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Introduction

Parmi les protéines thérapeutiques, les anticorps monoclonaux (mAbs) et leurs produits dérivés,
tels que les immuno-conjugués (ADCs, antibody-drug conjugates) ou les anticorps bispécifiques
(bsAbs) se sont imposés comme l'une des classes de molécules thérapeutiques a croissance
rapide, représentant un chiffre d'affaire global de 107 milliards de dollars US en 2016 (Figure 1)."
Afin de soutenir le développement de ces molécules trés complexes, des outils analytiques
guantitatifs, robustes et validés sont nécessaires pour I'évaluation de leur pharmacocinétique
(PK), pharmacodynamique et immunogénicité. La spectrométrie de masse (MS) a évolué au cours
de la derniere décennie et se positionne maintenant comme technologie analytique
complémentaire aux tests immuno-enzymatiques (ELISA, enzyme-linked immunosorbent assay)
pour la quantification de mAb dans des matrices biologiques complexes.2 En raison de la taille des
mADbs et de leurs produits dérivés (approximatif 150 kDa) et des exigences de sensibilité des
méthodes analytiques a développer, des peptides de substitution (surrogate peptides), résultant
de la digestion protéolytique des mAbs, sont classiquement utilisés pour la quantification de mAbs
par chromatographie en phase liquide couplée a la spectrométrie de masse en tandem MS
(LC-MS/MS). Ces surrogate peptides sont souvent choisis dans la région complémentaire (CDR,
complementarity-determining region) des mAbs et lui sont donc trés spécifiques, mais imposent
un nouveau développement de méthode pour chaque nouveau mAb. Afin de contourner cette
limitation, des méthodes génériques basées sur des approches LC-MS/MS utilisant des peptides
de la région constante (C_, C41, C42 et Cy3) ont récemment été rapportées pour la quantification

de mAbs dans des études précliniques.®>* Le but de ce travail de thése a été de développer de
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Figure 1 Evolution du marché des mAbs et leurs produits dérivés aux Etats-Unis et dans I'UE au cours de la

derniére décennie et chiffre d'affaires global déclaré.
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nouvelles approches de MS quantitatives plus génériques pour la quantification d'immuno-
globulines (lgs) chimériques, humanisées et humaines (higG) ainsi que des anticorps de nouvelle
génération de type bispécifiques et immuno-conjugués dans des échantillons précliniques
(Figure 2).

a F(ab’), b IgG1 chimérique C IgG1 humanisée

d hlgG1 bispécifique ADC a lysine

VV

@ source humaine (@) Source murine i Drogue toxique

Fc
Région constante

Figure 2 Représentation de différentes protéines thérapeutiques liées aux anticorps monoclonaux. (a)
Structure détaillée d’'une hlgG1 et autres formats dérivés tel que: (b) une IgG1 chimérique, (c) une 1gG1
humanisée, (d) une higG1 bispécifique, (e) un ADC a lysine.

Premiere partie - Bibliographie

La premiére partie de cette thése est un travail bibliographique qui fournit une bréve introduction
sur les IgGs, y compris leurs structures, leurs glycanes et leurs fonctions effectrices. De plus, la
diversité des mAbs et leurs produits dérivés sont présentés ainsi que leur enjeu socio-économique
dans le monde au cours de ces dix dernieres années. Cette partie bibliographique présente
également les diverses techniques biophysiques et approches analytiques qui sont implémentées
tout au long du processus de développement de ces molécules. Les méthodes quantitatives de
type ELISA ou celles basées sur la MS sont décrites ainsi que les exigences des institutions de
régulation pour la validation d’'une méthode analytique. Les chapitres suivants sont consacrés aux

principaux résultats obtenus avec une discussion propre a chaque chapitre.
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Deuxiéme partie - Développement des méthodologies LC-MS/MS
bottom-up quantitatives et polyvalentes pour la quantification de

mADbs et produits dérivés dans des sérums

Dans la deuxiéme partie de la thése, on s’est d’abord attelé a améliorer les protocoles de
préparation d’échantillons, en amont de 'analyse "bottom-up” (aprés digestion enzymatique) MS
quantitative, a partir de sérum dans un contexte d’études précliniques. Dans le cadre de la thése,
trois axes d’amélioration ou de développement pour la préparation d’échantillon ont été étudiés: (i)
une méthode de préparation d’échantillon basée sur la digestion directe de culots protéiques a
partir de sérum, (ii) l'utilisation de kits de digestion permettant d’envisager une standardisation de
cette étape cruciale et (iii) le développement d'une méthode de préparation d’échantillon basée

sur une étape d'immuno-précipitation spécifique par anticorps (IC, immuno-capture).

Mise au point de la méthode LC-MS/MS générique a partir de digestion

directe du culot protéique de sérum

Une méthode LC-MS/MS basée sur une digestion directe du culot de sérum (Figure 3a) et la
guantification a partir de quatre surrogate peptides trypsiques génériques, a savoir
FNWYVDGVEVHNAK (FNW), GPSVFPLAPSSK (GPS), TTPPVLDSDGSFFLYSK (TTP) et
VVSVLTVLHQDWLNGK (VVS), provenant de différentes parties de la région constante du mAb a
d'abord été développée et validée. Cette méthode a permis la quantification d'un mAb de type
hlgG1 dans du sérum de rat sur la gamme dynamique de 1.00 & 1000 pg/mL. Des échantillons de
sérum de singe dopés avec cet higG1 ont ensuite été quantifiés a partir d’'une courbe

d'étalonnage préparée avec I'higG1l dans le sérum de rat avec une justesse (+20.0% de biais) et

a b .
.. € 140 - .
Réduction et alkylation Digestion du culot prot E] 02';‘“’;:“3;"”9‘
+ 20 L 100 mM DTT (1 h, 80 °C) « Dissoudre le culot protéique dans 200 = .- O I
+ 10 pL 100 mM 1AA (30 min, obscurité) pL 200 mM NH,HCO; en 10% MeOH o 1204 T
* 400 pL MeOH = 50 pL trypsine (8.00 mg/mL, 1 h, 60 *C) g 3 1
. : = 50 uL 15% TFA [ )
50 pL échantillon Culot g 100 )
de sérum + 50 pL protéique g y
[**C]-hlgG1 (20.0 pg/mL) Z 800 13
3
Analyse par Extraction en § 60.0 {\
¥ phase solide . [ g
LCMSIMS oy + Oasis MCX L Y £ 00 R
Uy (@m0 r g
2/ S T T v T T r .
] 4 30 60 90 120 150 180
Peptides Peptides © X
isolés trypsiques Temps aprés la dose (h)

Figure 3 Les différentes étapes de la méthode LC-MS/MS générique. (a) Description de la préparation des
échantillons. (b) Evolution de la concentration sérique moyenne déterminée a partir d’échantillons provenant
de trois singes ayant regus une dose d’ADC. Les mesures ont été réalisées soit avec la méthode

conventionnelle (ADC dans sérum de singe), soit avec la méthode générique (higG1 dans sérum de rat).
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une précision [£20.0% de coefficient de variation (CV)] en accord avec les exigences des

instances réglementaires. L'incorporation d’'une protéine marquée ([13

C]-hlgG1) comme étalon
interne au début de la préparation d’échantillon a permis d’atténuer l'effet matrice ainsi que
linterchangeabilité du sérum (rat/singe). La polyvalence et la robustesse de la méthode LC-
MS/MS quantitative ainsi développée sur un sérum de rat a été illustrée par la quantification dans
des sérums de singe pour différents types de mAbs (deux autres higG1, une hlgG4, un bsAb et
deux ADC a lysine). Il a ensuite été démontré que la méthodologie ainsi développée permet
'analyse d’échantillons PK in vivo (Figure 3b), du fait de la conservation des peptides génériques
dans les différents formats de mAbs étudiés. Par conséquent, ce travail de thése a permis de
mettre en évidence le fort degré de flexibilité/polyvalence de la méthode développée, permettant

non seulement le passage d’une espéce a I'autre mais aussi d’un type de molécule a l'autre.

Evaluation de la standardisation de I'étape de digestion trypsique par

I'utilisation de kits commerciaux

Etant donné que les réactifs et les différentes étapes de préparation des échantillons peuvent
influencer la performance globale d'une analyse bottom-up, des kits de digestion ont été
développés, afin de permettre une standardisation de la préparation des échantillons. Dans le
cadre de cette thése, deux kits, a savoir le SMART Digest Kit (Thermo Fisher Scientific) et le
ProteinWorks eXpress Digest Kit (Waters), ont été comparés au protocole de digestion a partir du
culot protéique pour la quantification d'hlgG1 sur des échantillons de sérum de rat. Des résultats
trés similaires ont été obtenus en termes de sélectivité, de sensibilité, de justesse et de précision
indépendamment du peptide générique sélectionné et du kit testé (Tableau 1).

Tableau 1 Comparaison (linéarité, rapport signal/bruit, justesse et précision) entre digestion directe du culot

de sérum et deux kits de digestion pour la quantification d'higG1 dans de sérum de rat.

. . Digestion du SMART ProteinWorks
Peptide Paramétres » . . h .
culot protéique Digest Kit eXpress Digest Kit
FNW Gamme (ug/mL), r’-valeur (n=3) 1.00-1000, 0.9929  5.00-1000, 0.9898  5.00-1000, 0.9941
Rapport signal/bruit (n=3) 8.3+1.1 4.8+0.8 13.0£0.6
Inter-essais justesse (% de biais, n=9) de-2.4a4.3 de -3.4a0.6 de-59a-25
Inter-essais précision (% de CV, n=9) de 6.6 29.9 de4.6a11.3 de3.5a6.6
GPS Gamme (ug/mL), r*-valeur (n=3) 1.00-1000, 0.9940  1.00-1000, 0.9970 1.00-1000, 0.9921
Rapport signal/bruit (n=3) 3.5+0.2 3.3+0.1 3.8+0.6
Inter-essais justesse (% de biais, n=9) de -8.3 a4 4.6 de -6.6a20 de-9.9a-2.2
Inter-essais précision (% de CV, n=9) de4.7a5.4 de6.1a7.7 de5.4a8.8
TTP Gamme (ug/mL), r’-valeur (n=3) 1.00-1000, 0.9945  1.00-1000, 0.9935  1.00-1000, 0.9960
Rapport signal/bruit (n=3) 11.3+£3.0 9.7+0.8 10.1£7.9
Inter-essais justesse (% de biais, n=9) de-2.2a0.3 de-76al3 de-8.1a-1.4
Inter-essais précision (% de CV, n=9) deb.7a7.2 de 3.9a6.5 de 4.0a6.3
VVS Gamme (ug/mL), r*-valeur (n=3) 1.00-1000, 0.9917  1.00-1000, 0.9955 1.00-1000, 0.9929
Rapport signal/bruit (n=3) 16.8+4.0 5.9+0.2 35.3+9.3
Inter-essais justesse (% de biais, n=9) de -6.1a3.8 de -7.3a0.7 de-11.6a1.8
Inter-essais précision (% de CV, n=9) de 8.0a14.5 de 4.3a18.7 de3.0a84
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Parmi les avantages de I'utilisation de kits, on peut mentionner un temps de développement de
méthode réduit, une optimisation facilitée de la digestion et I'emploi de moins de réactifs.
Néanmoins, l'utilisation de ces kits présente également un certain nombre dinconvénients,
notamment 'augmentation du nombre de peptides déamidés observés avec le SMART Digest Kit
pour les peptides génériques contenant une asparagine (FNW et VVS) a une température de
digestion élevée (Figure 4). Ainsi, méme si les deux kits ont permis une préparation plus rapide et
plus facile des échantillons, la probabilité de générer des peptides modifiés de maniéere

artéfactuelle a été augmentée, ce qui affecte la sensibilité et la robustesse de la méthode.

ProteinWorks eXpress Digest Kit Digestion du culot protéique SMART Digest Kit
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Figure 4 Chromatogrammes obtenus a partir de I'analyse d’échantillon de sérum de rat dopé avec I'hlgG1 a
10.0 yg/mL apres digestion avec le ProteinWorks eXpress Digest Kit (45 °C), digestion du culot protéique
(60 °C) et digestion avec le SMART Digest Kit (70 °C). Les chromatogrammes du haut illustrent le peptide

FNW et les chromatogrammes du bas illustrent le peptide VVS.

Développement d’'une méthode de préparation d’échantillon basée sur une
étape d’IC pour I’amélioration de sensibilit¢é d’une méthode LC-MS/MS

générique

Bien que les approches de digestion directe du sérum, avec ou sans utilisation de kits, offrent une
sensibilité suffisante pour la plupart des études précliniques de PK, des méthodes plus sensibles
sont nécessaires dans certains cas, en particulier pour les mAbs trés puissants nécessitant une
administration a des doses trés faibles.>® Dans ce travail de thése, une méthodologie d’IC
automatisée utilisant des pointes de cones a été développée pour l'enrichissement en higG1l et
pour réduire la complexité des échantillons de sérum (Figure 5). Trois paramétres essentiels, a

savoir la quantité d’anticorps anti-hlgG Fc biotinylé a fixer sur les pointes de céne enduites de
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Fixation de I’anticorps Extraction de I’higG1 Lavage des embouts Elution de I'higG1
sur les embouts
Anti-hlgG Fc biotinylé Echantillon de sérum dilué 2xPBSet2xH,0 0.4% TFA en H,0
(100 pL, 1000 cycles) (175 pL, 1000 cycles) (175 pL, 15 cycles) (50 pL, 200 cycles)

I 7

|

R

e w - STt 2700
Streptavidine —_— —_— —_—>
Complexe de Liaison Elimination des
streptavidine- de I'higG1 protéines non
biotine liées

Neutralisation + étalon interne (75 pL, 10.0 ng/mL dans 100 mM NH,HCO,)
Réduction avec DTT (5 pL, 50 mM, 30 min, 60 °C)
Alkylation avec IAA (5 pL, 100 mM, 30 min, obscurité)

Digestion trypsique (5 pL, 20.0 pyg/mL, 1 h, 60 °C)
Fin de la digestion (5 pL, 10% TFA en H,0)
Analyse par LC-MS/MS (20 pL injecté)

Figure 5 Description de la préparation des échantillons pour la quantification d'higG1 dans le sérum de singe
par IC-LC-MS/MS.

streptavidine, le nombre de cycles d'aspiration/distribution ainsi que I'élution de I'hlgG1 ont été
optimisés. La méthode finale d’IC couplée a la LC-MS/MS a permis d’obtenir un gain en sensibilité
de facteur 100 pour la quantification d'higGl dans le sérum de singe avec une limite de
guantification inférieure validée de 10.0 ng/mL (Tableau 2). L'applicabilité de cette approche
générique de type IC-LC-MS/MS a encore été démontrée lors de I'analyse d'échantillons de PK in

vivo de deux singes, dosés par voie intravitale.

Tableau 2 Résultats de validation de la méthode de quantification d’hlgG1 dans le sérum de singe.

Paramétre Résultat
Sélectivité: trois lots de sérum vierge (n=3) TTP: <£7.4%, ISTD: <0.1%
Contribution du signal TTP aISTD: 0.1%, ISTD a TTP: 19.0%
Linéarité (n=3), y=ax’+bx+c, 10.0-1000 ng/mL,
facteur de pondération: 1/x r’=0.9938+0.0014
Effets de report TTP: <60.2% de la limite inférieure de quantification

ISTD: 0.1% de la réponse de I'étalon interne
Justesse (% de biais) et précision (% de CV), Intra-essai (n=3): de -6.9 a 19.9% de biais, de 1.2 a 14.3% de CV
QCs a10.0, 25.0, 400 et 800 ng/mL Inter-essais (n=9): de -3.1 a 8.9% de biais, de 7.4 a 10.3% de CV
Dilution (50.0 pg/mL, 500-fois, n=5) Biais moyen de 12.8% avec une précision de 7.3% de CV
Stabilité du peptide trypsique a 10 °C (n=3)? 24 h: 2.1% de biais (800 ng/mL), £14.4% de CV (25.0 ng/mL)
QCs a 25.0 et 800 ng/mL 72 h: -15.2% de biais (25.0 ng/mL), £24.7% de cv® (25.0 ng/mL)

2 Seulement les valeurs maximales sont rapportées, ° hors critére d'acceptation <20.0% de CV.
QCs: échantillons de contrdle de la qualité (quality control samples)



Résumé de la thése | 7

Troisieme partie - Développement des approches par
spectrométrie de masse a haute résolution (HRMS) pour la
guantification de mAbs et produits dérivés dans des études

précliniques

La troisieme partie de la thése est concentrée sur I'évaluation de I'apport de la HRMS en tant
gu'alternative aux spectrometres de masse de type triple quadripdle (QqQ) traditionnellement

utilisés pour le développement des méthodes LC-MS/MS quantitatives.

Développement d’une méthodologie LC-HRMS bottom-up quantitative

Différents modes d'acquisition d'un instrument hybride de type quadripéle - temps de vol (QTOF),
a savoir les modes TOF-MS, TOF-MS/MS et TOF-MRM, ont été testés. Les modes d’acquisitions
TOF-MS/MS et TOF-MRM ont été identifiés comme les plus appropriés pour des approches
guantitatives. Le mode TOF-MRM a été utilisé pour la quantification d'hilgG1 dans la gamme 1.00-
1000 ug/mL a la fois dans le sérum de rat et de singe en utilisant la digestion directe de culots de
sérum comme préparation d'échantillon. Des profils de PK similaires et un accord parfait entre les
méthodes LC-HRMS et génériques LC-MS/MS ont été obtenus sur des échantillons in vivo
(Figure 6a). En outre, il a été démontré avec succes avec le peptide VVS que, dans certains cas,

des interférences endogénes dans la matrice pouvaient étre éliminées en raison du haut pouvoir

a 300- b 1000 -
L T 800 Instrument de type “QTOF”
Q. T . .
Critére d'acceptation de +20.0% o Sérum de rat vierge
= 10.8% de la limite inférieure
. . . . % 400 4 de quantification (1.00 pg/mL)
— 100+ Y CE &, = 2 200 A
X Lo TSR Ll = - Mea AN
< a s w, °" : . 0 : T ."M"/\'.
8 \ 6.0 6.5 7.0 75 8.0
S 009 au® A . Temps de rétention (min)
= " PANRYA! FAN
Rl
A \ e m AL A 80000 -
E e A C —_ Instrument de type “QqQ”
-10.0 4 ]
s TTP & 60000 + Sérum de rat vierge
VVS o
2004 % 40000 - 52.3% de la limite inférieure
‘ Critére d'acceptation de -20.0% c de quantification (1.00 pg/mL)
S 20000 -
£
-30.0 ————— e 0 -
20.0 40.0 60.0 80.0 100 120 140 160 5.0 5.1 5.2 5.3 5.4 5.5
Concentration moyenne des deux méthodes (pg/mL) Temps de rétention (min)

Figure 6 Comparaison entre LC-HRMS et LC-MS/MS pour la quantification d’hlgG dans les espéces
précliniques. (a) Analyse de Bland-Altman basé sur deux peptides trypsiques génériques (TTP et VVS) lors
de I'analyse d'échantillons in vivo de cing singes cynomolgus aprés administration par voie intraveineuse d’'un
ADC a lysine (5.00 mg/kg). Amélioration de la sélectivité par utilisation d’'un instrument haute résolution:

chromatogramme ionique extrait (peptide VVS) dans le sérum de rat vierge en utilisant (b) un QTOF et (c) un

QaQ.
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résolutif du TOF et de la possibilité de sélectionner des isotopes individuels pour la quantification.
Par conséquent, une sélectivité et une sensibilité améliorées sont associées aux approches
basées sur la HRMS pour ce peptide (Figure 6b) par rapport a I'analyse QqQ (Figure 6c¢). Les
données ont également indiqué que I'utilisation de la LC-HRMS peut étre avantageuse pour le
développement de la méthode bottom-up, comme en témoigne ['élucidation du site de
déamidation pour deux peptides sur quatre (FNW et VVS).

Approche quantitative au niveau d’hlgG1 intacte par IC-LC-HRMS

Les sections suivantes de la troisieme partie de la thése concernent le développement d’'une
méthode de spectrométrie de masse quantitative se basant non plus sur la quantification des
peptides de digestion issus des mAbs, mais directement des protéines intactes. En effet, il
demeure un probléme principal avec les approches de quantification au niveau peptidique
(bottom-up), indépendant de l'analyseur de masse choisi, a savoir la perte de I'information au
niveau du mAb intact, ce qui peut induire une sous-estimation de la concentration de la substance
active.”® Par conséquent, disposer d’approches quantitatives basées sur la MS au niveau des
protéines intactes et non plus des peptides serait bénéfique. Afin de développer une méthode
générique de MS basée sur la quantification d’higG1 intacte dans le sérum de rat, les avantages
de I'lC, décrits précédemment pour l'enrichissement sélectif et les performances accrues des

instruments de type HRMS ont été combinés (Figure 7). La méthode développée repose sur
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Figure 7 Présentation de la méthode de quantification d’hlgG1 dans les espéces précliniques au niveau des
protéines intactes par IC-LC-HRMS.
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Iutilisation d’une protéine en tant qu’étalon interne marqué au °C ([**C]-higG1) qui est ajoutée
dans [l'échantillon a doser. L’étalon interne est ensuite co-extrait avec I'hlgGl a partir
d'échantillons de sérum de rat, en utilisant un anticorps ciblant la région Fc (anti-hilgG Fc). De
plus, une étape de déglycosylation a été incorporée pour réduire 'hétérogénéité de I'higG1 a
analyser, en simplifier I'interprétation au niveau du spectre de masse et tenir une sensibilité
acceptable pour les études de PK. Pour la quantification higG1 intacte, le signal des six états de
charge les plus abondants a été utilisé pour la quantification, avec une fenétre d'extraction de
masse de 2 m/z. Aprés addition des chromatogrammes individuels ioniques extraits (XICs,
extracted ion chromatograms) et de leur intégration, une courbe d’étalonnage a été réalisée en
reportant le rapport hIgGl/[lSC]-hlgGl en fonction de la concentration nominale en higG1l. Cette
approche IC-LC-HRMS a été validée par la suite (de 0.100 a 10.0 pg/mL) conformément aux

directives internationales (Tableau 3).%*

Tableau 3 Résultats de validation de la méthode quantitative d’higG1 au niveau des protéines intactes.

Parameétre Résultat

Sélectivité: trois lots de sérum vierge (n=3) higG1: <3.0%, [**C]-hlgG1: <0.3%

Contribution du signal [®*C]-higG1 & higG1: 12.8%, higG1 & [*C]-higG1: 13.0%
Linéarité (n=3), y=ax*+bx+c, 0.100-10.0 pg/mL,

facteur de pondération: 1/x° r’=0.9919+0.0027

Effets de report hlgG1:< de la limite inférieure de quantification

[**C]-higG1: 0.0% de la réponse de I'étalon interne

Justesse (% de biais) et précision (% de CV) Intra-essai (n=3): de -2.7 a 16.0% de biais, de 1.3 a 11.7% de CV

QCs a 0.100, 0.250, 5.00 et 8.00 pg/mL Inter-essais (n=9): de -0.1 a 9.3% de biais, de 6.1 a 8.7% de CV

Dilution (300 pg/mL, 50-fois, n=5) Biais moyen de 2.9% avec une précision de 8.6% de CV

Reproductibilité Le biais de concentration est compris entre +20.0% pour 97% des
échantillons

QCs : échantillons de contréle de la qualité (quality control samples)

La méthode développée a ensuite été appliquée avec succes pour la quantification d'hlgG1 intacte
dans des échantillons de sérum de rat et comparée aux résultats obtenus pour une méthode
classique de quantification au niveau peptidique de type bottom-up, ceci a la fois pour des
analyses des échantillons de sérum de rat dopés avec I'higG1 (Figure 8a) et in vivo (Figure 8b).
En outre, il a été démontré que I'approche développée au niveau de la protéine entieére permettait
la quantification simultanée de deux higGs de la méme sous-classe d'isotypes (hilgG1), ce qui est
n'est pas possible aisément par une approche quantitative bottom-up générique. De plus, cette
approche de quantification au niveau du mAb intact élimine la génération artéfactuelle de
modifications telles que les déamidations ainsi qu’une fastidieuse optimisation de paramétres pour

la méthode en MS.
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Figure 8 Comparaison de la concentration en higG1 par la méthode de quantification des protéines intactes
ou par approche bottom-up quantitative. Le graphique (a) représente les concentrations mesurées dans les
échantillons de sérum de rat dopés avec I'hlgG1 (n=30) et le graphique (b) les résultats obtenus dans les
échantillons in vivo issus d'une étude PK de rat (n=24). En pointillé rouge, la droite de régression linéaire

calculée et en bleu l'intervalle de confiance de 95% selon la méthode de régression de Passing-Bablok.

Analyse qualitative et quantitative combinée d’ADC intacte

Cette approche de quantification d’hlgG1 intacte a ensuite été étendue a la quantification d’ADC a
lysine dans un sérum de rat. Une préparation d’échantillon dédiée a été développée, consistant en
une immuno-précipitation sur billes IC-LC-HRMS. Cette approche permet de fournir des
informations qualitatives sur le profil de conjugaison de 'ADC (DLD, drug load distribution) ainsi
gue le nombre moyen de molécules conjuguées par anticorps (DAR, drug-to-antibody ratio)
parallelement aux données quantitatives in vivo (Figure 9a+b). Ces derniéres incluent non
seulement la détermination de la concentration totale d'ADC (concentration totale d’espéces

portant le cytotoxique) et du mAb total (en utilisant le spectre de masse déconvolué), mais a
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Figure 9 Données in vivo provenant de trois rats aprés administration de deux doses (jour 1 et 8) par voie
intraveineuse d’un ADC a lysine (5.00 mg/kg). (a) Profils individuels de DAR et (b) concentration sérique
moyenne.
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également permis de quantifier les principales espéces conjuguées individuellement (DL, drug
load) de 'ADC, ce qui est impossible avec les approches ELISA et LC-MS/MS bottom-up. Dans
I'ensemble, le principal avantage de cette approche est de combiner des informations qualitatives
et quantitatives a trois niveaux (ADC, mAb et DL) en une seule méthode tout en utilisant un seul

anticorps pour I'lC par opposition aux méthodologies actuellement appliquées.™*

Conclusion générale

Les différentes méthodes de quantification des mAbs basées sur MS développées tout au long de
ce travail de thése ont considérablement étendu le nombre d'approches disponibles pour la
guantification de mAbs et de leurs produits dérivés dans des espéces précliniques. Une large
gamme d'étalonnage de cinq ordres de grandeur a été couverte pour la quantification de protéines
thérapeutiques par une approche bottom-up soit a partir de digestion du culot protéique (de 1.00 a
1000 pg/mL), ou aprés immuno-précipitation (de 10.0 & 1000 ng/mL). Etant donné qu'un anticorps
anti-higG Fc générique a été utilisé pour la capture, la méthodologie développée permet la
guantification dans un échantillon préclinique de sérum de toute protéine thérapeutique présentant
une région Fc reconnue par I'anticorps. Bien que les approches bottom-up génériques offrent une
grande flexibilité grace aux peptides génériques conservés dans la région constante, une certaine
connaissance des modifications ou des sites de conjugaison des mAb reste un prérequis. Par
conséquent, il serait souhaitable d’incorporer au moins deux peptides provenant de différentes
régions constantes afin de gagner en confiance dans les données quantitatives et d'améliorer

ainsi la flexibilité de la méthode.

L’apport de la HRMS utilisant un analyseur de type QTOF a clairement été démontré dans cette
thése pour l'analyse qualitative et quantitative des protéines thérapeutiques de type mAbs et
produits associés. Sur la base des progrés récents de l'instrumentation HRMS, les précédentes
limitations associées aux analyses quantitatives peuvent maintenant étre surmontées. En effet,
des données quantitatives équivalentes entre les instruments QTOF et QqQ ont été obtenues
pour la quantification de mAbs dans le cas d’approches bottom-up. Un avantage majeur de
l'intégration des analyseurs de masse QTOF ou orbitrap dans le développement de méthodes
génériques a été montré dans ce travail de these. Ainsi la quantification de mAbs et produits
associés directement au niveau de la protéine entiére a été possible, fournissant un niveau
d'informations bien au-dela de celui obtenu avec des approches bottom-up. Il est cependant
nécessaire de préciser que le plus important aspect est la possibilité de quantifier individuellement
chaque espéce conjuguée des ADCs. Le développement d’approches IC-LC-HRMS entiérement
automatisées permettrait d’envisager l'utilisation de la quantification au niveau des protéines
entiéres en routine. Cependant, pour que cette transition s’opére, de nouveaux verrous liés a la
taille des fichiers de données et a I'automatisation du traitement des données doivent étre levés.
Bien que les méthodes quantitatives génériques basées sur la MS développées dans ce travail de

thése aient démontré leur potentiel pour la quantification des mAbs et de leurs produits
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dérivés, leur application reste toutefois limitée aux échantillons d’études précliniques. Ceci est

notamment lié a la présence de hlgGs endogénes dans les échantillons cliniques qui peuvent

interférer avec 'higG a analyser. Dans le futur, il serait souhaitable de voir comment appliquer

'approche générique développée au cours de ce travail de thése pour la quantification de

protéines thérapeutiques sous forme intacte dans les études cliniques.
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General introduction

Monoclonal antibody (mAb)-related therapeutic proteins including immunoglobulin Gs (IgGs),
bispecific antibodies (bsAbs), antibody-drug conjugates (ADCs), and their truncated versions such
as fragment crystallizable (Fc) fusion proteins are one of the fastest growing therapeutic classes
throughout the last decade. As of Nov 14™ 2017, 81 mAb-related therapeutic proteins
(i.e. originators and their biosimilars) were granted approval by the Food and Drug Administration
(FDA) and European Medicines Agency (EMA) for marketing in the United States of America (US)
and European Union (EU), respectively. The compound annual growth rate in sales of
mAb-related therapeutic proteins has been estimated to be approximately 8.0% (2014-2019) and
the latest publicly available marketing data reported a global sales revenue of 107 hillion USS$.
Considering a mean annual approval rate of 5.9 mAb-related therapeutic proteins per year (2007-
2017), almost 100 mAb-related modalities will be marketed in the US and EU by 2020 with an
estimated global sales revenue of 145 billion US$. Based on these data, it is not surprising that

pharmaceutical companies invest notable resources in the development of such entities.

