.0.27. 19, 2013 (Thermo Scientific) and NanoAcquity UPLC console v1. 51.3347 (Waters). iii. Data treatment a. DDA data treatment

The data treatment of the DDA analysis is described in the Experimental section, section 1.A.iii.

b. CHO (Cricetulus griseus) reference spectral library generation A reference spectral library combining a series of analyses conducted on different samples in DDA mode was generated using the Spectronaut and Pulsar algorithm (v. 14.5; Biognosys). This series of analyses included: -24 gel bands obtained by SDS PAGE fractionation of the CHO DG44 mock cell line sample. -All DDA analyses of current CCCF and PPA samples, including iRT retention time standards (Biognosys) and the 18 proteins from HCP Profiler kit. Raw DDA files were uploaded into Spectronaut and searched with the Pulsar algorithm against a fasta database containing all Critecutulus griseus entries extracted from UniProtKB/TrEMBL (56 687 protein entries, 2021/02/15), as well as the iRT retention time standards (Biognosys), the 18 proteins from HCP Profiler kit, the reference sequence of the mAb and common contaminants). Trypsin/P enzyme was used and one missed cleavage was tolerated. Carbamidomethylation of cysteine residues was set as fixed modification. Oxidation of methionine residues and acetylation of proteins ntermini were set as variable modifications. MS and MS/MS mass tolerances were set in dynamic mode. The spectral library was validated as follows: a False Discovery Rate (FDR) of 0.01 was set at Peptide Spectrum Matches (PSM), Peptides and Proteins levels. Fragment ions window was set between 300 and 1800 m/z with a minimum of 4 fragments per precursor and up to 6.

A second spectral library specific to the HCP Profiler standard was generated using all DDA analysis of the CCCF and PPA samples, including iRT retention time standards (Biognosys) and the 18 proteins from HCP Profiler kit. Raw DDA files were uploaded into Spectronaut and searched with the Pulsar algorithm against a fasta database containing the 18 proteins from the HCP Profiler standard. Trypsin/P enzyme was used and no missed cleavage was tolerated. Carbamidomethylation of cysteine residues was set as fixed modification. MS and MS/MS mass tolerances were set in dynamic mode. The spectral library was validated as follows: a False Discovery Rate (FDR) of 1 was set at Peptide Spectrum Matches (PSM), Peptides and Proteins levels. Fragment ions window was set between 300 and 1800 m/z with a minimum of 3 fragments per precursor and up to 6. c. DIA data extraction DIA data of the harvest and PPA samples were analysed in Spectronaut software (v.14.5; Biognosys) with a peptide-centric approach using the upper described in house generated spectral library and with a spectrum-centric approach called directDIA TM . For both approaches, trypsin/P was used as digestion enzyme with one missed cleavage allowed. Carbamidomethylation of cysteine residues was set as a fixed modification. Oxidation of methionine residues and acetylation of proteins n-termini were set as variable modifications. For quantitative data extraction, MS and MS/MS mass tolerances, Extracted Ion Chromatogram (XIC) and retention time windows were all set as dynamic. iRT regression type was set to local (non-linear) regression. A false discovery rate of 1% was set at precursors and proteins levels. At this extraction stage, a sparse q-value filter was applied. Peptide quantities corresponding to the sum of a minimum of 4 fragments XIC areas and up to 6 fragments (interference correction parameter was turned on) were calculated. Precursors with a Qvalue below 0.01 were used for IRT profiling.

C. Case study: Impact of the bioreactor capacity on HCPs profile i. Sample preparation protocol UCB Pharma provided nine crude harvest and nine PPA fractions from the production of four mAbs obtained after a CHO DG44 cell culture in bioreactors of different capacities.

a. Protein precipitation

The 18 samples were mixed with 4 volumes of cold acetone. After 1h30 incubation at -20°C, samples were centrifuged at 14 000 g for 10 min. The supernatant was discarded and the protein pellets were kept.

b. Protein quantification

Protein pellets were resuspended in gel loading buffer (10 mM Tris, 1 mM EDTA, 5% β-Mercaptoethanol, 5% SDS, 10% glycerol, pH 6.8). The total protein concentration was determined using the RC DC Protein Assay kit (Bio-Rad laboratories, Hercules, CA, USA) following manufacturer's instructions.

c. Gel stacking CCCF and PPA samples were stacked in a single band for HCP quantification. Proteins were in-gel reduced with 10 mM DTT for 30 min at 60°C. Alkylation was performed with 55 mM IAA for 30 min in the dark. Then trypsin (Promega, Madison, USA) was added to a 1:50 enzyme:substrate ratio. Samples were incubated overnight at 37°C (14 hours). Peptides were extracted from gel bands using 60% ACN, 0.1% FA for 1 hour under agitation and a second step with 100% ACN for 1 hour. After vaccum drying, samples were resolubilized in 2% ACN, 0.1% FA to obtain a final protein concentration of 0.4 µg/µL. In all samples, retention time standards (iRT kit, Biognosys, Schlieren, Switzerland) were spiked. In addition, four accurately quantified standard proteins (on column 10 fmol of ADH (yeast alcohol dehydrogenase, P00330), 2 fmol of PYGM (rabit phosphorylase b, P00489), 0.5 fmol of BSA (bovine serum albumin, P02769) and 0.2 fmol of ENL (yeast enolase, P00924)) from the MassPREP Digestion Standard Kit (Waters, Milford, USA) were spiked.

ii. NanoLC-DIA analysis DIA analyses of CCCF and PPA samples were performed on the nanoAcquity UPLC-Q Exactive HF-X coupling described in the Experimental section, section 1.A.ii., with the 115 min gradient detailed Table 10. The Q Exactive HF-X source temperature was set at 250°C and spray voltage to 2 kV. The system was fully controlled by XCalibur software v4.0.27. 19, 2013 (Thermo Scientific) and NanoAcquity UPLC console v1. 51.3347 (Waters). DIA injections were performed in a randomized injection sequence with the injection of all PPA samples followed by all harvest sample. Full-scan MS spectra were collected from 350-1 250 m/z at a resolution of 60 000 at 200 m/z with an AGC target fixed at 3.10 6 ions and a maximum injection time of 60 ms. Fragments analysis (MS/MS) was subdivided into 40 windows of variable widths. Two acquisitions methods were used for CCCF and PPA samples. Both methods are described in the Experimental section, section 1.B.ii.b. Resolution was set to 30 000 at 200 m/z, AGC target fixed at 1.10 6 ions and with an automatic maximum injection time.

iii. DIA data treatment a. CHO (Cricetulus griseus) spectral library generation Two spectral libraries, DDA and hybrid, combining a series of analyses conducted on different samples in DDA and DIA mode were generated using the Spectronaut and Pulsar algorithm (v. 14.5; Biognosys). The series of analyses used for the DDA spectral library included: -24 gel bands obtained by SDS PAGE fractionation of the CHO DG44 mock cell line sample. -All DDA analyses of the mAb A33 CCCF and PPA samples (section 1.A), including iRT retention time standards (Biognosys) and the 4 standard proteins from the MassPREP Digestion Standard Kit (Waters, Milford, USA). The hybrid library was generated from the combination of the DIA analyses of the 18 CCCF and PPA samples of the four mAbs with the search archive of the DDA library described above. Raw DDA files were uploaded into Spectronaut and searched with the Pulsar algorithm against a fasta database containing all Critecutulus griseus entries extracted from UniProtKB/TrEMBL (56 687 protein entries, 2021/02/15), as well as the iRT retention time standards (Biognosys), the 18 proteins from HCP Profiler kit, the reference sequence of the mAb and common contaminants). Trypsin/P enzyme was used and one missed cleavage was tolerated. Carbamidomethylation of cysteine residues was set as fixed modification. Oxidation of methionine residues and acetylation of proteins ntermini were set as variable modifications. MS and MS/MS mass tolerances were set in dynamic mode. The spectral library was validated as follows: a False Discovery Rate (FDR) of 0.01 was set at Peptide Spectrum Matches (PSM), Peptides and Proteins levels. Fragment ions window was set between 300 and 1800 m/z with a minimum of 4 fragments per precursor and up to 6. b. DIA data extraction DIA data of the harvest and PPA samples were analysed in Spectronaut software (v.14.5; Biognosys) with a peptide-centric approach using the upper described DDA and hybrid spectral libraries and with a spectrum-centric approach called directDIA TM . For both approaches, trypsin/P was used as digestion enzyme with one missed cleavage allowed. Carbamidomethylation of cysteine residues was set as a fixed modification. Oxidation of methionine residues and acetylation of proteins n-termini were set as variable modifications. For quantitative data extraction, MS and MS/MS mass tolerances, Extracted Ion Chromatogram (XIC) and retention time windows were all set as dynamic. iRT regression type was set to local (non-linear) regression. A false discovery rate of 1% was set at precursors and proteins levels. At this extraction stage, a sparse q-value filter was applied. Peptide quantities corresponding to the sum of a minimum of 4 fragments XIC areas and up to 6 fragments (interference correction parameter was turned on) were calculated. Precursors with a Qvalue below 0.01 were used for IRT profiling.

D. Benefit of ion mobility in the field of HCPs monitoring i. Sample preparation protocol

A new sample preparation was performed for the four crude harvest and seven PPA samples of an IgG4 mAb A33, discussed in the Experimental section, section 1.A et 1.B. In addition, the mock cell line sample prepared as described in Experimental section, section 1.B.i. was also injected on the TimsTOF PRO instrument using ddaPASEF acquisition mode. a. Protein quantification Protein pellets were resuspended in gel loading buffer (10 mM Tris, 1 mM EDTA, 5% β-Mercaptoethanol, 5% SDS, 10% glycerol, pH 6.8). The total protein concentration was determined using the RC DC Protein Assay kit (Bio-Rad laboratories, Hercules, CA, USA) following manufacturer's instructions.

b. Gel stacking CCCF and PPA samples were stacked in a single band for HCP quantification. Proteins were in-gel reduced with 10 mM DTT for 30 min at 60°C. Alkylation was performed with 55 mM IAA for 30 min in the dark. Then trypsin (Promega, Madison, USA) was added to a 1:50 enzyme:substrate ratio). Samples were incubated overnight at 37°C (14 hours). Peptides were extracted from gel band using 60% ACN, 0.1% FA for 1 hour under agitation and a second step with 100% ACN for 1 hour. After vaccum drying, samples were resolubilized in 2% ACN, 0.1% FA to obtain a final protein concentration of 0.4 µg/µL. In all samples, retention time standards (iRT kit, Biognosys, Schlieren, Switzerland) were spiked. In addition, one bead of the HCP Profiler standard (section 1.A.i.c, Table 1) was spiked in 150 µL of 0.2 ng/µL protein solution. Due to the increased sensitivity of the TimsTOF PRO mass spectrometer, we had to inject less than 400 ng of protein amount. Thus, we decreased the injection volume to load 273 ng of protein onto the column. As a result, the range of the HCP Profiler standard was also reduced to a range between 0.68 to 341 fmol (Table 11). ii. NanoLC-IM-MS/MS analysis Analyses were performed on a NanoElute UPLC device coupled to a TimsTOF PRO mass spectrometer (Bruker, Bremen, Germany). Mobile phase A was 0.1% (v/v) formic acid in water and mobile phase B was 0.1% (v/v) formic acid in acetonitrile. The equivalent of 273ng of proteins was trapped onto a nanoEase M/Z Symmetry C18 precolumn (20 mm × 180 μm, 5 μm diameter particles; Waters) and eluted on an Aurora C18 column (250 mm × 75 μm, 1.6 μm particles; IonOptics). Peptide elution was performed using the 115 min gradient previously described in the Experimental section, section 1.A.ii.a (Table 10).

The TimsTOF PRO source temperature was set at 180°C and spray voltage to 1.6 kV. The system was fully controlled by otofControl software v6.0 and HyStar v5.0 (Bruker). For ddaPASEF and diaPASEF, the collision energy was ramped linearly as a function of the mobility from 52 eV at 1/K0 = 1.6 Vs cm-2 to 20 eV at 1/K0 = 0.6 Vs cm-2.

a. ddaPASEF

The dual TIMS analyzer was operated at a fixed duty cycle close to 100% using equal accumulation and ramp times of 100 ms each. We performed DDA in PASEF mode with 10 PASEF scans per topN acquisition cycle. Singly charged precursors were excluded by their position in the m/z-ion mobility plane, and precursors that reached a target value of 17 000 arbitrary units were dynamically excluded for 0.4 min. The quadrupole isolation width was set to 2 m/z for m/z < 700 and to 3 m/z for m/z > 700 and MS spectra were collected from 100-1 700 m/z.

b. diaPASEF

In DIA experiment, we defined 32 × 25 Th isolation windows from m/z 100 to 1 700. To adapt the MS1 cycle time in diaPASEF, we set the repetitions to 2. Thus, 64 windows of 25 m/z are covered in 16 TIMS cycle of 100 ms. Concretely, four m/z windows are selected and fragmented in a TIMS elution. The windows overlap in the ion mobility dimension to reduce potential artifacts linked to reduced ion transmission at the edges of the diaPASEF windows.

iii. Data treatment a. DDA data treatment Raw DDA files were converted to .mgf peaklists using Data analysis (v5.3, Bruker) and were submitted to Andromeda database searches included in MaxQuant software (version 1.6.10.43, Max Planck Institute of Biochemistry, Germany) against a .fasta database including all Critecutulus griseus entries extracted from UniProtKB/TrEMBL (56 566 protein entries, February 15, 2021) together with their reversed sequences, as well as the iRT retention time standards (Biognosys), the HCP Profiler kit proteins, the mAb heavy and light chains and common contaminants. MS and MS/MS tolerances as well as other TimsTOF PRO parameters were set using the feature Bruker TIMS in the instrument type section of MaxQuant. Trypsin/P was used as digestion enzyme with one missed cleavage allowed. Carbamidomethylation of cysteine residues was set as fixed modification. Oxidation of methionine residues and acetylation of proteins n-termini were set as variable modifications. A false discovery rate of 1% was set at peptide, PSM and protein levels. Peptides abundances were extracted and match between runs feature was set on. b. CHO (Cricetulus griseus) reference spectral library generation A reference spectral library combining a series of analyses conducted on different samples in DDA mode was generated using the Spectronaut and Pulsar algorithm (v. 14.5; Biognosys). This series of analyses comprised: -24 gel bands obtained by SDS PAGE fractionation of the CHO DG44 mock cell line sample. -All DDA analyses of current CCCF and PPA samples., including iRT retention time standards (Biognosys) and the 18 proteins from HCP Profiler kit. Raw DDA files were uploaded into Spectronaut and searched with the Pulsar algorithm against a fasta database containing all Critecutulus griseus entries extracted from UniProtKB/TrEMBL (56 687 protein entries, 2021/02/15), as well as the iRT retention time standards (Biognosys), the 18 proteins from HCP Profiler kit, the reference sequence of the mAb and common contaminants). Trypsin/P enzyme was used and one missed cleavage was tolerated. Carbamidomethylation of cysteine residues was set as fixed modification. Oxidation of methionine residues and acetylation of proteins ntermini were set as variable modifications. MS and MS/MS mass tolerances were set in dynamic mode. The spectral library was validated as follows: a False Discovery Rate (FDR) of 0.01 was set at Peptide Spectrum Matches (PSM), Peptides and Proteins levels. Fragment ions window was set between 300 and 1800 m/z with a minimum of 4 fragments per precursor and up to 6. c. DIA data extraction DIA data of the harvest and PPA samples were analysed in Spectronaut software (v.14.5; Biognosys) with a peptide-centric approach using the upper described in house generated spectral library and with a spectrum-centric approach called directDIA TM . For both approaches, trypsin/P was used as digestion enzyme with one missed cleavage allowed. Carbamidomethylation of cysteine residues was set as a fixed modification. Oxidation of methionine residues and acetylation of proteins n-termini were set as variable modifications. For quantitative data extraction, MS and MS/MS mass tolerances, Extracted Ion Chromatogram (XIC), retention time and ion mobility windows were all set as dynamic. iRT regression type was set to local (non-linear) regression. A false discovery rate of 1% was set at precursors and proteins levels. At this extraction stage, a sparse q-value filter was applied. Peptide quantities corresponding to the sum of a minimum of 4 fragments XIC areas and up to 6 fragments (interference correction parameter was turned on) were calculated. Precursors with a Qvalue below 0.01 were used for IRT profiling.