During the whole development process, ranging from candidate selection in an early-stage to late-
stage support of pre-clinical and clinical pharmacokinetic (PK), pharmacodynamic (PD), and
immunogenicity (IG) studies, robust and validated quantitative assays are required. In the last few
years, mass spectrometry (MS) has evolved as a complementary analytical technology to ligand
binding assays (LBAs) for mAb quantification in complex biological matrices. Major benefits of
liquid chromatography tandem MS (LC-MS/MS) over LBA-based assays include an increased
selectivity due to specific mass-to-charge (m/z) ratios of the precursor and product ion(s), a wider
linear dynamic range as well as less cross-reactivity, matrix effects, and assay-specific
interferences caused by in vivo generated anti-drug antibodies (ADAs). Although no expensive
and time-consuming production of specific capture antibodies is required for MS-based
approaches employing direct digestion of the biological sample, the identification of the most
appropriate surrogate peptide and optimization of the mass transition used for quantitative
purposes can still be challenging and tedious. Even though peptides from the complementarity-
determining region (CDR) of the mAb are highly specific, a novel assay has to be developed for
each mAb-related therapeutic protein. In order to circumvent this issue, conserved generic
peptides from the constant region of the mAb were lately reported. Hence, the aim of this PhD
thesis was to design and implement generic MS-based workflows for chimeric, humanized, and
human IgG (hlgG) quantification in pre-clinical species and extend their applicability to related

entities from the next-generation (i.e. bsAbs and ADCSs).

The first part of this doctoral work provides a brief introduction to 1gGs including their structure,
glycans, and effector function. Moreover, the diversity of mAb-related therapeutic proteins is

presented and their therapeutic uses are summarized after which the market development over
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the last decade is displayed. In addition, the variety of required qualitative methods during the drug

development process, conventional quantitative LBA and MS-based assays as well as regulatory

considerations regarding method validation are introduced.

The second part discusses the development of bottom-up LC-MS/MS methodologies for generic

and versatile mAb-related therapeutic protein quantification in pre-clinical serum samples.

The first chapter illustrates the development of a generic pellet digestion-based LC-MS/MS
assay for higGl and hlgG4 quantification in rat serum, utilizing four conserved tryptic
surrogate peptides from different parts of the constant region. Moreover, the versatility of such
a generic approach is explored in spiked serum and pre-clinical study samples by (i)
interchanging the serum of animal species (rat with monkey), while keeping the same analyte
(hlgG1) and (ii) measuring different higGs and related modalities (two additional higG1s, one

hlgG4, one bsAb, and two lysine-conjugated ADCs) against the initially selected higG1.

In the second chapter, two commercially available digestion kits, namely the SMART Digest
Kit (Thermo Fisher Scientific) and ProteinWorks eXpress Digest Kit (Waters) are evaluated
and compared to the developed pellet digestion protocol using spiked rat serum samples in

order to standardize the sample preparation for generic higG1 quantification.

The third chapter describes the development of a generic tip-based immuno-capture (IC)-LC-
MS/MS methodology in order to improve the method sensitivity for higG1l quantification in

cynomolgus monkey serum and the optimization of critical IC parameters is presented.

The third part focuses on the development and evaluation of high-resolution mass spectrometry

(HRMS)-based approaches as an alternative to traditional triple quadrupole (QgQ) mass analyzers

for mAb-related therapeutic protein quantification.

In the first chapter, the implementation of a generic LC-HRMS assay using a Synapt G2-Si
guadrupole time-of-flight (QTOF) mass spectrometer is described for targeted bottom-up

higG1 quantification in rat and cynomolgus monkey serum.

The second chapter describes the development of a generic IC-LC-HRMS approach, using a
guadrupole orbitrap mass spectrometer (Q-Exactive), in order to conduct higG1 quantification

in rat serum at an intact level.

The last chapter illustrates the implementation of an IC-LC-HRMS-based methodology
(Synapt G2-Si QTOF) for a combined analysis of intact lysine-conjugated ADCs in spiked rat
serum and pre-clinical study samples in order to obtain qualitative information about the drug
load distribution (DLD) and drug-to-antibody ratio (DAR), while simultaneously providing
guantitative data (total mAb, total ADC, and individual ADC drug load species).
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Part 1 - Introduction to mAb-related therapeutic proteins

and their quantification in biological fluids

The first part provides a brief general introduction to immunoglobulins before structural differences
between the IgG isotype subclasses, leading to various Fc receptor-mediated effector functions,
are succinctly discussed. Furthermore, the diversity of mAb-related therapeutic proteins and their
market development over the last decade are displayed. After a short excursion to qualitative
assays required during the drug development process of such modalities, analytical platforms for
their quantification in biological fluids are described in more detail with a focus on mass
spectrometry. The last chapter summarizes regulatory considerations from the US FDA and EMA

related to analytical method validation.

Chapters

1.1 Structure and physiological functions of immunoglobulins
1.2 Diversity of mAb-related therapeutic proteins

1.3 Market development of mAb-related therapeutic proteins

1.4 Required assays for the development of mAb-related entities
1.5 Analytical platforms for PK, PD, and IG assessments

1.6 Regulatory considerations for method validation
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1.1 Structure and physiological functions of immunoglobulins

The class of mAb-related therapeutic proteins covers a broad range of high-molecular weighted
modalities, which are derived from immunoglobulins (Igs).l Naturally occurring Igs are involved in
humoral immune responses by the adaptive immune system of vertebrates.? Igs are expressed by
B lymphocytes (B cells) and are able to bind principally any foreign antigen whereby each
individual B cell bears Igs of single specificity.>* Naive B cells express Igs in form of membrane-
bound antigen receptors (B cell receptor).>® The binding of the B cell receptor to its unique antigen
induces the differentiation of the naive B cell into an effector cell (plasma cell) that subsequently
secretes soluble Igs (antibodies) in order to protect the body from pathogens and toxins via
neutralization, opsonization to facilitate phagocytosis or antibody-dependent cell-mediated
cytotoxicity (ADCC) by additional leucocytes of the innate immune system, and activation of the

complement system.*’

1.1.1 Structure

Igs are Y-shaped glycoproteins, which consist of four polypeptide chains, more precisely two
identical light (L) and two identical heavy (H) chains linked through various inter-chain disulfide
bonds (Figure 1.1a). The structure of each L and H chain can be further divided into variable (V_
and Vy) and constant (C_ and Cy) regions, whereby Cy is composed of up to four distinct domains
entitled Cyl, C42, Cy3, and Cy4. Each of the individual L and H chain domains is composed of

110-130 amino acids and exhibits a molecular weight of approximately 12.5 kDa.® The 25 kDa

a F(ab’), b IgG1 IgG2

Hinge region
15 amino acids

Hinge region
12 amino acids

IgG3 IgG4

Fc
Constant region

Hinge region
62 amino acids

Hinge region
12 amino acids

Figure 1.1 Schematic illustration of an Ig. (a) Detailed Ig structure exemplified with an IgG1 and (b) structural
differences between the four IgG isotype subclasses. Fab: fragment antigen binding, C1g: C1 complex of

complement system, FcyR: Fc gamma receptor, FcRn: neonatal Fc receptor
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either kappa or lambda-based L chain, the Vy, and the C41 domain form a flexible Y arm, namely
the fragment antigen binding (Fab) region. The dimeric structure of two flexible Fab arms tethered
through the hinge region is referred to as F(ab’),. The broad diversity of Igs is generated by
hypervariable regions in form of three loops of [3-strands from the Vy and V_ (CDRs), which
determine the antigen specificity and represent the antigen-binding site.’ The remaining Cy
domains (Cy2-Cn4) form the stem of the Y (Fc region), which mediates the Ig effector function and
define the Ig isotype. In placental mammals, five different lg isotypes exist: IgG (75%), IgA (15%),
IgM  (10%), IgD (<0.5%), and IgE (<0.01%).® Since the mAb-related therapeutic proteins
investigated in this work were based on the IgG scaffold, its structure is discussed in more detail in

the following.

The basic structural unit for one 1gG H chain (50 kDa) relies on one N-terminal variable and three
Cy domains (Figure 1.1a).8 Hence, the 1gG Fc region is constituted out of the Cy2 and Cux3
domain. A complete IgG molecule (approximately 150 kDa) is formed by inter-H chain disulfide
bonds, linking two covalently paired L/H constructs. Depending on the number and position of the
inter-chain linkages, the IgG isotype can be further categorized into four subclasses, namely IgG1,
IgG2, 1gG3, and IgG4, which display a 90-95% similiarity in amino acid sequence
(Figure 1.1b)."*™ The position of the cysteine in the L chain responsible for L/H linkage represents
one structural difference between individual 1gG isotype subclasses and is either located at
position 220 (IgG1) or 131 (IgG2, IgG3, and IgG4).10 The number of cysteine residues in each H
chain necesarry for the formation of inter-H chain disulfide bonds likewise depends on the IgG
subclass with two for IgG1 and 1gG4, four for IgG2, and eleven for IgG3. As a result of alternative
disulfide bond formation, 1gG2 and 1gG4 exist in several isomers, respectively.’>** The 1gG4
isotype subclass particularly displays a high variablity as an inter-molecular exchange of Fab arms
can occur in vivo, leading to monovalent bispecific IgG4 with a limited ability for effective antigen
binding.14 Another structural difference between the IgG isotype subclasses is reflected by the

flexibility and length of the hinge region, varying between 12 and 62 amino acids.

1.1.2 Fc receptor-mediated effector functions

Subclass-dependent differences in the hinge region impact epitopal antigen binding due to the
relative conformation of Fab arms. Furthermore, the IgG binding to the complement system and Fc
gamma receptor (FcyR) is affected as a result of partially or completely shielded binding sites.*
Binding of the IgG Fc region to the complement system, more precisely to C1q of the C1 complex,
mediates complement-dependent cytotoxicity (CDC).™ This process involves a cytolytic cascade
of several complement proteins causing membrane attack complex formation and target cell lysis
after disruption of the bilipid target cell membrane (Figure 1.2).16 Destruction of the target cell can
also be initiated by natural killer cells through interaction of the 1gG Fc region with one of the five
activiting FcyRs (FcyRI, FcyRlla, FcyRlic, FecyRllla, and FCVRlllb).17 Subsequent mediation of
intracellular signaling pathways via phosphorylation of the immunoreceptor tyrosine-based

17,18

activation motif leads to pro-inflammatory activities and antigen clearance by ADCC. In case of
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Figure 1.2 Schematic illustration of Fc receptor-mediated effector functions causing death of target cell by
ADCP, ADCC, and CDC. MAC: membrane attack complex

antibody-dependent cell-mediated phagocytosis (ADCP), removal of the target cell is mediated by
macrophages.">*° In contrast to higG2 and higG4, higG1 and higG3 exhibit a high ADCC effector
function and can efficiently trigger CDC (Table 1.1). Another intracellular interaction is caused
following 1gG binding to the neonatal Fc receptor (FCRn). Besides facilitating the transcytosis of
IgG in FcRn-expressing epithelial cells such as in the placenta or mucosal surfaces, the FcRn
mediates intracellular recycling of the IgG and prevents its lysosomal degradation.'®?*?* The FcRn
is located in the endosomes and binds under acidic conditions (pH 6.0-6.5) to the endocytosed
IgG.23 Upon formation of the IgG-FcRn complex, which is redirected to the cell membrane surface,
the IgG dissociates at physological pH from the IgG-FcRn complex and is released into the
systemic circulation.™® Histidine residues at position 310 and 435 within the C,2/C3 domains are
likely responsible for the pH-dependent binding to the FcRn.* A lower binding affinity of the 1IgG3
to the FcRn is caused by the histidine-arginine replacement at position 435, resulting in an
accelerated clearance and relative short serum half-life of one week compared to other 1gG

isotype subclasses with a half-life of three weeks (Table 1.1).10’25

Table 1.1 Fc receptor-mediated effector functions listed for each 1gG isotype subclass. Adapted from Irani V
et al. (2015)** and Vidarsson G, Dekkers G, and Rispens T (2014)."°

IgG1 1gG2 1gG3 1gG4
C1q binding ++ + .
FcyRI binding +++ - ++++ ++
FcyRlla binding ++++ + +++ +
FcyRlIb binding +++ + ++++ ++++
FcyRllla binding +++ + ++++ ++
FeyRiIllb binding ++ - T+
FcRn binding +++ +++ ++ +++

Serum half-life 3 weeks 3 weeks 1 week 3 weeks
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1.1.3 The effect of IgG glycans on Fc receptor-mediated effector functions

The glycosylation profile significantly affects the quaternary structure of the Cy2 domain in IgGs,
which is crucial for Fc receptor binding through glycan-protein and glycan-glycan

interactions.*%*"*®

Regardless of the IgG isotype subclass, a conserved glycan structures is
attached to the asparagine residue at position 297, maintaining the 1gG in an open conformation.*
In contrast, carbohydrate removal results in a rather closed structure, abolishing binding to FcyR
and Clq.26 The heptasaccharides biantennary glycan core structure (GO) contains four
N-acetylglucosamine (GlcNac) and three mannose moieties, forming the al,3 or the al,6 arm
(Figure 1.3). The glycan core structure of most IgGs is further extended with various
monosaccharides. The addition of galactose through a B1,4-linkage on the al,6 arm (G1) results
in an increased binding affinity to the C1q, whereas the removal of galactose is associated with
decreased CDC." The addition of a second galactose residue on the al,3 arm results in the G2
form. Moreover, 92% of IgGs are further fucosylated at the core GlcNac.”” As a key regulator of
ADCC, fucose controls the FcyRllla-mediated 1gG response either towards pro or anti-

10,28,29

inflammatory effects. A minor fraction of IgGs are mono (<10.0%) or disialylated (<1.0%),

17,30,31

resulting in the Al or A2 glycan forms, respectively. Terminal sialic acids decrease the

binding affinity to the FcyRllla, leading to a reduction of ADCC.* Furthermore, FcyRIIb-mediated

anti-inflammatory properties are only associated with a2,6-linked sialylated N-glycans, whereas

33,34

a2,3-terminal sialic acids do not demonstrate any anti-inflammatory effects. Besides the herein

briefly discussed major glycan forms and their effect on Fc receptor-mediated effector functions,
10,27

additional glycans or glycosylation sites (i.e. in the Fab region) have been identified.

a2,6ora2,3 a2,6 ora2,3 a2,6 ora2,3

B1,4 p1.4 B1.4

BN 'a16

B1.N a1

bisected A1 bisected A2

GOF

B GicNac (203 Da)
@ Mannose (162 Da)
O Galactose (162 Da)
B> Fucose (146 Da)
< Sialic acid (291 Da)

81N

G1

B1N

bisected GO

Figure 1.3 Examples of 1gG glycans, which are attached to the Cn2 asparagine residue at position 297.
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1.2 Diversity of mAb-related therapeutic proteins

IgGs are effective therapeutic agents due to their ability to simultaneously bind antigens via the

Fab region and stimulate the immune system through Fc-mediated effector functions.***°

Throughout the last years, a broad diversity of mAb-related therapeutic proteins has emerged as

important therapeutic class for the treatment of various types of cancer,®

4344 45,46

chronic inflammatory

40-42 47-49

disorders, and cardiovascular, auto-immune, or infectious diseases. In addition,

mAbs were successfully employed upon tissue, cell, or organ transplantation in order to prevent

their rejection.®*>?

1.2.1 Unconjugated mADbs

1.2.1.1 Sources

In contrast to polyclonal antibodies, recognizing multiple epitopes of a specific antigen, mAbs
exhibit a monovalent affinity to one particular epitope of an antigen.53 These highly specific
antibodies are derived from different sources (Figure 1.4). The origin of the mAb can be identified
from its international nonproprietary name with a general “-mab” suffix. The first mAbs were of
murine origin (“-omab”), which were produced with the hydridoma technology proposed by Kdéhler
and Milstein.>* Major limitations of murine mAbs for therapeutic use result from their inability to
properly induce an effector function and the increased formation of human anti-mouse antibodies,

5% |n order to overcome these

leading to adverse events in patients as well as rapid clearance.
drawbacks, mAbs were gradually humanized. Chimeric mAbs (“-ximab”) consist of a variable
murine and constant human region. Consequently, 75% of the amino acid sequence of chimeric
mAbs are of human origin.*> Humanized mAbs (“-zumab”) have 95% similarity to human mAbs
and are composed of human variable as well as constant regions with grafted CDR regions of

murine origin.57 The last mAb source are fully human mAbs (“-umab”).

Murine Chimeric Humanized Human

e.g. catumaxomab e.g. infliximab e.g. trastuzumab e.g. adalimumab

. murine . human

Figure 1.4 Schematic illustration of mAbs from different sources.
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1.2.1.2 Mechanism of action

A therapeutic effect of mAbs results from (i) neutralization of soluble antigens, (ii) blocking or
stimulation of intracellular signal pathways, (iii) activation of cellular and complement-mediated

mechanisms (ADCC, ADCP, and CDC), and (iv) targeted delivery of various components.>®*°

Many mAbs bind to a specific epitope in the binding domain of their antigen and prevent ligand-
receptor interactions. For instance, bevacizumab, a humanized IgG1, exhibits a strong binding
affinity to the vascular endothelial growth factor and hinders its binding to the vascular endothelial
growth factor receptor-1 and vascular endothelial growth factor receptor-2, leading to an inhibition

of tumor cell proliferation.®®®

The prevention of ligand-receptor interaction can likewise occur
through blocking of the receptor by the mAb: cetuximab, a chimeric IgG1, demonstrates such an
antagonistic mechanism, which exhibits a 5 to 10-fold higher affinity to the epidermal growth factor
receptor compared to its natural occurring Iigands.62 Binding of the mAb to a receptor expressed
on the target cell can additionally activate intracellular pathways promoting apop'[osis.59 For
instance, rituximab, a CD20-targeting chimeric IgG1, demonstrated pro-apoptotic effects in vivo by
activation of the mitochondrial pathway, resulting in apoptosis of the target cell.® In addition,
rituximab’s mechanism of action involves ADCP, ADCC, and CDC.** As mentioned already in
section 1.1.2, ADCC, ADCP, and CDC are mediated by the complement and immune effector
cells. Due to advancements in antibody-engineering, mAbs with customized effector functions can
nowadays be developed. For instance, enhanced ADCC or CDC can be achieved through
glycoengineering or Fc mutagenesis, whereas extended half-lives of histidine-rich 1gG3s and Fc-

65-67
d.

modified IgG1ls were reporte On the other hand, for mAbs, whose mechanism of action is

rather Fab region-mediated or rely on receptor blocking, “Fc-silent” variants were designed in

68,69

order to reduce activation of the FcyR and decrease Fc receptor-mediated toxicity. Finally, the

mAb can act as carrier for the targeted delivery of radionuclides for radioimmuno-therapy,’®"

72,73

immunocytokines (e.g. for the treatment of neuroblastoma), or highly potent cytotoxic drugs in

order to induce apoptosis of the target cell as discussed in the next section.’"®

1.2.2 Antibody-drug conjugates

As outlined in the previous section, targeted delivery of highly potent cytotoxic drugs is an
important mechanism of action for mAb-related therapeutic proteins. ADCs play a remarkable role
in the treatment of solid tumors, leukemias, and Iymphomas.80 The rational for the design of ADCs
follows Paul Ehrlich’s vision of a “magic bullet” for the targeted treatment of diseases by combining
the selectivity of a mAb with the cytotoxic potency of a small molecule drug (payload), which is
covalently conjugated by a linker/spacer.?’ The conjugation of the payload masks its
hydrophobicity and prevents its renal clearance, resulting in an increased half-life in the systemic

circulation.®
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1.2.2.1 Mechanism of action

The ADC recognizes a tumor-specific antigen expressed on the cell surface, e.g. the human

88 Following internalization by receptor-mediated

epidermal growth factor receptor-2.
endocytosis, the ADC can undergo FcRn-mediated recycling (section 1.1.2) or lysosomal
degradation, releasing the cytotoxic payload into the (:ytoplasm.85 Subsequent interaction between
the payload and its intracellular target (e.g. microtubules or deoxyribonucleic acid) causes tumor
cell apoptosis through various mechanisms (Figure 1.5). In addition, the released cytotoxic
payload can diffuse out of antigen-positive tumor cells and enter surrounding antigen-negative

808 The targeted payload delivery to tumor

tumor cells to induce their apoptosis (bystander effect).
cells by highly specific mAbs is associated with less off-target toxicity and hence enlarge the
therapeutic window for cancer treatment compared to conventional chemotherapeutic

treatments.®®
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Figure 1.5 Mechanism of action for an ADC. Adapted from Peters C and Brown S (2015).85

1.2.2.2 ADC structure

Depending on the conjugation site, ADCs can be classified into lysine, cysteine, and site specific-
conjugated ADCs (Figure 1.6). Although a mAb contains approximately 90 lysine residues, only
the ones exposed to the surface can be randomly conjugated with the payload, which results in a
heterogeneous mixture of different ADC species. On the other hand, selective reduction and
payload conjugation to inter-chain cysteine residues decrease the heterogeneity, resulting in ADC
constructs with an even number of payloads attached (n=0, 2, 4, 6, 8).®” The latest generation of
ADCs, however, utilizes specific conjugation sites through the incorporation of additional cysteine
residues,® unnatural amino acids,* specific tags,90 or glycoengineering,91 allowing the production

of homogenous ADCs with an almost uniform number of payloads. This additionally reduces off-
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Lysine-conjugated ADC Cysteine-conjugated ADC Site specific-conjugated ADC
DLD = 0-x, mostly x=8 DLD=0,2,4,6,8 DLD = 0%, 1%, 2
Mean DAR = 3.5 Mean DAR = 4.0 DAR = 2.0
e.g. trastuzumab emtansine e.g. brentuximab vedotin e.g. vadastuximab talirine

* to a minor extent

Heterogeneity

Figure 1.6 Schematic illustration of different types of ADCs.

target toxicity due to less payload deconjugation, widening the therapeutic window of ADCs even

further.®®

All IgG isotype subclasses with their respective effector function (section 1.1.2) can act
as carrier for the payload whereby humanized or human IgGs are preferred due to the already
mentioned reduced formation of human anti-mouse antibodies.>® The selected mAb should further
demonstrate a high degree of specificity and affinity to a certain antigen expressed exclusively on

the surface of tumor cells and should exhibit minimal immunogenic effects.

The linker is crucial for the safety and efficacy of ADCs, as premature payload release in the blood
stream due to linker instability results in increased systemic exposure of the payload (i.e.
increased off-target toxicity) and reduces the amount of payload reaching its target (i.e. reduced

80,93

efficacy), narrowing the therapeutic index. On the other hand, the payload should be efficiently

released upon endocytosis into the target cell.*

Moreover, the hydrophobicity of the linker
determines the potential for aggregation, which subsequently lead to the formation of immune
complexes and increased ADC clearance.®® Nonpolar drug-linker metabolites or ADC constructs
with reducible disulfide bonds are able to enhance the bystander effect, whereas charged linker-
drug metabolites or non-reducible thioether-conjugated ADCs exhibit a decreased bystander
effect.® Consequently, the development of a proper ADC linker chemistry is challenging and a
broad variety of different ADC linker is currently under development.92 In general, two categories
of ADC linker exist. Non-cleavable linkers release the biological active payload/linker catabolite

96-98 |

including the last amino acid from the mAb after lysosomal degradation e.g. Lys-MCC-DM1. n

contrast, cleavable linker release the cytotoxic payload by three distinct mechanisms: (i) hydrolysis
of an acid-labile hydrazone linker in the lysosome or endosome, (ii) dipeptide cleavage through

lysosomal proteases, or (iii) linker reduction through glutathione.?*°
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The cytotoxic payload determines the efficacy of ADCs and has to fulfill certain criteria. First of all,
payloads must exhibit a high potency with half-maximal inhibitory concentration (ICsp) values in the
picomolar range as only 1-2% of administrated ADC reach the intracellular drug target.100 Another
important aspect is the amount of cytotoxins attached to the mAb as antibodies with a low payload
exhibit lower efficacies.** On the other hand, large amounts of toxins are associated with the
likelihood for systemic toxicity and enhanced hydrophobicity, leading to aggregate formation and
hence faster clearance, reduced half and shelf-life, and insolubility.*® Lastly, the synthesis should
be straightforward and the cytotoxin should retain its potency after introduction of reactive groups
for linker conjugation.®® Besides commonly used microtubuline-inhibiting or deoxyribonucleic acid-
damaging payloads, a-aminitin (riboinucleic acid polymerase Il inhibitor), rhizoxin (tubuline
inhibitor), or spliceostatin and thailanstatin (both riboinucleic acid splicing inhibitors) are currently

in development (Table 1.2).%%

Table 1.2 Common linker and cytotoxic payloads used in ADC constructs.

Linker Payload Action
Cleavable Ve Auristatin e.g. MMAE, MMAF Tubuline inhibitor
va Maytansinoid e.g. DM1, DM4 Tubuline inhibitor
SPDB Calicheamicin e.g. ozogamicin DNA cleaving agent
sulfo-SPDB Duocarmycin e.g. rachelmycin DNA alkylation agent
SPP Doxorubicin DNA intercalating agent
Hydrazone Benzodiazepine e.g. tesirine, talirine DNA cross-linking agent
Non-cleavable MCC Tubulysin Microtubule polymerization inhibitor
mc Camptothecin Topoisomerase | inhibitor

vc: valine-citrulline, va: valine-alanine, SPDB: N-hydroxysuccinimidyl-4-(2-pyridyldithio)butanoate, sulfo-SPDB: N-hydro-
xysuccinimidyl-4-(2-pyridyldithio)-2-sulfobutanoate, SPP: N-succinimidyl-4-(2-pyridyldithio)pentanoate, MCC: maleimido-
methyl cyclohexane-1-carboxylate, mc: maleimidocaproic acid, MMAE: monomethyl auristatin E, MMAF: monomethyl
auristatin F, DM1: emtansine, DM4: ravtasine, DNA: deoxyribonucleic acid

1.2.3 Bispecific antibodies and truncated mAb-related modalities

Treatment with monospecific mAbs may cause drug resistance, leading to an inefficient

102

therapeutic effect such as the inability to induce tumor cell destruction.”™ An advanced therapeutic

effect can be induced with bsAbs due to their ability to bind multiple targets, antigens, or epitopes
on the same antigen. Bispecific mAbs, can trigger the same mechanism of actions compared to

mADbs.'**'% |n addition, bsAbs can force the formation of protein complexes by Fab arm binding to

106

different proteins e.g. Factor IXa and X in order to mimic Factor Vllla.” Depending on the

mechanism of action and intended therapeutic application, a plethora of bispecific constructs with

varying valence, size, flexibility, half-life, and biodistribution properties were developed throughout

107-109

recent years, which can be mainly classified into five categories (Figure 1.7). The production

of bsAb generally relies on quadroma cell lines (fusion of two lg-producing myeloma cells), which
secrete a heterogeneous bsAb population including the desired hetero bsAb as well as nine

108-110

additional variants due to random pairing of L and H chains. In order to force the

heterodimerization of H chains, the knob-into-hole technology is commonly applied for bsAb
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lgG-like bispecific constructs Non-lgG-like bispecific constructs

Fragment

Bispecific IgG Appended IgG

6.g. BiTE (50 kDa)

Fusion

e.g. HSABody (120 kDa)

Conjugates

0.0
n
e.g. scFv1-PEG-scFv2 (65 kDa)

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
e.g. Triomab (150 kDa) e.g. scFv-(H)IgG (>150 kDa) :
|
|

Figure 1.7 Examples of bispecific formats from each of the five major classes (bispecific 1gGs, appended
1gGs, bsAb fragments, bispecific fusion proteins, and bsAb conjugates). scFv: single chain variable fragment,
BIiTE: bispecific T cell engager, HSA: human serum albumin, PEG: polyethylene glycol

production.*****2

This technology is based on creation of an artificial “knob” in the C;3 domain of
one H chain by replacing one amino acid with a larger one, whereas on the partner H chain a
“hole” is designed by inserting a smaller amino acid instead of a larger one. The bispecificity can
readily be introduced by adding a second antigen-binding unit to the N or C-terminus of the L or H

chain as illustrated with the appended 1gG (Figure 1.7).

Truncated bispecific formats such as the bispecific T cell engager are less immunogenic, exhibit
enhanced tissue penetration, and bind epitopes that are sterically inaccessible for full-length
mAbs.""*% Size reduction of mAb-related therapeutic proteins potentially alters their
physicochemical properties and causes considerable changes in their biological activity.113 On the
other hand, truncated formats lacking the Fc region cannot induce Fc receptor-mediated

108114 1n order to modulate PK

processes and hence have a relatively short serum half-life.
properties including half-life extension by FcRn-mediated recycling, small-sized formats can be
fused to Fc fragments, other proteins such as human serum albumin, or can be conjugated to
107,108

polyethylene glycol. Hence, the pharmacological properties can be customized for specific

applications to improve the safety and efficacy.114

Thus, various truncated (bispecific) Fc and
variable region-containing mAb-related formats were developed for research and therapeutic
purposes (Figure 1.8). The largest Fc region-containing truncated mAb format, namely camelid
antibodies, lacks the L chain and the Cy1 domain (similar to shark antibodies) and uses only the
Vy domain of camelids (referred to as VyH) for antigen binding. Fc fusion proteins represent
another important subclass of truncated mAb-related formats. This class of mAb-related
therapeutic proteins consists of a Fc region fused to therapeutic ligands such as peptides,

extracellular receptors, cytokines, or enzymes, which exhibit in this format a prolonged serum half-
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% The most advanced variable region-containing

116

life through interactions with the FCRn receptor.
truncated mAb-related therapeutic proteins are F(ab’), and Fab fragments.”™ Nevertheless, the
development of single chain variable fragments (scFv) has significantly progressed, accounting for
up to 40% of clinically evaluated mAb fragments.™** The range of scFv constructs includes simple
formats (V4 and V| linkage via flexible synthetic peptide), non-covalent scFv dimers (dia, tria, or
tetrabodies) with an increased target affinity, and covalently linked tandem scFv.'Y Single domain
antibodies, also referred to as Nanobodies, present the smallest version of truncated IgG-derived
formats, containing only the Vy domain, which binds to specific antigens with a pico to nanomolar

118,119

affinity. General advantages of truncated mAb formats include a straightforward and cost-

effective manufacturing process of a less heterogeneous mixture using prokaryotic systems,
increased solubility, better stability, heat-resistance, and the aforementioned enhanced tissue
penetration, while maintaining the selectivity for antigen binding."********** On the other hand,
truncated mAb-related formats bear the risk to cross-react with endogenous antibodies, which

specifically recognize antibody fragments but not their full-length counterparts, resulting in

122-124

negative biological effects through cytokine release or liver toxicity. Besides their use as

affinity capture antibodies, potential diagnostic applications of truncated mAb-related constructs

include their use as chromobodies for intracellular target identification and non-invasive in vivo

125-128

imaging with radionuclides. Therapeutic applications involve the treatment of various forms of

cancer, rheumatoid arthritis, acute lymphoblastic leukemia, or scorpion/snake envenomation.™’*?%

132

WAR Wy u

bispecific F(ab’), Fab BIiTE scFv sdAb

Variable region
containing constructs

Fc region
containing constructs

Camelid Fc fusion protein

Figure 1.8 Schematic illustration of various truncated mAb-related therapeutic proteins. VyH: variable region

of camelid antibodies, BITE: bispecific T cell engager, sdAb: single domain antibodies
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1.3 Market development of mAb-related therapeutic proteins

The number of new molecular entities and biological license agreements, which were granted first
marketing approval, dropped in 2016 compared to the previous year from 45 to 22 and from 39 to
27 as reported by the US FDA and EMA, respectively.

133135 gSeven out of the 22 novel drug

approvals for the US market were mAb-related therapeutic proteins, whereas only three of them

136

namely olaratumab, reslizumab, and ixekizumab were approved in the EU.”™™ Considering the

latest publicly available sales revenue data, an increase by 16.9% was reported in 2016, which

resulted in a global sales revenue of 107 billion US$.*’

Twenty five mAb-related therapeutic
proteins reached blockbuster status with a sales revenue over 1 billion US$, whereas seven out of
them (i.e. adalimumab, etanercept, infliximab, rituximab, trastuzumab, bevacizumab, and

aflibercept) exceeded a threshold of five billion US$.**’

Additionally, >300 mAb-related therapeutic
proteins were estimated to be in early-stage development, >230 mAb-related modalities were
reported in clinical phase Il, 52 mAb-related entities were listed in late-stage clinical trials, and
eleven constructs were under regulatory review by the US FDA and EMA as of Dec 2016.%°*%®

Similar to previous years,**

the majority of novel drug approvals in the first three quarters of 2017
can be assigned to low-molecular weighted chemical entities. Nevertheless, the number of
approved mAb-related therapeutic proteins as of Nov 14™ 2017 has reached its maximum
throughout the last decade (n=17). In terms of originator drugs, five novel IgGs (avelumab,
dupilumab, ocrelizumab, durvalumab, and guselkumab) were exclusively licensed for the US
market, whereas bezlotoxumab and atezolizumab were approved in the EU after receiving US
approval already in 2016. Brodalumab, sarilumab, and inotuzumab ozogamicin (Besponsa, a
novel calicheamicin-based ADC) were granted market approval on both markets. Additionally,
gemtuzumab ozogamicin (Mylotarg) received approval for its relaunch by the US FDA early in Sep

2017 after it has been withdrawn from the market in 2010.**°

Consequently, together with
brentuximab vedotin (Adcetris) and trastuzumab emtansine (Kadcyla), which received EU
approval in 2012 and 2013, respectively, four ADCs are currently licensed for marketing in the US

and EU.

The remaining six approved mAb-related therapeutic proteins were copies of already licensed

blockbuster biologics, so called biosimilars, which demonstrated comparable physicochemical

characteristics, quality, purity, (non-)clinical efficacy and safety in biosimilarity studies.* %

Novartis’ Erelzi and Amgen’s Solymbic/Amjevita, were approved in EU, but received US approval
already in 2016. The remaining biosimilars were copies of adalimumab (Biogen’s Imraldi) and

rituximab (Novartis/Sandoz’ Rixathon and Celltrion’s Truxima), whose patents in the US and EU

will expire in 2018."** In addition, Pfizer's Lifmior was approved, copying etanercept, whose EU
145,146

patent already expired in 2015, while its US patent will last until 2028. Hence, in total 10 mAb

biosimilars have received marketing approval since their first introduction in 2013 (Figure 1.9).
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Figure 1.9 Trend of mAb-related therapeutic proteins granted marketing approval in the US or EU and
reported sales revenue. Sales revenue data were extracted from publicly available financial reports or

137,138,147-1! .
87.138,147-150 \|otes:

scientific articles. % Prolia and Xgeva (both denosumab) were approved in 2010, but were

counted as single entity, ® number of approved mAbs as of Nov 14" 2017, © estimated sales revenue based
on a compound annual growth rate in sales of 8.0%, ® estimated number of approved mAb-related entities
using a mean annual approval rate of 5.9 mAbs per year (2007-2017)

As of Nov 14" 2017, the majority of the 81 marketed mAb-related therapeutic proteins rely on
full-length mAbs followed by Fc fusion proteins, while only a minor portion is based on mAb
fragments (Figure 1.10a). This distribution is related to an improved effector function, extended

24151 The class of full-

serum half-life, and better neutralization effects in presence of the Fc region.
length mAbs is further composed of 59 first-generation mAb-related therapeutic proteins
(unconjugated mAbs and their biosimilars), whereas the bsAb and the four ADCs belong to next-
generation mAb-related constructs (inlet Figure 1.10a). Since murine and chimeric mAbs feature

an increased risk to induce the formation of human anti-mouse antibodies,55 77% of licensed full-

v bsAb, n=1
P mADb biosimilars, n=7

human, n=27

chimeric,
n=13

R

\Fragments (Fab and scFv), n=5 murine, n=2

Fc fusion proteins, n=12

Figure 1.10 Distribution of licensed mAb-related therapeutic proteins according to their (a) format, (b) source
of full-length mAbs, and (c) isotype subclass of full-length mAbs.
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length mAbs are nowadays of human or humanized origin (Figure 1.10b). Due to their potency to
effectively induce effector functions, most of the marketed full-length mAbs belong to the IgG1
isotype subclass followed by the IgG4 and IgG2 isotype subclasses with eculizumab representing
the only hlgG2/4 isotype subclass hybrid (Figure 1.10c). Although the IgG3 isotype subclass
exhibits among all 1gG isotype subclasses the highest affinity to various Fc receptors (Table 1.1),
no therapeutic protein related to this subclass is currently licensed due to its relatively short serum
half-life, increased likelihood for proteolysis due to the prolonged hinge region, and the existence

24,152

of several allotypes. A similar distribution in terms of format, source, and isotype subclass is

also reflected by the constructs currently in development,'****%*%

Taking the mean annual
approval rate of 5.9+£4.0 mAbs per year (2007-2017) and the estimated five-years compound
annual growth rate of 8.0% (2014-2019) into account,’***** almost 100 mAb-related therapeutic
proteins will be marketed in the US or EU by 2020, resulting in a forecasted global sales revenue
of 145 billion US$ (Figure 1.9). Consequently, mAb-related therapeutic proteins represent one of
the fastest growing therapeutic classes and pharmaceutical companies invest notable resources in

the development of such constructs.

1.4 Required assays for the development of mAb-related entities

Not only the diversity of mAb-related therapeutic proteins, but also the implementation of a variety
of required assays represents a tremendous analytical challenge during their drug development.
Mandatory assays can be divided into two categories: (i) qualitative assays for mAb-related

therapeutic protein characterization and (ii) bioanalytical assays for PK, PD, and |G assessments.

1.4.1 Qualitative assays for mAb-related therapeutic protein characterization

In order to ensure high product quality, safety, and efficacy of mAb-related therapeutic proteins, a

multitude of mostly MS-based analytical tools is employed for batch-to-batch control analysis,

87,155,156

structural characterization, and comparability studies (Figure 1.11). Characterization of

structural conformation, epitope mapping, aggregate analysis, or protein-ligand interactions are

commonly investigated at higher order structure, utilizing hydrogen/deuterium exchange MS, o718

159 160-162

chemical cross-linking MS, or with ion

163-166

or native MS either as stand-alone technology

mobility. Top-down analysis provides important information about the intact mass, major

modifications, and charge/size variants of mAbs.*****"*"®* Moreover, the DLD and DAR of ADCs

174-176

can readily be assessed at the intact level. Middle-up approaches enable the detection of

positional isomers and mAb truncations or extensions in addition to the previously mentioned

177 155,178

modifications.”" The most detailed information about the primary amino acid sequence,

177,179,180 181-185

potential conjugation sites, and post-translational modifications are provided with

bottom-up approaches. Transitioning from intact to peptide level further allows the refinement of

structural modifications and the exact location can be identified (e.g. mAb oxidation site).lﬁg'lsl'186
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Figure 1.11 Qualitative assessment of mAb-related therapeutic proteins at different structure levels. IMS: ion
mobility, HDX: hydrogen/deuterium exchange, CX: cross-linking, PNGase F: N-glycosidase F, ldeS: 1gG-
degrading enzyme of S. pyogenes, DTT: dithiothreitol, Fd: Fab H chain, IAA: iodoacetamide, PTM: post-

translational modifications

1.4.2 Bioanalytical assays for PK, PD, and IG assessments

During the drug discovery and development process, several reliable and robust bioanalytical
assays have to be implemented for PK, PD, and IG assessments in order to investigate the
exposure-response relationships between mAb-related therapeutic proteins and their target(s), to
evaluate safety margins, and to select the proper dosing regimen.187 At pre-clinical stage,
guantitative assays are required for exploratory non-good laboratory practice (GLP) dose range

finding studies and GLP toxicity studies in one rodent and one non-rodent species in order to

188

design an appropriate first-in-human GLP study.”™ However, pre-clinical studies using only one

relevant species may be sufficient in certain justified cases, if the biology of the mAb-related

189

therapeutic protein is well understood and characterized.™ In addition to the in vivo generated

mADb catabolites and metabolites, the variable region of the mAb-related therapeutic protein with
its binding site(s) further complicates quantitative assessment due to antigen interaction.**
Consequently, the administrated mAb-related therapeutic protein and its soluble target exist in

different binding states (Figure 1.12). However, only the free mAb-related therapeutic protein

species has target-binding potential and is able to induce pharmacological effects.'*"*%

Consequently, bioanalytical assays have to be developed, which are capable to discriminate

190

between free and bound species in order to estimate the efficacious mAb concentration.”™ In

contrast, information about the total mAb concentration provides insights into the dynamic

relationship with the target, allowing the determination of on and off-target toxicological effects.”®’
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Figure 1.12 Schematic illustration of potential mAb and target species present in vivo.

Besides PK/PD assays, additional analytical methods for IG assessments are required as the
presence of exogenous modalities in vivo triggers the formation of endogenous ADAs, which alter
the PK, PD, and safety profiles.'*® The formation of ADAs strongly depends on the proportion of
foreign amino acids and post-translational modifications in the administrated mAb, administration
route, dosing regimen, and the duration of exposure.> The resulting immune complexes decrease
the half-life of the administrated mAb-related therapeutic protein due to enhanced clearance,
which is indicated by a fast concentration drop in the PK profile.23 Lastly, the number of required
bioanalytical assays is further increased, if bioconjugated therapeutic proteins such as ADCs have
to be analyzed (Table 1.3).

Table 1.3 Assays required for ADC PK, PD, and IG assessments. Adapted from Myler H et al. (2015)194

Assessment Analyte Information / physiological effect

PK Total mAb Clearance
Total ADC Total mAb > total ADC = deconjugation of payload
Active ADC Total ADC > active ADC = inactivation through metabolism
Conjugated active payload Similar to active ADC assay
Metabolized conjugated payload Indication for inactivation of ADC
Unconjugated payload Deconjugation and off-target toxicity

PD Total target Effect of mAb / ADC on target accumulation
Bound target Therapeutic efficacy
Free target Therapeutic efficacy
Cytotoxic biomarker Apoptosis, lysis

IG mAb / ADC-specific ADA Accelerated clearance / neutralization
Payload-specific ADA Accelerated ADC clearance and potential decelerated

clearance of unconjugated payload
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1.5 Analytical platforms for PK, PD, and IG assessments

1.5.1 Ligand binding assays

LBAs with the enzyme-linked immunosorbent assay (ELISA) as most prominent format are
conventionally employed for PK, PD, and IG assessments of mAb-related therapeutic

proteins 187,195,196

Depending on the ELISA design, these assays measure indirectly specific mAb
and target species either in their free or bound form through reversible non-covalent interactions
with an antigen or detection antibody. The sandwich ELISA exhibits the highest selectivity among
the existing ELISA formats due to the use of two different epitope-recognizing antibodies as
exemplified with a possible format for total PD assessment (Figure 1.13a). A fixed amount of anti-
target capture antibody is immobilized on the plate surface. This capture antibody must be non-
cross reactive to the mAb in order to avoid binding competition. In a next step, a diluted biological
serum sample is added to the plate, followed by an enzyme-linked detection antibody (direct
sandwich ELISA). If the primary detection antibody is unlabeled, a secondary enzyme-linked
detection antibody has to be subsequently introduced (indirect sandwich ELISA). Binding of the
detection antibody (e.g. anti-higG Fc peroxidase) to the target conjugated-mAb is indicated by a
change in color induced by the reaction of the detection antibody-linked enzyme with its substrate
(e.g. horseradish peroxidase and tetramethylbenzidin). Following termination of the enzymatic
reaction and colorimetric read-out at a specific wavelength, the concentration of the mAb-
conjugated target can be determined. By replacing the anti-target capture antibody with the target
itself, the free mAb concentration can be determined for PK assessment (Figure 1.13b). In
contrast, the bridging ELISA utilizes only one antigen/antibody for capture and detection as
exemplified with one possible format for the determination of the total mAb (Figure 1.13c) and

bivalent unbound mAb (Figure 1.13d) concentration.

Sandwich ELISA Bridging ELISA
a b C d
. antihlo e o anti-hlgG Fe
< < ili peroxidase
gre]tric-)::gangc & / target

peroxidase

2y, @

anti-target
capture antibody

total PD free mAb total mAb bivalent
(direct) (mono/bivalent unbound) (free+bound) unbound mAb

anti-hlgG Fc

target capture antibody target

Figure 1.13 Possible sandwich and bridging ELISA formats for the determination of (a) total PD, (b) free
mADb, (c) total mAb, and (d) bivalent unbound mAb for PK assessment. The asterisks indicate optional target

conjugation to the mAb. HRP: horseradish peroxidase
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Based on the three proposed PK assays, the concentration of bivalent bound mAb (total minus
free), mono and bivalent bound mAb (total minus bivalent unbound) as well as the monovalent
bound mAb (free minus bivalent unbound) can be derived. Despite of minimal requirements in

sample preparation, high sensitivity (pg/mL to ng/mL range), relatively low analytical costs per

190,197-201

sample, and high sample throughput, ELISA formats exhibit the following disadvantages:

e Robustness, sensitivity, and specificity depend on the quality of capture and detection

antibodies!%2022%3

e Expensive and time-consuming development of specific capture antibodies with optimal

binding properties™®"***

o Difficult method transfer as the specificity is strongly affected by the sample matrix with

varying extent of interferences and cross-reactivity**

¢ No discrimination between the parent mAb and generated catabolites or metabolites

e Analytical bias from the sample preparation and analysis cannot be corrected as no internal

standard (ISTD) is employed****®

1.5.2 Mass spectrometry-based assays

In order to overcome disadvantages associated with LBAs, MS-based assays have evolved in the

recent years as a complementary analytical technology for PK, PD, and IG assessments of mAb-

207-217

related therapeutic proteins in complex matrices. In contrast to LBAs, MS-based assays offer

an increased specificity and robustness, a wider linear dynamic range, shorter method
development time, ability to multiplex, and the possibility to implement an ISTD to minimize matrix

effects, which facilitates method transfer between biological matrices.?%202218-222

The majority of
MS-based assays utilizes proteolytic peptides as surrogates for an indirect quantification of the
parent mAb-related therapeutic protein (bottom-up approach) due to the following reasons:

e  Superior sensitivity compared to the analysis at the intact protein level**

e Less analytical variability is generated at the peptide level in comparison to the intact protein

as surrogate peptides are usually selected from a domain where post-translational

modifications unlikely occur®®*#**

1.5.2.1 Selection of surrogate peptide

The selection of the most appropriate surrogate peptide is critical and affects the assay specificity,

201,218,224,225

sensitivity, and robustness. Several in silico software tools such as Skyline,

PeptideAtlas, PeptideSieve, MRMaid, MRMer, or MaRiMba assist in the selection of surrogate

226231 The ideal surrogate peptide should be rapidly and reproducibly generated during

peptides.
proteolytic digestion, should be stable, and should exhibit a unique amino acid sequence based on

the following criteria:
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e No methionine, cysteine (Cys), or tryptophan (Trp) included to avoid peptide oxidation®*®

¢ No glycosylation sites on asparagine [Asn-x-Ser and Asn-x-Thr whereby x can be any amino
acid except for proline, serine (Ser), or threonine (Thr)], on hydroxyl groups (Ser and Thr rich

regions), or on other motifs known to be glycosylated (Trp-x-x-Trp, Trp-Ser/Thr-Cys)**?2%

e Proline should be not located downstream of lysine or arginine and the location of two basic

amino acids next to each other should be avoided to prevent peptide miscleavage®*?*?

o Peptide length should be 8-20 amino acids to guarantee adequate retention under reversed-
phase chromatographic conditions and appropriate mass spectrometric properties in terms of
ionization and fragmentation®*®

In order to verify the uniqueness of the surrogate peptide, proper bioinformatic software tools such

as the Basic Local Alignment Search Tool (BLAST) are available, which compare the amino acid

236

sequence of a peptide with protein sequences entered in databases.”™ In general, surrogate

peptides from the CDR region are highly specific for each individual mAb and less susceptible for

interferences from endogenous 1gGs.?*"#3"2%#

However, a novel assay has to be developed for
each new construct. In order to circumvent this issue and accelerate method development, generic
surrogate peptides from the constant region (C., Cyl, Cy2, and Cux3) were proposed for the
guantitative analysis at pre-clinical stage. These peptides are conserved throughout chimeric,
humanized, and human IgGs as well as in any mAb-related construct bearing the human constant

region (e.g. Fc fusion proteins), but they are absent in IgGs from animal species.?*%?*

Hence, only
a single generic bottom-up MS-based assay has to be implemented to generate quantitative data
for a multitude of mAb-related therapeutic proteins in pre-clinical species as recently demonstrated

and successfully validated.***

1.5.2.2 Bottom-up sample preparation approaches

Mainly two different sample preparation approaches are applied to generate surrogate peptides,
which are required for bottom-up mAb-related therapeutic protein quantification (Figure 1.14). The
first approach employs direct digestion of the untreated sample. Beneficial features of this
approach include rapid method development, no requirement for target specific reagents
(important for candidate screening), multiplexing capabilities, and small sample volume
consumption (<25 puL).>*>**" Furthermore, no assay-specific interferences are caused from ADAs

248

and bound endogenous proteins or soluble targets.”™ In contrast to the quantitative analysis of

small molecules by LC-MS/MS or mAb quantification by LBAs, the sample complexity is

significantly increased following digestion, generating peptides with similar physicochemical

248,249 250

properties. Due to co-eluting and interfering compounds,

238,251,252

direct serum digestion
approaches exhibit a limited sensitivity. In order to reduce the amount of interfering
background peptides, clean-up strategies such as solid phase extraction (SPE) or enrichment of
specific peptides using stable isotope standards and capture by anti-peptide antibodies

(SISCAPA) can be incorporated.”>**® The second approach for bottom-up mAb quantification
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utilizes protein-level IC with subsequent proteolytic digestion of the immuno-captured protein

either directly on the solid support material or after elution.?**%>°

Regardless of the applied workflow, conventional digestion protocols for mAb-related therapeutic

protein quantification contain four steps: (i) unfolding of the quaternary structure of the protein

260 237,261

upon denaturation with heat, chaotropic agents (urea, guanidine hydrochloride),

242,262

surfactants (sodium dodecyl sulphate, sodium deoxycholate), or organic solvents (methanol,

acetonitrile (ACN), and trifluoroethanol),?**?** (ii) disulfide bond reduction with dithiothreitol (DTT)

238,265

or tris(2-carboxyethyl)-phosphine, (i) alkylation of the generated reactive thiol groups with

iodoacetamide (IAA) or N-ethylmaleimide,?**%

chymotrypsin,?®*"?*®  Lys-C,****"° Glu-C,”"**"* Arg-C,*”® Asp-N,”**"* or pepsin®®*"" with a
218

and (iv) proteolytic digestion using trypsin,

recommended enzyme to protein ratio ranging from 1:20 to 1:100.” After proteolytic digestion,

the peptides can be analyzed with a variety of different mass analyzers operating in different

acquisition modes as described in section 1.5.2.4.

Serum sample

v v

Digestion

.
s

’—Fq’
*
(L g
SPE SISCAPA Digestion

109G % 116

MS-based analysis

Y v O

higG SIL-hlgG serum proteins proteolytic peptides

Digestion Immuno-capture

e

Figure 1.14 Commonly applied sample preparation procedures for bottom-up mAb-related therapeutic protein
guantification by MS-based assays using (a) direct digestion approaches, (b) peptide-level, or (c) protein-

level enrichment. SIL: stable isotope labeled
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1.5.2.3 Internal standardization

Analytical variation originates either from the multistep bottom-up sample preparation, chromato-

graphic separation (i.e. variability of injection volume or retention time), or MS analysis (i.e. matrix

278,279

effects enhancing or suppressing the analyte signal). As a consequence, the employment of

a proper ISTD is essential for reproducible, precise, and accurate mAb-related therapeutic protein
guantification. However, the format and introduction stage of the ISTD (Figure 1.15) can

significantly impact the outcome of the quantitative data.?®"%2

+ SlL-protein D t + SlL-peptide

+ Analog protein IgeS ion + Analog peptide SPE

+ (ext) SIL-peptide

+ (ext) QconCAT
+ SIL-protein ) ] + SIL-peptide MS-based

Serum | s ooie . Digestion SISCAPA )
analysis

+ (ext) QconCAT

+ SIL-protein

+ (ext) SIL-peptide

IC Digestion

+ (ext) QconCAT

+ SlL-peptide
+ Analog peptide

Figure 1.15 Overview of ISTD formats and possible introduction stages for bottom-up mAb-related
therapeutic protein quantification by MS-based assays. SIL: stable isotope labeled, ext: extended, QconCAT:

quantification concatemer

Peptide-level ISTD

Ideally, the ISTD is introduced at the earliest sample preparation stage and has similar

283

physicochemical properties like the target analyte.” At the same time, it should exhibit a sufficient

mass difference for its distinction from the target analyte by MS detection.?®® Hence, a stable

isotope labeled (SIL) version (i.e. [**C], [*°N], [*H], or [*?0O]) of the signature peptide, also referred

to as absolute quantification (AQUA) peptide, is often utilized for protein quantification.?®**%

Differential labelling represents another simple and cost-effective possibility to generate

SIL-peptides.287 Alternatively, a structural analog peptide can be used which, however, might not

2882% one advantage of peptide-level ISTDs relies on their

218

correct as appropriate as SlL-peptides.

faster and simplified production compared to protein-level ISTDs.”~ However, they can only

compensate for variations induced post-digestion and hence correct only for peptide stability as

218

well as for differences introduced upon LC-MS analysis.” Consequently, extended SIL-peptides

with cleavable sequence tags were developed to partially compensate also for variations during

291-293

proteolytic digestion. The concatenation of several SIL-peptides, as employed with the
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guantification concatemer (QconCAT) or double standard concatemers (DOSCAT) strategy,?** >’

creates an artificial protein-like construct, which can be selected as ISTD for multiplexed protein

quantification.?%%%

Protein-level ISTDs

Although structural analog proteins were applied for internal standardization, they cannot correct

301-303

all induced variabilities similar to peptide-level ISTDs. Hence, a SlL-variant of the whole

protein would be the ideal ISTD to compensate for all introduced variabilities during the entire

283 218

workflow.”™ However, their production is expensive and time-consuming.”™ SlL-whole protein

304-308

ISTDs, also referred to as protein standard absolute quantification (PSAQ), are produced in

the same expression system or cell line as the mAb-related therapeutic protein with the difference

309,310

that the medium contains SlL-amino acids for label incorporation. By applying this stable

isotope labeling with amino acids in culture (SILAC) approach, several SIL-whole protein ISTDs

with different labeling strategies were successfully expressed, purified, and implemented for MS-

238,240,311

based quantification of mAb-related therapeutic proteins. Alternatively, universal SIL-

whole protein ISTDs such as the SILu™mAb are nowadays commercially available, which likewise

demonstrated the potential for mAb quantification.*****?

1.5.2.4 Mass analyzers for mAb-related therapeutic protein quantification

Various low and high-resolution mass analyzers operating in different acquisition modes have

been applied for protein quantification.”****

The following section focuses on the mass analyzers
utilized in this thesis and discusses the working principle of different acquisition modes suitable for

mAb-related therapeutic protein quantification.

Triple quadrupole and quadrupole linear ion traps

The majority of bioanalytical MS-based assays for bottom-up mAb-related therapeutic protein
guantification is conducted with tandem mass spectrometers either in the design of sequentially
connected quadrupoles (QqQ) or hybrid quadrupole linear ion traps (QTRAPS).224 QTRAP

instruments operate either in the ion trapping mode to conduct multiple-stage fragmentation

313,314

experiments (MS") or in the conventional QqQ mode. For quantitative purposes, selected

reaction monitoring (SRM), also partially referred to as multiple reaction monitoring (MRM), is the

315

most appropriate acquisition mode providing high selectivity and sensitivity.” In SRM, a precursor

ion with a specific m/z value is mass filtered from a complex mixture of ions in a first quadrupole

Q1 (Figure 1.16). The detailed mathematical description of the exact quadrupole working principle

316,317

is provided elsewhere and not discussed herein. After precursor ion selection, its

fragmentation in a serially connected second non-filtering quadrupole g2 is induced by collisional
activation with neutral gas molecules or dissociation, where translational ion energy is converted

318

into internal energy.”~ As a result of increased internal energy and unimolecular decomposition,

charged and neutral product ions are formed. In a last step, the third quadrupole Q3 selects a
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specific charged product ion for detection. By monitoring more than one transition for each

peptide, the selectivity can be increased as the SRM acquisition mode allows sequential scanning

319,320

of hundreds to thousands of transitions (Figure 1.16). The most intense transition of a

peptide is often selected as a quantifier, while the other transition(s) act as qualifier, confirming the

321322 The cycle time is an important parameter, which requires consideration when

225,315

analyte identity.

The cycle time is defined as the product of the number of
225,323

monitoring several transitions.
monitored transitions and the time spent at each transition (dwell time). The dwell time
affects the sensitivity [signal-to-noise (S/N) ratio], whereas the cycle time determines the sampling
rate (number of data points across at the chromatographic peak) and subsequently the inter-run
accuracy and reproducibility.323 Consequently, all parameters have to be balanced and optimized
for a SRM-based quantification. Despite the enhanced selectivity and sensitivity provided by the
SRM acquisition mode, low-resolution mass analyzers such as QqQ or QTRAP cannot completely
eliminate interfering signals from a complex sample. As a consequence, high-resolution mass
analyzers such as the quadrupole orbitrap or QTOF were implemented, particularly in the field of

targeted proteomics.***%%
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Figure 1.16 Working principle of the SRM acquisition mode. A precursor ion is mass filtered in the first
quadrupole (Q1), fragmented in a serially connected non-filtering quadrupole (g2), and a specific product ion
is selected in the third quadrupole (Q3) for detection. Multiple transitions of an analyte (precursor/product ion

pairs) can be sequentially scanned to increase the selectivity.