The analytical challenge of drug product

A. Sample preparation improvements for drug substances i. Sample preparation protocol Optimizations of the native liquid digestion protocol, proposed by Huang et al. 29 , were performed using the humanized IgG1 RM8671 monoclonal antibody (NIST mAb) from Sigma-Aldrich (Merck, Darmstadt, Germany). Three technical replicate of each condition were prepared. a. Optimized native liquid digestion One milligram of NIST mAb starting material, in 25 mM Tris-HCL buffer (pH 8), was digested overnight at 37°C (14 hours) with Trypsin/Lys-C enzymes solution (Promega, Madison, USA) in a 1:400 enzymeprotein ratio condition. Digests were reduced with 3 mM Dithiothreitol (DTT) for 10 min at 90°C, then centrifuged at 13 000g for 2 min. Finally, the supernatants were finally acidified with 0.5 µL of pure Formic Acid (FA). Samples were then dried upon speed vacuum concentrator and peptides were resolubilized in 2% ACN, 0.1% FA to obtain a final protein concentration of 0.4 µg/µL. Retention time standards iRT (Biognosys, Schlieren, Switzerland) and four accurately quantified standard proteins (oncolumn 10 fmol of ADH (yeast alcohol dehydrogenase, P00330), 2 fmol of PYGM (phosphorylase b, P00489), 0.5 fmol of BSA (bovin serum albumin, P02769), and 0.2 fmol of ENL (yeast enolase, P00924) from the MassPREP Digestion Standard Kit (Waters, Milford, MA, USA) were spiked in each sample prior to injection.

b. Covaris focused ultrasonication to enhance digestion One milligram of NIST mAb starting material in 25 mM Tris-HCL buffer (pH 8) was used for the two conditions of the experiment. Trypsin/Lys-C enzyme solution (Promega, Madison, USA) was added to each sample to perform digestion in the Covaris S220 ultrasonicator in a 1:400 enzyme to protein ratio condition. After the addition of the proteases, the samples were transferred to a microTUBE AFA Fiber Pre-split-Cap (Covaris) and were placed in the Covaris S220 bath at 30°C. An Adapted Focused Acoustic (AFA) step was performed with acoustic energy delivered at 2.5W continuously for the duration of the digestion step. Thus, two samples were subjected to a 10 min digestion step and two samples underwent a 30 min digestion step (Table 12).

Covaris settings 10 min digestion 30 min digestion Peak Incidence

Power (W) 10 10

Duty factor (%) 25 25 Bath temperature 30°C 30°C Duration 10 min -continuous 30 min -continuous Table 12: Covaris focused ultrasonication to enhance the digestion step.

After the focused ultrasonication/digestion step, samples were transferred in an Eppendorf tube. Digests were reduced with 3 mM Dithiothreitol (DTT) for 10 min at 90°C, then centrifuged at 13 000g for 2 min. Finally, the supernatants were finally acidified with 0.5 µL of pure Formic Acid (FA). Samples were then dried upon speed vacuum concentrator and peptides were resolubilized in 2% ACN, 0.1% FA to obtain a final protein concentration of 0.4 µg/µL. Retention time standards iRT (Biognosys, Schlieren, Switzerland) and four accurately quantified standard proteins (on-column 10 fmol of ADH (yeast alcohol dehydrogenase, P00330), 2 fmol of PYGM (phosphorylase b, P00489), 0.5 fmol of BSA (bovin serum albumin, P02769), and 0.2 fmol of ENL (yeast enolase, P00924) from the MassPREP Digestion Standard Kit (Waters, Milford, MA, USA) were spiked in each sample prior to injection.

ii. nanoLC-MS/MS analysis DIA analyses of NIST mAb samples were performed on the nanoAcquity UPLC-Q Exactive HF-X coupling described in the Experimental section, section 1.A.ii., with the 115 min gradient detailed Table 10. The Q Exactive HF-X source temperature was set at 250°C and spray voltage to 2 kV. The system was fully controlled by XCalibur software v4.0.27. 19, 2013 (Thermo Scientific) and NanoAcquity UPLC console v1. 51.3347 (Waters). DIA injections were performed in a randomized injection sequence. Full-scan MS spectra were collected from 350-1 250 m/z at a resolution of 60 000 at 200 m/z with an AGC target fixed at 3.10 6 ions and a maximum injection time of 60 ms. Fragments analysis (MS/MS) was subdivided into 60 windows of variable widths (Figure 98). Resolution was set to 30 000 at 200 m/z, AGC target fixed at 1.10 6 ions and with an automatic maximum injection time. Trypsin/P enzyme was used and one missed cleavage was tolerated. Carbamidomethylation of cysteine residues was set as fixed modification. Oxidation of methionine residues and acetylation of proteins ntermini were set as variable modifications. MS and MS/MS mass tolerances were set in dynamic mode. The spectral library was validated as follows: a False Discovery Rate (FDR) of 0.01 was set at Peptide Spectrum Matches (PSM), Peptides and Proteins levels. Fragment ions window was set between 300 and 1800 m/z with a minimum of 4 fragments per precursor and up to 6.

b. DIA data extraction

DIA data of the NIST mAb samples were analysed in Spectronaut software (v.14.5; Biognosys) with a peptide-centric approach using the upper described in house generated spectral library. For Trypsin/P was used as digestion enzyme with one missed cleavage allowed. Carbamidomethylation of cysteine residues was set as a fixed modification. Oxidation of methionine residues and acetylation of proteins n-termini were set as variable modifications. For quantitative data extraction, MS and MS/MS mass tolerances, Extracted Ion Chromatogram (XIC) and retention time windows were all set as dynamic. iRT regression type was set to local (non-linear) regression. A false discovery rate of 1% was set at the precursors level. At this extraction stage, a sparse q-value filter was applied. Peptide quantities corresponding to the sum of a minimum of 4 fragments XIC areas and up to 6 fragments (interference correction parameter was turned on) were calculated. Precursors with a Qvalue below 0.01 were used for IRT profiling.

B. Case study: Manufacturing process investigation i. Sample preparation protocol

Five drug substances, provided by UCB Pharma, were subjected to the native digestion protocol described in the experimental section, section 2.A.i.a.

ii. NanoLC-MS/MS analysis DIA analyses of the five samples were performed on the nanoAcquity UPLC-Q Exactive HF-X coupling described in the Experimental section, section 1.A.ii., with the 115 min gradient detailed Table 10. The Q Exactive HF-X source temperature was set at 250°C and spray voltage to 2 kV. The system was fully controlled by XCalibur software v4.0.27. 19, 2013 (Thermo Scientific) and NanoAcquity UPLC console v1. 51.3347 (Waters). DIA injections were performed in a randomized injection sequence. Full-scan MS spectra were collected from 350-1 250 m/z at a resolution of 60 000 at 200 m/z with an AGC target fixed at 3.10 6 ions and a maximum injection time of 60 ms. Fragments analysis (MS/MS) was subdivided into 60 windows of variable widths, as described in the experimental section, section 2.A.ii (Figure 2). Resolution was set to 30 000 at 200 m/z, AGC target fixed at 1.10 6 ions and with an automatic maximum injection time.

iii. DIA data treatment DIA data of the five DS samples were analysed in Spectronaut software (v.14.5; Biognosys) with a peptide-centric approach using the in house generated spectral library described in the Experimental section, section 1.B.iii.b. For Trypsin/P was used as digestion enzyme with one missed cleavage allowed. Carbamidomethylation of cysteine residues was set as a fixed modification. Oxidation of methionine residues and acetylation of proteins n-termini were set as variable modifications. For quantitative data extraction, MS and MS/MS mass tolerances, Extracted Ion Chromatogram (XIC) and retention time windows were all set as dynamic. iRT regression type was set to local (non-linear) regression. A false discovery rate of 1% was set at the precursors level. At this extraction stage, a sparse q-value filter was applied. Peptide quantities corresponding to the sum of a minimum of 4 fragments XIC areas and up to 6 fragments (interference correction parameter was turned on) were calculated. Precursors with a Qvalue below 0.01 were used for IRT profiling.

Development of a HCP profiling method on a MS platform for routine analysis

A. Evaluation of the BioAccord LC-MS system i. Sample preparation protocol

The evaluation of the BioAccord LC-MS System was performed using the humanized IgG1 RM8671 monoclonal antibody (NIST mAb) from Sigma-Aldrich (Merck, Darmstadt, Germany). The NIST mAb samples were subjected to the native liquid digestion protocol described in the experimental section, section 2.B.i.

ii. LC-MSe analysis

Analyses were performed on a ACQUITY UPLC I-Class Plus system coupled to a BioAccord mass spectrometer (Waters). Mobile phase A was 0.1% (v/v) formic acid in water and mobile phase B was 0.1% (v/v) formic acid in acetonitrile. The injected peptides were eluted on an ACQUITY PREMIER CSH (C18, 130 Å, 1.7 µm, 2.1 x 150 mm) column with the 115 min gradient detailed in the Experimental section, section 1.A.ii.a (Table 10). The BioAccord source temperature was set at 550°C and spray voltage to 1.5 kV. The system was fully controlled by UNIFI software (v1.9.13.9, Waters). Full-scan MS spectra followed by fragments analysis were performed in positive mode from 50-2 000 m/z at a scan speed of 5 Hz. MS scan of the precursor were acquired with a cone voltage of 30 V and fragments were acquired with a cone voltage ramp from 60 to 120 V.

iii. Targeted data treatment a. HCP monitoring simulation Data acquisition and data treatment were conducted using UNIFI software. Previous data of the NIST mAb samples spiked with the four standard proteins of the MassPREP digestion kit were acquired on the BioAccord LC-MS system. A Pep Map MS processing method with a library composed of the sequence of the NIST mAb, the iRT retention time standards (Biognosys), the 4 standard was applied to observe the sequence coverage of each proteins. Spectra were searched with a mass tolerance of 15 ppm in MS mode and 20 ppm in MS/MS mode. One trypsin missed cleavage was tolerated. Carbamidomethylation of cysteine residues was set as fixed modification. Oxidation of methionine residues and acetylation of proteins n-termini were set as variable modifications. From this search, 27 standard protein peptides were selected with 3 fragments per peptides based on their intensity and MS response (Table 13). Then, the analyses of the HCP monitoring simulation experiment were processed using the Accurate Mass Screening on MSe data method with a library composed of the sequence, precursor and fragment masses and retention time of the selected peptides. Finally, identified and extracted signals were manually validated based on their isotopic profile and chromatogram peak shape.

Protein

b. NIST mAb HCP profiling

For this experiment, the analyses were processed using the Accurate Mass Screening on MSe data method with a library composed of the sequence of the 115 selected peptides from 30 HCPs observed on the NIST mAb analysis detailed in the Experiment section, section 2.A (Table 14). Spectra were searched with a mass tolerance of 15 ppm in MS mode and 20 ppm in MS/MS mode. No restriction about the peptide retention times were set as the selected peptides were observed on a nanoLC-Q Exactive HF-X instrument operated in nanoflow compared to the BioAccord at microflow. 14: List of HCP peptides selected on the nanoLC-Q Exactive HF-X analyses.

Protein name

Identified and extracted signals were manually validated based on their isotopic profile and chromatogram peak shape. Then, we kept only the peptides that did not present missing values within the five replicates per injected amount and that showed CV<20% calculated on peptide intensities among the five replicates. Finally, the 2 pmol of ADH was used to estimate the amount of the targeted HCPs via a Top3 quantification strategy. 

Improved Mass Spectrometry based

 Abstract

Monitoring of host cell proteins (HCPs) during the manufacture of monoclonal antibodies (mAb) has become a critical requirement to provide effective and safe drug product. ELISA assays are still the current gold standard for the quantification of protein impurities. However, this technique has several limitations and does, among others, not enable the precise identification of proteins. In this context, mass spectrometry (MS) has emerged as an alternative and orthogonal method that delivers qualitative and quantitative information on all identified HCPs. However, in order to be routinely implemented in biopharmaceutical companies, liquid chromatography (LC)-MS based methods still need to be standardized to provide highest sensitivity and robust and accurate quantification. In this study, we developed a promising MS-based analytical workflow coupling the use of an innovative quantification standard, the HCP Profiler solution, with a spectral library-based data-independent acquisition (DIA) method and strict data validation criteria. The performance of the HCP Profiler solution was compared to more conventional standard protein spikes and the DIA approach was benchmarked against classical data-dependent acquisition (DDA) using samples collected at various stages of the manufacturing process. Finally, we further explored the possibility to use spectral libraryfree DIA. As a result, our method showed accurate and reproducible (coefficients of variation (CVs) < 10%) quantification of HCPs while reaching a sensitivity down to the sub-ng/mg mAb level.

 Introduction

For 20 years now, the monoclonal antibody (mAb) market has remarkably grown up with a plethora of approved antibodies by the FDA and EMA with a current sales market of over $100 billion [START_REF] Beck | Strategies and challenges for the next generation of therapeutic antibodies[END_REF][2] . The high specificity of mAbs to target diverse molecules or antigens and their various modes of action allow them to be used as pharmaceuticals for a wide range of applications [3][4] . The high demands of mAbs require the production of well-characterized drug products, both in terms of the mAb sequence and structure itself and its impurities, namely Host Cell Proteins (HCP), remaining from the production process. These impurities are included in the Critical Quality Attributes (CQAs) risk assessment as they can affect the product efficacy due to eventual protease activities and the patient's safety by inducing immunogenic reactions [5][6] . Guidelines state classically that the acceptable HCP amount in the final drug product should be below 100 ng/mg mAb [7][8] . Ultimately, the level of impurities should be as low as possible as issues related to HCPs arise from specific proteins rather than from overall impurities amounts [9][10][11] . Of note is that the HCP profile can be affected by numerous UpStream Process (USP) decisions [12][13] (cell culture duration, feeding strategies or culture temperature) or by the production upscale for commercialisation 14 , which highlights the need to be able to finely monitor HCPs throughout all steps the manufacturing process. Indeed, specific and sensitive analytical methods allowing reaching 5 to 6 orders of magnitude dynamics are needed to detect trace level HCPs in the presence of the mAb [15][16] . Enzyme-linked immunosorbent assays (ELISA) are commonly used for this purpose as they provide the sensitivity and throughput requested [17][18] . However, ELISA has several limitations as it provides a global amount as an output without individual identification of the HCPs present and its coverage is incomplete [18][19] . Since immunogenic risk or mAb degradation are related to specific HCPs and not necessarily to their amount, these drawbacks raise an urgent need for alternative methods. In this context, Mass Spectrometry (MS) became the most promising alternative to monitor HCP allowing risk assessment with individual HCP identification and unbiased quantification. In recent years, Liquid Chromatography -tandem MS (LC-MS/MS) based studies have been conducted. Datadependent acquisition (DDA) strategies were successfully applied allowing global HCP profiling and reliable individual quantifications down to 10 ng/mg mAb [20][21][22][23] . DDA analysis still suffers from stochasticity, the presence of missing values and a discrimination towards the quantification of most abundant proteins, which are significant issues when the HCP impurities are present at trace levels compared to the biotherapeutic. Targeted strategies (Selected Reaction Monitoring (SRM) or Paralleled Reaction Monitoring (PRM)) have been developed enabling robust and accurate quantification of targeted HCPs down to the sub ng/mg mAb level 10,[24][25] . Nevertheless, the development of a targeted quantification assay is time consuming, compared to the implementation of a global DDA method, and it is still limited to the selection of about hundred candidates. Over the past decade, advances in mass spectrometry have highlighted the potential of data-independent acquisition (DIA) on highresolution/accurate mass (HR/AM) instruments. DIA is based on the co-isolation and co-fragmentation of all ions contained in predefined m/z windows of variable widths to cover the entire mass range. The acquisition of MS2 signals from all detectable species allows recording complete digital proteome maps while reaching the sensitivity, quantification accuracy and robustness of targeted methods [26][27] . These advantages make DIA approaches attractive in the context of HCP monitoring. The bottleneck of DIA analysis today resides in the extraction of reliable quantitative signals. Each MS2 scan contains the fragment information of all co-isolated precursors, rendering peptide identification difficult. Initially, the use of a specific spectral library generated from DDA runs 28 to extract quantitative information from DIA data was shown to be effective. However, the generation of this spectral library requires time and ideally the implementation of fractionation strategies of the studied proteome. The recent development of algorithms that do not require a spectral library will certainly further increase the interest and applicability of DIA strategies, in particular for the monitoring of HCPs [29][30][31] . Unfortunately, despite the advances in data acquisition and extraction, the analytical challenge remains in the dynamic range mAb/HCP. The ubiquity of the antibody may interfere with the reliable extraction of HCP peptides and lead to biases in the MS-based quantification of these impurities. Few studies have attempted to decrease this dynamic range by using multidimensional chromatography 16,23,[32][33][34] or mAb depletion [35][36][37] . In addition, a method to estimate absolute amounts of the HCPs is needed. The Top3 strategy introduced by Silva et al. 38 in 2006 has been successfully applied in a few studies using different standard proteins 22,35,[39][40] . In this context, we developed an original MSbased quantitative method to characterize HCP contents in a sample series collected at different purification levels. It combines the use of a robust and accurate quantification using the HCP Profiler standard 41 with the benefit of DIA methods on a fast-scanning Q-Orbitrap instrument.

 Experimental procedure

Reagents and material

Crude harvest and Post Protein A affinity chromatography (PPA) samples of an IgG4 mAb A33 were obtained from a CHO DG44 cell culture as described in the Supporting Information (Figure S1). A CHO-DG44 mock cell line sample was also provided by UCB Pharma (Braine l'Alleud, Belgium) to generate the spectral library further used for DIA data extraction.

Protein quantification

Protein pellets were resuspended in gel loading buffer (10 mM Tris, 1 mM EDTA, 5% β-Mercaptoethanol, 5% SDS, 10% glycerol, pH 6.8). The total protein concentration was determined using the RC DC Protein Assay kit (Bio-Rad laboratories, Hercules, CA, USA) following manufacturer's instructions.

Sample preparation

CHO-DG44 null cell line sample was fractionated onto 12% acrylamide sodium dodecyl sulfate-polyacrylamide gel electrophoresis SDS-PAGE for spectral library generation. CCCF and PPA samples were stacked in a single band for HCP quantification. Gel bands of the fractionated null cell line sample and stacked bands were cut into small pieces. Proteins were in-gel reduced with 10 mM DTT for 30 min at 60°C. Alkylation was performed with 55 mM IAA for 30 min in the dark. Then trypsin (Promega, Madison, USA) was added to a 1:50 enzyme:substrate ratio (we estimated 1 µg of proteins in each band of the null cell line fractionation). Samples were incubated overnight at 37°C (14 hours). Peptides were extracted from gel band using 60% ACN, 0.1% FA for 1 hour under agitation and a second step with 100% ACN for 1 hour. After vaccum drying, samples were resolubilized in 2% ACN, 0.1% FA to obtain a final protein concentration of 0.4 µg/µL. In all samples, retention time standards (iRT kit, Biognosys, Schlieren, Switzerland) were spiked. For the HCP Profiler solution (Anaquant, Villeurbanne, France) based quantification, one bead was spiked in 150 µL of 0.2 ng/µL protein solution. For the mix of standard protein, four accurately quantified standard proteins (on column 10 fmol of ADH (yeast alcohol dehydrogenase, P00330), 2 fmol of PYGM (rabit phosphorylase b, P00489), 0.5 fmol of BSA (bovine serum albumin, P02769) and 0.2 fmol of ENL (yeast enolase, P00924)) from the MassPREP Digestion Standard Kit (Waters, Milford, USA) were spiked.

nanoLC-MS/MS acquisitions

Data Dependent Acquisition and Data Independent Acquisition were performed on a NanoAcquity UPLC device (Waters) coupled to a Q-Exactive HF-X mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Mobile phase A was 0.1% (v/v) formic acid in water and mobile phase B was 0.1% (v/v) formic acid in acetonitrile. The equivalent of 400ng of proteins was trapped onto a Symmetry C18 precolumn (20 mm × 180 μm, 5 μm diameter particles; Waters) and eluted on an Acquity UPLC BEH130 C18 column (250 mm × 75 μm, 1.70 μm particles; Waters). A 115 minutes chromatographic gradient (2-35% B in 95 min, 35-80% B in 1 min, 80% B for 5 min, 80-2% B in 1 min and maintained 2% B for 13 min) was applied at 400nl/min, with a column temperature set at 60°C. The Q-Exactive HF-X source temperature was set at 250°C and spray voltage to 2 kV. The system was fully controlled by XCalibur software v4.0.27.19, 2013 (Thermo Scientific) and NanoAcquity UPLC console v1. 51.3347 (Waters). DIA and DDA injections were performed in a randomized injection sequence.

DDA acquisition

Full scan MS spectra (375-1500 m/z) were acquired in positive mode at a resolution of 120 000 at 200 m/z, a maximum injection time of 60 ms and an AGC target value of 3 x 10 6 charges. The 10 most intense multiply charged peptides per full scan (charge states ≥2) were isolated using a 2 m/z window and fragmented using higher energy collisional dissociation (normalized collision energy set at 27). MS/MS spectra were acquired with a resolution of 15 000 at 200 m/z, a maximum injection time of 60 ms and an AGC target value of 1 x 10 5 , and dynamic exclusion was set to 40 sec.

DIA acquisition

Full-scan MS spectra were collected from 350-1 250 m/z at a resolution of 60 000 at 200 m/z with an AGC target fixed at 3.10 6 ions and a maximum injection time of 60 ms. Fragments analysis (MS/MS) was subdivided into 40 windows of variable widths. Two acquisitions methods were developed for CCCF and PPA samples (Table S1 andS2). Resolution was set to 30 000 at 200 m/z, AGC target fixed at 1.10 6 ions and with an automatic maximum injection time.

DDA data treatment

Raw DDA files were converted to .mgf peaklists using MsConvert and were submitted to Mascot database searches on a local server (version 2.5.1, MatrixScience, London, UK) against a .fasta database including all Critecutulus griseus entries extracted from UniProtKB/TrEMBL (56 566 protein entries, February 15, 2021) together with their reversed sequences, as well as the iRT retention time standards (Biognosys), the four standard proteins of the MassPREP Digestion Standard Kit (Waters), HCP Profiler kit proteins, the mAb heavy and light chains and common contaminants. Spectra were searched with a mass tolerance of 5 ppm in MS mode and 0.05 Da in MS/MS mode. One trypsin missed cleavage was tolerated. Carbamidomethylation of cysteine residues was set as fixed modification. Oxidation of methionine residues and acetylation of proteins n-termini were set as variable modifications. Identification results were imported into Proline software version 1.6 (http://proline.profiproteomics.fr/; Bouyssié et al., Bioinformatics 2020 42 ) for validation. A false discovery rate of 1% was set at peptide levels using Adjusted e-Value and protein level using Mascot Modified Mudpit scores. Peptides abundances were extracted with Proline software using an extraction m/z tolerance and PSM/Peakel matching m/z tolerance of 5 ppm. Alignment of the LC-MS runs was performed using Loess smoothing, Peptide Identity method and with a time tolerance of 300 seconds. Cross assignment of peptide ions abundances was performed among PPA or harvest samples using a m/z tolerance of 5 ppm and a retention time tolerance of 40 seconds.

Cricetulus griseus, CHO reference spectral library generation

A reference spectral library combining a series of analyses conducted on different samples in DDA mode was generated using the Spectronaut and Pulsar algorithm (v. 14.5; Biognosys). This series of analyses comprised: -24 gel bands obtained by SDS PAGE fractionation of the CHO DG44 null cell line sample.

-All DDA analyses of current CCCF and PPA samples., including iRT retention time standards (Biognosys) and the 18 proteins from HCP Profiler kit. Raw DDA files were uploaded into Spectronaut and searched with the Pulsar algorithm against a fasta database containing all Critecutulus griseus entries extracted from UniProtKB/TrEMBL (56 687 protein entries, 2021/02/15), as well as the iRT retention time standards (Biognosys), the 18 proteins from HCP Profiler kit, the reference sequence of the mAb and common contaminants). Trypsin/P enzyme was used and one missed cleavage was tolerated. Carbamidomethylation of cysteine residues was set as fixed modification. Oxidation of methionine residues and acetylation of proteins n-termini were set as variable modifications. MS and MS/MS mass tolerances were set in dynamic mode. The spectral library was validated as follows: a False Discovery Rate (FDR) of 0.01 was set at Peptide Spectrum Matches (PSM), Peptides and Proteins levels. Fragment ions window was set between 300 and 1800 m/z with a minimum of 4 fragments per precursor and up to 6.

DIA data treatment

DIA data was analysed with a peptide-centric approach using the Spectronaut algorithm and the upper described in house generated spectral library (v.14.5; Biognosys). Trypsin/P was used as digestion enzyme with one missed cleavage allowed. Carbamidomethylation of cysteine residues was set as a fixed modification. Oxidation of methionine residues and acetylation of proteins n-termini were set as variable modifications. For quantitative data extraction, MS and MS/MS mass tolerances, Extracted Ion Chromatogram (XIC) and retention time windows were all set as dynamic. iRT regression type was set to local (non-linear) regression. A false discovery rate of 1% was set at precursors and proteins levels. At this extraction stage, a sparse q-value filter was applied. Peptide quantities corresponding to the sum of a minimum of 4 fragments XIC areas and up to 6 fragments (interference correction parameter was turned on) were calculated. Precursors with a Qvalue below 0.01 were used for IRT profiling.

HCP TOP3 quantification

After data extraction, a list of identified peptides with their corresponding intensities is exported in excel format for both DDA and DIA data. Prior the TOP3 quantification, filters are applied to remove oxidized and acetylated peptides alongside with their counterparts. Precursors inferred to host organism proteins, standard proteins and precursors with charge states 2 and 3 are kept. For DDA data, a maximum of one precursor validated by crossassignment was allowed. Precursors with more than one Q-value > 0.01 or profiled were removed for DIA data. For both acquisition methods, quantity estimation was performed using precursors intensities showing a coefficient of variation below 20% within technical triplicates. Finally, HCP peptides showing 100% sequence identity with a semitrypsic or non-trypsic mAb peptide were removed. After applying these stringent validation filters in DDA and DIA modes, peptide intensities were obtained by summing all precursor intensities and protein intensities by summing the three most intense peptides intensities. For HCP Profiler kit, a calibration curve of the log2(TOP3 standard peptides abundance) in function of log2(standard proteins quantity) is obtained and allowed us to estimate protein mol quantities. For the four standard proteins mix, the universal signal response factor 43 (MS signal/mol of protein) was calculated using PYGM as a reference, and allowed estimating protein mol quantities. Finally, for both quantification method, using protein molecular weight and injected mAb quantities, individual HCP ng/mg mAb amounts were estimated.

 Results and discussion

A multi-stage MS-based HCP profiling workflow optimization A sample set including two levels of HCP complexity was produced to investigate bioprocess developments by MS. Two cell culture durations (7 and 10 days), three harvest procedures (no shear, low shear or high shear) and two protein A purification protocols were investigated resulting in four HCP-rich Clarified Cell Culture Fluids (CCCF) and seven purified Post Protein A (PPA) fractions (Figure S1). The work done by Husson et al. 44 on those samples led to the development of the Top3-ID-DIA method on a Q-TOF instrument. The combination of a Top3 quantification strategy for global HCP profiling and isotopic dilution (ID) to accurately quantify key HCPs, has proven to be a method of choice to obtain a complete picture of the HCP content. In order to continue the development of a robust, accurate and sensitive DIA method, we used the previously mentioned sample series to support the optimizations conducted at different levels of the general workflow presented in Figure 1. First, two accurate MS-based quantification methods were benchmarked. On the one hand, samples were spiked with an original mixture of peptides coated on a water-soluble bead releasing controlled amounts of a peptide range after solubilization (READYBEADS technology, from Anaquant) 41 . On the other hand, samples were spiked with a mixture of four standard proteins PYGM, ADH, BSA and ENL, from Waters, more commonly applied to derive HCP amounts with MS methods 39,45 . Second, Data Independent Acquisition (DIA) methods were finely tuned on a Quadruple-Orbitrap instrument to thoroughly compare the performances achievable with DIA methods against more classical Data Dependent Acquisitions (DDA) approaches on the same instrument. Then, two DIA data extraction and interpretation strategies were evaluated, a peptide-centric approach requiring the acquisition of a spectral library and a spectrum-centric approach without spectral library. 

Implementation of the HCP Profiler standard for quantification

Top-3 quantification methods based on the assumption that the sum of the MS response of the three best responding peptides per mole of protein is constant within a coefficient of variation of less than 10% were used to estimate absolute amounts of HCP 38 . Therefore, an internal standard must be used to calculate a signal response factor (TOP3 peptides signal/mol) and to perform the HCP quantity estimation (HCP TOP3 peptides signal/signal response factor). The use of a mixture of four standard proteins has been previously reported for this purpose 39,[45][46][47] , considering the PYGM protein as a reference and the three other proteins (ADH, BSA, ENL) to calculate ratios, as internal controls. However, the development of more adapted and dedicated standards is a valuable challenge. This is why we choose to confront our current quantification workflow against the HCP Profiler standard 41 . This new standard is composed of a water-soluble bead, which releases unlabeled peptides at known amounts. Eighteen tripeptides distributed over six concentration points ranging from 1 to 500 fmol, thus a total 54 peptides, are coated on a bead. Those 54 peptides areas extraction thus allows building a calibration curve that is further used to derive each individual HCP amount. The robustness and reproducibility of the HCP Profiler standard were assessed by coefficients of variations (CVs) calculated on the slopes, intercepts and R² of the 11 calibration curves obtained on the 11 samples, all below 3% (Table S3). On average, 1464 HCPs were quantified in CCCF fractions with global quantities between 222 646 and 365 145 ng/mg mAb, and 115 HCPs in PPA fractions representing 569 to 19 153 ng/mg mAb. These results are coherent with the global amounts obtained using the signal response factor of PYGM (Figure 2). Of note is that for almost all samples, the global HCP amounts are higher using the HCP Profiler standard, except for PPA 5 and Harvest 1 samples. However, a lower number of HCPs was quantified with an average of 34% less identified HCPs for PPA samples and 13% for CCCF fractions. In order to understand this observation, we compared the individual amounts obtained for all HCPs quantified using both methods (Figure S2). The ratios between both methods were consistent as 78% of the 5305 ratios span within a factor 2. In addition, it is of note that the median value of all ratios is at 1.3 in favor of higher amounts estimated with the water-soluble bead. Since individual peptide's ionization efficiencies and response factors vary, taking into account the MS response of 54 peptides spiked at different amounts rather than only of 3 peptides from a single protein leads to a more reliable amount estimation. Thus the sum of individually increased quantities ultimately results in higher global HCP amounts even when less HCPs are identified. As a conclusion, we were able to observe the quantification accuracy and robustness of the HCP Profiler standard using its multiple peptides at different concentration levels. Those peptides ensure confidence and quality control of the experiment. The high reproducibility of the calibration curves independently of the sample complexity will allow a monitoring at the different steps of the manufacturing process of the mAb. Due to its easy and ready-to-use characteristics, the standard will allow avoiding user-induced analytical biases that may occur while preparing the mixture of proteins at known amounts. With ID-SRM as the gold standard method to derive absolute quantities of problematic HCPs [10][11]33 , the use of the HCP Profiler standard to estimate absolute amounts for all other HCPs, in parallel or as an alternative, is a great compromise to get the best overview of the overall HCP content. Thus, considering the advantages of the HCP Profiler bead, we continued optimizations using this standard.