Quadrupole orbitrap

Hybrid instruments, which are constituted of a quadrupole and an orbitrap mass analyzer such as
the Q-Exactive orbitrap mass spectrometer from Thermo Fisher Scientific (Figure 1.17), combine

the benefit of mass filtering, selective ion trapping, and analyte detection at high-resolution and

mass accuracy.”®® Three different acquisition modes, namely full-scan MS,**"%%

333,334

single-ion

331,335,336

monitoring, and parallel reaction monitoring were applied for quantitative analysis.

In the full-scan MS acquisition mode all charged ions are transmitted through the quadrupole and
accumulate in a curved linear trap (C-Trap). The duration of accumulation is governed by a
predefined maximum filling time and an automatic gain control setting (maximum number of ions
entering the C-Trap). Following trapping, all accumulated ions are simultaneously injected into the

orbitrap mass analyzer for detection, which is composed of a central spindle-like electrode and a
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Figure 1.17 Schematic illustration of the Q-Exactive orbitrap mass spectrometer. Courtesy of Thermo Fisher

Scientific. HCD: higher energy collisional dissociation

barrel-like outer electrode.®*’

Injected ions rotate in orbital trajectories around the central electrode
and simultaneously oscillate in horizontal direction, which describes a harmonic oscillator given by

equation 1.1

z(t) = z, cos(wt) + \/T%sin(wt) (1.2)

where z; is the initial axial amplitude, E, the initial ion kinetic energy and
= |— 1.2)

is the frequency of axial oscillation with k as the constant potential between the electrodes, m the

mass, and z the charge of the ion.*****

Based on the axial oscillation frequency, the m/z ratio of
the ion can be determined following Fourier transformation.>*® As a result of an increased
resolution compared to QqQ mass analyzers, the analyte can be discriminated to some extent
from background ions by extracting its exact (theoretical) m/z value with a narrow mass extraction
window (MXW) from the full-scan MS spectrum. For enhanced selectivity and sensitivity, targeted

guantification approaches either at the precursor or product ion level can be employed.

Quantification based on the precursor is mostly conducted using single-ion monitoring. In this
mode, a selected precursor ion is mass filtered in the quadrupole based on a predefined width of

the isolation window, accumulated in the C-Trap, and transmitted to the orbitrap mass analyzer for
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detection. An additional level of selectivity is introduced by conducting quantification at the product
ion level using parallel reaction monitoring.**" Instead of accumulation in the C-Trap, a mass
filtered precursor ion is transmitted to the higher energy collisional dissociation cell. Following
fragmentation, product ions are transmitted back to the C-Trap for accumulation with subsequent
injection in the orbitrap. In contrast to SRM analysis, which acquires only one transition at a
specific point of the cycle time, parallel reaction monitoring acquires all reactions and hence

342343 This allows flexible selection and summation of

product ions from a given precursor ion.
different product ions in case of selectivity and sensitivity issues, respectively.**® For both targeted
guantification approaches, only two analyte-specific information (precursor ion m/z value and its
retention time window) and three instrumental parameters (i.e. the resolution, the maximum filling
time of the C-Trap, and the quadrupole mass isolation window) are necessary to implement

sequential, simultaneous, or multiplexed targeted quantification experiments.341

Quadrupole time-of-flight

Similar to the mass analyzers discussed previously, QTOF instruments are composed of a mass
filtering quadrupole and a serially connected collision cell whereby the last module is a TOF mass
analyzer as illustrated with the Synapt G2-Si QTOF mass spectrometer from Waters (Figure 1.18).
Similar to the quadrupole orbitrap mass analyzer, quantitative analysis can be conducted at the
precursor (TOF-MS) or product ion level (TOF-MS/MS or TOF-MRM). 34434

When operated in the TOF-MS mode, charged ions are sampled, focused, and entirely transmitted
through the quadrupole and collision cell. >’ Following transmission through the collision cell, the
ion beam is refocused and accelerated into a modulator region. In this region, ions are
orthogonally pushed by a pulsed electric field with an accelerating voltage U into a field-free
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Figure 1.18 Schematic illustration of the Synapt G2-Si QTOF mass spectrometer. Courtesy of Waters.
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drift tube with a fixed length I. Based on the time t required for a specific ion to traverse through

the drift tube, its m/z value can be derived according to equation 1.3.

-t m
t‘m\/: (1.3)

In order to minimize ion spreading and maximize resolution, an ion mirror (reflectron) is utilized to
compensate for initial energy differences of ions with similar m/z ratios during the push impulse.**®
If the Synapt G2-Si QTOF is operated in sensitivity mode, only one reflectron is employed,

whereas a second reflectron can be utilized in resolution mode, doubling the flight path.

In TOF-MS/MS, the in unit resolution-operating quadrupole selects a specific precursor ion for
subsequent fragmentation in the collision cell. Based on the design of the Synapt G2-Si QTOF
Triwave collision cell, precursor ion fragmentation occurs either in the trapping or transfer cell.
Following fragmentation, product ions are detected and their extracted ion chromatograms (XICs)
can be used afterwards for quantification. TOF-MRM, a commercialized term from Waters,
represents a third acquisition of the Synapt G2-Si QTOF for quantitative purposes, enabling duty
cycle enhancement. In general, a duty cycle determines the amount of ions reaching the detector

and hence the sensitivity of orthogonal acceleration TOF instruments as given by equation 1.4

Wion beam m/z
1.4
d m/Zmax ( )

Duty cycle =
where Wion peam IS the width of the ion beam pushed into the TOF mass analyzer, d is the distance
between high-field pusher and detector, and m/z and m/z,,, are the m/z values for a particular ion
and the upper limit of the m/z scan range, respectively. Since the first equation term is typically
fixed to a value of 0.25 for most commercially available TOF instruments, maximum 25% of ions
are accelerated by the pusher from a continuous beam into the orthogonal TOF mass

analyzer,>**3*°

In order to overcome significant ion losses between individual pushes, ion
packages can be temporarily trapped and frequently ejected from the collision cell towards the
pusher with a constant energy. Since the distance between pusher and collision cell exit is fixed,
ions with different m/z values feature specific migration times due to different velocities and
become separated. Knowledge about these migration times offers the possibility to adapt the
pusher frequency in order to synchronize the release of a specific target ion from the collision cell
with the push impulse for orthogonal acceleration. This duty cycle enhancement increases the

amount of target ions hitting the detector and consequently boosts their signal intensity.

Regardless of the type of mass analyzer and acquisition mode, absolute quantification is
conducted using the analyte to ISTD response ratio, either based on the peak area or height. The
analyte concentration is derived by comparing the obtained response ratio against a calibration
curve prepared with the analyte (spiked at different concentrations) and the ISTD (spiked at the

fixed concentration) as depicted in Figure 1.19.
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Figure 1.19 Principle of absolute quantification based on MS signal. The response ratio between the analyte
at different concentrations and the ISTD spiked at a fixed concentration is used to construct a calibration

curve for absolute quantification. Conc: concentration

1.6 Regulatory considerations for method validation

The performance of MS-based assays for the support of (pre-)clinical GLP studies has to be
validated in accordance to industry-based recommendations®" or regulatory guidelines from the
US FDA and EMA.**?%%® This evaluation includes a variety of parameters such as selectivity,
specificity, response contribution, sensitivity, linearity, carry-over, accuracy, precision, matrix
effect, extraction recovery, dilution integrity, reproducibility, and various stability investigations.
The latter include short and long-term storage of the lyophilizate, the reconstituted protein in neat
solution and in the biological matrix at different temperatures, auto-sampler stability, and stability
during freeze/thaw cycles. The next sections summarize the evaluated method validation

parameters applied in this thesis and define their acceptance criteria.

1.6.1 Selectivity

The mean apparent analytical response (n=3) at the expected retention time in three different
batches of blank biological matrix should be <20.0% for the analyte (either surrogate peptide or
intact mAb-related therapeutic protein) compared to its response at the lower limit of quantification
(LLOQ). The observed response of the peptide or protein-level ISTD in blank samples should be

<5.0% relative to its zero sample response (blank sample spiked with ISTD).

1.6.2 Response contribution

The analyte to the ISTD response contribution was assessed by comparing the mean ISTD
response (n=3) in a sample spiked only with the analyte at the upper limit of quantification (ULOQ)
and the mean ISTD response in the zero sample (n=3). A potential contribution of the ISTD to the
analyte was determined by comparing the analyte response in a zero sample (n=3) relative to its

LLOQ response (n=3). The contribution should be <20.0% for the analyte, whereas the



44 | Part 1 - Introduction to mAb-related therapeutic proteins

acceptance criteria for the ISTD were set to <5.0% and <20.0% for a peptide or protein-level ISTD,

respectively.

1.6.3 Linearity and sensitivity

Two individual sets of calibration standards (Cs), one located at the beginning and one at the end
of each analytical run, were utilized to construct either linear (y = ax + b) or quadratic (y = ax® + bx
+ c) calibration curves, where y is the analyte to ISTD response ratio and x is the nominal
concentration of the mAb-related therapeutic protein. The back-calculated concentrations should
be within +£20.0% (+25.0% at the LLOQ and ULOQ) of the nominal concentration for at least 75.0%
of Cs at minimum six non-zero concentration levels. Additionally, at least one replicate at each
concentration should meet the stated acceptance criteria and the derived coefficient of
determination (rz) value should be at least 0.95. The lowest concentration meeting the acceptance

criteria for selectivity, accuracy, and precision was defined as LLOQ.

1.6.4 Carry-over

The extent of carry-over within a series of up to four blank samples injected directly after the
ULOQ sample should be <20.0% for the analyte compared to its LLOQ response and <5.0% for

the ISTD signal relative to the zero sample response.

1.6.5 Accuracy, precision, and matrix effect

The accuracy was evaluated by the deviation (% bias) from the nominal concentration at four
quality control (QC) concentration levels (LLOQ, 2-3 x LLOQ, around 50.0% of the ULOQ, and
80.0% of the ULOQ). The percentage of the coefficient of variation (% CV) determined the

precision:
e Accuracy (% bias) = 100% x (measured — nominal concentration) / nominal concentration
e Precision (% CV) = 100% x (standard deviation / mean concentration)

Intra-day data (n=3) were generated on each validation day, whereas the inter-day performance
was evaluated at a minimum of three non-consecutive days. Accuracy within £20.0% bias (+25.0%
bias at the LLOQ) and a precision of <20.0% CV (£25.0% CV at the LLOQ) were set as

acceptance criteria.

Due to peptide and protein absorption to various laboratory materials, conventional matrix effect
investigations (analyte and ISTD response comparison in presence and absence of biological
matrix) were replaced by comparing the accuracy and precision obtained on different days in

different batches of blank biological matrix.
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1.6.6 Dilution integrity

One additional QC exceeding the ULOQ of the method was prepared and diluted by a certain
factor with blank biological matrix (n=5) using at least 10 uL of the original sample. The accuracy
of the mean back-calculated concentration with the dilution factor incorporated should be within

+20.0% of the nominal concentration with a precision of <20.0% CV.

1.6.7 Reproducibility

Incurred study samples were analyzed on two different days. The concentration difference
between individual measurements divided by the mean concentration should be within £20.0% for

at least 67.0% of investigated samples.

1.6.8 Stability of the mAb-related therapeutic protein

Short-term stability in blank biological matrix at room temperature (23+2 °C) and the stability of
tryptic peptide(s) on the auto-sampler (€10 °C) was assessed with two QC levels (n=3 each) for a
predefined time. After storage, the samples were measured and compared to freshly prepared Cs
and QCs. The stability was considered as acceptable, if the deviation from the initial concentration

was +20.0%.
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Part 2 - Generic LC-MS/MS-based methods and their

versatility for bottom-up mAb quantification

After a brief introduction to mAb-related therapeutic proteins, the diversity of qualitative and
guantitative assays required during the drug development process, and regulatory considerations
with respect to method validation, the second part will focus on the development of generic LC-
MS/MS-based methods for bottom-up mAb-related therapeutic protein quantification in pre-clinical
serum samples. Depending on the sensitivity requirement, two sample preparation routes either

based on direct serum digestion or IC are presented throughout the next three chapters.

Chapters

2.1 Generic LC-MS/MS method based on pellet digestion

2.2 Evaluation of commercial digestion kits as standardized sample preparation for
hlgG1 quantification in rat serum

2.3 Generic tip-based IC-LC-MS/MS method for sensitive bottom-up hlgG1l quantification
in cynomolgus monkey serum
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2.1 Generic LC-MS/MS method based on pellet digestion

2.1.1 Analytical context

The most straightforward LC-MS/MS-based approach for bottom-up mAb-related therapeutic
protein quantification relies on direct serum digestion as outlined in the first part. Solvent-mediated
protein precipitation with subsequent tryptic digestion of the protein pellet was reported as a
promising direct digestion approach for reliable, reproducible, and high-throughput bottom-up mAb

quantification in serum samples.®*%®°

In comparison to whole serum digestion approaches,
reduced matrix effects and better digestion efficiencies were obtained with the pellet digestion
approach due to the removal of interfering compounds (i.e. small proteins, phospholipids, salts,

and other low-molecular weighted entities).*’

In combination with generic surrogate peptides, a
pellet digestion-based LC-MS/MS assay represents a simple and widely applicable approach to
support the quantification of diverse mAb-related therapeutic proteins at pre-clinical stage. Despite
of the time-saving benefit during method development, generic surrogate peptide-based LC-
MS/MS methodologies possess the so far unexplored potential for analyte interchange. The use of
conserved generic surrogate peptides theoretically allows the quantification of structurally identical
mAb-related therapeutic proteins without the requirement for exact analyte matching. This concept
would be comparable to the bicinchoninic acid assay in which an analogue protein (e.g. mouse

IgG) is used to determine the concentration of other structurally identical proteins such as higGs.

2.1.2 Objectives

This project aimed to develop a generic LC-MS/MS method for higG1 quantification in rat serum

and to evaluate its versatility in the following manner:

e Serum interchangeability by measuring cynomolgus monkey serum samples spiked with a

higG1 (hlgG1A) against a calibration curve prepared with the same higG1 in rat serum

¢ Quantification of several higGs from the same (hlgG1) and another subclass (hlgG4) spiked in

cynomolgus monkey and rat serum against Cs/QCs prepared with the hlgG1A in rat serum

e Application of the strategy to more complex biotherapeutics, namely a bispecific-bivalent
hlgG1 and two lysine-conjugated ADCs (ADC1 and ADC?2)

e Comparison of the mean ADC2 concentration-time profile after intravenous administration in
three individual cynomolgus monkeys, which was determined with the proposed generic
approach (Cs/QCs prepared with the higG1A in rat serum) or the conventional approach

(Cs/QCs prepared with the ADC2 in cynomolgus monkey serum)
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2.1.3 Results

2.1.3.1 Overview of the pellet digestion-based LC-MS/MS workflow

The pellet digestion protocol, previously reported by Zhang Q et al.,**® was utilized as sample
preparation in the generic LC-MS/MS workflow for bottom-up mAb-related therapeutic protein
quantification in pre-clinical serum samples. Briefly, a fully SIL-higG1 ([**C]-hlgG1) used as ISTD
was spiked to serum samples in a first step (Figure 2.1). Since [*°Cgl-lysine and [**Cg]-arginine
were used for [°*C]-higG1 production, the [**C]-hlgG1 could be deployed as generic ISTD for mAb-
related therapeutic protein quantification as each tryptic peptide has the [13C]—Iabel incorporated.309
The pellet digestion protocol consisted of four major steps: (i) reduction of the disulfide bonds with
simultaneous denaturation at 60 °C, (ii) subsequent alkylation of the free thiol groups, (iii)
generation and re-suspension of the protein pellet, and (iv) tryptic digestion. For the third step, a
four-fold excess of organic solvent was utilized to achieve complete precipitation of the targeted
mAb-related modalities along with other endogenous serum proteins. Although ACN was reported
as more efficient protein precipitant, methanol was selected for pellet generation due to a

facilitated pellet re-suspension prior to tryptic digestion.?**3%73%®

The optimal digestion time was
determined by kinetic investigations of the pellet digestion, which is further discussed in
section 2.1.3.5. After quenching the enzymatic activity with trifluoroacetic acid (TFA), a SPE step
was additionally incorporated prior to LC-MS/MS analysis. Separation of the tryptic peptides was
conducted under standard reversed-phase conditions using an ACE Cig analytical column (150 x
4.6 mm, 3 um) as well as 0.1% formic acid (FA) in water and ACN as mobile phase A and B,
respectively. Following chromatographic separation, SRM transitions were acquired in positive

ionization mode, utilizing a QTRAP instrument.

¥ Reduction and alkylation Pellet digestion
\d + 20 uL 100 mM DTT (1 h, 60 °C) * Pellet re-suspension in 200 pL
- 94 + 10 uL 100 mM IAA (30 min, darkness) 200 mM NH,HCOj in 10% MeOH
Y + 400 L MeOH + 50 pL trypsin at 8.00 mg/mL (1 h, 60 °C)
Y « 50 pL 15% TFA
50 uL serum sample Protein
+ 50 pL ['*C]-hIgG1 at pellet

20.0 pg/mL (ISTD)

SPE

+ Oasis MCX (30 mg, 60 pm)

« Re-suspension in 100 pL
0.1% FA in 10% ACN

LC-MS/MS analysis
+ API 6500 QTRAP

Isolated target Tryptic
peptide(s) peptides

Figure 2.1 Pellet digestion protocol for bottom-up mAb-related therapeutic protein quantification by

LC-MS/MS. MeOH: methanol, NHsHCO3: ammonium bicarbonate, MCX: mixed-mode cation exchange
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2.1.3.2 Method development

Selection of generic surrogate peptides

Since the majority of currently marketed or developed full-length mAb-related therapeutic proteins
is based on the higGl isotype subclass (Figure 1.10c), a generic LC-MS/MS method was
implemented for the quantitative assessment of this isotype subclass. The identification of the
most appropriate generic surrogate peptides and the selection of their SRM transitions were

conducted in three steps (Figure 2.2).

Peptide identification Fine-tuning of SRM transitions Selectivity screening

= In silico digestion with Skyline or GPMAW - Synthesized reference peptides - Digestion of serum spiked with or without

« Export of SRM transition list (Skyline) « Optimization of SRM parameters mADb (concentration = anticipated LLOQ)

+ In-solution digestion of target mAb (i.e. DP, EP, CE, and CXP) « Monitoring of fine-tuned SRM transitions
Identification of most sensitive Maximization of signal Identification of endo-
peptides and SRM transitions for each SRM transition genous interferences

Figure 2.2 Workflow for generic surrogate peptide selection including in silico digestion, fine-tuning of SRM
transitions, and selectivity screening of optimized SRM transitions in digested blank serum from pre-clinical

species. DP: declustering potential, EP: entrance potential, CE: collision energy, and CXP: cell exit potential

In a first step, the amino acid sequence of a hlgG1 was imported into Skyline and GPMAW for in
silico digestion. Skyline was mainly used to create and export SRM transition lists in order to
identify the most intense SRM transitions for each generic peptide after in-solution digestion of the
hlgG1. This first screening utilized standard values for the collision energy, declustering, entrance,
and cell exit potential, which were proposed from Skyline for each peptide. On the other hand,
GPMAW was employed to derive calculated hydrophobicity values in order to estimate potential
peptide retention times. Out of 15 initially screened generic surrogate peptides,
FNWYVDGVEVHNAK (FNW), GPSVFPLAPSSK (GPS), TTPPVLDSDGSFFLYSK (TTP), and
VVSVLTVLHQDWLNGK (VVS) were identified as the most sensitive peptides, covering different
parts of the constant region. The GPS and TTP peptides were located within the Cy1 and Cy3
domain, respectively. In contrast, the VVS and FNW peptides originated from the C,2 domain. In a
second step, the SRM transitions of the previously identified most intense generic surrogate
peptides were fine-tuned to maximize signal intensity using a synthesized reference standard for
each peptide. Due to the nature of electrospray ionization mostly doubly and triply charged peptide
precursor ions are formed, while their product ions often exhibit less charges, resulting in
increased m/z values. This property can be utilized to eliminate interferences from small molecules

by exclusive selection of product ions with higher m/z values compared to the precursor ion.”** F

or
the generic LC-MS/MS method, up to three SRM transitions were optimized and monitored for

each peptide. The optimized SRM transitions for each quantifier, which were used throughout the
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thesis for bottom-up mAb-related therapeutic protein quantification in pre-clinical species by
LC-MS/MS, are summarized in Table 2.1. Since deamidation was predicted for the VVS peptide,
presenting a well-known modification of asparagine or glutamine-containing peptides, the

359-362 The

corresponding SRM transition of the deamidated VVS (VVSd) was additionally included.
last step of the generic surrogate peptide selection procedure identified potential interferences in
blank serum from various pre-clinical species. Under the final chromatographic conditions, all four
generic surrogate peptides were baseline separated with a resolution >1.5, resulting in a total
sample run time of 8 min (Figure 2.3). During selectivity screening in mouse, rat, dog, cynomolgus,
and marmoset monkey serum, the following interferences were observed at the expected retention
time for each peptide: FNW none, GPS in dog and cynomolgus monkey, TTP in dog, and VVS in
blank rat as well as marmoset monkey serum. For the corresponding isotopically labeled peptides,
interferences were only caused by the [13Ce]—TTP and [13C6]-VVS SRM transitions in blank rat and

dog serum, respectively.

Table 2.1 Summary of optimized SRM transitions for each selected generic surrogate peptide and its ISTD
(quantifier only) used in this thesis for bottom-up mAb-related therapeutic protein quantification in pre-clinical
species by LC-MS/MS.

Peptide Q1 m/z Q3 m/z DP CE CXP
Amino acid sequence Abbreviation (charge state / ion type) V) V) V)
FNWYVDGVEVHNAK FNW 560.3 (3+) 709.3 (y”) 48 20 15
FNWYVDGVEVHNAK? [*Ce]-FNW 562.3 (3+) 712.3 (yi,”") 48 20 15
GPSVFPLAPSSK GPS 594.2 (2+) 418.5 (y4") 50 40 25
GPSVFPLAPSSK? [*Cel-GPS 597.2 (2+) 424.4 (y,") 50 40 25
TTPPVLDSDGSFFLYSK TTP 938.1 (2+) 836.9 (yis©) 93 40 15
TTPPVLDSDGSFFLYSK? [BCe-TTP 941.0 (2+) 839.9 (yis) 93 40 15
VVSVLTVLHQDWLNGK WS 603.7 (3+) 805.9 (yi”) 55 24 24
VVSVLTVLHQDWLNGK? [*Cel-VVS 605.7 (3+) 808.9 (yi°*) 55 24 24
VVSVLTVLHQDWLDGK VVSd 604.0 (3+) 806.4 (yi”) 55 24 24
VVSVLTVLHQDWLDGK? [®*Ce]-VVSd 606.0 (3+) 809.4 (y1s°") 55 24 24

2 Labeled with [°Cg]-lysine. Q: quadrupole, DP: declustering potential, CE: collision energy, and CXP: cell exit potential

SPE optimization

The rationale for SPE incorporation was to introduce an additional clean-up step in order to
remove interfering compounds to some extent prior to LC-MS/MS analysis. The mixed-mode
cation exchange sorbent was selected as it was reported to be the most appropriate one for tryptic
peptides, combining the mechanism of ion exchange with reversed-phase retention of the

30338 Assuming a mean total serum protein concentration of 70.0 mg/mL and a 100%

365

peptide.
digestion efficiency, 50 uL of serum yields 3.5 mg of peptides.”™ Consequently, the mixed-mode

cation exchange SPE plate with a sorbent amount of 30 mg was selected, which exhibits a
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Figure 2.3 Overlaid extracted ion chromatograms of the four generic surrogate peptides obtained from a

hlgG1-spiked rat serum sample (500 pg/mL) after pellet digestion and LC-MS/MS analysis. Rs: resolution

maximum mass loading capacity of 5.0 mg. After loading the acidified digested serum sample
(250 uL), at least 91.3% of the generated four generic surrogate peptides were retained on the
resin (Table 2.2). For the subsequent washing step, no significant peptide loss was observed
using 1 mL of 1% acetic acid with an ACN fraction of up to 50.0%. Higher ratios of ACN were not
utilized in order to avoid potential elution of the retained generic surrogate peptides from the
sorbent. Efficient elution for all four generic surrogate peptides with recoveries 276.7% was only
obtained when the fraction of ACN was at least 60.0% in the elution solvent. For the final elution

solvent of the SPE protocol, the ACN fraction was increased to 70.0%.

Table 2.2 Optimization of SPE clean-up after pellet digestion using an Oasis MCX cartridge (30 mg, 60 pm).

SPE step Solvent Fraction of summed peak area (%)
FNW GPS TTP VVS
Flow-through - 4.1 8.7 3.6 2.2
Wash 1% acetic acid 2.1 1.8 2.7 2.7
ACN/1% acetic acid (5/95, v/v) <0.1 <0.1 0.7 10.2
ACN/1% acetic acid (10/90, v/v) <0.1 <0.1 <0.1 2.7
ACN/1% acetic acid (20/80, v/v) <0.1 <0.1 0.1 2.2
ACN/1% acetic acid (30/70, v/v) <0.1 <0.1 <0.1 0.4
ACN/1% acetic acid (40/60, v/v) <0.1 <0.1 <0.1 <0.1
ACN/1% acetic acid (50/50, v/v) <0.1 <0.1 <0.1 <0.1
Elution NH4OH (28%)/ACN/H,0 (1/2/7, viviv) 79.4 12.0 59.7 12.9
NH4OH (28%)/ACN/H,0 (1/4/5, viviv) 94.2 54.4 88.7 54.8
NH,OH (28%)/ACN/H,0 (1/6/3, viviv) 95.9 88.6 93.6 76.7

NH4OH: ammonium hydroxide, MCX: mixed-mode cation exchange

2.1.3.3 Generic LC-MS/MS assay for hiIgG1A quantification in rat serum

The pellet digestion-based generic LC-MS/MS method allowed higG1A quantification in rat serum
using the GPS, TTP, or VVS peptides up to a concentration of 1.00 pg/mL, while the FNW peptide
reached a LLOQ of 5.00 pg/mL (Table 2.3). The corresponding linearity for each peptide was
excellent up to a concentration of 1000 pg/mL with r’-values of 20.9913, using a linear (FNW,

GPS, and VVS) or quadratic (TTP) regression model with a weighting of 1/x°. In terms of
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Table 2.3 Method evaluation for higG1A quantification in rat serum with regard to linearity, accuracy, and

precision (QCs at 3.00, 15.0, 450, and 750 pg/mL) for each generic surrogate peptide.

Peptide  Linearity Accuracy (% bias) Precision (% CV)
Range r’-value Intra-day Inter-day Intra-day Inter-day
(ug/mL) (n=5) (n=3) (n=15) (n=3) (n=15)
FNW 5.00-1000 0.9927+0.0035 -9.5t017.8 -45t08.4 0.6t0 10.4 5.8t012.1
GPS 1.00-1000 0.9913+0.0057 -13.9to0 14.4 -5.0t0 6.2 2.0t017.3 7.2t09.4
TTP 1.00-1000 0.9961+0.0011 -10.6 to 13.0 -2.6t04.7 10t017.8 4.1t013.6
VVS 1.00-1000 0.9952+0.0024 -10.9to 12.0 -3.1t0 8.5 1.6t017.2 6.7 t0 14.8

selectivity, each peptide fulfilled the required acceptance criterion from US FDA and EMA
guidances as the analytical response was <20.0% at the expected retention time compared to the
response at their corresponding LLOQ (data not shown). Moreover, the intra and inter-day values
obtained at four QC concentrations (3.00, 15.0, 450, and 750 pg/mL) also met the acceptance
criteria regarding accuracy (+20.0% bias) and precision (20.0% CV). Furthermore, the variation
between the obtained inter-peptide QC concentrations was <3.2%, indicating that the higG1A

concentration was truly reflected by each generic surrogate peptide regardless of its origin.