Benchmarking of DIA versus DDA methods

To dig deeper into the global profiling and individual quantification of the HCPs, we developed a dedicated MS2-based DIA approach and evaluated its performances against DDA data acquired in parallel on the same samples and instrument. In order to get full advantages of the peptidecentric DIA approach, we first generated the most comprehensive spectral library from a fractionated CHO DG44 null cell line sample combined with DDA runs acquired on all CCCF and PPA fractions. The combination of these DDA data allowed us to generate a projectspecific spectral library containing 40 281 peptides from 3 978 protein groups. Then, a DIA variable isolation windows method was developed for both types of samples based on the distribution of precursors over the m/z acquisition range observed in DDA, the MS and MS/MS scan times of the instrument and the theoretical number of MS cycles per chromatographic peak. Two methods composed of 40 variable isolation windows, one dedicated to HCP-rich harvest samples and a second one dedicated to PPA samples, were developed allowing to obtain a median of 5 to 8 MS cycles per chromatographic peak (Figure S3). Following data acquisition and peptides signals extractions, we applied stringent filters as validation criteria. The first filter acts as a signal quality filter: precursors with more than one Qvalue > 0.01 and/or profiled were removed from DIA results and those with more than one cross-assigned attribution were removed from DDA data. The second quality filter refers to the reproducibility of the signals as precursors with CVs above 20% were excluded. Then, a sequence homology filter was applied using the BLASTP 48 (v.2. 10.0+) algorithm run against the mAb heavy and light chain sequences. HCP peptides showing 100% sequence identity with a semi-trypsic or non-trypsic mAb peptide were removed. This last filter does not have a major impact but it is important due to the large excess of the mAb compared to trace-level HCPs. Indeed, a mAb peptide, resulting from an unspecific trypsin cleavage, wrongly attributed to an HCP sequence, would lead to a significant overestimation of this HCP amount and even of the overall HCP amount. Finally, the selection of the 3 most intense peptides was performed and absolute HCP amounts were estimated using the HCP Profiler standard. An average of 1737 HCPs with a global estimation between 62 792 and 138 297 ng/mg mAb for CCCF samples and 221 HCPs in PPA fractions with a quantity between 1 339 and 11 992 ng/mg mAb were obtained (Figure 3). At first sight, we observe a significant benefit of DIA on the HCP coverage, as around 19% more HCPs were quantified for CCCF and 111% more for PPA samples when compared to DDA. The Venn diagrams in Figure S4 show a great correlation between DIA and DDA lists of quantified HCPs. For PPA samples, the overall estimated HCP amounts were consistent with the increased number of HCPs quantified. On the contrary, even with a higher number of quantified HCPs, the CCCF fractions showed lower overall amounts when compared to DDA results. This observation shows the potential presence of false positives or interferences during MS1 signals extraction eventually resulting in an overestimation of the HCP amounts. While MS1-XIC DDA was able to achieve 2.4 to 5.5 orders of magnitude within the least and most abundant HCP, MS2-based DIA allowed to reach a dynamic between 3.5 and 6.1 (Table S4). The precision of the DIA data extraction was assessed by the CVs calculated on peptides intensities within injection replicates for all HCPs quantified. A median of 9.0% was obtained for DIA compared to 9.8% for DDA results (Figure S5). When comparing the ratios of the quantities obtained by DIA over DDA for the 3779 HCPs common to both methods, we notice that only 52% of the ratios are within a factor 2 (Figure S6.A). This is likely due to the number of peptides used to quantify each protein (Figure S6.B). A larger number of peptides was used in DIA compared to DDA, 8034 and 7836 peptides, respectively. Among the 3779 proteins compared, 1735 HCPs were quantified with a Top3 in DIA while this number drops to 1648 in DDA. As we sum the areas of the Top3 peptides, the increased number of peptides per HCP obtained in DIA has a direct impact on the HCPs quantification. Overall, our results demonstrate a high reproducibility and accurate quantification using a DIA method and a sensitivity down to sub-ng/mg mAb. The DIA acquisition mode has shown its ability to extract signals close to the background nose. This is a significant benefit when the impurities of interest are present at trace levels. Compared to the gold standard ELISA assay, our HCP Profiler-DIA method shows global quantities higher by a factor 4 on average for PPA samples except for PPA 8 (obtained with a modified protocol) in which it raised to a factor 32 (Figure S7). These results clearly highlight the previously mentioned limitations of ELISA assays. Therefore, the increased HCP map coverage alongside with the accurate and reproducible quantification make our HCP-Profiler DIA method valuable to achieve an overview of the HCP content of samples from various steps of the mAb manufacturing process. 

Implementation of a spectral library-free DIA approach

The generation of a spectral library requests sample preparation and instrument acquisition time. Even though this takes less time than the development of a specific ELISA kit, a new dedicated library must be generated for each drug product. In addition, HCPs not covered by the library will not be searched for even if they are present in detectable amounts. For all those reasons, alternative approaches for DIA data extraction have been recently introduced avoiding the use of a spectral library [29][30][31] . With the aim to make our DIA method even more straightforward, we evaluated the spectrumcentric approach called directDIA in Spectronaut (Biognosys AG). This approach relies on the generation of "pseudo MS/MS spectra" from the DIA runs which will be used to query a search against the organism database as it is done in classical DDA search engines. Comparable reproducibility of the signal extraction was achieved as CV values calculated on the slopes, intercepts and R² of the 33 calibration curves were all below 2% (Table S3). The results were also very consistent regarding HCPs contents as comparable quantification results and close numbers of quantified HCPs were obtained (Figure 3). Equivalent sensitivity down to the sub-ng/mg mAb level was achieved as with the spectral library-based data extraction (Table S4). Both extraction strategies were able to achieve 3 to 6 orders of magnitude between the least and most abundant HCP. Looking further at individual HCP amounts, we compared the quantities obtained using DIA over directDIA for the 5833 HCPs commonly detected with both methods. A median of 0.96 was obtained and the amounts estimated were in accordance for 82% of the common HCPs within a factor 2 (Figure S8.A). Similarly, close numbers of peptides were used to quantify those common HCPs, respectively 11 436 and 11 090 for DIA and directDIA (Figure S8.B). These observations showed confidence towards the spectral library free approach.

Nevertheless, the lower numbers of HCPs quantified using directDIA highlight the difficulties that still exist to extract low-level impurities using directDIA. Having a close look to the individual HCPs quantified by both DIA strategies, Venn diagrams show great correlation of both lists (Figure S4). On average, 62% of the HCPs quantified in DIA were extracted in directDIA as well. On the one hand, about 38% of the HCPs quantified using the spectral library could not be extracted by directDIA. This percentage represents hundreds of unidentified HCPs highlighting the room of improvement that still exists for spectrum-centric search algorithms. On the other hand, hundreds of HCPs were missed using the spectral library-based approach. On average 260 HCPs for each CCCF sample were not identified in the spectral library (Figure S9). These HCPs cover about 5 orders of magnitude between the least and most abundant HCP with a maximum reaching thousands of ng/mg mAb (Table S5). The number and quantities of these HCPs are not negligible and thus also bring to light the limitations of the spectral library extraction approach as HCPs not present in the library will not be identified and thus further quantified. However, spectral library free results should still be taken with caution, as one could seriously argue that HCPs with an estimated amount around thousands of ng/mg mAb should be identified in the spectral library with at least a few peptides. The number of false positives must be significant in directDIA although difficult to estimate yet. Compared to the targeted DIA analysis, the spectral library free-based approach relies on the use of the CHO protein sequence database, that is yet poorly annotated and curated (56 565 entries in UniProtKB/TrEMBL). As a result, the high redundancy significantly hinders the extraction of specific peptides. Overall, the directDIA approach supported the increased HCPs coverage enabled by the DIA acquisition in line with previous studies [29][30]49 . To conclude, as previously shown using a spectral library-based strategy, the directDIA approach highlights benefits of DIA acquisition. Our developed method showed high sensitivity as well as a robust and accurate quantification that will allow the monitoring of HCPs in samples with different purity levels. The directDIA method displayed a significant gain with the quantification of HCPs not identified in the spectral library. Unfortunately, the current limitations of the spectral library-free approach make it difficult to implement it in a regulated environment working with CHO cell-based bioproducts.

 Conclusion

We have demonstrated that the HCP Profiler standard offers a ready-to-use solution for HCP quantification with its internal 6 points calibration curves representing a move towards the standardization needed for the implementation of MS-based methods in a biopharmaceutical environment. Initially applied with MS1-XIC DDA analysis, we prove here that the standard undergoes no loss of performance when combined with a DIA method on a Q-Orbitrap instrument. Our study also demonstrates again the advantages of MSmethods over ELISA assays. On average, our MS-based approach identifies each HCP with 5 peptides containing 7 to 28 amino acids, which could be considered the equivalent of 5 to 14 epitopes. Therefore, a finer granularity of results is obviously achieved with the main difference being the detection principle. MS allows to avoid the inherent gaps in the ELISA tests such as the absence of specific polyclonal antibodies (pAbs) or impaired binding due to loss of conformational epitopes 50 . Similarly, we could argue on the gap related to the spectral library-based DIA approach, which is restricted to identifying HCPs that are present in the library. However, the development of a new spectral library takes less time than the months requested to generate a specific ELISA kit. In addition, anti-HCP antibodies are perishable and have to be reproduced by a new immunization campaign whenever needed. By contrast, within a week, it is possible to generate a comprehensive spectral library specific to the mAb produced, i.e., a library generated from the analysis of a mock cell line and/or HCP-rich harvest samples. This library can be updated endlessly with new analyses in case of manufacturing process changes suspected to lead to the presence of new HCPs. Thus, once generated, the spectral library can be unlimitedly used to extract signals from DIA data. Altogether, the developed MS-based method presents a sufficient robustness to consider its implementation within a biopharmaceutical environment to support process development or batch-to-batch consistency. In a short-term perspective, the directDIA approach that is straightforward and non dependent on any prior information, will likely become the best suited way to support the release of safer bioproducts.
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Résumé

Les stratégies de protéomique quantitative par spectrométrie de masse sont très attractives pour le suivi des protéines de la cellule hôte lors de la production d'anticorps thérapeutiques. Elles peuvent être divisées en trois catégories : les stratégies globales, les stratégies ciblées et les stratégies DIA qui combinent les avantages des deux précédentes.

Ce travail de thèse porte sur le développement de stratégies analytiques et bioinformatiques en protéomique quantitative pour l'identification et la quantification d'impuretés protéiques à l'état de traces. La première partie de mon travail implique l'optimisationde différentes étapes du protocole analytique en me focalisant sur un standard de quantification innovant, le mode d'acquisition DIA et le traitement de ces données complexes. Ces développements ont été réalisés afin d'assister les différentes étapes de la chaîne de production des anticorps. Par la suite, une méthode de quantification globale a été optimisée pour le suivi des impuretés protéiques présentes dans les substances médicamenteuses finales qui représentent un véritable défi analytique. Enfin, la troisième partie a consisté à développer une stratégie analytique ciblée sur une plateforme MS dédiée à l'analyse de routine.

Mots-clés : Protéomique quantitative, Spectrométrie de masse, Acquisition indépendante des données (DIA), Protéines de la cellule hôte (HCPs)

Résumé en anglais

Quantitative proteomics strategies based on mass spectrometry are very attractive for the monitoring of host cell proteins during the manufacture of therapeutic antibodies. They can be divided into three categories: global strategies, targeted strategies, and DIA strategies that combine the advantages of both.

This PhD work focuses on the development of analytical and bioinformatics strategies in quantitative proteomics for the identification and quantification of trace-level proteins. My first objective was to optimize different steps of the analytical workflow by focusing on an innovative quantification standard, the DIA acquisition mode, and the processing of these complex data. These developments aim at assisting the different steps of the manufacturing process of antibodies. Then, a global quantification method was optimized for the monitoring of protein impurities present in the final drug substances, which represent a real analytical challenge. Finally, the third part consisted in developing a targeted analytical strategy on a MS platform dedicated to routine analysis.

Keywords : Quantitative proteomics, Mass spectrometry, Data-independent acquisition (DIA), Host cell proteins (HCPs)

Figure 1 :

 1 Figure 1: Élimination des protéines de la cellule hôte pendant le processus de purification (adapté de 4 ). Ordre de grandeur de la quantité globale d'impuretés (ng de HCPs par mg de mAb) et nombre de HCPs observés aux différentes étapes du processus de production des mAbs. Chrom. d'aff. par protéine A : Chromatographie d'affinité par protéine A.

Figure 2 :

 2 Figure 2: Représentation schématique des méthodes de protéomique quantitative. Les quantités peptidiques peuvent être déterminées par des approches globales telles que l'extraction des courants d'ions à partir des spectres MS1 acquis tout au long du gradient chromatographique (A). Les approches ciblées, de type SRM (B) et PRM (C), permettent de quantifier des peptides préalablement sélectionnés et séquentiellement isolés pour générer, après fragmentation, des spectres MS2 à partir desquels l'information quantitative est extraite. L'approche DIA consiste à co-isoler et co-fragmenter des peptides co-éluants et contenus dans une même large fenêtre d'isolation (généralement 25 Da) (D). L'information quantitative peut ensuite être extraite de manière ciblée à partir des spectres MS2 et à l'aide d'une librairie spectrale.

Figure 3 :

 3 Figure 3: Etude inter-laboratoires du standard HCP Profiler. Schéma analytique utilisé pour quantifier, à l'aide du standard HCP Profiler combiné à une acquisition DDA, les protéines de cellules HeLa aux laboratoires d'Anaquant (Lyon) et du LSMBO (Strasbourg) (A). Superposition des courbes obtenues à partir de la quantification DDA XIC-MS1 sur un Q Exactive HF (Anaquant) et un Q Exactive HF-X (LSMBO) (B). Comparaison inter-laboratoires des quantités individuelles estimées pour les 500 protéines les plus abondantes (C). Au total, 88% des 500 protéines communes ont été observées dans un facteur 2 (zone grise).

Figure 4 :

 4 Figure 4: Le standard HCP Profiler versus Mix 4P pour le suivi des HCPs. Schéma analytique utilisé pour quantifier les HCPs restants dans des échantillons collectés après culture (Harvest) et après chromatographie d'affinité par protéine A (PPA) (A). Quantités globales de HCPs et nombres de HCPs quantifiées moyens obtenus pour les quatre échantillons Harvest et pour les sept fractions PPA (B). La hauteur des barres représente la moyenne de la quantité globale de HCPs dans les triplicats d'injection de chaque échantillon. Les barres d'erreur représentent l'écart-type. Représentation des ratios calculés entre les quantités obtenues par les approches Top3 HCP Profiler-DDA et de Top3 Mix 4P-DDA pour les 5305 HCPs communes aux deux stratégies (C). Les rapports hors limites ont été supprimés. Au total, 78% des 5305 HCPs communes ont été observées dans un facteur 2 (zone grise).

Figure 5 :

 5 Figure 5: Evaluation des approches DIA, avec et sans librairie spectrale, contre la stratégie DDA XIC-MS1. Moyenne des nombres de HCPs quantifiées au sein des quatre échantillons Harvest et des sept fractions PPA (A). Représentation de la gamme dynamique intra-HCPs obtenue pour les trois méthodes DDA, DIA et directDIA (B). Comparaison des CVs moyens calculés sur les intensités des peptides HCPs dans les trois réplicats des analyses DDA, DIA et directDIA (C). La DIA correspond à l'approche centrée sur les peptides (avec librairie) et la directDIA correspond à l'approche centrée sur les spectres (sans librairie), toutes deux implémentées au sein de Spectronaut.

Figure 6 :

 6 Figure 6: Apport de l'utilisation d'une librairie spectrale hybride pour extraire les données DIA. Représentation des quantités globales de HCP obtenues et du nombre de HCPs quantifiées à l'aide des librairies spectrales hybrides et DDA (A). Les points représentent les nombres de HCPs quantifiées. Les hauteurs des barres représentent la moyenne de la quantité globale de HCPs dans les triplicats d'injection. Les barres d'erreur représentent l'écart-type. Distribution des CVs moyens calculés sur les intensités des peptides HCPs dans les trois réplicats de chaque échantillon en utilisant la librairie hybride ou DDA (B). Distribution des ratios entre les aires de la somme des trois peptides les plus intenses de PYGM sur les aires du Top3 de la protéines standard ADH (C). La valeur attendue est de 0.2 (2 fmol injecté de PYGM / 10 fmol injecté de ADH).

Figure 7 :

 7 Figure 7: Évaluation de l'impact de la capacité du bioréacteur sur le profil des HCPs. Quantités globales de HCP et nombre de HCP quantifiées obtenus pour les fractions Harvest (A) et PPA (B) en utilisant la stratégie Top3 Mix 4P-DIA. La hauteur des barres représente la moyenne des quantités globales de HCPs dans les triplicats d'injection. Les barres d'erreur représentent l'écart-type. Les points et les valeurs représentent le nombre de HCP quantifiées.

Figure 8 :

 8 Figure 8: Evaluation des approches ddaPASEF et diaPASEF du TimsTOF PRO pour le suivi des HCPs. Schéma analytique utilisé pour quantifier les HCPs restants dans des échantillons collectés après culture et après chromatographie d'affinité par protéine A (A). Quantités globales de HCPs et nombres de HCPs quantifiés moyens obtenus pour les quatre échantillons Harvest et pour les sept fractions PPA (B). La hauteur des barres représente la moyenne de la quantité globale de HCPs dans les triplicats d'injection de chaque échantillon. Les barres d'erreur représentent l'écart-type.

Figure 10 :

 10 Figure 10: Développement d'une stratégie dédiée à l'étude des produits médicaments. Schéma du protocole de digestion en condition native pour la déplétion du mAb.

Figure 11 :

 11 Figure 11: Performance du workflow HCPs dédié aux substances médicamenteuses. Recouvrement des peptides et des groupes de protéines identifiés dans trois répliques techniques d'échantillons de NIST mAb soumis à notre protocole optimisé de digestion native et analysés par nanoLC-DIA sur un Q Exactive HF-X (Thermo Fischer Scientific) (A). Distribution des CV calculés sur les intensités des peptides HCP dans les trois réplicats techniques (B). Recouvrement des HCP quantifiées dans le NIST mAb par l'approche Top3 Mix 4P-DIA avec la liste obtenue par Huang et al., sur un Synapt G2-S (Waters) (C).

  Pour améliorer encore le protocole de digestion native, nous avons implémenté une étape de micromélange sur le temps de digestion au sein d'un ultrasonicateur Covaris. Covaris fabrique des appareils qui délivrent des ultrasons focalisés, ou acoustique focalisée adaptée (AFA), qui permettent de focaliser l'énergie acoustique directement sur l'échantillon, améliorant ainsi l'efficacité de l'énergie délivrée avec moins de chaleur globale. Ainsi, la double digestion trypsine/Lys-C a été réalisée dans le bain du système Covaris à 30°C avec une énergie AFA de 2.5 W appliquée en continu. Deux temps d'incubation ont été testés : 10 et 30 min. Une fois digérés, le standard iRT a été ajouté avec le mix de quatre protéines standard (Mix 4P : ADH, PYGM, BSA, ENL) dans chaque échantillon. Les trois réplicats techniques ont été injectés sur le Q Exactive HF-X opéré en mode DIA et les résultats de quantification ont été comparés à ceux de l'échantillon contrôle présenté en figure 11 (Figure12).

Figure 12 :

 12 Figure 12: La technologie AFA de Covaris pour améliorer la digestion native. Quantité globale de HCPs et nombre de HCPs quantifiées dans l'échantillon témoin digéré pendant la nuit et dans deux échantillons de NIST mAb soumis à une digestion de 10 et 30 min sur le système Covaris (A). Les hauteurs des barres représentent les moyennes de la quantité globale de HCPs dans les réplicats techniques. Les barres d'erreur représentent l'écart type des quantités globales de HCPs dans les réplicats techniques. Les points représentent le nombre de HCPs quantifiées. Distribution des CVs calculés sur les intensités des peptides HCPs dans les trois réplicats techniques (B).

Figure 13 :

 13 Figure 13: Évaluation de la teneur en HCPs dans des substances médicamenteuses provenant de deux procédés de production différents. Quantification globale et nombre de HCPs quantifiées en DIA sur les échantillons des procédés de production 1 et 2 (B). Diagramme de Venn représentant la corrélation des listes de HCPs obtenues pour les deux procédés de production (B).

Figure 14 :

 14 Figure 14: Simulation du suivi des HCPs. Schéma analytique suivi afin d'observer l'extraction du signal d'espèces jusqu'à 20 ng/mg de mAb (A) Le principe de l'expérience a été décrit dans le paragraphe cidessus. Les ratios expérimentaux de la somme des Top3 des protéines standard, calculés à partir du point le plus haut (400 ng/mg de mAb), ont été représentés en fonction des ratios théoriques (B). Le point à 40 ng/mg de mAb a été retiré à cause d'une erreur lors de la préparation d'échantillon. Représentation du pourcentage de peptides identifiés avec 0, 1, 2 ou 3 fragments sur les 3 attendus (C). Les nombres représentent le pourcentage de peptides identifiés avec 3/3 fragments.

  La deuxième expérience a été conçue pour quantifier 115 peptides provenant de 30 HCPs ciblées au sein du NIST mAb. Ces impuretés ont été sélectionnées à partir d'une approche globale de suivi des HCPs précédemment réalisées sur notre Q Exactive HF-X opéré en DIA (section 1 du chapitre 3). Cinq réplicats d'injection ont été effectuées en utilisant le BioAccord. Ainsi, 50, 75 et 100 µg de NIST mAb ont été injectés avec les mêmes quantités de protéines standard ajoutées aux échantillons, à savoir 2 pmol d'ADH, 1 pmol de PYGM, 600 fmol de BSA et 400 fmol de ENL. Ensuite, une librairie de peptides a été créée sur UNIFI comprenant les 115 peptides des 30 HCPs et 16 peptides provenant des quatre protéines standards. La création d'une telle librairie nécessite la saisie manuelle de la séquence et du temps de rétention de chaque peptide ciblé. Comme précédemment, la librairie créée a été utilisée pour cibler les peptides HCPs en utilisant la méthode Accurate Mass Screening on MSe data avec une tolérance de masse sur les ions précurseurs de 15 ppm. Pour cette expérience, aucune restriction concernant le temps de rétention attendu n'a été fixée car les peptides à cibler ont été sélectionnés sur une plateforme MS utilisée à un débit différent, ce qui entraîne un décalage des temps de rétention. Les signaux identifiés et extraits ont été validés manuellement sur la base de leur profil isotopique et de la forme du pic chromatographique. Ensuite, nous n'avons gardé que les peptides qui ne présentaient pas de valeurs manquantes dans les cinq réplicats par quantité injectée et qui présentaient un CV<20% calculé sur les intensités des peptides parmi les cinq réplicats. Enfin, les 2 pmol d'ADH ont été utilisés pour estimer la quantité des HCPs ciblées via une stratégie de quantification Top3 (Figure15).

Figure 15 :

 15 Figure 15: Quantification des HCPs ciblées du NIST mAb sur le système LC-MS BioAccord. Schéma analytique suivi afin de quantifier, en utilisant la stratégie Top3, les HCPs restant dans les échantillons de NIST mAb injectés à différentes quantités : 50, 75 et 100 µg sur le BioAccord (A). Cinq réplicats d'injections ont été réalisés. Représentation des quantités estimées de quatre HCPs quantifiées dans les échantillons de NIST mAb injectés à 100, 75 et 500 µg, respectivement, comparées aux quantités estimées en utilisant notre méthode DIA sur le Q Exactive HF-X (B). Les hauteurs des barres représentent les moyennes des quantités de HCPs dans les cinq réplicats d'injection en utilisant le BioAccord et dans les triplicats d'injection en utilisant le Q Exactive HF-X. Les barres d'erreur représentent l'écart type sur les réplicats. Les annotations Top1 ou Top3 sur chaque graphique représentent le nombre de peptides utilisés pour la quantification dans les données BioAccord. Distribution des ratios entre la quantité de HCPs estimée par le BioAccord et celle obtenue par l'approche DIA HF-X pour les trois quantités injectées d'échantillons de NIST mAb (C).

Figure 16 :

 16 Figure 16: Schematic representation of the three MS-based proteomic approaches: Bottom-up, Middle-down and Top-down.

Figure 17 :

 17 Figure 17: Bottom-up proteomic workflow description.

Figure 18 :

 18 Figure 18: Data Dependent acquisition scheme. In the present example, the three most intense precursor ions on the MS1 spectrum (390.20 m/z in green, 584.80 m/z in orange, and 415.71 m/z in blue) were sequentially isolated and fragmented, generating three MS2 spectra that combine their fragments.

Figure 19 :

 19 Figure 19: Biemann nomenclature for peptide fragmentation. a-, b-and c-ions carry the positive charge at the N-terminal extremity, while x-, y-and z-ions on the C-terminal extremity. CID and HCD fragmentation favour b-and y-ions, while ETD and ECD c-and z-ions.

Figure 20 :

 20 Figure 20: Annotated MS2 spectrum generated using CID fragmentation. The protein sequence is read from left to right for b-ions and right to left for y-ions.

Figure 21 :

 21 Figure 21: Summary of the various IMS devices with their specificities and vendors (from 118 ).

Figure 22 :

 22 Figure 22: Schematic representation of the FAIMS permutation capacity between several current values during a MS cycle 123 .

Figure 23 :

 23 Figure 23: Principle of the TIMS device (from 125 ). Schematic representation of the TIMS component (A). Diagram of the voltage applied during the three steps of one ion packet separation (B). Illustration of the ions position in the TIMS tunnel (C).

Figure 24 :

 24 Figure 24: Overview of the global quantification strategies in bottom-up proteomic (adapted from 150

Figure 25 :

 25 Figure 25: Selected Reaction Monitoring (SRM) principle.

Figure 26 :

 26 Figure 26: Parallel Reaction Monitoring (PRM) principle.

Figure 27 :

 27 Figure 27: Workflow of the PRM assay development.

Figure 28 :

 28 Figure 28: The principle of isotopic dilution. Isotopically labeled peptides are spiked into the samples at equivalent and known amounts. Then, the area ratios of light and heavy peptides are used to determine the amount of endogenous peptide.

Figure 29 :

 29 Figure29: Limits of quantification of peptides. Peptide chromatographic signal is correlated to the amount of peptide in a linear range (green area). This range is determined by calibration curves for each peptide. Thus, the lower limit of quantification (LLOQ) and the upper limit of quantification (ULOQ) can be obtained.

Figure 30 :

 30 Figure 30: Number of publications for which the term "data-independent acquisition" is included in the abstract. *For 2021, the number of publications was collected on 07/09/2021.

Figure 31 :

 31 Figure 31: The principle of Data-Independent Acquisition mode. Schematic representation of DIA strategies based on isolation windows.

Figure 32 :

 32 Figure 32: Description of multiplexed approaches in DIA. Comparison of isolation schemes of two multiplexing strategies (overlapping isolation windows and the other with random windows) with the isolation scheme constitutes of consecutive windows (A). Example of MS2 spectra demultiplexing when using an overlapping windows strategy (B).

Figure 33 :

 33 Figure 33: Workflow of the DIA method development.

Figure 34 :

 34 Figure 34: Instrumental parameters to optimize for variable windows DIA analysis.

Figure 35 :

 35 Figure 35: Precursor ion percentage as a function of m/z ratio for analysis of a HeLa digest.

Figure 36 :

 36 Figure 36: Q1 isolation window slight overlap.

Figure 37 :

 37 Figure 37: DIA data processing strategies (adapted from 221). The peptide-centric approach involves the use of a previously generated spectral library to query for the presence of peptides in the DIA-MS2 spectra. The spectrum-centric approach aims at identifying peptides directly from DIA spectra. For this purpose, pseudo DDA spectra are generated from the DIA-MS2 spectra and a classical database search is performed. The assigned spectra are used to generate a spectral library and further extract the signals via a peptide-centric approach.

Figure 38 :

 38 Figure 38: Monoclonal Antibodies manufacturing process (adapted from 253-254 ). HIC: Hydrophobic Interaction Chromatography. IEX: Ion Exchange Chromatography. Protein A aff. Chrom.: Protein A affinity chromatography.

Figure 39 :

 39 Figure 39: Host Cell proteins clearance during purification process (adapted from 4 ). Order of magnitude of the overall impurities quantity (ng of HCP per mg of mAb) and number of HCPs at different step of the mAb manufacturing process. Protein A aff. Chrom.: Protein A affinity chromatography.

Figure 40 :

 40 Figure 40: Principle of the sandwich ELISA assay

Figure 42 :

 42 Figure 42: Limitation of the 2D-PAGE method for the detection of HCP (from 281 ). 2D gel of a CCCF fraction containing the mAb product (A). 2D gel of a CCCF fraction without the mAb product that was removed by affinity chromatography.

Figure 44 :

 44 Figure 44: Analytical workflow used to evaluate the HCP Profiler standard. An inter-laboratory study of the HCP Profiler standard was performed on a Hela digest. A sample containing the HCP Profiler peptides in a range from 1 to 500 fmol was injected in triplicate using DDA on two different nanoLC-MS/MS platforms in two different labs. Both datasets were compared using XIC-MS1 quantification on Proline software (Left). Four CCCF and eleven PPA fractions were in-gel digested and spiked with the HCP profiler standard or the mix of 4 standard proteins (ADH, PYGM, BSA, ENL from MassPREP digestion standard kit, Waters). Samples were injected in triplicate using DDA acquisition mode on a nanoLC-Q Exactive HF-X (Thermo fischer Scientific) system. Both accurate MS-based TOP3 quantification methods were benchmarked using XIC-MS1 DDA quantification on Proline software (Right).

Figure 45 :

 45 Figure 45: Representation of the HCP Profiler-based calibration curves obtained by the two laboratories. Superposition of the curves obtained from XIC-MS1 DDA quantification on a Q Exactive HF (Anaquant) and a Q Exactive HF-X (LSMBO) (A). Calibration curve equations for each replicate and CVs calculated on the slope, intercept and regression coefficient (B).

Figure 46 :

 46 Figure 46: Inter-laboratory global and individual quantification results obtained using the HCP Profiler standard. Representation of the global amount and number of quantified HeLa proteins obtained per replicate (A) Venn diagram of HeLa proteins quantified in replicate 1 for both laboratories (B) Inter-laboratory comparison between the individual quantification of the 500 most abundant proteins (C).