2.1.3.4 Serum interchangeability between rat and cynomolgus monkey

The matrix of Cs/QCs is conventionally matched with the corresponding one from in vivo samples.
However, due to impracticability of exact matrix matching with all pre-clinical samples, some
uncertainties still remain. Moreover, if tissue or rare matrices (e.g. cerebrospinal fluid or tears) are
analyzed, corresponding matrices are partially unavailable and surrogate matrices are used for

Cs/QCs preparation.®®®%%®

However, this replacement, may impact the accuracy and precision in
case of improper ISTD selection.?’®?”® The incorporation of a [*C]-higG1l as ISTD should
theoretically compensate for any introduced variation and the resulting quantitative data should
remain unaffected upon serum interchange. In order to examine this hypothesis, hlgG1l-spiked
cynomolgus monkey serum samples were quantified against Cs/QCs prepared with the same
higG1l in rat serum. By monitoring the MS responses of the [1306]-Iabeled peptides, only the
[1306]-FNW signal intensity was identical in both species (Figure 2.4a). In contrast, the other three
generic peptides displayed a tendency towards ion suppression in cynomolgus monkey serum.
Since the non-labeled surrogate peptides behaved accordingly (section 2.1.3.5), the MS response
ratio between the surrogate peptide and its ISTD remained constant for each generic peptide
regardless of the selected pre-clinical species (Figure 2.4b). Furthermore, the proportionality of
individual MS response ratios at different QC concentrations was similar to the expected
proportionality of nominal QC concentrations. For instance, the individual MS response ratios at
750 and 450 pg/mL were 39.7 and 23.3 as well as 43.4 and 26.4 in rat and cynomolgus monkey
serum, respectively. This resulted in proportional ratios between both concentrations (1.7 for rat

and 1.6 for cynomolgus monkey serum), which are in agreement with the expected ratio of 1.7 for
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Figure 2.4 Interchangeability of rat and cynomolgus monkey serum spiked with the same hlgG1l. (a) MS
responses of [13C6]-Iabeled peptides in QCs (n=12), demonstrating tendency for ion suppression in
cynomolgus monkey serum with the [13C6]-GPS, [1306]-TTP, and [13C5]-VVS peptides. (b) Rationale for serum
interchangeability between species: the proportionality of individual analyte to ISTD response ratios at
different QC concentrations remained constant for each species, which was similar to the expected
proportionality between nominal QC concentrations. Table displays measured values in QCs for each generic

surrogate peptide, proving the validity of serum interchangeability.

both nominal QC concentrations. Since this consistent proportionality was observed for all
peptides and concentrations (Table in Figure 2.4b), an interchange of serum between rat and
cynomolgus monkey was possible without affecting the back-calculation of the higG1l

concentration. The corresponding inter-day accuracy and precision values (n=9) of QCs spiked
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with the hlgG1lA in cynomolgus monkey serum ranged from -4.9 to 9.9% bias and 2.1 to
17.2% CV, respectively, when measured against Cs/QCs prepared with higG1A in rat serum.
Inaccurate results exceeding the acceptance criterion of +20.0% bias were only obtained for the
GPS and VVS peptides at 3.00 pg/mL. By using the former peptide, the higG1 concentration was
overestimated by 28.4%. This was related to an endogenous interference in blank cynomolgus
monkey serum, which was in agreement with the results obtained upon selectivity screening and

previously reported data.?*®

However, the reason why only the low higGl concentration was
underestimated by -33.7% compared to the other remaining QC levels remains unknown, requiring
further investigations and an extended data set based on several batches of blank rat and

cynomolgus monkey sera.

2.1.3.5 Interchangeability of mAb-related therapeutic proteins

The prerequisite for a successful interchangeable quantification of different constant region-
bearing mAb-related therapeutic proteins was an identical generic peptide formation upon pellet
digestion. The kinetic profiles of the pellet digestion revealed that the TTP, FNW, and VVS
peptides were equally generated from a hlgGl, [13C]—hIgGl, or lysine-conjugated ADC
(Figure 2.5a-c). The signal intensities of the FNW and VVS peptides decreased over time due to
an increased deamidation (Figure 2.5b+c), which is illustrated by the increased VVSd formation
over time (Figure 2.5c). The elucidation of peptide deamidation by HRMS is discussed in detail in
section 3.1.3.2. The GPS peptide displayed comparable rapid peptide formation within 1 h (Figure
2.5d). However, the GPS signal obtained from the higG1l and ADC were significantly increased
compared to the [13C6]—GPS following overnight digestion. Consequently, the [13C5]—GPS did not
allow proper correction of introduced variations. Since the highest signal intensities were obtained
after 1 h of digestion for most of the surrogate peptides and all [13C5]—Iabeled peptides behaved
accordingly at this time point, interchangeable quantification of different mAb-related therapeutic
proteins should be feasible. In order to prove this hypothesis, the assay complexity was gradually

increased from unconjugated mAbs towards next-generation mAb-related therapeutic proteins.

hlgG1ls

Similar to the results obtained with hlgG1lA (section 2.1.3.4), two additional higG1ls spiked in
cynomolgus monkey serum were accurately and precisely quantified against Cs/QCs prepared
with higG1A in rat serum over the whole concentration range with the TTP and FNW peptides,
proving the proposed hypothesis of analyte interchangeability. For both higGls and surrogate
peptides, the accuracy ranged from -10.3 to 13.8% bias, while the corresponding precision was
between 0.4 and 15.9% CV. Accurate and precise data (x20.0%, <20.0% CV), fulfilling the defined
acceptance criteria, were also obtained with the VVS and GPS peptides for the QCs at 750, 450,
and 15.0 pg/mL. Only the low QC concentration at 3.00 ug/mL was overestimated with the GPS
peptide by maximal 24.4% (precision £15.4% CV) due to the selectivity issue or underestimated
with the VVS peptide by maximal 49.3% with a precision of <4.6% CV.
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Figure 2.5 Kinetic for the (a) TTP, (b) FNW, (c) VVS (non-deamidated and deamidated form), and (d) GPS
peptide following pellet digestion of hiIgG1A, lysine-conjugated ADC1, or [**C]-hlgG1 in serum.

hlgG4

In contrast to the remaining peptides, the VVS peptide can be used for the quantification of higG4-
related therapeutic proteins as its amino acid sequence is also conserved in this isotype subclass.
Of note, the amino acid sequence of the FNW peptide is highly conserved in higG2 and higG4,
however, one missing C-terminal lysine or arginine residue hindered the release of the FNW
peptide during tryptic digestion. In rat serum, the spiked hlgG4 was accurately (-17.9 to -11.1%
bias) and precisely (£2.5% CV) quantified at three out of four QC levels (750, 450, and
15.0 ug/mL). In contrast, the QC at 3.00 pg/mL exceeded the accuracy acceptance criterion by
5.2%, while the precision was 3.6% CV. Overall, the hlgG4 concentration in rat serum trended to
be underestimated when determined against a calibration curve prepared with the higG1A in rat
serum. This was likely attributed to the different amount of released peptides, resulting from the
core-hinge stabilization of the hlgG4 to avoid Fab arm exchange.aag’370 The higG4 spiked in
cynomolgus monkey serum was likewise accurately (-9.3 to 7.3% bias) and precisely (£13.2% CV)
guantified at 750, 450, and 15.0 uyg/mL, whereas the low QC concentrations was overestimated by
48.2% with a precision £19.1% CV.
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Bispecific-bivalent higG1

The bispecific-bivalent higG1 concentration was only accurately (-2.2 to 15.8% bias) and precisely
(2.4-6.3% CV) determined with the GPS peptide from the Cy1 domain, which was not affected by
the applied knob-into-hole technology and introduction of additional stabilizing disulfide bridges.
The remaining three peptides significantly underestimated the concentration (-76.6 to -17.7%
bias). This was once more related to the unequal amount of released surrogate peptides during
digestion of the bispecific-bivalent higG1 compared to the hiIgG1A used for Cs/QCs preparation.

Lysine-conjugated ADCs

The first ADC (MCC-DM1 construct) displayed a tendency towards underestimation ranging
from -25.1% (GPS, 750 pg/mL) to -6.9% (FNW, 15.0 yg/mL). Following payload/linker conjugation,
peptide miscleavage can occur due to steric hindrance and the inability of trypsin to recognize a

87 Consequently, the amount of correctly released tryptic

payload/linker-conjugated lysine residue.
peptides from the ADC1 did not match with the amount of released peptides from the higG1A,
resulting in an underestimation of ADC1 concentration. In contrast, the second ADC (sulfo-SPDB-
DM4 construct) demonstrated a tendency towards overestimation in cynomolgus monkey serum
when measured against a hlgG1l in rat serum using the GPS (19.4 to 97.1%) and VVS peptides
(13.6 to 24.2%). The best results in terms of accuracy and precision were obtained with the FNW
and TTP peptides. Both peptides are located in H chain regions (FNW at position 276-289 and
TTP at position 394-410) and were predicted during peptide mapping studies to be less prone for
payload/linker conjugation compared to other regions such as at position 134-214 or 223-249
(Figure 2.6). Due to less peptide miscleavage, the amount of FNW and TTP peptides released

from ADC2 was similar to the one released from the higG1, resulting in accurate and precise data.

0.5

----Batch 1
Batch 2

Normalized MS response

Figure 2.6 Peptide mapping results showing the position of H chain lysine residues, which are more prone for
payload/linker conjugation in two different ADC2 production batches. The normalized MS response was
calculated using the Genedata software by dividing the peak area of observed miscleaved peptides by the
peak area of correctly released peptides multiplied with the reciprocal DAR value. Courtesy of Novartis

Technical Research & Development.
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2.1.3.6 Application to pre-clinical study samples

After successful quantification of both ADCs spiked in cynomolgus monkey serum samples
against a calibration curve constructed with hilgG1lA in rat serum using the FNW and TTP
peptides, the interchangeability of this approach was further examined using specimen from pre-
clinical studies. For this assessment, the mean ADC2 concentration-time profiles of three
cynomolgus monkeys were compared, when the ADC2 concentration was determined with a
calibration curve prepared either with the ADC2 in cynomolgus monkey serum (conventional
approach) or the higG1A in rat serum (generic approach). As depicted in Figure 2.7a, both
approaches resulted in identical mean concentration-time profiles using the TTP peptide.
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Figure 2.7 Mean ADC2 concentration-time profiles in three individual cynomolgus monkeys after intravenous
ADC2 administration (5.00 mg/kg) obtained with the (a) TTP and (b) FNW peptides. The ADC2
concentration-time profiles were determined using a calibration curve constructed either with ADC2 in

cynomolgus monkey serum (conventional approach) or hiIgG1A in rat serum (generic approach).

Consequently, the concept of analyte and serum interchangeability was successfully
demonstrated using in vivo samples from pre-clinical trial. In addition, the TTP peptide reflected
the true ADC2 concentration with a high degree of certainty as the FNW peptide displayed a
similar concentration-time profile using the conventional approach (Figure 2.7b). On the other
hand, the ADC2 concentration was systematically underestimated by -16.2+2.3% with the FNW
peptide following the generic approach, which was not observed with spiked samples. Differences
in FNW peptide generation upon tryptic digestion might explain the deviation between both
approaches. In order to avoid distortion of the quantitative data by lysine-containing tryptic
peptides, a comparison of both approaches using an additional arginine-containing tryptic peptide
(e.g. EPQVYTLPPSR) is reasonable. Moreover, the results additionally demonstrated the
importance of incorporating at least two different tryptic peptides within such an interchangeable

guantitative approach.
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2.1.4 Conclusions

A single generic pellet digestion-based LC-MS/MS assay enabled the quantification of
hlgG1-related therapeutic proteins in rat serum (1.00-1000 pug/mL) with potential method extension
to hlgG4-related therapeutic proteins using the VVS peptide. Overall, a high degree of versatility

was associated with the generic method, offering the following advantages:

e Serum interchangeability of rat and cynomolgus monkey serum due to the incorporation of a
[13C]-hIgG1 used as ISTD. By using spiked serum samples, it was successfully demonstrated
that cynomolgus monkey serum samples containing a hlgG1 were accurately and precisely
quantified based on a calibration curve prepared with the same analyte in rat serum. Since the
trading of primates samples is regulated and requires international import and export permits,
this interchangeable approach will facilitate Cs/QCs preparation if the availability of

cynomolgus monkey serum is limited.*”*

e No exact analyte matching was required due to the incorporation of generic surrogate
peptides, which are conserved in various hlgG isotype subclasses and constant region-
containing mAb-related therapeutic proteins. However, the use of several generic surrogate
peptides from different regions is recommended for such an interchangeable approach and

extensive validation using spiked samples prior to the analysis of study samples is required.

Despite the promising benefits, certain limitations could also be assigned to the developed generic

bottom-up methodology:

e Knowledge about introduced mAb modifications or payload/linker conjugation sites was

mandatory.

e The quantification is limited to the total antibody concentration as the digestion of the protein-

precipitated pellet does not allow distinction between active and inactive mAb species.

2.1.5 Scientific communication

The work described in this chapter was published.

Peer-reviewed scientific article:

Lanshoeft C et al. The flexibility of a generic LC-MS/MS method for the quantitative analysis of
therapeutic proteins based on human immunoglobulin G and related constructs in animal studies.
J Pharm Biomed Anal, 2016, 131, 214-222. Copyright 2016, reprinted with permission from

Elsevier.
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An increasing demand of new analytical methods is associated with the growing number of biothera-
peutic programs being prosecuted in the pharmaceutical industry. Whilst immunoassay has been the
standard method for decades, a great interest in assays based on liguid chromatography tandem mass
spectrometry (LC-MS/MS) is evolving. In this present work, the development of a generic method for
the quantitative analysis of therapeutic proteins based on human immunoglobulin G (hlgG) in rat serum
is reported. The method is based on four generic peptides GPSVFPLAPSSK (GPS), TTPPVLDSDGSFFLYSK
(TTP), VVSVLTVLHQDWLNGK (VVS) and FNWYVDGVEVHNAK (FNW) originating from different parts of
the fraction crystallizable (Fc) region of a reference higG1 (hlgG1A). Atryptic pellet digestion of rat serum
spiked with higG1A and a stable isotope labeled protein (higG1B) used as internal standard (ISTD) was
applied prior LC-MS/MS analysis. The upper limit of quantification was at 1000 p.g/mL. The lower limit
of quantitation was for GPS, TTP and VVS at 1.00 p.g/mL whereas for FNW at 5.00 pg/mL. Accuracy and
precision data met acceptance over three days. The presented method was further successfully applied to
the quantitative analysis of other hlgG1s (hlgG1C and hlgG1D) and hlgG4-based therapeutic proteins on
spiked quality control (QC) samples in monkey and rat serum using calibration standards (Cs) prepared
with hlgG1A in rat serum. In order to extend the applicability of our generic approach, a bispecific-
bivalent hlgG1 (bb-hlgG1) and two lysine conjugated antibody-drug conjugates (ADC1 and ADC2) were
incorporated as well. The abserved values on spiked QC samples in monkey serum were satisfactory
with GPS for the determination of bb-hlgG1 whereas the FNW and TTP peptides were suitable for the
ADCs. Moreover, comparable mean concentration-time profiles were obtained from monkeys previously
dosed intravenously with ADC2 measured against Cs samples prepared either with higG1A in rat serum
(presented approach) or with the actual ADC2 in monkey serum (conventional approach). The results of
this study highlight the great flexibility of our newly developed generic approach and that the choice of
the surrogate peptide still remains critical when dealing with different matrix types or modalities.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The strategies of pharmaceutical companies in the devel-
opment of therapeutic proteins for the treatment of various
diseases such as cancer, immune disorders or inflammatory dis-
eases have improved within the last 2-3 decades[1,2]. Onlyin 2015,

* Corresponding author at: Novartis Pharma AG, NIBR-DMPK, Fabrikstrasse 14 -
Novartis Campus, 4056 Basel, Switzerland.
E-mail addresses: heudio@hotmail.fr, olivier.heudi@novartis.com (0. Heudji).

http://dx.doi.org/10.1016/j.jpba.2016.08.039
0731-7085/© 2016 Elsevier B.V. All rights reserved.

nine novel antibody therapeutics were granted first marketing
approval in the US or Europe: Cosentyx® (secukinumab, Novartis),
Nucala® (mepolizumab, GlaxoSmithKline), Unituxin® (dinutux-
imab, United Therapeutics), Repatha® (evolocumab, Amgen),
Praxbind® (idarucizumab, Boehringer-Ingelheim), Darzalex™
(daratumumab, Janssen), Empliciti® (elotuzumab, Bristol-Myers
Squibb), Portrazza® (necitumumab, Eli Lilly) and Praluent®
(alirocumab, Sanofi/Regeneron Pharmaceuticals). Moreover, seven
therapeutic antibodies are currently in review and more than 50
therapeutic proteins are in phase III clinical trial [3]. Besides mon-
oclonal antibodies (mAbs), a second generation of mAb based
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biotherapeutics with different mode of actions and physical
characteristics were developed including antibody-drug conju-
gates (ADCs) or bispecific antibodies [4,5]. The majority of these
antibody-derived therapeutic proteins are based on the framework
of human immunoglobulin G1 (hlgG1), whereas a minority is either
based on the higG isotype subclass 2 or 4. Latest state-of-the-art
mass spectrometry (MS) methods are used along the whole drug
development process, for instance, to characterize therapeutic pro-
teins with their various glycan forms [6,7] or ADCs in-depth [8-10].
Some other applications are intended to gain better structural
insights of proteins where conformational changes were studied
[11]. In a later development phase, quantitative analysis of mAbs
[12,13], ADCs [14,15] or chimeric antibodies [16,17] in biologi-
cal fluids is conducted with liquid chromatography tandem mass
spectrometry (LC-MS/MS) besides ligand binding assays (LBAs) as
complementary analytical method to support data collection dur-
ing pharmacokinetic (PK), pharmacodynamic (PD) or toxicokinetic
(TK) studies [ 18]. Due to the limited mass range of triple quadrupole
mass analyzers, highly specific surrogate peptides after tryptic
digestion are required for the analysis of high molecular weight
proteins. Unique peptides for each antibody are located in the com-
plementary determining regions (CDR) of an antibody intended for
therapeutic use [19,20]. However, an entire new assay has to be
developed for another therapeutic protein in development when
using CDR peptides. In order to avoid tedious method development,
Li et al. published a general LC-MS/MS method using four differ-
ent peptides which are located in the fraction crystallizable (Fc)
region for the quantitative analysis of higG1 and higG2-based ther-
apeutic proteins in pre-clinical species [21]. A few months later,
Furlong et al. published an universal LC-MS/MS method using an
unique generic peptide for hlgG1 and higG4 analysis [22]. All these
Fcregion peptides are conserved throughout all higGs whereas they
are absent in other pre-clinical species such as rat, dog or monkey.
Additional generic peptides were identified and the applicability
of such generic LC-MS/MS methods for the quantitative analy-
sis of therapeutic proteins based on different hlgG isotypes was
demonstrated [23,24]. The first aim of this work was to develop a
generic quantitative assay for a higG1 (higG1A) in rat serum using
four different generic surrogate peptides and a fully isotopically
labeled higG1 (higG1B) as internal standard (ISTD). Afterwards, the
developed method was extended to different species and various
modalities based on hlgGs. The flexibility of such a generic approach
was assessed in the following manner:

(1) Accuracy and precision determination on quality control (QC)
samples spiked with higG1A in monkey serum measured
against calibration standards (Cs) prepared with the higG1A in
rat serum.

(2) Different therapeutic proteins from the same isotype subclass
(higG1C, higG1D) and another subclass (higG4) were prepared

Table 1
Summary of investigated therapeutic proteins throughout this study.

in different matrices (monkey and rat) and quantified against
Cs samples prepared with higG1A in rat serum.

(3) QC samples were prepared in monkey serum with other higG1
related biotherapeutics such as a bispecific-bivalent higG1 (bb-
hlgG1) or two lysine conjugated ADCs (ADC1 and ADC2) which
were measured against Cs samples prepared with higG1A in rat
serum.

(4) Application to pre-clinical samples where the TK profile of indi-
vidual monkeys previously dosed with the ADC2 was compared
after analysis against Cs samples prepared either with higG1A
in rat serum (presented approach) or with ADC2 in monkey
serum (standard approach).

2. Material and methods
2.1. Chemicals and reagents

All therapeutic proteins used during this study (Table 1) were
produced at Novartis Pharma AG (Basel, Switzerland) including
three different proteins from the higG1 isotype (higG1A, higG1C,
higG1D) and one from the higG4 subclass. A fully stable isotope
labeled protein (hlgG1B) being labeled with ['3C]-lysine/arginine
moieties was used as ISTD. Three different modalities based on
hlgG1 were also incorporated into the investigations: A bb-hIgG1
and two lysine conjugated ADCs (ADC1 and ADC2). The first ADC
consisted of a non-cleavable linker (4-[N-maleimidomethyl]-
cyclohexane-1-carbonyl, MCC) and  NZ’-Deacetyl-N2'-(3-
mercapto-1-oxopropyl)maytansine (DM1) as payload whereas the
second was constructed with a cleavable charged sulfonate-bearing
linker  (N-succinimidyl-4-(2-pyridyldithio)butanoate,  sulfo-
SPDB) and N2’-Deacetyl-N2'-(4-mercapto-4-methyl-1-oxopentyl)
maytansine (DM4) as cytotoxic drug. The synthetically generated
reference peptides GPSVFPLAPSSK (GPS), VVSVLTVLHQDWLNGK
(VVS) and TTPPVLDSDGSFFLYSK (TTP) used for MS tuning were
provided by Thermo Fisher Scientific (Ulm, Germany), whereas
blank human serum was used for MS tuning of FNWYVDGVEVH-
NAK (FNW) after tryptic digestion. DL-Dithiothreitol (DTT),
iodoacetamide (IAA), ammonium bicarbonate, bovine pancreas
trypsin, acetic acid, trifluoroacetic acid (TFA), ammonium hydrox-
ide (28-30%), methanol (MeOH), acetonitrile (ACN), isopropanol
and MS grade water were obtained from Sigma-Aldrich (Buchs,
Switzerland). Formic acid (FA) and acetone were purchased
from Merck (Darmstadt, Germany) whereas phosphate buffered
saline (PBS; 12 mM phosphate, 137 mM sodium chloride, 2.7 mM
potassium chloride, pH 7.4) was provided by Amresco (Solon, OH,
USA). All solvents (LC-MS grade) as well as reagents were of high
analytical grade (=99%) and were used without further purifica-
tion. Blank batches of rat, cynomolgus and marmoset monkey as
well as human serum were delivered from Fisher Clinical Services
(Allschwil, Switzerland).

Therapeutic protein hlgG isotype Modification/intention during study

higG1A 1 none, simple mAb, Cs/QCs in rat serum, QCs in cynomolgus monkey serum

higG1B 1 fully stable isotope labeled protein (['*C]-lysine/arginine) used as ISTD

higG1C 1 none, simple mAb, QCs in cynomolgus monkey serum

hlgG1D 1 none, simple mAb, QCs in cynomolgus monkey serum

higG4 4 none, simple mAb, QCs in rat and cynomolgus monkey serum

bb-higG1 1 bispecific-bivalent higG1, knob (T366W), hole (Y407V) and additional disulfide bridges in Cy3 domain, QCs in
marmoset monkey serum

ADC1 1 Lysine conjugated ADC, 4-[N-maleimidomethyl|-cyclohexane-1-carbonyl (MCC) as non-cleavable linker;
N?'-Deacetyl-N?'-(3-mercapto-1-oxopropyl)maytansine (DM1) as payload, QCs in cynomolgus monkey serum

ADC2 1 Lysine conjugated ADC, sulfo-N-succinimidyl-4-(2-pyridyldithio)butanoate (sulfo-SPDB) as cleavable linker,

N?'-Deacetyl-N?"-(4-mercapto-4-methyl-1-oxopentyl)maytansine (DM4) as payload, Cs/QCs in cynomolgus monkey

serum
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2.2. Preparation of Cs and QC samples

The stock solution of higG1A at 20.0 mg/mL was serially diluted
into PBS. The resultant working solutions were spiked into blank
rat serum with a ratio of 1:20 (v/v) yielding in nine Cs concentra-
tions at 1.00, 5.00, 10.0, 20.0, 50.0, 200, 500, 800 and 1000 p.g/mL
as well as four QC levels at 3.00, 15.0, 450 and 750 pg/mL. In addi-
tion, several QC sets with the different modalities of therapeutic
proteins were prepared in the same fashion in rat, cynomolgus or
marmoset monkey serum resulting in the same QC concentration
levels.

2.3. TK study samples from cynomolgus monkey

A single dose of ADC2 (5.00 mg/kg) was administrated intra-
venously (i.v.) to three individual cynomolgus monkeys. At
designated time points (pre-dose, 1, 4, 24, 72, 120 and 168 h post-
dose) blood samples (approximately 2.0 mL) were drawn into tubes
containing no anticoagulant. The blood was allowed to clot at room
temperature for at least 30 min. Subsequently, the samples were
centrifuged at 1500 x g and 4°C for 10min. The resulting serum
was aliquoted (200 L each) and stored =—70°C pending analy-
sis. The pre-clinical study was conducted in compliance with the
Animal Welfare Act, the Guide for the Care and Use of Laboratory
Animals, the Office of Laboratory Animal Welfare and in accordance
with the Novartis Animal Care and Use Committee (NACUC).

2.4. Sample preparation

A pellet digestion was used for sample preparation including
reduction of the protein’s intra- and inter-disulfide bounds with
DTT with subsequent alkylation of the free thiol groups with IAA.
The enzymatic digestion with trypsin was quenched with TFA after
1hat 60°C. An off-line solid phase extraction (SPE) was applied as a
last step during sample preparation prior to LC-MS/MS analysis. A
detailed description of the pellet digestion protocol was published
elsewhere [25].

2.5. Digestion kinetics

The performance of the digestion process was monitored with
hlgG1A, ADC1 and the ISTD spiked in serum samples. For this, 7.5,
15.0 or 11.0 uL from each stock solution at 20.0 (higG1A), 10.0
(ADC1)and 13.7 mg/mL (ISTD) was mixed with PBS (total volume of
130 pL each). Subsequently, 50 p.L of this solution was spiked into
950 pL serum, The sample preparation was identical as described
previously [25]. The only differences were that the added volumes
were up-scaled by a factor of 20 and that only a volume of 4.0 mL of
MeOH was used for the generation of the pellet. Aliquots (200 L)
were collected prior as well as after 0.5, 1, 2, 3, 4, 5 and 19h
(overnight) of digestion at 60 °C. For the subsequent SPE procedure,
150 p.L were loaded on the cartridge. The obtained peak areas for
each peptide after LC-MS/MS analysis were normalized against the
highest peak area in each set for visualization purposes.

2.6. LC-MS/MS

A volume of 10 pL (pickup zero loss injection mode) was intro-
duced into a Symbiosis Pro LC (Spark Holland B.V, Emmen, The
Netherlands) equipped with a Reliance unit (conditioned stack
and auto-sampler with 100 pL loop) and a Mistral column oven
maintained at 60°C. Tryptic peptides were separated on an ACE
Cig, 150 x 4.6 mm, 3 pm column from Hichrom (Berkshire, UK.)
with a flow rate of 800 pL/min. The mobile phases consisted of
0.1% FA in water (A) and 0.1% FA in ACN (B). The binary elution
gradient program with a double wash step was set as follows

[T(min:s), %(B)]: (0:00, 20); (2:30, 30); (4:30, 90); (5:18, 90);
(5:24,10); (5:36, 10); (5:42, 90); (6:24, 90); (6:30, 20); (8:00, 20).
The auto-sampler syringe and the injection valve were succes-
sively washed with MeOH/water (1:1, v/v) containing 0.05% FA,
MeOH/acetone/water/isopropanol/TFA (50:50:50:50:1, v/v/v/v[v)
and ACN/water (1:1, v/v) containing 0.05% FA to reduce carryover,
After chromatographic separation, the eluent was introduced with
a Turbo VI electrospray ionization (ESI) probe into an API 6500
linear quadrupole ion trap (QTRAP) mass spectrometer (AB Sciex,
Framingham, MA, USA). The MS operated in positive mode using
the selected reaction monitoring (SRM) acquisition mode with unit
resolution under following parameters: ion spray voltage +5500V,
heater temperature 550 °C, curtain gas 40 psig, nebulizer gas (GS1)
45 psig, turbo ion spray gas (GS2) 50 psig and entrance potential
(EP) 10V. A detailed description of MS/MS parameters for each
monitored generic surrogate peptide with a dwell time of 25 ms
for each SRM transition including optimized declustering potential
(DP), collision energy (CE) and cell exit potential (CXP) is listed in
Table S1 (Supplementary data).

2.7. Data acquisition and processing

The LC-MS/MS system was controlled by Analyst 1.6 (AB
Sciex). Peak integration, construction of the calibration curve
and the back-calculation of the concentrations were performed
with the quantification tab in Analyst 1.6. Graphical illustration
was conducted with OriginPro (v9.1.0, OriginLab Coorperation,
Northampton, MA, USA).

2.8. Construction and acceptance criteria for calibration curve

One set of calibration standards was injected at the beginning
and at the end of each analytical run. For FNW, GPS and VVS, a
linear (y=ax+b) regression model was used whereas for the TTP
peptide, a quadratic function (y = ax? + bx + c) was more appropriate
due to the saturation of the detector at higher concentrations. y was
the peak area ratio of the surrogate peptide to the ['3Cg]-lysine
labeled version whereas x represented the nominal concentration
of the protein in the Cs samples. A weighting factor of 1/x2 was
used regardless of the regression model. The acceptance criteria
were set £20.0% (£25.0% at the lower limit of quantification [LLOQ]
and upper limit of quantification [ULOQ]) from nominal values for
at least 75.0% of Cs samples in one analytical run. Additionally, at
least one replicate per each Cs concentration should meet the above
mentioned acceptance criteria.

2.9. QC acceptance criteria

The accuracy of the analytical assay was evaluated by the
deviation (% bias) from the nominal concentration whereas the per-
centage of the coefficient of variation (CV) determined the precision
foreach QClevel. The accuracy and precision were evaluated in trip-
licate on each day (intra-day) whereas the inter-day accuracy and
precision was determined over several days. A mean bias within
+20.0% of the nominal values and a precision of <20.0% were set as
acceptance criteria.

3. Results and discussion
3.1. Selection of surrogate peptides and their digestion kinetics

Four different surrogate peptides originating from different
parts of the constant region of the hlgG1 heavy chain (Cy) were
selected in order to perform the quantitation. The GPS and the
TTP peptides are located in the Cy1 and Cy3 domain respectively
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Fig. 1. Digestion kinetics for (A) TTP, (B) GPS, (C) FNW and (D) VVS in its non-deamidated as well as deamidated form (VVSd) obtained either from higG1A, ADC1 or its

['3Cs]-labeled versions from the internal standard (1STD).

whereas the Cy2 region contained the FNW and VVS peptide. Fur-
thermore, the VVS peptide was also present in the higG4 isotype.
A reproducible digestion across different therapeutic proteins was
one key prerequisite to further extend the applicability of such a
LC-MS/MS method based on four generic surrogate peptides. The
kinetics of the overnight tryptic digestion of higG1A, ADC1 and the
fully labeled protein used as ISTD spiked in serum are depicted for
each surrogate peptide in Fig. 1. The digestion pattern with the TTP
peptide displayed similar profiles irrespective of the therapeutic
proteins used (Fig. 1A) indicating that the ISTD would compen-
sate for differences in digestion efficiencies. However, a significant
increase in signal intensity (up to 250%) was observed with the GPS
peptide originating either from higG1A or ADC1 whereas the heavy
labeled version originating from the ISTD demonstrated a similar
profile to the ones obtained with the TTP peptide (Fig. 1B). Further
investigations with high-resolution mass spectrometry indicated a
mass shift of 0.02 Da on each a/x-ion of this peptide from higG1A
and ADC1 after overnight digestion (data not shown). This caused
interferences with the monitored SRM transitions of the GPS sur-
rogate peptide being responsible for the significant signal increase.
As a result, differences in digestion efficiencies can no longer be
corrected accordingly after overnight digestion despite the use of a
fully isotopically labeled higG1 as ISTD. Hence for GPS a short diges-
tion time (2-3 h) should be favored. An increased deamidation at
elevated temperatures over time was the reason for the decrease
in signal intensity for the FNW peptides regardless of their origin
(Fig. 1C). However, the ISTD compensated for the loss in signal as
['3Cg]-FNW behaved accordingly. Nevertheless, the decrease in sig-

nal intensity would result in a higher LLOQ of the analytical method
when an overnight digestion was favored. The same phenomenon
was observed for the second Cy2 peptide (Fig. 1D): the signal of
the non-deamidated form decreased over time whereas the deami-
dated VVS signal (VVSd) increased. Overall, a digestion period of
1 h was sufficient as the maximum signal intensity for each generic
surrogate peptide or its ['3Cg]-labeled version was obtained after
this time whereas the deamidation process was not that advanced
(e.g. 35-50% for VVSd). In the end, the SRM transitions for the non-
deamidated Cy2 peptides were used for quantitation.

3.2. higG1A and higG4 in rat serum

The linearity of Cs samples prepared with hilgG1A in rat serum
was achieved with a coefficient of determination (R?) value =0.99
for all four generic surrogate peptides and a ULOQ of 1000 pg/mL
(Supplementary data Table S2). The LLOQ was set to 1.00 p.g/mL
for the GPS, TTP and VVS peptides whereas the FNW resulted in
a slightly higher LLOQ at 5.00 pg/mL (Supplementary data Table
S2). The developed generic LC-MS/MS method for the quantitative
analysis of hIgG1A met acceptance regarding accuracy and preci-
sion on all four QC levels (3.00, 15.0, 450 and 750 pg/mL) on five
different days in triplicate (n=15). For the investigated peptides,
the inter-day accuracy ranged from —5.0 to 8.5% whereas the inter-
day precision was between 4.1 and 14.8% for higG1A (Table 2).
As the variation of the mean inter-peptide concentration on each
spiked QC level was =3.2% (Table 2), similar digestion efficiencies
were obtained with each generic peptide confirming the results in
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Table 2

Inter-day accuracy and precision of quality control (QC) samples using four generic peptides from a human immunoglobulin G1 (hlgG1A) on five different days (n=15) and

a hlgG4 (n=3) spiked in rat serum.

QC nominal concentration (p.g/mL) in rat serum

750 450 15.0 3.00
Subclass Peptide Inter-day accuracy and precision (n=15)
hlgG1 FNW Mean concentration (pg/mL) 742 430 16.3 -
Inter-day accuracy (% bias) ~1.0 -4.5 8.4 -
Inter-day precision (% CV) 58 59 121 -
GPS Mean concentration {j.g/mL) 797 428 15.8 2.95
Inter-day accuracy (% bias) 6.2 -5.0 5.2 -1.7
Inter-day precision (% CV) 7.2 9.4 9.1 8.3
TTP Mean concentration (pg/mL) 753 438 15.7 3.02
Inter-day accuracy (% bias) 0.4 2.6 4.7 0.6
Inter-day precision (% CV) 4.1 5.0 13.6 9.7
VVS§ Mean concentration (pg/mL) 751 436 16.3 312
Inter-day accuracy (% bias) 0.2 -3.1 8.5 39
Inter-day precision (% CV) 6.7 76 148 9.7
Inter-peptide Mean concentration (p.g/mL) 761 433 16.0 3.03
Standard deviation (p.g/mL) 25 5 03 0.09
oV (%) 32 1.1 2.0 28
Accuracy and precision? (n=3)
hlgG4 Vvs Mean concentration {p.g/mL) 662 369 133 2.24
Accuracy (% bias) -11.7 -17.9 -11.1 -25.2°
Precision (% CV) 25 0.4 1.6 3.6

4 Measured against Cs prepared with higG1A in rat serum.
b Acceptance criterion of £20.0% not met.

Fig. 1 and indicated that the higG1A concentration was determined
in an accurate and precise manner in rat serum regardless of the
surrogate peptide selected. In addition, the developed LC-MS/MS
method was not only limited to higG1-based therapeutic proteins
as the VVS peptide was also conserved in the higG4 isotype sub-
class. Consequently, this peptide was used to further extend the
applicability of the method. The accuracy of the low QC sample
at 3.00 pg/mL did not fulfill the acceptance criterion with —25.2%
bias (Table 2). However, the remaining QC levels met acceptance
with maximum values of —17.9 and 2.5% regarding accuracy and
precision, respectively.

3.3. higG1A and higG4 in cynomolgus monkey measured against
Cs prepared in rat serum

It has been demonstrated previously that endogenous com-
pounds in complex matrices could significantly affect the analyte’s
MS response which further impacts the accuracy and precision
of the quantitative data [26,27]. Matching the matrix of the real
samples (pre-clinical and clinical samples) to the one used for the
preparation of Cs and QC samples is the most common approach in
order to avoid any issues during the sample analysis. However, the
impracticability of exact matching of the matrix of Cs and QCs with
all samples leads to some remaining uncertainties. In order to cor-
rect for the matrix effect (ion suppression or enhancement) at the
expected retention time of the surrogate peptides, a stable isotope
labeled hlgG1 was used as ISTD. Each generic surrogate peptide
and its corresponding ISTD experienced the same sort of ionization
effect in the ESI source as already demonstrated with the digestion
kinetics (Fig. 1). Similar MS responses were observed for the ISTD in
QC samples (n=12) with the ['3Cg]-FNW peptide when switching
from rat to cynomolgus monkey serum (Fig. 2). In contrast, dif-
ferent MS responses of the [13Cg]-GPS, [13Cg]-TTP and [13C4]-VVS
peptides were observed in both seras with a tendency towards
ion suppression in cynomolgus monkey serum (Fig. 2). However,
the back-calculated concentration of higG1A remained unaffected
as the analyte to ISTD ratio were similar to the expected ratio of
the nominal QC concentration with each generic surrogate pep-
tide regardless of the matrix selected (Supplementary data Table

S3). Consequently, the calibration curve prepared in rat serum can
be used to determine the QC concentrations in cynomolgus mon-
key serum. The resultant accuracy and precision data obtained on
spiked QC samples in cynomolgus monkey serum measured against
Cs samples prepared in rat serum are summarized in Table 3, The
whole calibration range was accurately and precisely covered with
the TTP peptide. Nevertheless, the lower QC level (3.00 pg/mL)
exceeded the inter-day accuracy acceptance criterion of +£20.0% by
8.4 and 13.7% for the GPS and VVS peptide, respectively. For the GPS
peptide, the y4* product ion at m/z 418.5 was selected for quantita-
tive analysis which displayed less interferences as opposed to other
fragments such as the singly charged y;* product ion at m/z 699.4
or the yg* fragment (m/z 846.4) being previously used for quan-
titative purposes [23,24]. Nevertheless, an endogenous compound
found in blank monkey serum interfered with the GPS SRM transi-
tions resulting in an overestimation of the lower concentrations as
described earlier [24]. The overestimation of the higG4 concentra-
tion by 48.2% at the low spiked QC in cynomolgus monkey serum
with the VVS peptide could also be attributed to some endoge-
nous interferences found in monkey serum under the selected
experimental conditions. This would be in contradiction with the
previously reported selectivity data of the VVS peptide in monkey
serum [22]. In order to avoid an overestimation of higG4, the LLOQ
could further be increased from 1.00 to 5.00 pg/mL. Overall, the
results on the other remaining QC levels indicated that no signifi-
cant changes in terms of accuracy and precision were observed on
three different days with three different batches of blank serum
when switching from rat to cynomolgus monkey serum (Table 3).

3.4. Other higG1-based therapeutic proteins spiked in
cynomolgus monkey serum and measured against Cs prepared in
rat serum with higG1A

As the matrix had no significant impact on the accuracy and
precision of the quantitative data, further investigations were con-
ducted with additional mAbs based on the higG1 isotype (higG1C
and higG1D) which were spiked in cynomolgus monkey serum and
measured against Cs prepared with higG1A in rat serum in order
to demonstrate the flexibility of the method. The corresponding
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Fig. 2. Boxplot showing the peak area of the internal standard (ISTD) in QC samples (n=12) observed in rat or cynomolgus monkey serum for all four investigated generic

surrogate peptides,

Table 3

Inter-day accuracy and precision of quality control (QC) samples prepared either with a human immunoglobulin G1 (hlgG1A) on three different days (n=9) or higG4 on one
day (n=3) spiked in cynomolgus monkey serum measured against calibration standards (Cs) prepared with higG1A in rat serum.

QC nominal concentration (pg/mL) in cynomolgus monkey serum

750 450 15.0 3.00
Subclass Peptide Inter-day accuracy and precision® (n=9)
higG1 FNW Mean concentration (pg/mL) 748 451 154 -
Inter-day accuracy (% bias) —-0.2 0.2 2.8 -
Inter-day precision (% CV) 9.3 6.8 2.1 -
GPS Mean concentration (j.g/mL) 824 493 156 3.85
Inter-day accuracy (% bias) 9.9 9.5 3.8 28.4"
Inter-day precision (% CV) 7.5 8.7 8.3 11.6
TTP Mean concentration (pg/mL) 812 493 154 3.21
Inter-day accuracy (% bias) 83 97 3.0 69
Inter-day precision (% CV) 9.4 7.6 5.7 7.6
Vvs Mean concentration (p.g/mL) 777 477 143 1.99
Inter-day accuracy (% bias) 3.7 6.0 -4.9 ~33.7°
Inter-day precision (% CV) 10.6 13.1 10.1 17.2
Accuracy and precision® (n=3)
higG4 VS Mean concentration (p.g/mL) 680 425 16.1 4.45
Accuracy (% bias) -93 —5.6 73 48.20
Precision (% CV) 5.9 12 13.2 19.1

4 Measured against Cs prepared with higG1A in rat serum.
b Acceptance criterion of £20.0% not met.

accuracy and precision data are summarized in Table 4. The accu-
racy acceptance criterion of £20.0% was again not met for the low
QC level at 3.00 pg/mL using the VVS peptide. The ratio between
the deamidated and non-deamidated version of the VVS peptide
increased with decreasing QC concentrations. Consequently, the
deamidation process affected the lower QC concentrations causing
an underestimation of hlgG1C and higG1D at this concentration
level similar to the results of higG1A (Table 3). In contrast, the
protein concentration at the low QC level was overestimated with
the GPS peptide by 18.3 and 24.4% for higG1C and hlgG1D respec-
tively due to the inference in monkey serum (already discussed).
The FNW and TTP accuracy data met acceptance for both higG1-
based therapeutic proteins ranging from —10.3 to 7.6% and —5.0 to
13.8% respectively with corresponding maximum CV values <5.4
and =15.9%, respectively. In general, the TTP peptide was the best
out of the four investigated surrogate peptides and was suitable for
the quantitative of analysis of higG1-based therapeutic proteins in

both monkey and rat serum with a LLOQ of 1.00 p.g/mL without
any significant deviation from the set acceptance criteria. Overall,
the quantitation can be performed with the three other peptides as
well but an increased LLOQ of 5.00 p.g/mL is suggested.

3.5. Bispecific antibody and lysine conjugated ADCs spiked in
monkey serum and measured against Cs prepared in rat serum
with higG1A

The developed method was also applied to different modalities
including a bb-hlgG1 and two lysine conjugated ADCs. In order to
avoid heterodimerization of the bb-higG1, a so called knob-into-
hole approach was used to merge two different higG1s together
[28,29]. A “knob” was artificially created in the Cy3 domain of
one heavy chain by replacing one amino acid (threonine, T) with
a larger one (tryptophan, W) at position 366 (T366W) whereas
on the partner heavy chain a “hole” was created by inserting a
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Accuracy and precision of quality control (QC) samples prepared with different human immunoglobulin G1 antibodies (hlgG1C, higG1D) spiked in cynomolgus monkey
serum measured against calibration standards (Cs) prepared with another higG1A in rat serum (n=3).

QC nominal concentration (p.g/mL) in cynomolgus monkey serum

750 450 15.0 3.00 750 450 150 3.00
Accuracy and precision® (n=3)

Peptide higG1C hlgG1D

FNW Mean concentration (p.g/mL) 762 450 16.1 - 752 404 145 -
Accuracy (% bias) 16 0.1 76 - 0.3 -10.3 -3.6 -
Precision (% CV) 0.6 18 5.0 - 5.4 43 0.4 -

GPS Mean concentration (p.g/mL) 638 360 12.2 3.55 724 416 139 3.73
Accuracy (% bias) —149 -20.1° -18.7 18.3 -34 -76 -73 24.4°
Precision (% CV) 1.1 3.4 3.8 72 9.8 5.0 33 15.4

TTP Mean concentration (p.g/mL) 802 479 15.1 341 815 463 15.2 2.85
Accuracy (% bias) 6.9 6.4 0.7 13.8 8.6 2.8 1.3 -5.0
Precision (% CV) 21 4.1 18 10.3 5.0 1.1 37 15.9

VS Mean concentration (p.g/mL) 738 453 143 2.19 689 384 119 1.52
Accuracy (% bias) -1.6 0.6 ~4.4 -26.9° -8.1 -14.7 ~20.4' -49.3"
Precision (% CV) 3.1 28 3.1 7.0 4.5 0.5 38 4.6

@ Measured against Cs prepared with higG1A in rat serum.
b Acceptance criterion of +£20.0% not met.

Table 5

Accuracy and precision of quality control (QC) samples prepared with different modalities based on human immunoglobulin G1 (hlgG1) including two lysine conjugated
antibody-drug conjugates (ADC1, ADC2) and one bispecific-bivalent higG1 (bb-hlgG1) spiked in monkey serum measured against calibration standards (Cs) prepared with

higG1A in rat serum (n=3).

QC nominal concentration (pg/mL) in monkey serum

750 450 15.0 3.00 750 450 15.0 3.00 750 450 15.0 3.00
Accuracy and precision® (n=3)

Peptide ADC1" ADC2" bb-hlgG1°

FNW Mean concentration (p.g/mL) 602 347 14.0 - 712 444 16.6 - 617 332 10.7 -
Accuracy (% bias) -19.8 —23.0¢ -6.9 - -5.1 -13 109 - -17.7 —26.1¢ —28.4¢ -
Precision (% CV) 39 3.8 4.2 - 73 4.4 3.0 - 2.0 49 4.7 -

GPS Mean concentration (p.g/mL) 562 352 1.7 4.81 897 537 205 5.91 869 478 14.7 3.09
Accuracy (% bias) -25.14 —21.74 —22.2¢ 60.2¢ 19.6 19.4 36.97 97.14 15.8 6.2 -22 3.0
Precision (% CV) 6.8 3.4 9.2 11.5 4.3 3.3 4.5 13.0 2.4 2.5 2.8 6.3

TTP Mean concentration (p.g/mL) 662 395 13.2 3.08 746 480 17.5 3.77 248 134 3.51 BLOQ
Accuracy (% bias) -11.7 —12.1 -12.0 2.8 -05 6.6 16.9 2560 —67.0¢ -703¢ 7669 -
Precision (% CV) 21 3.0 1.3 9.6 4.8 2.7 76 8.1 4.3 1.1 8.0 -

Vs Mean concentration (jpg/mL) 610 357 12.2 5.59 852 530 18.6 3.60 451 244 6.25 BLOQ
Accuracy (% bias) —18.7 —20.7¢ —18.9 86.3¢ 136 17.9 24.2¢ 20.1¢ —39.9¢ —45.7¢ —58.4¢ -
Precision (% CV) 71 5.7 5.5 57.7¢ 5.5 4.0 2.2 59 2.0 6.9 59 -

BLOQ: Below lower limit of quantification of 1.00 p.g/mL.
¢ Measured against Cs prepared with higG1A in rat serum.
b Spiked in cynomolgus monkey serum.
© Spiked in marmoset monkey serum.
4 Acceptance criterion of +20.0% not met.
¢ Acceptance criterion of =20.0% not met.

smaller amino acid (valine, V) instead of a larger one (tyrosine,
Y) at position 407 (Y407V). Besides, the knob-into-hole technol-
ogy, additional stabilizing disulfide bridges were introduced into
the bb-higG1. Accurate and precise data was only obtained on
spiked QC samples with the GPS surrogate peptide whereas the
FNW, TTP and VVS peptide resulted in inaccurate data for the
quantitative analysis of bb-hIgG1 in monkey serum (Table 5). This
phenomenon was most likely due to the fact that the GPS pep-
tide was located in the Cyy1 region of the bb-hIgG1 which was not
affected by the above mentioned modifications. However, another
hypothesis leading to an underestimation of bb-higG1 using the
FNW, VVS or TTP peptide could be that there was a difference
in the digestion efficiency between the hlgG1A (being used for
Cs preparation) and the bb-hlgG1 due to the introduced modi-
fications which could interfere with the enzyme during tryptic

digestion. The lysine conjugated ADCs used in the present study
were based on two different constructs: ADC1 carried DM1 as pay-
load which was conjugated through a non-cleveable linker (MCC)
to the mAb whereas DM4 was linked via a cleavable linker (sulfo-
SPDB) to the mAb in the case of ADC2. In case of ADC1, the GPS
and VVS peptide displayed a lower concentration when measured
against higG1A (Table 5). A potential miscleavages of the lysine
residue due to steric hindrance of the payload with the GPS pep-
tide resulting in an underestimation of the ADC concentration was
recently observed which could be one possible explanation of the
obtained underestimation [30]. However, this was not the case for
ADC2 as the ADC concentration was overestimated using the GPS
and VVS surrogate peptide. Nevertheless, the other two peptides
(TTP and FNW) were found satisfactory for both ADCs regarding
accuracy and precision data. Thus, both peptides could be used for
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Fig. 3. Mean concentration-time profile of pre-clinical cynomolgus monkey serum
samples from a toxicokinetic study measured against calibration standards (Cs)
prepared either with the ADC2 spiked in cynomolgus monkey serum or a simple
unmodified higG1A in rat serum using the (A) TTP or (B) FNW peptide.

the quantitation of ADC1 and ADC2 using the generic LC-MS/MS
approach.

3.6. Application to a pre-clinical TK study

In order to demonstrate the generic approach not only based
on spiked QC samples, pre-clinical samples from three individual
cynomolgus monkeys afteri.v.administration of ADC2 (5.00 mg/kg)
were analysed. The serum concentration-time profile was acquired
either with Cs and QC samples prepared with the same analyte
(ADC2) in cynomolgus monkey serum or with a simple higG1
(hIgG1A) in rat serum not carrying any linker or payload. Since
the TTP and FNW peptide demonstrated the best performance
in QC samples, they were used to determine the total antibody
concentration in monkey serum. The profile obtained with ADC2
in cynomolgus monkey serum was similar to the one measured
against Cs/QC samples prepared with higG1A in rat serum when
using the TTP peptide (Fig. 3A). The highest serum concentra-
tions were obtained directly with the first post-dose sampling time
point at 1h with corresponding mean concentrations (n=3) of
124 +13 and 122 +9 pg/mL when an ADC2 or a higG1A was used
for the preparation of Cs/QC samples in different matrices, respec-
tively. The mean bias between the mean concentrations using both

approaches at each time point was 3.3 + 1.6% with the TTP peptide.
A similar trend was also observed with the FNW peptide (Fig. 3B).
The mean concentration-time profile obtained with the FNW pep-
tide using Cs samples prepared with the ADC2 in monkey serum
was in agreement with the ones obtained with the TTP peptide
regardless of the approach selected. This confirmed the quantita-
tive data obtained with the TTP peptide. A systematic bias in the
total antibody concentration was observed when measured against
Cs prepared with the hlgG1A in rat serum or ADC2 in cynomolgus
monkey serum using the FNW peptide. Nevertheless, the accep-
tance criterion of +£20.0% during cross-check was still met as the
mean bias was —16.2+2.3%. One hypothesis explaining the sys-
tematic bias with the FNW compared to the TTP peptide would
be that conjugation of the linker/payload to the FNW peptide was
more frequent compared to the TTP peptide. In general, each lysine
containing peptide could be the origin of an underestimation of
lysine conjugated ADCs due to steric hindrance of the linker and
cytotoxic payload upon tryptic digestion resulting in a potential
miscleavage of the lysine residue and consequently lower concen-
trations when measured against Cs samples prepared with a simple
unmodified hlgG1 [30]. Thus, further experiments have to be con-
ducted to clarify if arginine containing peptides work better for the
quantitative analysis of lysine conjugated ADCs compared to lysine
containing peptides in order to avoid any underestimation in the
total antibody concentration.

4. Conclusions

In the present study, we have developed a generic LC-MS/MS
method for the quantitative analysis of higG1 and higG4-based
therapeutic proteins using four generic surrogate peptides in rat
or cynomolgus monkey serum. In addition, we have demonstrated
that our method using a fully labeled protein as ISTD is flexible
enough to allow matrix switching from rat to cynomolgus mon-
key serum. However, adequate experiments with QC samples are
suggested prior to matrix exchange as there might be cases where
such an exchange of matrices will not be successful even though
an appropriate ISTD is used. We also observed that one single
generic LC-MS/MS approach cannot always be applied to each type
of therapeutic protein due to the complexity of biotherapeutics
(especially with ADCs). Besides this, a certain knowledge about
introduced modifications are one key prerequisite when using such
a generic approach in order to avoid under- or overestimation of
the total antibody concentration. Furthermore, when using the
same peptide, we found that the in-vivo data differed from the
in-vitro ones in terms of quantitation. Thus, the selection of an
appropriate surrogate peptide appears critical and choosing sev-
eral (generic) surrogate peptides for quantitative purposes would
be worthwhile. With our present method that uses four generic
peptides, we believe that the early development of biotherapeutics
could be accelerated particularly by enabling PK analysis across ani-
mal species and candidate molecules with minimal effort in method
development.
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2.2 Evaluation of commercial digestion kits as standardized

sample preparation for hlgG1 quantification in rat serum

2.2.1 Analytical context

The proteolytic digestion represents the most critical step of the protracted sample preparation
procedure for LC-MS/MS-based bottom-up mAb quantification.”®® In order to assure an efficient,

complete, and reproducible peptide generation, as prerequisite for accurate and precise mAb

218,373

guantification, intensive assessment of the digestion is necessary. This evaluation involves

the selection of the most appropriate proteolytic enzyme, its source and quality as well as the

374-376

suitable enzyme-to-protein ratio. Furthermore, the digestion time, temperature, composition

and pH of the digestion buffer must be optimized.*”**"” As a consequence, numerous digestion

protocols are available in which overnight digestion is still frequently employed, although

378382 ltrasound,*®® infrared radiation,®*

388-390

accelerated approaches based on immobilized trypsin,

385-387

elevated digestion temperatures, and the addition of organic solvents during digestion

201,249,374 Moreover,

enable fast peptide generation in less than one hour or even within minutes.
analytical bias can be readily introduced during complex multistep protocols or method transfer,
impacting the overall data quality. Hence, various commercially available digestion kits have been
recently developed by MS vendors in order to circumvent tedious digestion optimization and
provide an accelerated as well as standardized protocol for mAb guantification, while minimizing

sample processing steps and required reagents.

2.2.2 Objectives

This project aimed to assess the applicability of two commercial digestion kits, namely the SMART
Digest Kit (Thermo Fisher Scientific) and ProteinWorks eXpress Digest Kit (Waters), and to
compare both kits with the developed pellet digestion protocol for higG1 quantification in spiked rat

serum samples.

2.2.3 Results

2.2.3.1 Overview of sample preparation protocols

Both digestion kits are suitable for in-solution digestion of (immuno-purified) proteins or direct
digestion of complex matrices containing the targeted protein. However, only direct serum
digestion was evaluated with both provided test kits. For each direct digestion protocol, the same
starting volume of rat serum was required, which was spiked with [13C]-hIgGl (ISTD) prior to

sample preparation (Figure 2.8). In comparison to the pellet digestion, both kits omit the reduction
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Pellet digestion SMART Digest Kit ProteinWorks eXpress Digest Kit
Sample Sample Sample
» 50 pL serum sample « 50 pL serum sample + 50 pL serum sample
50 pL [*C]-higG1 at 20.0 pg/mL 10 pL ['*C]-hlgG1 at 20.0 pg/mL + 10 pL ['*C]-higG1 at 20.0 pg/mL 10 min at 80 °C
+ 60 pL di ion buffer
Reduction and alkylation
+ 20 uL 100 mM DTT (1 h, 60 °C)
* 10 pL 100 mM IAA (30 min, darkness)
A 4 A 4
Tryptic digestion Tryptic digestion Tryptic digestion
= 50 pL trypsin at 8.00 mg/mL (1 h, 60 °C) « 140 pL SMART Digest buffer (1 h, 70 °C) + 50 pL digestion buffer
+ Digestion quenching with 15% TFA + Digestion quenching with 0.1% TFA + 30 L trypsin solution (2 h, 45 °C)
+ 5L inactivation buffer (15 min, 45 °C)
SPE (OASIS MCX, 30 mg, 60 um)? SOLAp HRP SPE? Oasis MCX pElution?
*  Elution: 900 pL NH,OH(28%)/ACN/H,0 (1/7/2, viulv) +  Elution with 50 uL ACN/H,0 (7/3, viv) +  Elution: 50 pL 2% NH,OH in ACN/H,O (4/6, viv)
+ Evaporation under nitrogen at 60 °C + Dilution with 0.1% FA in H;O (1/1, viv) +  Dilution with H,O (1/1, v/v)
* Re-suspension: 100 L 0.1% FA in ACN/H,0 (1/9, v/v)

a optional

Figure 2.8 Overview of the investigated direct serum digestion protocols for bottom-up higG1 quantification in
rat serum either based on the developed pellet digestion or commercially available digestion kits. NH4OH:
ammonium hydroxide, HRP: hydrophobic reverse phase, MCX: mixed-mode cation exchange

and alkylation steps to accelerate sample processing. In order to evaluate the relevance of both
time-intensive steps during pellet digestion, the peak area of each generic surrogate peptide was
compared following either the complete protocol (i.e. denaturation at 60 °C with in parallel-
conducted reduction, alkylation, and tryptic digestion), the procedure without denaturation, or
tryptic digestion only. For three out of four generic surrogate peptides, the highest signal
intensities were obtained with the reduction and alkylation steps incorporated, demonstrating their
importance during pellet digestion of the studied higGl (Figure 2.9). On the other hand, an
increase of temperature for protein denaturation during reduction did not significantly improve
peptide formation. Following short-term tryptic digestion, the samples were subjected to an
optional SPE clean-up prior to LC-MS/MS analysis (Figure 2.8). Time-consuming evaporation and
reconstitution in a LC mobile phase-compatible solvent was necessary for the conventional SPE
incorporated into the pellet digestion workflow. In contrast, both digestion kits utilized a micro-
elution SPE, which allows efficient sample pre-concentration in a small volume without the
requirement of evaporation and reconstitution steps, reducing re-solubility issues and non-specific
binding of tryptic peptides. Although, micro-elution SPE formats are suitable for in-solution
digestion of (immuno-purified) proteins, this SPE format is not ideal for direct serum digestion
approaches. Both micro-elution formats have 2 mg of sorbent embedded, resulting in a maximum
mass loading capacity of 400 yg. However, the amount of peptides generated from the
recommended starting sample volume (50 yL) was almost nine-fold higher with 3.5 mg (section
2.1.3.2), resulting in a significant peptide loss during the SPE step due to limited loading capacity
of the cartridges. However, increasing the cartridge sorbent amount will reintroduce the time-

intensive evaporation and reconstitution steps, which were aimed to be eliminated by the vendors.
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Figure 2.9 Peak area comparison (n=3) of the selected surrogate peptides upon pellet digestion using either
the complete protocol (denaturation at 60 °C with in parallel-conducted reduction, alkylation, and tryptic

digestion), the procedure without denaturation, or tryptic digestion only.