Figure 47 :

 47 Figure 47: Benchmarking of the HCP Profiler standard against the Mix 4P. Comparison of the XIC-MS1 DDA global quantification and numbers of HCPs quantified obtained on a Q-Exactive HF-X using the HCP Profiler standard and the Mix 4P. Error bars represent the standard deviation.

Figure 48 :

 48 Figure 48: Comparison of the individual HCP amounts obtained using the Top3 HCP Profiler-DDA and Top3 Mix 4P-DDA strategies. Representation of the ratios calculated between the Top3 HCP Profiler-DDA and Top3 Mix 4P-DDA amounts obtained for the 5305 common HCPs identified with both acquisitions methods. Out of range ratios were removed. In total 78% of the 5305 common HCPs were observed within a factor 2 (grey area).

Figure 49 :

 49 Figure 49: Analytical workflow used to assess the performance of the DIA acquisition mode on a Q-Orbitrap instrument.Four CCCF and eleven PPA fractions were in-gel digested and spiked with iRT retention time standards (Biognosys) and a bead of the HCP Profiler standard. Samples were injected in triplicate using DDA and DIA acquisition modes on a nanoLC-Q Exactive HF-X (Thermo Fischer Scientific) system. MS2-based DIA quantification was benchmarked against a classical XIC-MS1 DDA quantification. Furthermore, the spectrum-centric approach developed by Spectronaut, called directDIA, was evaluated against the spectral library-based approach (DIA) on the same software.

Figure 50 :

 50 Figure 50: Optimization of variable windows DIA methods in accordance with sample complexity. Based on the transient length at our working MS resolutions, a 40 variable windows DIA method was used in order to maximize the MS cycle per chromatographic peak (A). Then, by looking at the distribution of precursors over the m/z acquisition range obtained in DDA runs (B), the 40 variable windows were split from 350 to 1006 and 350 to 957 m/z, respectively for PPA and CCCF samples (C).

Figure 51 :

 51 Figure 51: Regression coefficients observed for the HCP Profiler standard calibration curves from DDA, DIA and directDIA approaches. Improved calibration curves using DIA or directDIA extraction methods with a search specific to the HCP Profiler standard (A). No missed cleavage allowed and carbamidomethylation of cysteines as fixed modification were used for the optimized settings. General settings are detailed in the experimental part, section 1.A. DDA, DIA and directDIA regression coefficients dispersion observed for all PPA and CCCF samples (B).

Figure 52 :

 52 Figure 52: Impact of consecutive validation criteria applied on the number of peptides and protein groups quantified using the spectral library-based DIA approach. Description of each step used to filter the raw lists of HCP peptides (A). The filters are detailed in the text. Numbers of peptides and protein groups remaining after each filter applied to the Harvest 1 and PPA 1 lisst of HCP peptides identified using Spectronaut are shown (B).

Figure 53 :

 53 Figure 53: Evaluation of the spectral library-based DIA strategy against MS1-XIC DDA for global HCP profiling using the HCP Profiler standard. Global HCP amounts and numbers of HCPs quantified obtained for PPA and CCCF fractions using MS1-XIC DDA and MS2-based DIA strategies (A). Bar heights represent the mean of the global HCP amount in injection triplicates. Error bars represent the standard deviation. Representation of the intra-HCPs dynamic range observed using DDA and DIA acquisition modes (B). Comparison of the mean CVs calculated on HCP peptides intensities within replicates for DDA and DIA analyses (C).

Figure 54 :

 54 Figure 54: Benchmarking of consistency and coverage of the DDA and DIA acquisitions modes.Representation of the ratios calculated between the Top3-DIA and Top3-DDA amounts obtained for the common HCPs between both acquisition methods (A) Out of range ratios were removed to observe the 52% of 3779 common HCPs within a factor 2. Grey area represent the ratios comprised within a factor 2. Representation of the number of peptides used to quantify each HCP (B).

Figure 55 :

 55 Figure 55: Evaluation of DIA peptide-and spectrum-centric strategies for global HCP profiling using the HCP Profiler standard. Global HCP amounts and numbers of HCPs quantified obtained for PPA and CCCF fractions using DIA and directDIA strategies (A). Bar heights represent the mean of the global HCP amount in injection triplicates. Error bars represent the standard deviation. Representation of the intra-HCPs dynamic range observed using DIA and directDIA extraction methods (B). Representation of the log ratios between the DIA and directDIA quantities of the 500 most abundant HCPs of the harvest 1 sample (C).

Figure 56 :

 56 Figure 56: Benchmarking of accuracy of the DIA and directDIA extraction strategies. Representation of the ratios calculated between the Top3-DIA and Top3-directDIA amounts obtained for the common HCPs between both extraction methods (A) Out of range ratios were removed to observe the 82% of 5833 common HCPs within a factor 2 (grey area). Representation of the numbers of peptides used to quantify each HCPs (B).

Figure 57 :

 57 Figure 57: Venn diagrams of the HCPs that compose the generated in-house spectral library and the HCPs only quantified using directDIA in CCCF fractions. Around 56% of the HCPs only quantified using directDIA are not covered by the in-house CHO specific spectral library.

Figure 58 :

 58 Figure 58: Benchmarking of the HCP Profiler-DIA method against the gold standard ELISA and the DIA-SWATH method. Representation of the overall HCP amounts obtained for the three analytical methods and superposition of the ratios between the HCP Profiler-DIA approach and ELISA assay (A). Bar heights represent the means of the global HCP amounts in injection triplicates. Error bars represent the standard deviation. Number of HCPs quantified by the HCP Profiler-DIA method on the Q Exactive HF-X and the DIA-SWATH method performed on the TTOF 6600 (B).

Figure 59 :

 59 Figure59: Data processing workflow used to generate a project-specific spectral library. Four mAbs CCCF and PPA fractions were in-gel digested and spiked with iRT retention time standards (Biognosys) and the mix of four standard proteins from the MassPREP digestion kit. Samples were injected in triplicate using DIA acquisition modes on a nanoLC-Q Exactive HF-X (Thermo fischer Scientific) system. Hybrid spectral library-based search was benchmarked against a classical DDA library-based analysis and directDIA using Spectronaut software.

Figure 60 :

 60 Figure 60: Hybrid spectral library generation. The DDA-based spectral library search archive combined with the 54 DIA runs of the CCCF and PPA samples enables the generation of a project specific hybrid library (adapted from 15 ) (A). Overlap of the protein groups identified in both spectral libraries (B). Representation of the number of peptides and protein groups identified in the DDA and hybrid library (C).

Figure 61 :

 61 Figure 61: Benchmarking of the hybrid spectral library against DDA-based library for DIA data extraction. Representation of the overall HCP quantities obtained and numbers of HCPs quantified by the hybrid and DDA spectral libraries (A). The dots represent the numbers of HCPs quantified. Bar heights represent the mean of the global HCP amount in injection triplicates. Error bars represent the standard deviation. Distribution of the average CVs calculated on the HCP peptides intensities among replicates for the 18 samples (B). Dispersion of PYGM/ADH ratios obtained with both spectral libraries (C). mAb 1 (green tank), mAb 2 (yellow tank), mAb 3 (blue tank) and mAb 4 samples (red tank).

  mAb 3 from the 2000L and 15 000L bioreactors and the CCCF fraction of mAb 4 from the 2000L bioreactor in our dataset (Figure 62). Those three samples showed a lower than normal PYGM/ADH ratio. A closer look at the PYGM peptides revealed partially extracted signals, while the use of the DDAbased library only allowed for complete signals extraction (Figure 62.A and Figure 62.B). The same issue was observed for the three samples that showed lower retention times and lower reproducibility between replicates. The use of a correction factor of 1.5 applied to the XIC extraction window dynamically chosen by Spectronaut allowed us to overcome the problem. This led to the same signals extractions as using the DDA-based library (Figure 62.C). Also, the application of the correction factor allowed the quantification of approximately 200 additional HCPs. The use of this parameter on the other six samples gave random results with a gain or loss in the numbers of HCPs quantified. Therefore, we decided to apply this correction factor only to the three samples mentioned. Further investigation is needed to determine if this parameter should be systematically applied to all DIA analyses.

Figure 62 :

 62 Figure 62: Signal extraction issues observed with the hybrid spectral library. Doubly charged PYGM peptide 'FAAYLER' MS2 signals extraction for the three replicates of the mAb 4 CCCF fraction from the 2000 L tank obtained using the DDA-based spectral library (A) and the hybrid library (B). Impact of the correction factor of 1.5 applied to the XIC extraction window dynamically chosen by Spectronaut for the mAb 3 CCCF fractions from 2000L and 15 000L tanks and mAb 4 CCCF fraction from a 2000 L bioreactor (C).

Figure 63 :

 63 Figure 63: Benchmarking of the hybrid spectral library-based DIA against directDIA. Representation of the overall HCP quantities obtained and numbers of HCPs quantified by the hybrid and directDIA methods (A). The dots represent the numbers of HCPs quantified. Bar heights represent the mean of the global HCP amount in injection triplicates. Error bars represent the standard deviation. Distribution of the average CVs calculated on the HCP peptides intensities among replicates for the 18 samples (B). Dispersion of PYGM/ADH ratios obtained with both extraction strategies (C). mAb 1 (green tank), mAb 2 (yellow tank), mAb 3 (blue tank) and mAb 4 samples (red tank).

Figure 64 :

 64 Figure 64: Evaluation of the bioreactor capacity's impact on the HCP profile. Global HCP amounts and numbers of HCPs quantified obtained for CCCF (A) and PPA (B) fractions using Top3-DIA strategy. Bar heights represent the mean of the global HCP amounts in injection triplicates. Error bars represent the standard deviation. The dots and values represent the numbers of HCPs quantified.

Figure 65 :

 65 Figure65: HCPs profiles in fractions from the same mAb production. Venn diagrams of the HCPs quantified in CCCF fractions from the same mAb (A). Distribution of the ratios between the estimated amounts of common HCPs in samples from the same mAb using the Top3-DIA method (B). Out of range ratios were removed to observe the 74% of 5357 common HCPs within a factor 2 (grey area).

Figure 66 :

 66 Figure 66: Inter-mAb type HCPs profile comparison. Overlay of the HCPs quantified in CCCF fractions from the same mAb.

Figure 67 :

 67 Figure 67: Principle of Parallel Accumulation occurring in the dual TIMS cell (adapted from 26 ).

Figure 68 :

 68 Figure 68: Principle of the PASEF mode (from26). The upper panel represents the standard TIMS-MS/MS operation mode. One precursor ion is selected from a single TIMS scan, while the others are discarded. The PASEF mode allows full use of target ions for fragmentation by rapid switching of the quadrupole mass position to select the precursor during its TIMS elution time.

Figure 69 :

 69 Figure 69: Scheme of the ddaPASEF acquisition mode on the TimsTOF PRO instrument (adapted from 25

Figure 70 :

 70 Figure 70: Principle of diaPASEF (from 215 ). The quadrupole isolation window (gray) is dynamically positioned according to ion mobility (arrow). In a given TIMS scan, ions from the selected mass ranges are fragmented to record ion mobility resolved MS/MS spectra of all precursor ions.

Figure 71 :

 71 Figure 71: Evaluation of the TimsTOF PRO instrument for HCPs characterization. Four mAbs CCCF and PPA fractions were in-gel digested and spiked with iRT retention time standards (Biognosys) and a bead of the HCP Profiler standard. Samples were injected in triplicate using ddaPASEF and diaPASEF acquisition modes on a nanoElute-TimsTOF PRO (Bruker) system. The ddaPASEF, diaPASEF and directDIA-PASEF quantification results were benchmarked to assess the performances of the Tims-QTOF instrument.

Figure 72 :

 72 Figure 72: Schematic representation of a PASEF frame.

Figure 73 :

 73 Figure 73: Evaluation of the spectral library-based diaPASEF strategy against MS1-XIC ddaPASEF for global HCP profiling using the HCP Profiler standard. Global HCP amounts and numbers of HCPs quantified obtained for PPA and CCCF fractions using MS1-XIC ddaPASEF and MS2-based diaPASEF strategy (A). Bar heights represent the mean of the global HCP amount in injection triplicates. Error bars represent the standard deviation. Representation of the intra-HCPs dynamic range observed using DDA and DIA acquisition modes (B). Comparison of the mean CVs calculated on HCP peptides intensities within replicates for ddaPASEF and diaPASEF (C).

Figure 74 :

 74 Figure 74: Example of the issues observed on the HCP Profiler standard peptide extracted signals from diaPASEF data. The problems can be classified into three categories: (A) Presence of unextracted signals, (B) Misplaced m/z extraction windows, and (C) Presence of partially extracted signals. Each spectrum represents the extracted MS2 signals of the y-and b-ions of a given peptides.

Figure 75 :

 75 Figure 75: Benchmarking of the diaPASEF against directDIA-PASEF extraction strategies. Global HCP amounts and numbers of HCPs quantified obtained for PPA and CCCF fractions using spectral librarybased diaPASEF and directDIA-PASEF strategy (A). Bar heights represent the means of the global HCP amounts in injection triplicates. Error bars represent the standard deviation. Comparison of the mean CVs calculated on HCP peptides intensities within replicates for diaPASEF and directDIA-PASEF (B). Superposition of the calibration curves obtained using ddaPASEF, diaPASEF and directDIA-PASEF methods (C). The calibration curves presented were obtained by averaging the slope and intercept of the 33 curves of each method.

Figure 76 :

 76 Figure 76: Benchmarking of the identification performance of the diaPASEF approach against the DIA method performed on the Q Exactive HF-X. Numbers of peptides identified in PPA and CCCF fractions using spectral library-based diaPASEF and DIA HF-X strategies (A). Number of protein groups identified in PPA and CCCF fractions using spectral library-based diaPASEF and DIA HF-X strategies (B). Bar heights represent the mean of the numbers of identifications in injection triplicates. Error bars represent the standard deviation. The straight lines with marker represent the ratio of the values obtained with the Q Exactive HF-X over the one obtained with the TimsTOF PRO.

Figure 77 :

 77 Figure 77: Dynamic range between antibody and HCPs in a drug substance.

Figure 78 :

 78 Figure 78: The principle of Adapted Focalised Acoustic (AFA) technology.

Figure 79 :

 79 Figure 79: Presentation of the system used for the experiments. Covaris S220 Focused-ultrasonicator (A). MicroTUBE AFA Fiber Pre-Slit Snap-Cap 6x16mm (B).

Figure 80 :

 80 Figure 80: Optimization of a DS analysis workflow. NIST mAb samples were subjected to an optimized native digestion protocol and spiked with iRT retention time standards (Biognosys) and the mixture of 4 standard proteins (ADH, PYGM, BSA, ENL from the MassPREP digestion standard kit, Waters).Technical replicates were injected using a DIA variable isolation windows method dedicated to DS on a nanoLC-Q Exactive HF-X system (Thermo fischer Scientific). Data extraction was performed via a spectral library and filters applied to the list of identified peptides, using an R script, were finely tuned for this type of challenging sample.

Figure 81 :

 81 Figure 81: Filters applied for the validation of identified and quantified HCPs in drug substances. Representation of the effect of each filter applied to validate HCPs peptides prior to quantification (A). Example of a peptide with an interference leading to a biased quantification (B). HCP peptide with nonreproducible extracted signals (C). MS2 signals extracted from a peptide that has passed all filters leading to a robust and accurate quantification of the HCP (D).