2.2.3.2 Sensitivity and linearity

By applying the digestion kits according to the manufacturers’ instructions, the hlgG1 could be
qguantified in the same concentration range as with the pellet digestion protocol using the GPS,
TTP, and VVS peptides (Table 2.4). However, the LLOQs of the FNW peptide were slightly
increased for both kits (5.00 pg/mL) compared to the pellet digestion approach. In addition, each
protocol provided comparable mean S/N ratios for the GPS and TTP peptides at the LLOQ. On the
other hand, the S/N ratios of both asparagine-containing peptides varied tremendously between
the three protocols, ranging from 4.8+0.8 to 13.0+0.6 and from 5.9£0.2 to 35.3+9.3 for the FNW
and VVS peptides, respectively, which was related to the temperature-dependent deamidation
process. As illustrated in Figure 2.10 for a rat serum sample spiked with the higG1 at 10.0 pg/mL,
the lowest signal of deamidated peptides was observed with the ProteinWorks eXpress Digest Kit
(45 °C), followed by the pellet digestion (60 °C), and the SMART Digest Kit (70 °C). Since the S/N
ratio of the VVS peptide at 1.00 pg/mL was 35.3+9.3 using the ProteinWorks eXpress Digest Kit
(Table 2.4), it is suspected that even a lower LLOQ can be obtained with this peptide and kit. In
terms of linearity, each peptide exhibited an excellent correlation of determination over three non-

consecutive days with mean r’-values 20.9898, independent of the applied protocol (Table 2.4).

Table 2.4 Sensitivity and linearity of four selected generic surrogate peptides obtained either with the

developed pellet digestion protocol, SMART Digest Kit, or ProteinWorks eXpress Digest Kit.

Peptide  Pellet digestion SMART Digest Kit ProteinWorks eXpress Digest Kit
Range r-value S/Nratio Range r-value S/Nratio Range r’-value  S/N ratio
(Hg/mL) (n=3) (n=3) (Hg/mL) (n=3) (n=3) (Hg/mL) (n=3) (n=3)

FNW 1.00-1000  0.9929 8.3+1.1 5.00-1000 0.9898 4.8+0.8 5.00-1000  0.9941 13.0+0.6
GPS 1.00-1000 0.9940 3.5+0.2 1.00-1000 0.9970 3.3+0.1 1.00-1000  0.9921 3.8+0.6

TTP 1.00-1000  0.9945 11.3+3.0 1.00-1000 0.9935 9.7+0.8 1.00-1000  0.9960 10.1+7.9
VVS 1.00-1000 0.9917 16.8+4.0 1.00-1000 0.9955 5.9+0.2 1.00-1000  0.9929 35.3+19.3
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ProteinWorks eXpress Digest Kit
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Figure 2.10 Chromatograms obtained from the analysis of a hilgG1-spiked rat serum sample (10.0 pg/mL)
following digestion with the ProteinWorks eXpress Digest Kit (45 °C), pellet digestion (60 °C), or the SMART
Digest Kit (70 °C) using the FNW (top panel) or VVS peptide (bottom panel). FNWd: deamidated FNW

2.2.3.3 Accuracy and precision

Regardless of the applied direct serum digestion protocol, the majority of intra and inter-day

accuracy and precision values obtained with four QC concentrations (3.00, 15.0, 450, and

750 pg/mL) was lower than +10.0% bias and <10.0% CV, respectively, meeting the acceptance
criteria of £20.0% bias and <20.0% CV from US FDA and EMA guidances (Table 2.5).

Table 2.5 Intra and inter-day accuracy and precision data of QCs in rat serum (3.00, 15.0, 450, and

750 pg/mL) for each generic surrogate peptide obtained either with the developed pellet digestion protocol,
SMART Digest Kit, or ProteinWorks eXpress Digest Kit.

Peptide Pellet SMART ProteinWorks
digestion Digest Kit eXpress Digest Kit
Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day
(n=3) (n=9) (n=3) (n=9) (n=3) (n=9)
FNW  Accuracy (% bias) -11.5t015.3 -24t04.3 -118t07.8 -3.4t006 -7.3t02.7 -5.9t0-2.5
Precision (% CV) 29t07.9 6.6t09.9 2.8t010.1 46t011.3 2.2t08.9 3.5t06.6
GPS  Accuracy (% bias) -9.91t0 8.7 -8.3t04.6 -13.6t05.4 -6.6t02.0 -151t02.8 -9.9to-2.2
Precision (% CV) 1.0to 7.5 4.7t05.4 0.9to0 12.6 6.1t0 7.7 21t010.3 54t08.8
TTP  Accuracy (% bias) -6.91t0 8.3 -22t00.3 -12.0to 4.5 -76t01.3 -99t0-02 -81lto-1.4
Precision (% CV) 1.5t09.3 57t07.2 0.8t07.8 3.9t06.5 14t0104 4.0t06.3
VVS  Accuracy (% bias) -129t0128 -6.1t03.8 -13.8t0149 -73t00.7 -13.6t03.1 -11.6t01.8
Precision (% CV) 1.7t011.3 8.0to145 29t018.1 43t018.7 24toll5 3.0to84
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2.2.4 Conclusions

In comparison to the pellet digestion, the standardized direct serum digestion approaches of both
kits were suitable for higG1l quantification in rat serum as demonstrated with spiked samples.
Moreover, similar sensitivity, linearity, accuracy, and precision data were obtained, regardless of
the investigated generic surrogate peptide. Nevertheless, it is questionable if the micro-elution
SPE, provided with both kits, is the most appropriate format for direct serum digestion approaches
due to limited loading capacity. In case more sensitive assays (£1.00 ug/mL) are required, each kit
is implementable into IC-based workflows (not evaluated). Table 2.6 summarizes the remaining
findings of both kits in comparison to the pellet digestion, which are outlined in more detail as
follows. A simple handling was associated with both digestion kits, which do not require labor-
intense optimization of the tryptic digestion or further method development compared to the pellet
digestion. Moreover, less sample preparation steps and potentially interfering reagents were
required for the digestion kits, which significantly decreased the sample processing time to
maximum 3 h, while the tedious multistep pellet digestion lasts 6 h. On the other hand, the
elevated digestion temperature of the SMART Digest Kit resulted in an increased likelihood to
generate deamidated peptides, which might compromise assay sensitivity and robustness. In
addition, considering the number of samples obtained from pre-clinical trial and the associated
analytical costs, the pellet digestion still represents the most economic approach (5.40 € per
sample) followed by the SMART Digest Kit (7.70 € per sample), and the ProteinWorks eXpress
Digest Kit (10.10 € per sample).

Table 2.6 Advantages and disadvantages of investigated direct serum digestion protocols in ranked manner.

Pellet digestion SMART Digest Kit ~ ProteinWorks eXpress Digest Kit

Method development time - + +
Reagents required - ++ +
Handling - 4 +
Sample processing time - ++ +
Deamidated peptides generated + - ++
Costs per sample ++ + -

2.2.5 Scientific communication

The work described in this chapter was partially published.

Peer-reviewed Note & Tips article:

Lanshoeft C, Heudi O, Cianférani S. SMART Digest™ compared with pellet digestion for analysis
of human immunoglobulin G1 in rat serum by liquid chromatography tandem mass spectrometry.
Anal Biochem, 2016, 501, 23-25. Copyright 2016, reprinted with permission from Elsevier.
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The newly developed SMART Digest™ kit was applied for the sample preparation of human immuno-
globulin G1 (hlgG1) in rat serum prior to qualitative and quantitative analyses by liquid chromatography
tandem mass spectrometry (LC—MS/MS). The sequence coverages obtained for the light and heavy chains
of hIgG1A were 50 and 76%, respectively. The calibration curve was linear from 1.00 to 1000 pg/ml for
three of four generic peptides. Overall, the SMART Digest™ kit resulted in similar quantitative data

(linearity, sensitivity, accuracy, and precision) compared with the pellet digestion protocol. However, the
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SMART Digest™ required only 2 h of sample preparation with fewer reagents.

© 2016 Elsevier Inc. All rights reserved.

The quantitative analysis of high molecular weight macromole-
cules such as monoclonal antibodies [1-3] and antibody—drug
conjugates [4,5] by liquid chromatography tandem mass spectrom-
etry (LC—MS/MS) requires an enzymatic digestion of the protein into
more workable peptide units due to the limited mass range of triple
quadrupole mass analyzers operating in selected reaction moni-
toring acquisition mode [6—8]. The sample preparation for the
analysis of therapeutic proteins is very time-consuming because
additional steps are required, including (i) denaturation with heat,
chaotropic agents (urea or guanidine), or organic solvents; (ii)
reduction of the disulfide bridges with dithiothreitol or tris(2-
carboxyethyl)phosphine; and (iii) alkylation of the free thiol groups
with iodoacetamide or N-ethylmaleimide. Moreover, tryptic diges-
tion with low enzyme-to-protein ratios is often performed overnight,

Abbreviations used: LC—MS/MS, liquid chromatography tandem mass spec-
trometry; higG1, human immunoglobulin G1; HRMS, high-resolution mass spec-
trometry; Fc, fragment crystallizable; FNW, FNWYVDGVEVHNAK; VVS,
VVSVLTVLHQDWLNGK; GPS, GPSVFPLAPSSK; TTP, TTPPVLDSDGSFFLYSK; Cs, cali-
bration standard; QC, quality control; LLOQ, lower limit of quantification; CV, co-
efficient of variation; S/N, signal-to-noise.

* Corresponding author.
E-mail address: olivier.heudi@novartis.com (0. Heudi).

http://dx.doi.org/10.1016/j.ab.2016.02.006
0003-2697/© 2016 Elsevier Inc. All rights reserved.

resulting in a sample preparation over 2 working days [9,10]. Even
though recent accelerated approaches using immobilized trypsin
[11-13] or pellet digestion [14—16] have been published, certain
steps and chemical reagents are still required. Thus, several kits are
currently in development or are already marketed to ease sample
preparation, enabling fast analysis of protein therapeutics in complex
biological matrices. In this respect, the purpose of the current work
was to apply the newly developed SMART Digest™ kit (Thermo
Fisher Scientific) to the sample preparation of a human immuno-
globulin G1 (higG1) based therapeutic protein prior to its qualitative
and quantitative analyses by mass spectrometry. Sequence coverage
of tryptic peptides was determined by high-resolution mass spec-
trometry (HRMS) and compared with the results from a pellet
digestion (reference) that served as a control. Furthermore, quanti-
tative data (linearity, sensitivity, accuracy, and precision) were
generated in rat serum using two generic surrogate peptides from
the Cy2 domain of the fragment crystallizable (Fc) region of higG1,
FNWYVDGVEVHNAK (FNW) and VVSVLTVLHQDWLNGK (VVS),
whereas GPSVFPLAPSSK (GPS) and TTPPVLDSDGSFFLYSK (TTP)
originated from the Cy1 and Cy3 domains, respectively.

The recombinant hIigG1A (analyte) and higG1B (internal stan-
dard) were both produced at Novartis Pharma AG (Basel,
Switzerland). The latter was labeled with ['*C]lysine/arginine
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moieties. Nine calibration standard (Cs) concentrations at 1.00, 5.00,
10.0,20.0, 50.0, 200, 500, 800, and 1000 pg/ml, as well as four quality
control (QC) levels at 3.00,15.0, 450, and 750 pg/ml, were prepared by
serial dilution of the higG1A stock solution (20.0 mg/ml) with blank
rat serum (Fisher Clinical Services, Allschwil, Switzerland) prior to
digestion. Calibration curves for the FNW, GPS, and VVS surrogate
peptides were constructed with a linear (y = ax + b) regression
model, whereas a quadratic mathematical model (y = ax® + bx + c)
was used for the TTP peptide due to saturation of the detector at
higher concentrations, A weighting factor of 1/x*> was used in both
cases. The acceptance criteria were +20.0% (+25.0% at the lower limit
of quantification, LLOQ) for 75.0% of the Cs from nominal values, The
lowest concentration meeting the acceptance criteria of +25.0% and
<25.0% regarding accuracy and precision, respectively, was set as the
LLOQ. The accuracy was evaluated by the deviation (% bias) from the
nominal values of the QC concentration levels, whereas the per-
centage of the coefficient of variation (CV) determined the precision.
Each QC level was analyzed in triplicate on each day to evaluate the
intra-day accuracy and precision, whereas in total nine replicates
over 3 days (a different batch of blank matrix was used for each day)
were used to generate the inter-day data. A mean bias +20.0% and a
precision <20.0% were set as acceptance criteria.

For peptide mapping, a fixed amount of 500 pg of higG1A was
digested. A volume of 50 pl from a working solution (10.0 mg/ml) was
incubated with 150 pl of SMART Digest™ buffer (composition not
disclosed from vendor) on a Thermomixer (Eppendorf, Hamburg,
Germany) for 60 min at 70 °C and 1400 rpm. The digestion was
quenched by adding 10 pl of 10% trifluoroacetic acid. The classical
peptide mapping protocol used 170 pl of an higGlA solution at
3.00 mg/ml and included reduction with dithiothreitol, alkylation
with iodoacetamide, and tryptic digestion for 1 h at 60 °C. Experi-
mental details are described in the online supplementary material.
The samples were vortexed shortly and centrifuged prior to LC—MS/
MS analysis with an ACQUITY UPLC H-Class system coupled to a Xevo
G2-S high-resolution time-of-flight mass spectrometer from Waters
(Milford, MA, USA). The obtained MS and MS/MS data were compared
against the sequences of the light and heavy chain of higG1A using
Unifi 1.7 (Waters) with a mass tolerance of 5 ppm for the precursors
and their fragment ions. A minimum of five b/y-ions were used for
peptide confirmation. The following variable modifications were
included: carbamidomethylation of cysteine, oxidation of methionine
and tryptophan, deamidation of asparagine and glutamine, and N-
terminal pyro-glutamylation of glutamic acid and glutamine. Detailed
LC—HRMS settings can be extracted from the supplementary material.

The sample preparation for quantitative analysis using the SMART
Digest™ was performed according to the manufacturer's protocol
including a SOLAu HRP solid phase extraction (Thermo Fisher Sci-
entific) [ 17]. The pellet digestion protocol used as a reference protocol
was described elsewhere [18]. A volume of 10 ul from each sample
preparation protocol was injected into the LC—MS/MS system. The
quantitative analysis of higG1A was conducted with a Symbiosis Pro
LC system from Spark Holland (Emmen, The Netherlands) coupled to
an API 6500 linear quadrupole ion trap (QTRAP) mass spectrometer
from AB Sciex (Framingham, MA, USA). Complete LC—MS/MS system
settings for quantitative analysis of hIgG1A are provided in Table S1 of
the supplementary material.

The coverage of the amino acid sequence of higG1A after 1 h
digestion time was 50% for the light chain regardless of the sample
preparation used, whereas the heavy chain was covered with 84
and 76% after classical digestion (reference) and SMART Digest™,
respectively. The four generic peptides used for quantitative anal-
ysis of hIgG1A were generated with both protocols after this time
period along with other generic peptides from the Fc region. Thus,
further investigations for the quantitative analysis with the SMART
Digest™ kit were conducted. The linearity over the anticipated

calibration range (1.00—1000 pg/ml) was similar over 3 days for
three surrogate peptides (GPS, TTP, and VVS) given that the coef-
ficient of determination (R?) was >0.99 (n = 3) regardless of the
sample preparation approach used (see Tables S2 and S3 in sup-
plementary material). Only the FNW peptide resulted in a lower
mean R? value of 0.9898 + 0.0062 with the SMART Digest™. An
example for individual calibration curves for each peptide and
sample preparation approach is provided in the supplementary
material (Figs.51 and S2). In general, similar signal-to-noise (S/N)
ratios for the GPS and TTP peptides were obtained at the LLOQ with
both sample preparation approaches (Table S4). Only the S/N ratios
for the FNW and VVS peptides were significantly higher with the
pellet digestion. The reason for an increased LLOQ for the FNW
peptide was that the deamidated version of this peptide was
significantly increased with the SMART Digest™ (Fig.1A) compared
with the pellet digestion (Fig.1B).

The deamidation process was most likely caused by an increased
digestion temperature (70 vs. 60 °C). Nevertheless, an LLOQ of
1.00 pg/ml (Table S2) was reached with each of the other three
surrogate peptides similar to the pellet digestion (Table S3), indi-
cating that the same overall sensitivity (low pg/ml range) was
achieved in rat serum. Since the predefined acceptance criteria
were fulfilled (Tables S2 and 53), the constructed calibration curve
could serve for routine analysis of hIgG1A in rat serum. This was
also reflected by the inter-day accuracy and precision data obtained
with four QC levels (Table 1).

For three of four investigated surrogate peptides, the absolute
values regarding the inter-day accuracy were better with the SMART
Digest™, ranging from —3.4 to 0.6%, from —6.6 to 2.0%, and from —7.3
to 0.7% for the FNW, GPS, and VVS peptides, respectively. Only the
accuracies for each QC level obtained with the TTP peptide were
lower with the pellet digestion compared with the SMART Digest™,
ranging from —2.2 to 0.3%. The maximum %CV values with the SMART
Digest™ were 11.3, 7.7, 6.5, and 18.7% for FNW, GPS, TTP, and VVS,
respectively, whereas with the pellet digestion the %CV was highest
with 9.9, 5.4, 7.2, and 14.5% for FNW, GPS, TTP, and VVS, respectively.
Since the intra-day accuracy and precision data (Tables 55 and 56)
fulfilled the acceptance criteria on each of the 3 days, no concentra-
tion dependency was observed in the presence of different blank
matrix batches. Thus, the matrix did not impact the quantification, for
instance, causing overestimation due to matrix effects. Moreover,
each surrogate peptide determined the higG1 concentration in rat
serum consistently over the anticipated concentration range.
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Fig.1. Chromatograms of the FNW peptide showing the non-deamidated peptide at
3.35 min and the deamidated version at 3.44 min after SMART Digest™ (A) and the pellet
digestion (B).
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Table 1

Inter-day accuracy and precision of quality control samples using SMART Digest™ and pellet digestion of four different generic peptides in rat serum.

Peptide QC nominal concentration (pgfml) in rat serum
750 450 15.0 3.00
Inter-day accuracy and precision (n = 9)
FNW Mean concentration (ug/ml) 755 (732) 446 (440) 14.5(15.6) —(3.03%)
Inter-day accuracy (% bias) 0.6(-2.4) —09(-2.1) —3.4(4.3) — (0.9
Inter-day precision (% CV) 4.6 (8.5) 5.1(6.6) 11.3(9.9) —(7.39)
GPS Mean concentration (pg/ml) 757 (785) 441 (463) 14.0(13.8) 3.06 (2.75)
Inter-day accuracy (% bias) 0.9(46) —-2.0(2.9) —6.6 (-7.7) 20(-83)
Inter-day precision (% CV) 7.7 (5.2) 6.4(5.1) 6.9 (5.4) 6.1(4.7)
TTP Mean concentration (ug/ml) 736 (752) 456 (451) 13.9(14.7) 2,77 (2.95)
Inter-day accuracy (% bias) ~1.9(0.3) 1.3(0.2) -7.1(-22) ~76(-1.6)
Inter-day precision (% CV) 45(72) 4.0(64) 6.5(5.7) 39(6.7)
VS Mean concentration (ug/ml) 744 (768) 453 (467) 14.7 (14.1) 2.78 (3.00)
Inter-day accuracy (% bias) ~0.8(24) 0.7 (3.8) ~2.0(-6.1) ~73(-0.1)
Inter-day precision (% CV) 4.3(9.0) 6.7 (8.0) 18.7 (9.4) 13.0 (14.5)

Note. Pellet digestion values are reported in parentheses.

% n = 6; QC replicates on day 1 were below limit of quantification (1.00 pg/ml) and were excluded from calculations (see also Table 56 of supplementary material).

In conclusion, the same quality of data was obtained with both
sample preparation approaches regardless of the surrogate peptide
selected. More important, because no denaturation, reduction, or
alkylation step was incorporated into the SMART Digest™, a signifi-
cantly decreased sample preparation time was obtained (2 vs. 6 h),
increasing sample throughput further with equivalent MS detection
efficiency. Thus, the SMART Digest™ kit can be incorporated as an
alternative sample preparation approach compared with pellet
digestion, for instance, during dose—range finding studies or phar-
macokinetic profiling where a concentration—time profile is acquired.
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2.3 Generic tip-based IC-LC-MS/MS method for sensitive bottom-

up hlgG1l quantification in cynomolgus monkey serum

2.3.1 Analytical context

The majority of direct serum digestion approaches, regardless of the involvement of digestion kits,
offer sufficient sensitivity (i.e. high ng/mL to low pg/mL range) for most pre-clinical PK studies. Yet,
assays with enhanced sensitivity (i.e. low ng/mL range) are demanded for the quantification of (i)
highly potent mAb-related therapeutic proteins requiring low dosing regimen,?®*** (i) mAbs

392-397

administrated by alternative routes (i.e. pulmonary, intravitreal, or subcutaneous), or (iii)

biotherapeutics in tissue samples exhibiting lower concentrations compared to the corresponding

one in the systemic circulation.?*>3%®

In such cases, the demanded sensitivity cannot be achieved
regularly using direct serum digestion approaches. On the one hand, this is attributed to the low
proportion of mAb-related therapeutic protein (=0.01%) compared to the total endogenous serum
protein content whose concentration range spans over 10 orders of magni'[ude.?’gg'401 On the other
hand, proteolytic peptides of endogenous origin create a tremendous background noise, causing
ion suppression and interferences with the selected SRM transition(s) of the mAb-related
therapeutic protein’s surrogate peptide(s). Moreover, the proteolytic digestion of the whole serum

is further constrained due to the presence of highly abundant endogenous protease inhibitors.**

Several analytical platforms including two or three-dimensional chromatography,*****® QTRAPs
410413 ion mobility,***'” or HRMS (Part 3) have the

potential to improve the assay selectivity and hence sensitivity (S/N ratio) in highly complex

operating in MS-cubed (MSs) acquisition mode,

samples. Additionally, nano and micro-flow applications extend the amount of ions detected as a

result of an enhanced peak concentration and improved efficiency of analyte ionization in the MS

source.*®*? Although low-flow applications exhibit beneficial features such as decreased sample

volume consumption and increased sensitivity, their broad application in regulated bioanalysis is
still hampered due to frequent system maintenance caused by clogging, extended analytical run

times, poor analytical reproducibility/robustness (particularly with nano-flow applications), and

200,201,265,421

limited loading capacity. In order to address the latter issue, approaches based on

trapping columns with wider internal diameter compared to the analytical column have been
422-425

frequently applied. However, direct serum digestion approaches are incompatible with most

low-flow applications and require additional sample clean-up."'za"428

Depletion of highly abundant endogenous proteins (e.g. albumin) or (partial) protein precipitation
using salts, organic solvents, acids, or reducing agents represent a simple option for sample

clean-up in order to increase the relative concentration of the mAb-related therapeutic protein prior

248,429-431

its proteolytic digestion. In contrast, high sample costs, tedious handling, limitations for

automation, or significant losses of the target mAb due to co-precipitation represent disadvantages
of such approaches. Alternatively, double pellet digestion®*® or 2D-SPE approaches®****

(e.g. 1* dimension reversed-phase, 2" dimension ion exchange) serve as cost-effective sample
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clean-up procedures although the latter is mainly limited to therapeutic proteins with low molecular

weight. Another antibody-free enrichment, suitable for histidine-rich or phosphorylated therapeutic

208,433,434

protein quantification, is based on metal-ion affinity. In addition to the clean-up strategies

mentioned before, peptide-level (SISCAPA) or protein-level IC using either generic (e.g. protein
A/G, anti-kappa or lambda L chain, anti-higG Fc) or specific capture antibodies (e.g. anti-idiotype
or pharmacological target) have evolved as frequently applied enrichment methodologies for MS-
based mAb-related therapeutic protein quantification. Besides a single enrichment step at the

protein or peptide-level, sequential protein and peptide-level-based IC protocols were reported,

435,436

achieving sensitivities in the pg/mL range. Several IC-based protocols have been established

due to the versatility of available capture antibodies and platforms. Such protocols include

437-439 440

magnetic beads varying in size and surface material, ELISA plate-based formats,

444-446

or tip-
based IC platforms such as the PhyNexus,***** Agilent's Bravo, and Thermo Fisher
Scientific’'s mass spectrometric immunoassay disposable automated research tips (MSIA

D.A.R.T.’S), allowing a fully automated high-throughput sample preparation.*’***

2.3.2 Objectives

This project aimed to decrease the LLOQ of the generic LC-MS/MS method for bottom-up higG1
quantification in pre-clinical species by implementing a tip-based IC format for sample preparation.
Moreover, critical parameters of the tip-based IC format for higG1l extraction from cynomolgus
monkey serum were identified and optimized. Prior to its application to pre-clinical study samples,
the developed tip-based IC-LC-MS/MS assay was validated in accordance to US FDA and EMA

guidances.

2.3.3 Results

2.3.3.1 Sample preparation workflow

For the present investigation, a fully automated Versette liquid handler (MSIA D.A.R.T.S
technology) was used as tip-based IC format, allowing parallel processing of 96 samples. A
detailed scheme of the developed generic tip-based IC-LC-MS/MS method is illustrated in
Figure 2.11. Each tip contains tiny micro-channels, which are coated either with protein A, protein
G, protein A/G, streptavidin, insulin, or a customized capture antibody. For the intended purpose,
streptavidin-coated tips were selected, providing the possibility to load a broad variety of specific
biotinylated capture antibodies onto the tips. A generic biotinylated mouse anti-higG Fc capture
antibody (b-mAbgaeue) Was employed due to its universal capability to extract any kind of mAb-
related therapeutic protein bearing the Fc region from pre-clinical serum samples regardless of its
higG isotype subclass. Additionally, dilution of the serum sample with phosphate buffered saline

(PBS) prior to higG1 extraction was important to reduce the sample viscosity and prevent micro-
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Tryptic digestion (5 L, 20.0 pg/mL, 1 h, 60 °C)
Termination of digestion (5 pL, 10% TFA in H,0)
LC-MS/MS analysis (20 pL injected)

Figure 2.11 Detailed workflow of developed generic tip-based IC-LC-MS/MS method for bottom-up higG1

guantification in cynomolgus monkey serum. Adapted from Thermo Fisher Scientific Application Note.**?

column clogging. Unbound serum proteins were removed from the tips by four washing steps prior
to higG1 elution by acid dissociation. In order to allow the proceeding with a conventional in-
solution digestion protocol including reduction, alkylation, and tryptic digestion, the sample was
neutralized and the ISTD was introduced. Unlike previous protocols described in this thesis, a
structural analog peptide was used instead of the [13C]-hlgel to maximize hlgG1l extraction from
cynomolgus monkey serum and avoid binding competition. Of note, later-stage projects revealed
that the initially expected binding competition was not a major concern and that [**C]-higG1
introduction prior to higG1 extraction is the best option (section 3.2.3.1). The single conservative
amino acid replacement (SCAR) approach was utilized for the analog peptide
(TTPPVLDSDGSFFLVSK), differing by one single amino acid compared to the selected surrogate
peptide (TTPPVLDSDGSFFLYSK). However, only variations induced during LC-MS/MS analysis
or peptide stability could be corrected with such analog peptide-based ISTD whereas protein

losses during IC or variability introduced upon hlgG1 digestion could not be compensated.

2.3.3.2 Monitoring of biotin incorporation by middle-up HRMS analysis

In contrast to colorimetric assays provided with certain biotinylation kits (e.g. 4'-
hydroxyazobenzene-2-carboxylic acid assay), top-down or middle-up HRMS analyses represent
more straightforward and accurate analytical approaches to validate biotin incorporation with an
expected mass shift of 244 Da per biotin. In the present analysis up to three or six biotin residues
were conjugated to the L and H chain, respectively, as indicated by a mass shift of 226 Da (after

the loss of water) in Figure 2.12. Similar to the average DAR calculation using middle-up
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453

approaches, ™" the average biotin-to-antibody ratio was determined (n=3). The L and H chain was

conjugated with 0.87+£0.05 and 3.58+0.24 biotin residues, respectively, suggesting a total number

of 8-9 biotin molecules attached to each anti-hlgG Fc capture antibody.
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Figure 2.12 Determination of biotin incorporation. Deconvoluted MS spectrum of (a) L chain of non-
biotinylated mouse anti-higG Fc capture antibody (mAbcapwre), (0) L chain of biotinylated mADcapture
(b-mADbcapture), (€) H chain of mADbcapure, and (d) H chain of b-mAbcapwre. The average biotin-to-antibody ratio

(BAR) indicated in total 8-9 biotin residues attached per b-mAbcapture.

2.3.3.3 Identification and optimization of critical parameters for tip-based IC

Amount of biotinylated capture antibody loaded onto tips

The loading of the b-mAbcwure (antigen) onto the streptavidin-coated tips, which was governed by
the size of the antigen and potential steric hindrance, was identified as first critical parameter for
tip-based IC formats (Figure 2.13, left panel). The amount of immobilized streptavidin was fixed
with 4.00 pg per tip. Since streptavidin has four potential binding sites for biotin, a maximum of
16.0 ug biotinylated antigen can be theoretically loaded onto the tips, assuming an equivalent size

of the antigen compared to streptavidin.“‘r""455

However, the molecular weight of the b-mADb¢apwre
(149 kDa) was more than two-fold higher compared to streptavidin (66 kDa), indicating a lower
loading capacity than theoretically expected. The maximum loading capacity for the b-mADbcapiure

was determined to be 5.20 pg (52.0%), whereby a saturation of the tips was indicated by the
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Figure 2.13 Identification and optimization of critical tip-based IC parameters including antigen loading,

amount of aspiration/dispensing (capture) cycles, and higG1 elution. BCA: bicinchoninic acid assay

narrowing gap between bound and unbound b-mADbcpwure With increasing amount of b-mADbcapwre
loaded onto the tips (1.00-10.0 pg). Due to limited quantity of b-mAbcaptre, 5.00 pg of b-mADcapiwre
was selected for antigen loading per tip, which resulted in a capture efficiency of 64.7+7.9% (3.23
Kg, n=5) and was in agreement with the recommendation from the vendor for biotinylated mAb-
related antigens.