Figure 82 :

 82 Figure 82: Performance of the HCP workflow dedicated to drug substances. Overlap of the peptides and protein groups identified in three technical replicates of NIST mAb samples subjected to our optimized native digestion protocol and analyzed using a nanoLC-DIA Q Exactive HF-X (Thermo Fischer Scientific) system (A). NIST mAb overall HCPs amount and number of HCPs quantified using the developed MS2-based DIA approach (B). Distribution of the CVs calculated on HCPs peptides intensities within the three technical replicates (C).

Figure 83 :

 83 Figure 83: HCPs coverage in the NIST mAb using the optimized native liquid digestion protocol. Overlap of the HCPs quantified in the NIST mAb using the optimized native digestion combined with MS2-based DIA quantification with the list obtained by Huang et al.

Figure 84 :

 84 Figure 84: Covaris AFA to enhance the native digestion. Overall HCPs amounts and numbers of HCPs quantified in the control sample digested overnight and two NIST mAb samples subjected to a 10 and 30 min digestion on the Covaris system (A). Bar heights represent the means of the global HCPs amount in technical replicates. Error bars represent the standard deviation of the overall HCPs amounts in technical replicates.

Figure 85 :

 85 Figure 85: Quantification results investigation. Numbers of identified peptides and protein groups in the control sample digested overnight and two NIST mAb samples subjected to a 10 and 30 min digestion on the Covaris system (A). Bar heights represent the means of the numbers of identifications in technical replicates. Error bars represent the standard of the numbers of identifications in technical replicates (A). Distribution of the CVs calculated on HCPs peptides intensities within the three technical replicates (B).

Figure 86 :

 86 Figure 86: Analytical workflow used to assess the impact of two bioprocesses on the HCP content.Five drug substance samples were subjected to the native digestion protocol and spiked with iRT retention time standards (Biognosys) and the mix of 4 standard proteins (ADH, PYGM, BSA, ENL from MassPREP digestion standard kit, Waters). Samples were injected in injection triplicates using DIA acquisition on a nanoLC-Q Exactive HF-X (Thermo fischer Scientific) system. MS2-based quantification results were used to evaluate the effects of process 2 on the HCPs content.

Figure 87 :

 87 Figure 87: Evaluation of HCPs contents in drug substances produced from two bioprocesses by our DIA approach. Global HCP amounts and numbers of HCPs quantified obtained for the process 1 samples (samples 1.A and 1.B) and the process 2 samples (samples 2.A, 2.B and 2.C) using MS2-based DIA quantification. Bar heights represent the means of the global HCPs amounts in injection triplicates. Error bars represent the standard deviation on injection triplicates.

Figure 88 :

 88 Figure 88: Process-related HCPs comparison. Overlap of the quantified HCPs in each process (A). Representation of the HCPs quantities determined in the two process 1 samples and in the three process 2 samples (B). Black dots represent the HCPs uniquely quantified in process 2.

Figure 90 :

 90 Figure 90: Analytical workflow used to assess the performances of the BioAccord LC-MS instrument for the characterization of HCP impurities. Two experiments were performed. Experiment 1 consisted in spiking standard proteins (ADH1_YEAST, PYGM_RABIT, ENO1_YEAST) at different concentrations from 0 to 400 ng/mg mAb to observe the signal extraction of species down to 20 ng/mg mAb. The ALBU_BOVIN (BSA) protein was added at a constant concentration of 100 ng/mg mAb in order to have a reference that should show the same behavior within the different samples. All these standard proteins were spiked in a constant background of NIST mAb at 50 µg. The aim of experiment 2 was to quantify, using the Top3 strategy, HCPs remaining in NIST mAb samples injected at different amounts: 50, 75 and 100 µg of NIST mAb were injected.

Figure 91 :

 91 Figure 91: Targeted data processing to investigate the amounts of specific HCPs. Low scan energy observed for a HCP peptide (ALDOA_MOUSE) and a standard peptide (ADH) (A). Extracted Ion Current (XIC) for both peptides (B).

Figure 92 :

 92 Figure 92: NIST mAb peptide mapping experiment. NIST mAb sequence coverage obtained after an overnight digestion using trypsin and injection on the BioAccord instrument (A). In-source fragmentation spectrum of the black bold peptide observed on the sequence coverage displayed in A: VVSVLTVLHQDWLNGK (B). Red peaks represent the y-ion series, blue peaks display b-ion series and green peaks show fragment ions with a neutral of water-loss.

Figure 93 :

 93 Figure 93: BioAccord MS response study. Log2 representation of the sum of the areas of the 3 most intense peptides of ADH, ENL and PYGM calculated in each replicate of the 20, 40, 80, 200 and 400 ng/mg mAb samples (A). Log2 representation using the peptide abundances normalized using BSA signals (B).

  The MS responses of the 20, 80 and 200 ng/mg mAb samples were compared to the 400 ng/mg sample and plotted on a log2 scale of the experimental fold change in function of the theoretical/calculated fold change. For example, we divided the Top3 ADH peptide area obtained in the 400 ng/mg sample by the Top3 ADH peptide area in the same replicate of the 200 ng/mg sample, a fold change of 2 and a log2(fold change) of 1 are expected.

Figure 94 :

 94 Figure 94: Measured fold changes with the BioAccord RDa detector. Representation of the measured fold changes between ADH, ENL and PYGM Top3 peptide areas of the 20, 80 and 200 ng/mg samples compared to the 400 ng/mg sample used as reference (A). Representation of the percentage of peptides identified with 0, 1, 2 or 3 fragments on the 3 expected (B). Black numbers display the percentage of peptides with 3/3 fragments identified.

Figure 95 :

 95 Figure 95: Individual amounts of the 14 HCPs quantified in the NIST mAb sample using the BioAccord LC-MS instrument. Representation of the estimated amounts of the 14 HCPs quantified in the NIST mAb samples injected at 50, 75 and 100 µg, respectively compared to the amounts estimated using our DIA method on the Q Exactive HF-X. Bar heights represent the means of the global HCP amounts in the five injection replicates using the BioAccord and in injection triplicates using the Q Exactive HF-X. Error bars represent the standard deviation over the replicates. The Top1, Top2 or Top3 annotations on each graph represent the numbers of peptides used for quantification within the BioAccord data. Proteins are arranged in decreasing order of quantities.

Figure 96 :

 96 Figure 96: Evaluation of the BioAccord quantification performances over the Top3-DIA approach on the Q Exactive HF-X. Representation of the ratios between the BioAccord HCP estimated amount over the DIA HF-X for the three injected quantity of NIST mAb samples.

Table 9 :

 9 Information on the 54 peptides that constitute the HCP Profiler standard.

  a. DDA acquisition DDA analyses of the fractionated mock cell line were performed successively, without a blank between each fraction. The data were acquired using the MS parameters described in the Experimental section, section 1.A.ii.b. b. DIA acquisition DIA injections of CCCF and PPA samples were performed in a randomized injection sequence. Full-scan MS spectra were collected from 350-1 250 m/z at a resolution of 60 000 at 200 m/z with an AGC target fixed at 3.10 6 ions and a maximum injection time of 60 ms. Fragments analysis (MS/MS) was subdivided into 40 windows of variable widths. Two acquisitions methods were developed for CCCF and PPA samples (Figure97). Resolution was set to 30 000 at 200 m/z, AGC target fixed at 1.10 6 ions and with an automatic maximum injection time.

Figure 97 :

 97 Figure 97: Representation of the 40 variable isolation windows optimized for harvest and PPA samples.

Figure 98 :

 98 Figure 98: Representation of the 60 variable isolation windows optimized for drug substances.

Figure 1 :

 1 Figure 1: Experimental design for the optimization of an MS-based quantification strategy for HCP monitoring.

Figure 2 :

 2 Figure 2: Benchmarking of the HCP Profiler standard against the Mix 4P using a MS1-XIC DDA approach. Comparison of global HCPs numbers and amounts obtained on a Q-Exactive HF-X using the HCP Profiler standard and the Mix 4P. Bar height represents the mean of the global HCP amount in injection triplicates. Error bars represent the standard deviation. Dots indicate the numbers of quantified HCPs.

Figure 3 :

 3 Figure 3: Evaluation of DIA strategies against DDA for global HCP profiling using the HCP Profiler standard. Quantification results obtained for PPA and CCCF fractions (A). Bar height represents the mean of the global HCP amount in injection triplicates. Error bars represent the standard deviation. Number of HCPs quantified per samples for PPA and CCCF fractions (B).

  

  

  

  

  

  

  

  

  

  

  

  11.A). Après l'application de nos filtres, nous avons pu quantifier 98 HCPs pour une quantité globale de 247 ng/mg de mAb. De plus, une médiane des CVs calculés sur les intensités des peptides HCPs de 8,4% a été obtenue, démontrant la précision de l'extraction DIA sur les trois réplicats techniques de ces échantillons purifiés Finalement, ce protocole a montré une reproductibilité et une précision de quantification similaires aux méthodes développées dans le chapitre 2, en utilisant les fractions Harvest et PPA, tout en diminuant la gamme dynamique mAb/HCP qui représente le goulot d'étranglement de l'analyse des substances médicamenteuses.

(Figure 11.B)

. Finalement, en comparant nos résultats avec ceux de Huang et al., nous avons remarqué que 82% des HCPs identifiées sur leur instrument Q-TOF ont été couverts par notre méthode DIA, réalisée sur le Q Exactive HF-X, avec 49 HCPs supplémentaires (Figure

11

.C). Des résultats intéressants, étant donné que l'on peut trouver différents spectromètres de masse sur différents sites de production de médicaments.

  14 heures), ces résultats sont prometteurs. En effet, cela permettrait de diminuer le temps de préparation des échantillons. Cependant, nous avons quantifié 29 HCPs de moins avec cette digestion ultrarapide. Un nombre non négligeable dans notre contexte. L'échantillon de mAb du NIST digéré pendant 30 minutes a montré 24 HCPs quantifiés. Il a donc montré une couverture des HCPs plus faible que l'échantillon contrôle et celui digéré en 10 min. Ce résultat s'explique par une faible répétabilité de l'extraction des signaux au sein des trois réplicats de l'échantillon digéré en 30 min (Figure12.Eppendorf, entraînent des pertes d'échantillon car le tube Covaris contient une fibre qui gêne la récupération de l'échantillon. En conclusion, ces résultats prometteurs nécessitent une nouvelle expérience dédiée pour confirmer l'intérêt de l'étape d'ultrasonication pour améliorer le protocole de digestion native.2. Étude de cas : Enquête sur le changement de procédé de production d'un anticorps monoclonal Au cours du développement d'un anticorps, UCB Pharma a dû revoir le processus de purification afin de diminuer la quantité de HCPs dans la substance médicamenteuse. Alors que les quantités mesurées par un kit ELISA commercial ont montrées une diminution de la teneur en impuretés, l'utilisation d'un kit ELISA interne n'a pas confirmé cette conclusion. Ces résultats contradictoires ont conduit à une enquête supplémentaire afin de déterminer si le problème venait du kit ELISA interne, qui est censé être plus spécifique aux échantillons, ou si le nouveau procédé de production ne répondait pas aux

B). En effet, une perte d'échantillon au sein des deux premier réplicats de l'échantillon digéré en 30 min a été observée. Le Covaris S220 fonctionne pour un seul échantillon à la fois et nécessite l'utilisation de tubes spécifiques. Il est nécessaire de transférer l'échantillon dans le tube Covaris. Ensuite, pour l'étape finale de centrifugation, l'échantillon doit être transféré dans un Eppendorf. Ces transferts, notamment le transfert du tube Covaris à l'attentes. Ainsi, l'équipe de caractérisation des protéines d'UCB Pharma basée à Slough a effectué des analyses LC-MS/MS en mode DDA sur un instrument de type Q Exactive. De plus, nous avons été impliqué dans cette enquête et cinq échantillons provenant des deux procédés de production ont été envoyés à Strasbourg, ce qui nous a permis d'appliquer notre stratégie DIA sur un cas concret.

  De plus, UCB Pharma avait déjà réalisé, en interne, une évaluation des risques liés aux HCPs identifiées au sein du procédé 1. Comme le procédé de production lui-même peut influencer le profil des HCPs, nous avons comparé en détail les HCP identifiées et quantifiées dans les deux processus (Figure13.B). Les HCPs quantifiées dans les échantillons 1.A et 1.B ont été combinées en une seule liste pour le procédé 1 et la même chose a été faite pour le procédé 2 avec les échantillons 2.A, 2.B et 2.C. Le diagramme de Venn a révélé 6 HCPs quantifiées seulement dans les échantillons du procédé 2.

  Le projet a été mené dans le cadre d'une collaboration entre UCB Pharma et Waters, tous deux intéressés par l'évaluation du système LC-MS BioAccord pour la caractérisation des HCPs. Cet instrument, fabriqué par Waters, vise à fournir une solution simple d'utilisation pour les compagnies biopharmaceutiques. Le système est entièrement contrôlé par le logiciel UNIFI, qui permet une utilisation efficace du BioAccord avec la création de workflow analytique de l'acquisition au traitement des données. En outre, le logiciel tout-en-un comprend un système complet de traçabilité pour l'acquisition, le traitement et le rendu de rapport, ce qui limite le risque d'erreurs et facilite la préparation des audits.

Le BioAccord fonctionne avec une source d'ionisation ESI et un détecteur ACQUITY RDa. Deux modes d'acquisition sont proposés : full scan et full scan avec fragmentation. La deuxième option procède à la fragmentation en source des peptides ionisés avec l'application d'une rampe d'énergie au niveau de la tension de cône. Le système alternera un scan avec une faible tension de cône (peptides) et avec une rampe d'énergie élevée (fragments). Nous nous sommes évidemment tournés vers ce second mode d'acquisition pour caractériser les HCPs et avons travaillé sur l'échantillon de référence NIST mAb pour l'évaluation de l'instrument.

Le système BioAccord est uniquement composé d'une source d'ionisation, de lentilles pour guider les ions et d'un analyseur TOF. Il ne permet donc pas de sélectionner les ions pendant l'analyse. Ainsi, les scans MS et MS/MS contiendront tous les ions précurseurs et fragments contenus dans la gamme d'acquisition de 50 à 2000 m/z. De plus, le logiciel UNIFI n'est pas un logiciel de protéomique permettant l'analyse de centaines de milliers de protéines. Par exemple, il n'est possible d'ajouter qu'une seule séquence de protéines à la fois dans le logiciel. Ceci est une limitation pour les mAbs produits à partir de cellules CHO car l'organisme CHO contient actuellement 56 569 entrées protéiques. C'est pourquoi, nous avons utilisé une méthode UNIFI, appelée "Accurate mass screening on MSe data", qui permet d'identifier les ions précurseurs et de réaliser l'extraction des courants d'ions (XIC) des peptides ciblés contenus dans une librairie.

Deux expériences ont été réalisées pour évaluer le système LC-MS BioAccord pour la caractérisation des HCP dans le NIST mAb. Pour les deux expériences, le NIST mAb a été soumis au protocole de digestion native développé au sein de la section 1 du chapitre 3.

  15.B). Pour la plupart des HCPs, la barre d'erreur démontre une quantification hautement reproductible en utilisant la stratégie de traitement des données ciblées sur le BioAccord. En outre, les quantités estimées sont du même ordre de grandeur que celles estimées sur le Q Exactive HF-X. Nous avons observé que 70% des 40 valeurs comparées pour les trois quantités de matériel injecté sont cohérentes dans un facteur 2 (Figure15.C). Ces résultats mettent en évidence les performances prometteuses du BioAccord tout en montrant certaines limites en ce qui concerne la quantité de HCPs présente et la quantité de matériel injecté. En effet, en dessous de 4 ng/mg de mAb, aucune HCP n'a été quantifiée avec plus d'un peptide. De plus, les protéines EF1A1_MOUSE et UB2V2_MOUSE n'ont pas été quantifiées dans les injections de 50 µg de matériel de départ du NIST mAb. Ainsi, la quantité injectée doit être finement optimisée afin d'avoir les HCPs en quantité suffisante pour pouvoir les quantifier.

En conclusion, le BioAccord peut être utilisé en analyse de routine pour la quantification ciblée des HCPs d'intérêts. Cependant, une expérience de suivi global des impuretés doit être réalisée en amont sur un instrument dédié à l'analyse protéomique de type ''shotgun'', de préférence sur un système chromatographique similaire, afin de sélectionner les peptides protéotypiques des HCPs ciblées. Une fois ces peptides sélectionnés, ils doivent être idéalement synthétisés avec un marquage isotopique afin d'effectuer une quantification précise/absolue par dilution isotopique. Dans ces conditions, le BioAccord a un réel potentiel pour être appliqué à la quantification précise et robuste des HCPs ciblées.

LC system NanoAcquity UPLC at nanoflow NanoElute at nanoflow Acquity UPLC at microflow System vendor

  

		Waters	Bruker	Waters
	Column vendor	Waters	IonOpticks	Waters
	Stationary phase	C18	C18	C18
	Column length (mm)	250	250	150
	Internal diameter	75 µm	75 µm	2.1 mm
	Particle size (µm)	1.7	1.6	1.7
	Pore size (Å)	130	120	130
	Flow rate	400 nL/min	400 nL/min	200 µL/min

Table 3 : Description of the MS systems used during my PhD work. MS system Q Exactive HF-X TimsTOF PRO BioAccord System vendor

 3 Acquisition represents the most used in the field of bottom-up proteomics.

		Thermo Fisher Scientific	Bruker Daltonics	Waters
	Analyzer	Q-Orbitrap	Q-TOF	TOF
	Resolution	From 7500 to 24000 (at 200 m/z)	40 000 at 622 m/z	>10 000 (at 550 m/z)
	Mass accuracy	5 ppm	10 ppm	5 ppm
	Acquisition speed	Up to 40 Hz	> 100 Hz	Up to 20 Hz
	Fragmentation	HCD	CID	In-source
	Ion mobility	-	TIMS	-

Entrez 136 is

  

	created by the National Center for Biotechnology Information. This large
	database combines protein sequences from the Protein Databank (PDB) 137 , Protein Research
	Foundation (PRF), Protein Information Resource (PIR) 138 , RefSeq 139 and SwissProt 140 , together
	with protein sequences derived from the translation of nucleotide sequence banks found in
	EMBL, DDBJ 141 and GenBank 142 . This library of sequences has varying levels of annotation with
	high redundancy.
	-RefSeq 139 is also produced by NCBI. Nevertheless, the content of this database is verified,
	annotated and does not contain redundancy. For each protein, the link between the protein,
	the gene and the transcript is available. The 16 July 2021 (Release 207), it contained
	209,035,492 proteins representing 112,462 species.
	Nevertheless, errors in the translation of nucleotide sequences into protein sequences can be
	observed in both databases and further negatively affect the analysis of MS data 143 .
	-UniProtKB results from the collaboration between the European Bioinformatics Institute
	(EMBL-EBI), the Swiss Institute of Bioinformatics (SIB) and the PIR. This bank is composed of :
	 UniProtKB/TrEMBL that contains automatically translated, annotated and classified
	protein sequences from GenBank, sequences from the literature and others requiring
	validation for insertion in UniProtKB/SwissProt.
	 UniProtKB/SwissProt, which is the result of extensive efforts to manually annotate and
	sort sequences from the literature in order to conserve only high quality information.
	This work, started in 1986, provides many levels of information: function, subcellular
	localization, interactions, associated pathologies, expression level, structure and
	PTMs, for instance.
	Both databases are continually updated. The 2 nd of September 2021, UniProtKB/TrEMBL and
	UniProtKB/SwissProt contained 219,174,961 and 565,254 entries, respectively.

  The use of previous experiments or publicly available databases (PRIDE 182 , PeptideAtlas 183 , Panorama 184 , SRMAtlas 185 , NeXtProt 186 or Human Proteinpedia 187 ) can help to select peptides that display well-defined chromatographic peak and efficient ionization. If experimental data are not available, prediction tools exist to predict LC-MS behaviors such as PeptideSieve 188 , ESP 189 , PREGO 190 or even AP3 191 .

Table 6 : Summary of the Data-Dependent Acquisition (DDA), Selected/Parallel Reaction Monitoring (SRM/PRM) and Data-Independent Acquisition (DIA) strengths and weaknesses (adapted from 220, 287 ).

 6 The main objective of my PhD was to develop MS-based quantification methods for HCPs pofiling in order to support process development, manufacturing and final purity assessment of the mAbs. The developed approaches should therefore allow an accurate and robust quantification of HCPs while covering the largest possible spectrum of HCPs present.

	Criteria	DDA	SRM/PRM	DIA
	Method development	++	-	+
	Data analysis	++	+	-
	Hypothesis-driven?	-	+	+/-
	Proteome coverage	+	-	+
	Sensitivity, dynamic range and selectivity	-	++	+
	Quantification precision	+/-	++	+
	Reproducibility	-	++	+
	Retrospective hypothesis?	+	+	++

Development of an accurate HCP quantification method to support mAb manufacturing Chapter 1

  Development of an innovative Top3 quantificationstrategy dedicated to HCP profiling 1. Context of the project During his PhD, Dr. Gauthier Husson developed an innovative method based on mass spectrometry to characterize Host Cell Proteins impurities in biotherapeutics

  The MS1-XIC DDA approach was able to quantify an average of 1464 HCPs in the CCCF fractions with global quantities between 222 646 and 365 145 ng/mg mAb, and 115 HCPs in PPA fractions representing 569 to 19 153 ng/mg mAb. Through the use of MS2 signals acquired in DIA and extracted via a spectral library, we quantified an average of 1737 HCPs with a global estimation between 62 792 and 138 297 ng/mg mAb for CCCF samples and 159 HCPs in PPA fractions with a quantity between 1 339 and 11 992 ng/mg mAb (Figure53.A).

  Four crude harvest and seven Post Protein A affinity chromatography (PPA) samples of an IgG4 mAb A33 were obtained from a CHO DG44 cell culture as described inHusson et al. 288 work. Dr. Husson performed the culture, collection and cold acetone precipitation before freezing the samples.

	1. Development of an accurate HCP quantification method to support mAb
	manufacturing
	A. Development of an innovative Top3 quantification strategy dedicated to HCP
	profiling
	i. Sample preparation protocol
	a. Protein quantification
	Protein pellets were resuspended in gel loading buffer (10 mM Tris, 1 mM EDTA, 5% β-
	Mercaptoethanol, 5% SDS, 10% glycerol, pH 6.8). The total protein concentration was determined
	using the RC DC Protein Assay kit (Bio-Rad laboratories, Hercules, CA, USA) following manufacturer's
	instructions.
	b. Gel stacking
	CCCF and PPA samples were stacked in a single band for HCP quantification. Proteins were in-gel
	reduced with 10 mM DTT for 30 min at 60°C. Alkylation was performed with 55 mM IAA for 30 min in
	the dark. Then trypsin (Promega, Madison, USA) was added to a 1:50 enzyme:substrate ratio). Samples
	were incubated overnight at 37°C (14 hours). Peptides were extracted from gel band using 60% ACN,
	0.1% FA for 1 hour under agitation and a second step with 100% ACN for 1 hour. After vaccum drying,
	samples were resolubilized in 2% ACN, 0.1% FA to obtain a final protein concentration of 0.4 µg/µL. In
	all samples, retention time standards (iRT kit, Biognosys, Schlieren, Switzerland) were spiked. For the
	HCP Profiler solution (Anaquant, Villeurbanne, France) based quantification, one bead was spiked in
	150 µL of 0.2 ng/µL protein solution. For the mix of standard protein, four accurately quantified
	standard proteins (on column 10 fmol of ADH (yeast alcohol dehydrogenase, P00330), 2 fmol of PYGM
	(rabit phosphorylase b, P00489), 0.5 fmol of BSA (bovine serum albumin, P02769) and 0.2 fmol of ENL
	(yeast enolase, P00924)) from the MassPREP Digestion Standard Kit (Waters, Milford, USA) were
	spiked.

  5 , and dynamic exclusion was set to 40 sec.iii. DDA data treatment Raw DDA files were converted to .mgf peaklists using MsConvert and were submitted to Mascot database searches on a local server (version 2.5.1, MatrixScience, London, UK) against a .fasta database including all Critecutulus griseus entries extracted from UniProtKB/TrEMBL (56 566 protein entries,February 15, 2021) together with their reversed sequences, as well as the iRT retention time standards (Biognosys), the four standard proteins of the MassPREP Digestion Standard Kit (Waters) or HCP Profiler kit proteins, the mAb heavy and light chains and common contaminants. Spectra were searched with a mass tolerance of 5 ppm in MS mode and 0.05 Da in MS/MS mode. One trypsin missed cleavage was tolerated. Carbamidomethylation of cysteine residues was set as fixed modification. Oxidation of methionine residues and acetylation of proteins n-termini were set as variable modifications. Identification results were imported into Proline software version 1.6 (http://proline.profiproteomics.fr/; Bouyssié et al., Bioinformatics 202019 ) for validation. A false discovery rate of 1% was set at peptide levels using Adjusted e-Value and protein level using Mascot Modified Mudpit scores. Peptides abundances were extracted with Proline software using an extraction m/z tolerance and PSM/Peakel matching m/z tolerance of 5 ppm. Alignment of the LC-MS runs was performed using Loess smoothing, Peptide Identity method and with a time tolerance of 300 seconds. Cross assignment of peptide ions abundances was performed among PPA or harvest samples using a m/z tolerance of 5 ppm and a retention time tolerance of 40 seconds.B. Evaluation of DIA strategies for global HCP profiling on a Q-Orbitrap instrument

i. Sample preparation protocol

Table 11 : Dynamic range covered by the HCP Profiler standard proteins.
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	Calibration point	Protein name	Injected quantity (fmol)
		ANAQUANT-1	
	1	ANAQUANT-2	0.68
		ANAQUANT-3	
		ANAQUANT-4	
	2	ANAQUANT-5	1.7
		ANAQUANT-6	
		ANAQUANT-7	
	3	ANAQUANT-8	6.8
		ANAQUANT-9	
		ANAQUANT-10	
	4	ANAQUANT-11	34
		ANAQUANT-12	
		ANAQUANT-13	
	5	ANAQUANT-14	171
		ANAQUANT-15	
		ANAQUANT-16	
	6	ANAQUANT-17	341
		ANAQUANT-18	

Table 13 : List of peptides selected from the Pep Map MS search.
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	Name	Peptide sequence	Expected m/z	Retention time (min)
	ADH1	YVVDTSK	406.216	8
	ADH1	IGDYAGIK	418.730	16
	ADH1	ANELLINVK	507.306	29
	ADH1	SISIVGSYVGNR	626.341	30
	ADH1	DIVGAVLK	407.758	32
	ADH1	VLGIDGGEGKEELFR	809.932	33
	ADH1	EALDFFAR	484.749	

Host Cell Proteins Quantification Workflow Using Optimized Standards combined with Data-Independent Acquisition On a Quadrupole-Orbitrap Instrument Steve

  Hessmann 1 , Cyrille Chéry 2 , Anne-Sophie Sikora 2 , Annick Gervais 2 , Christine Carapito 1 1 Laboratoire de Spectrométrie de Masse BioOrganique (LSMBO), IPHC, UMR 7178, Université de Strasbourg, CNRS, 25 rue Becquerel, 67087 Strasbourg, France 2 Department of Analytical Development Sciences for Biologicals, UCB, Chemin du Foriest, Braine L'Alleud, Belgium

Table S1

 S1 
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Chapter 1

Evaluation of the BioAccord LC-MS system 1. Context of the project

The project was conducted in the frame of a collaboration between UCB Pharma and Waters, both interested in evaluating the BioAccord LC-MS system for the characterization of HCPs. This instrument, manufactured by Waters, aims at providing an easy-to-use solution for biopharmaceutical companies (Figure 89). The BioAccord is a self-calibration tool that will assist the analyst if a problem occurs during analysis. For a simple problem, manageable by inexperienced users, the system will indicate the source of the problem using icons displayed on the front panel of the MS, e.g. for problems with electronics, solvent bottles, etc. If the problem is too serious to be handled by an inexperienced analyst, the system will advise the action of the Waters service team. Thus, the operation of this instrument should be mastered with reduced training time. The system is fully controlled by UNIFI software, which enables efficient use of BioAccord with the creation of analytical workflows that allow for parallel data acquisition and processing. In addition, the all-in-one software includes a complete audit trail system for data acquisition, processing and reporting, which limits the risk of errors and facilitates audit preparation.

Concerning the system itself, it is composed of an ACQUITY UPLC I-Class Plus system, which includes a UV and fluorescent detector, coupled to a mass spectrometer that operates with an ESI ionization source and an ACQUITY RDa detector. Two acquisition modes are offered: Full scan and full scan with fragmentation. The second option proceeds to the in-source fragmentation of the ionized peptides with the application of a cone voltage energy ramp. The system will alternate a scan with low energy voltage (peptides) and with high energy voltage ramping (fragments). 
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Supplementary Table S1: DIA variable windows acquisition method for Post Protein A samples. S2: DIA variable windows acquisition method for harvest samples. S3: DDA, DIA and directDIA calibration curves information. The DIA method represents the spectral library-based method and directDIA corresponds to the spectral library freebased method developed in Spectronaut (Biognosys AG). S4: Order of magnitude between the least and the most abundant HCP with a Top3 covered by DDA, DIA and directDIA strategies. S5: Order of magnitude covered by the HCPs only identified using the spectral library free-based approach.
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Supplementary Figure S1: mAb samples production workflow. Four IgG4 A33 mAb samples were collected after 7 or 10 days of CHO DG44 cell culture duration followed by different shear stress conditions during harvest using an Ultra Scale-Down (USD) shear device. Finally, two protein A purification protocols were applied, a standard and a modified protocol, resulting in seven Post Protein A (PPA) fractions. S2: Comparison of the individual HCP amounts obtained using the HCP Profiler versus the Mix 4P strategies. Ratios distributions calculated between the HCP Profiler versus the Mix 4P amounts on all HCPs identified with both methods. 78% of the 5305 common HCPs span within a factor 2 as represented in the greyed area. Supplementary Figure S6: Benchmarking of accuracy of the DDA and DIA acquisitions modes. Representation of the ratios calculated between the Top3-DIA and Top3-DDA amounts obtained for the common HCPs between both acquisitions methods (A) Out of range ratio were removed to observe the 52% of 3779 common HCPs within a factor 2. Grey area represents the ratios within a factor 2. Representation of the number of peptides used to quantify each HCPs (B).
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Supplementary Figure S7: Benchmarking of our HCP Profiler-DIA method against ELISA. Comparison of the global HCP quantity obtained using DIA and ELISA assay. Bar height represents the mean of the global HCP amount in injection triplicates. Error bars represent the standard deviation. Superposition of the ratio between the HCP Profiler-DIA approach and ELISA assay. S8: Benchmarking of accuracy of the DIA and directDIA extraction strategies. Representation of the ratios calculated between the Top3-DIA and Top3-directDIA amounts obtained for the common HCPs between both extractions methods (A) Out of range ratio were removed to observe the 82% of 5833 common HCPs within a factor 2. Grey area represents the ratios within a factor 2. Representation of the number of peptides used to quantify each HCPs (B). S9: Venn diagram of the HCPs quantified using directDIA and identified in the spectral library. Supplementary Figure S1 Supplementary Figure S2 Supplementary Figure S3 Supplementary Figure S4 Supplementary Figure S5 Supplementary Figure S6 Supplementary Figure S7 Supplementary Figure S8 Supplementary Figure S9 
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