Number of aspiration/dispensing cycles

The number of aspiration/dispensing (capture) cycles was identified as second critical parameter.
The number of capture cycles did not only influence the antigen loading onto the tips and higG1
extraction from serum samples, but also governed the time required for sample preparation and
subsequently the method throughput. Increasing the number of capture cycles (i.e. 100, 250, 500,
1000, and 2000 cycles) significantly improved the capture efficiency as indicated by the one-way
analysis of variance using a p-value <0.01 (Figure 2.13, middle panel). However, the most
significant impact on the capture efficiency (p-value <0.001) was obtained when the number of
cycles was increased from 250 to 500 or from 500 to 1000. Although the capture efficiency could
be further increased to 90.8+5.3% by applying 2000 capture cycles compared to 76.1+3.3% using
only 1000 cycles, the time required for sample processing exceeded the desired sample
preparation time including in-solution digestion of one working day (8 h). By applying 1000 capture
cycles for higG1 extraction from PBS solution (25.0 pg/mL), on average 84.5+3.0% of the higG1
were enriched.
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Elution process

The elution process of the immuno-captured higG1l from the tips was identified as the last and

456-458 the elution was conducted at

most critical parameter. Similar to other published applications,
low pH (acid dissociation) to disrupt non-covalent interactions between the b-mAbcpe and the
immuno-captured hlgG1, while the streptavidin-biotin complex remained unaffected due to its

454455 Eor the elution solvent, TFA and ACN were

affinity constant in the femtomolar range.
selected due to their lower acidity (pk, value) and higher elution strength compared to FA and
methanol, respectively. Five different aqueous solutions containing 0.4% TFA with varying
percentages of ACN (0-40%) were investigated (Figure 2.13, right panel). An increase of ACN in
the elution solvent correlated with the higher variability in the MS signal of the surrogate peptide
(3.0-20.8% CV), potentially resulting from an influence of organic solvent on the tryptic

digestion. %%

Consequently, 0.4% TFA in water was selected as elution solvent, which resulted
in the highest MS signal. Alternatively to low pH elution conditions, dissociation of the
b-MmADcapure/N1gG1 complex can be conducted under high pH (e.g. 200 mM sodium hydroxide) or
denaturating conditions (e.g. 8M urea in 50 mM ammonium bicarbonate), which was not

considered for this project due to successful higG1 elution under acidic conditions.?***>°

2.3.3.4 Method validation

The developed tip-based IC-LC-MS/MS method was validated in terms of selectivity, signal
contribution, linearity, carry-over, accuracy, precision, and dilution integrity. With regard to stability
investigations, only the auto-sampler stability of the generated tryptic surrogate peptide was
assessed as any other higG1-related stability such as its stability in serum or during freeze and
thaw cycles were not directly governed by the tip-based IC-LC-MS/MS method and were assessed
previously. The validation outcome, meeting the acceptance criteria from US FDA and EMA

guidances, is summarized in Table 2.7.%°%3%%

Table 2.7 Method validation of generic tip-based IC-LC-MS/MS method for bottom-up higG1 quantification in

cynomolgus monkey serum.

Parameter Outcome

Selectivity: three blank batches (n=3) TTP: £7.4%, ISTD: <0.1%

Contribution of signal TTP to ISTD: 0.1% , ISTD to TTP: 19.0%

Linearity (n=3), y=ax*+bx+c, 1/x weighting 10.0-1000 ng/mL, r*=0.9938+0.0014

Carry-over (blank after ULOQ sample) TTP: 60.2% below LLOQ signal, ISTD: 0.1% of zero sample response
Accuracy (% bias) and precision (% CV) Intra-day (n=3): -6.9 to 19.9% bias, 1.2 to 14.3% CV

QCs at 10.0, 25.0, 400, and 800 ng/mL Inter-day (n=9): -3.1 to 8.9% bias, 7.4 to 10.3% CV

Dilution integrity (50.0 pg/mL, 500-fold, n=5) Mean bias of 12.8% with precision of 7.3% CV

Auto-sampler stability at 10 °C (n=3)* 24 h: 2.1% bias (800 ng/mL), <14.4% CV (25.0 ng/mL)
QCs at 25.0 and 800 ng/mL 72 h: -15.2% bias (25.0 ng/mL), £24.7% CV® (25.0 ng/mL)

& Only maximum values are reported, ® out of acceptance criterion of £20.0%
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2.3.3.5 Application of tip-based IC-LC-MS/MS method to pre-clinical study samples

As a result of insufficient sample volume, a 50-fold sample dilution was mandatory prior to PK
sample analysis, which decreased the hlgG1 concentration in the sample. Thus, especially early
and late sampling time points or samples from the low dosing regimen could no longer be
analyzed by ELISA with a validated LLOQ of 200 ng/mL. Consequently, the highly sensitive tip-
based IC-LC-MS/MS-method was applied to analyze the samples from two individual cynomolgus
monkeys, dosed intravitreally with a hlgGl at 1.00 and 3.00 mg per eye, respectively. The
administrated hlgG1 slowly distributed from the eye into the systemic circulation, representing a
typical serum concentration-time profile for extravascular administration (Figure 2.14).

(e O —#--1.00 mg/eye

—0— 3.00 mg/eye
14.0 2k
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Figure 2.14 Serum concentration-time profiles of a higG1 after intravitreal administration at 1.00 and 3.00 mg
per eye in two individual cynomolgus monkeys. Analysis was conducted using the developed generic tip-
based IC-LC-MS/MS method after 50-fold sample dilution.

2.3.4 Conclusions

The implementation of a generic tip-based IC sample preparation strategy into MS-based

workflows exhibited the following features and benefits:

e Significant extension of the application range of generic LC-MS/MS-based workflows for
bottom-up higG1l quantification in cynomolgus monkey serum samples due to 100-fold

increased sensitivity (validated LLOQ of 10.0 ng/mL) compared to pellet digestion approaches.

e Valuable alternative to the generic magnetic bead-based IC-LC-MS/MS assay (KingFisher™
platform), which demonstrates similar throughput (96-well format) and performance in terms of

selectivity, accuracy, and precision, but exhibits a higher LLOQ of 25.0 ng/mL.242

e Suitable sample preparation strategy for quantitative HRMS analysis of Fc region-containing
mAb-related therapeutic proteins at a higher protein level (chapter 3.2 and 3.3).
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2.3.5 Scientific communications

The work described in this chapter was published and presented on several occasions.

Peer-reviewed scientific article:

Lanshoeft C, Heudi O, Cianférani S, Warren AP, Picard F, Kretz O. Quantitative analysis of higG1
in monkey serum by LC-MS/MS using mass spectrometric immunoassay. Bioanalysis, 2016,
8(10), 1035-1049. Copyright 2016, reprinted with permission from Future Science Ltd.

Poster presentation:

Lanshoeft C, Heudi O, Cianférani S, Niederkofler EE, Chaudhari R, Warren AP, Picard F, Kretz O.
Generic quantitative LC-MS/MS assay for analysis of hlgGl-based therapeutic proteins in
cynomolgus monkey serum using immuno-capture with MSIA D.A.R.T.'S™. 64" Annual
Conference on Mass Spectrometry and Allied Topics of the American Society for Mass
Spectrometry (ASMS), Jun 5-9™ 2016, San Antonio (TX, USA).

Oral presentation:

Quantitative LC-MS/MS analysis of hlgGl-based therapeutic proteins in cynomolgus monkey
serum using immuno-capture with MSIA D.A.R.T."S™. Thermo Fisher Scientific Biopharmaceutical

Characterization Seminar, Mar 2" 2016, Basel (Switzerland).
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Quantitative analysis of higG1 in
monkey serum by LC-MS/MS using mass
spectrometric immunoassay

Aim: A sensitive generic LC-MS/MS method for higG1 quantification in cynomolgus
monkey serum using mass spectrometric immunoassay disposable automation
research tips (MSIA-D.A.RT.’S™) is reported. Results: The hlgG1 was captured
with a biotinylated mouse anti-hlgG antibody (50.0 pg/ml) targeting the fragment
crystallizable (Fc) region. Elution from the streptavidin-coated MSIA-D.A.R.T.'S was
conducted with 0.4% trifluoroacetic acid in water. The method was selective and
linear from 10.0 to 1000 ng/ml using 100 pl of serum. The method was evaluated
regarding accuracy, precision, carry-over, dilution, auto-sampler stability and applied
for the determination of hlgG1 concentration in monkey serum after intravitreal
administration. Conclusion: The present assay is suitable for quantitative analysis of
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hlgG1-based therapeutic proteins in monkey serum at low levels.
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Therapeutic proteins including monoclonal
antibodies (mAbs) are nowadays included
in the portfolio of almost all pharmaceurical
companies. Bioanalytical assays have gener-
ally been based on ligand-binding assays
(LBAs) such as the ELISA performed either
in a 96-well plate format or in an automared
fashion using the Gyrolab™ platform [12].
Even though LBAs offer high sensitivity and
throughpur at low investment costs, the limi-
tations associated with LBAs are restricted
dynamic range, occasional nonspecific bind-
ing and most significantly limitations on
assay specificity imposed by the lack of suit-
able capture antibodies. As a consequence,
MS based analytical assays have emerged
during recent years as a complementary tech-
nology to LBAs due to the high degree of
specificity, dynamic range, ease in operation
and relatively short method development
times [3-5]. The majority of MS assays used
for quantitative analysis of proteins are based

on LC-MS/MS. This technology has been
applied to a variety of therapeutic proteins
such as smaller peptides/proteins (6.7] as well
as on macromolecules such as mAbs [5-11)
or antibody—drug conjugates (ADCs) [12.13].
Due to the size of therapeutic proteins and
the limited mass range of triple quadrupole
(QqQ) mass analyzers operating in selected
reaction monitoring (SRM) mode, a pro-
teolytic enzyme (typically trypsin) has to be
incorporated in the sample preparation in
order to reduce the target protein to more
workable peptide fragments. One potential
disadvantage of the proteolytic approach is
that the digestion generates a complex matrix
with a large number of potential endogenous
compounds that can impact the assay selec-
tivity and sensitivity [(14). Recent improve-
ments in high resolution MS (HRMS) [15-17],
hybrid MS-instruments such as quadrupole
ion traps (QTRAP) operating in cubic SRM
(MS®) acquisition mode [1819] or multi-
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dimensional chromatography [2021] have allowed the
achievement of enhanced selectivity for the quanti-
fication of proteins in biological fluids. Despite the
method selectivity improvement especially with the
use of accurate mass, the sensitivity still remains in the
low microgram per milliliter level [22.23]. Consequently,
an appropriate sample cleanup is highly desirable to
reduce the sample complexity in order to improve the
sensitivity of developed LC-MS/MS methods. Immu-
nocapture in combination with LC-MS/MS analysis
has been commonly used to increase the method sen-
sitivity to low nanogram per milliliter levels for some
given proteins [2425]. Immunocapture can either be
performed on protein level with appropriate capture
antibodies (e.g., Protein A or G) or on peptide level
using stable isotope standards and capture by anti-
peptide antibodies (SISCAPA) [26:27]. However, only a
minority of assays is described in recent literature com-
bining immunocapture on both levels [28.29]. Moreover,
analytical methods based on immunocapture can be
performed with different materials or platforms, for
example, several authors have used magnetic beads to
extract low-abundant target proteins from plasma or
serum [30-32]. The magnetic particles exist in various
sizes and are suitable for automation enabling high-
throughput (33]. In another study, ELISA plates coated
with streptavidin were used to enrich samples with the
protein of interest in order to achieve a low nanogram
per milliliter limits of quantification [34]. More recently
the mass spectrometric immunoassay with dispos-
able automation research tips (MSIA-D.A.R.T’S™)
platform was applied for the quantitative analysis of
bovine somatropin in serum at low nanogram per mil-
liliter levels [35]. The MSIA-D.A.R.TS technology was
further applied to the analysis of cytokines [36] or hor-
mones such as insulin variants in human serum [37].
Additionally, this technology was used for the screen-
ing of clinical relevant proteins [38] and for the deter-
mination of the proteomic signature of serum albumin
bound proteins from stroke patients [39]. Multiplexing
capabilities [40] and the interlaboratory reproducibility
of this technology during quantitative analysis of a
prostate-specific antigen was also reported [41). To date,
published work using the MSIA-D.A.R.T’S technol-
ogy has been limited to low- and medium-sized molec-
ular weight proteins to the best of our knowledge. In
this respect, the present work assesses the suitability
of MSIA-D.A.R.T’S on a Versette™ automated liquid
handler in order to decrease the LLOQ for the quan-
titative analysis of a hlgGl-based therapeutic protein
currently under development by a generic LC-MS/
MS assay to support preclinical studies. The immu-
nocapture was performed on intact protein level with
an anti-hIgG capture antibody recognizing the frag-

ment crystallizable (Fc) region of hlgG whereas quan-
tification was achieved on peptide level after tryptic
digestion using a generic surrogate peptide from the
Fc part of the hIgGl-based therapeutic protein. Once
the method was developed, the assay performance
was evaluated regarding linearity, accuracy, precision,
dilution, carry-over and auto-sampler stability. Finally
the MSIA-D.A.RT’S platform was applied to phar-
macokinetic (PK) samples from two individual cyno-
molgus monkeys previously dosed with the hlgGl
intravitreally (iv.t).

Materials & methods

Chemicals & reagents

The recombinant hlgGl-based therapeutic protein and
the mouse monoclonal anti-hIgG antibody (mAbmpmr)
were both synthesized at Novartis Pharma AG (Basel,
Switzerland). The generic surrogate peptide TTP-
PVLDSDGSFFLYSK and the analog peptide TTP-
PVLDSDGSFFLVSK differing by one single amino
acid (underlined) used as internal standard (ISTD)
were produced by Thermo Fisher Scientific (Ulm,
Germany) and Bachem AG (Budendorf, Switzerland),
respectively. Phosphate-buffered saline (PBS; 10x; 100
mM phosphate, 154 mM sodium chloride, pH 7.4),
ammonium bicarbonate (ABC), DL-Dithiothreitol
(DTT), iodoacetamide (TAA), acetic acid, trifluoro-
acetic acid (TFA), water and acetonitrile (ACN) were
purchased from Sigma-Aldrich (Buchs, Switzerland).
Formic acid (FA) and sequencing grade modified tryp-
sin were provided by Merck (Darmstadt, Germany)
and Promega (Madison, WI, USA), respectively. All
reagents (high analytical grade, 299% purity) and MS
grade solvents were used without any further purifica-
tion. The micro-BCA™ protein assay kit, EZ-Link™
Sulfo-NHS-Biotinylation kit and the streptavidin-
coated MSIA-D.A.RT’S were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). Leucine
enkephalin and sodium iodide solutions were delivered
from Waters (Milford, MA, USA). Blank batches of
cynomolgus monkey serum intended for the prepara-
tion of calibration standards (Cs) and quality control
(QC) samples were obtained from Fisher Clinical
Services (Allschwil, Switzerland).

Cs & QCsamples

Eight Cs concentrations at 10.0 (LLOQ), 50.0, 75.0,
100, 250, 500, 750 and 1000 ng/ml (upper limit of
quantification, ULOQ) were prepared by spiking
working solutions after serial dilution of hlgGl stock
solution (20.0 mg/ml) in 1x PBS into blank cynomol-
gus monkey serum (working solution/matrix, 3/97,
v/v). Four QC levels at 10.0, 25.0, 400 and 800 ng/ml
were prepared similar to the Cs samples.
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PK study samples from cynomolgus monkey
Two individual male cynomolgus monkeys were
administrated 1.00 and 3.00 mg/eye of hIgGl solu-
tion (50 pl) on the first day of the study by intravit-
real injection into both eyes. Approximately 3.0 ml of
blood was collected from the animals at predose, 4,
24, 48, 96, 168 and 336 h postdose. After centrifuga-
tion, serum aliquots (500 pl) were stored <-70°C prior
to analysis. The preclinical study was conducted in
compliance with the Guide for the Care and Use of
Laboratory Animals, the Office of Laboratory Animal
Welfare, the Animal Welfare Act and in accordance
with the Novartis Animal Care and Use Committee.

Biotinylation of mAb__. & monitoring of
biotin incorporation by LC-HRMS

The biotinylation of the mAb_ — was performed
with the EZ-Link™ Sulfo-NHS-Biotinylation kit
according to the manufacturer’s protocol (20-fold
molar excess of biotin). For the determination of bio-
tin incorporation, a volume of 10 pl of nonbiotinyl-
ated or biotinylated antigen was mixed with 10 pl of
100 mM DTT in water and incubated at 60°C for 1 h.
The reduced nonbiotinylated mAb

biotinylated mAbmme (b—mAb”Pw) was analyzed
with an ACQUITY UPLC H-Class system coupled to
a Xevo G2-S high-resolution mass spectrometer from
Waters to monitor the biotin incorporation (resolu-
tion 210,000 at full-width at half maximum for leu-
cine enkephalin at m/z 556.2766 and mass accuracy
<1 ppm with sodium iodide). A complete description
of the LC-HRMS parameters can be extracted from
the Supplementary Information.

and resultant

capture

Enrichment of b-mAb__
MSIA-D.A.RT.'S

Initially, the MSIA-D.A.RTS were prewashed with
175 pl of 1x PBS solution (15 cycles). A volume of
100 pl of b—mAb“mm solution at 50.0 pg/ml was
drawn through the strepravidin-coated tips for enrich-
ment (1000 cycles). Afterward, a wash step using 1x
PBS (175 pl) was incorporated to remove unbound
|3—mA|3Nmrr (15 cycles). The degree of b'mAbupm,
enrichment was determined with the micro-BCA™
protein assay prior to and after enrichment following
the manufacturer’s instructions. The colorimetric read-
out was performed with a SpectraMax 340 UV spec-
trophotometer controlled by SoftMax® Pro (version
5.4.1) from Molecular Devices (Sunnyvale, CA, USA).

on streptavidin

Affinity purification of higG1 from cynomolgus
serum

A volume of 100 pl from serum samples was loaded
into a 500 pl Protein LoBind 96-well plate from

Eppendorf (Hamburg, Germany) and was diluted
with the same volume of 1x PBS buffer prior to immu-
nocapture. Then, the MSIA-D.ART’S were pre-
rinsed with a volume of 175 pl 1x PBS (15 cycles).
The hIgG1 enrichment was performed by repeatedly
aspirating and dispensing 175 pl of diluted serum
sample through the microcolumn previously immo-
bilized with b-mAb__ (1000 cycles). Subsequently,
the tips were sequentially rinsed twice with 175 pl 1x
PBS from another microplates followed by two-times
with 175 pl of water from two additional 96-well plates
in order to remove unbound hIgGl (15 cycles each).
The immuno-enriched protein was then eluted into a
clean 500 pl Protein LoBind 96-well plate by drawing
and expelling 50 pl 0.4% TFA in water through the
MSIA-D.A.RT.S (200 cycles).

Neutralization, reduction, alkylation & tryptic
digestion

After elution, the samples were neutralized with 75 pl of
100 mM ABC in water containing the ISTD at a con-
centration of 10.0 ng/ml and the samples were shortly
mixed on a Thermomixer. For blank samples, 75 pl of
100 mM ABC in water was used instead. Reduction
of the protein’s disulfide bonds was achieved by add-
ing 5 pl of 50.0 mM DTT dissolved in 100 mM ABC
in water. The plate was shaken for 30 min at 60°C.
Afterward, 5 ul of 100 mM TAA prepared in 100 mM
ABC in water was pipetted to the samples and the plate
was agitated gently for 30 min at room temperature
protected from light. Tryptic digestion was initiated by
adding 5 pl of trypsin solution (20.0 pg/ml in 50 mM
acetic acid) to each well. After incubation for 1 h at
60°C, the digestion was quenched with 5 pl of 10%
TFA in water. The samples were vortexed shortly and
centrifuged for 5 min at 10°C and 900 x g prior to
LC-MS/MS analysis.

Quantification of higG1 by LC-MS/MS

The quantitative analysis of hlgGl was conducted
with a Symbiosis Pro LC system (Spark Holland B.V,
Emmen, The Netherlands) equipped with a Reliance
unit and a Mistral column oven maintained at 50°C.
Tryptic peptides were separated on an Ascentis Express
C, 50x 2.1 mm, 2.7 um column from Supelco (Belle-
fonte, PA, USA) at a flow rate of 500 pl/min. Acidified
water and ACN (0.1% FA each) were used as mobile
phase A and B respectively with an optimized binary
elution gradient. After chromatographic separation,
the peptides were analyzed with an API 6500 linear
QTRAP mass spectrometer from AB Sciex (Framing-
ham, MA, USA) using positive electrospray ioniza-
tion (ESI+) and the SRM acquisition mode. Complete
LC-MS/MS system settings for quantitative analysis
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of hlgG1 are provided in the Supplementary Table 1.
The LC-MS/MS system was controlled by Analyst 1.6
(AB Sciex).

Evaluation of analytical assay performance

The performance of the developed assay was evalu-
ated in accordance to internal Novartis standard
operation procedures which are based on the guide-
lines either from the EMA [42), the US FDA [43] or the
white paper currently published for protein analysis by

LC-MS/MS [44].

Selectivity

The mean peak area (n = 3) of the SRM transition in
three different batches of blank cynomolgus monkey
serum at the retention time of the surrogate pepride
and the ISTD relative to the signal at the LLOQ was
used to assess the selectivity of the analytical method.
Any potential contribution of the ISTD to the surro-
gate peptide was determined by comparing the analyti-
cal response of the surrogate peptide in a blank sample
spiked only with the ISTD (zero sample) relative to its
response at the LLOQ. In order to investigate a poten-
tial contribution of the surrogate peptide to the ISTD,
the mean peak area for the ISTD in a sample spiked
only with hlgG1 at the ULOQ concentration without
any ISTD was compared with the mean ISTD response
obtained in the zero samples. The analytical response
for the surrogate peptide should be five-times lower
than the LLOQ signal and <5% for the ISTD signal at
the working concentration to meet acceptance.

Linearity & sensitivity

The hIgG1 serum concentrations were back-calculated
with an eight point calibration curve (duplicate on
each day) using a weighted (1/x) quadratic regression
model in the form of y= ax” + bx + ¢ where y was the
peak area ratio between the response of the surrogate
peptide over the ISTD and x represented the nominal
hIgG1 concentration in the Cs samples. At least 75%
of the Cs samples with one replicate per concentration
level should be within £20% (£25% at the LLOQ and
ULOQ) of the nominal hlgGl concentration in order
to meet acceptance. The lowest concentration fulfill-
ing the acceprance criteria of +25% and <25% regard-
ing accuracy and precision was set as the LLOQ.

Carry-over

Directly after the ULOQ sample at 1000 ng/ml, a series
of blank samples was injected in one run to assess the
carry-over. The extent of carry-over should be <£20%
of the response of the tryptic surrogate peptide relative
to the LLOQ response and <5% for the ISTD signal
relative to the working concentration.

Accuracy & precision

The error in percentage (% bias) from the nominal QC
concentration on four levels (LLOQ, 2-3 x LLOQ, mid
and high) was used to evaluate the accuracy of the ana-
lytical method whereas the precision of the assay was
determined by the percentage of the coefficient of varia-
tion (CV). The intraday accuracy and precision were
determined on each day for each QC level in triplicate
whereas the interday data were generated over three dif-
ferent days with in total nine replicates. A mean bias
within +20% (£25% at the LLOQ) of the nominal val-
ues and a precision of £20% (£25% at the LLOQ) were
set as acceptance criteria.

Dilution

One additional QC sample at 50.0 pg/ml was prepared
and diluted with blank cynomolgus monkey serum.
Two dilution factors (100- and 500-fold) were evaluated
in replicates of five. The accuracy of the mean back-cal-
culated concentration with the dilution factor incorpo-
rated should be within +20% and the precision <20%.
In addition, at least 60% of the replicates should meet
the acceptance on individual level.

Auto-sampler stability

Two QC levels atr 25.0 and 800 ng/ml were used to
assess the stability of trypric peptides on the auto-sam-
pler (10°C) for 24 and 72 h. The stability was deemed
acceptable if the deviation from the nominal concentra-
tion was +20% with a precision <20%. As the stability
of the hIgG1 lyophilizate, its stock solution after recon-
stitution and the protein’s stability at room temperature
after spiking in serum were evaluated previously, these
investigations were not included in this work.

Results & discussion

Biotin incorporation

The determination of the biotin incorporation into
the mAb_was the first step to be monitored during
targeted-MS immunoassay development. The nonbioti-
nylated version of the mAb__light chain exhibited a
molecular weight of 23,569 Da (Figure 1A). After bioti-
nylation, additional peaks with a mass shift of 226 Da
appeared on the light chain of the mAb_ after MS
spectra deconvolution (Figure 1B). This mass shift was
an indication for the incorporation of biotin (244 Da)
on amino acids with primary amines such as lysine after
the loss of water. Based on the peak height, 38.8% of
the light chain was nonbiotinylated, whereas 42.0, 16.2
and 3.0% carried either one, two or three biotin moi-
eties, respectively. On the other hand, the heavy chain
with a molecular weight of 49,998 Da and its glyco-
form at 50,160 Da (Figure 1C) carried after biotinylation
between one and six biotin molecules (Figure 1D). As

1038

Bioanalysis (2016) 8(10)

future science group WS



Generic tip-based IC approach | 91

Quantification of higG1 in monkey serum by LC-MS/MS using MSIA-D.A.RT’S Research Article

1ad unoig -8 |210} Ul paje|ndjed (Yyg) ones Apogiue-uijoiq ayl -
1o ureyd b (g) Am:_ac

(eq) ssen

aimdes

005'kS 052’45 000'L5 05205 005'05 05205 000'05 0SL'6F 00561

0S¥'0S
%8Cl
‘g
8cL 1S o=
%G| L9'e=4dva
‘g
| L119'08
2c06'0S oppge
%892 ‘g
g
(ep) ssep

005°15 0SZ'LS 000°15 0SL'05 00505 05205 000'05 05L'6%

091'0S

866'6%

00561

qvw-q jo utey> Areay () pue
qvw) Apogiiue ainides pajejAuizoiquou jo uieyd 1ybi| () 4o wniydads s|N PalN|oAueI3( "uoljeiodiodul ujolq 4O uoneuIwIalaq ‘| 24nbiy

000'001

[F5es

529

a9z

98k

909

908

481

(s3unoa) Aysuayuy

(sjunoo) Aysuayu

j2indes

00F'¥Z OQ0E'PE ODZ'¥Z O0M'¥C O000'FE O0B'EE O0S'EE 00L'EZ OOY'ET

8rz've
u\umc.n
g
z20've
Am\emN.m_.
a
£8°0=Hve

qvuw jo uteyd Areay (3) (

aimdes

(eq) ssem

eq 922
SSew ¢
695'€2
S6L'E2 %8'8E
%0°2Y o1
2]
(ep) sseny

qvu-q

v aimdes

00S'6Z OOF'EZ DOE'ET

Lainides

qvw

qyw pajejfunoiq

00z'ee

98

131

00v'¥2 OOE'VE O002'WE O00M'¥WEZ O000'YZ OO06'EZ O0B'EZ OOL'EE O009'€Z 00S'EZ OOF'EE QOE'EEZ 002'€E

....-___ 'L

695'€2

i85

88l

[—885°L

88

[-eese

[—88E

(s1unoo) Aysuayu)

=
g
.
3
=
E
g

1039

www.future-science.com

o}
=]
o
)
©
o]
c
Y
7
p
2
=




92 | Part 2 - Generic LC-MS/MS methods

Research Article Lanshoeft, Heudi, Cianférani, Warren, Picard & Kretz

the sample was not deglycosylated with PNGaseF prior
to LC-HRMS analysis, additional peaks between the
individual biotin species appeared in the deconvoluted
MS spectrum of the HC corresponding to the glyco-
form of each individual biotin specie. Similar to the
drug—antibody ratio (DAR) [45.4¢], the biotin—antibody
ratio (BAR) was calculated. The mean BAR (n = 3) on
the light and heavy chain was 0.87 + 0.05 and 3.58 +
0.24 respectively indicating that in total 8-9 biotin
entities were incorporated in the mAb

capture’

Optimization of b-mAb__ loaded on
streptavidin MSIA-D.A.R.T.S

The MSIA-DAA.RT’S  contained  approximately
4.00 pg of streptavidin per tip. As streptavidin has four
potential biotin-binding sites, in theory, the maximum
loading capacity was 16.0 pg of biotinylated capture
antibody. However, this assumption is only true when
the molecular weight of streptavidin and the biotinyl-
ated capture antibody is similar. Consequently, the
size of capture antibody plays an important role dur-
ing the loading process due to steric hindrance. Thus,
four different amounts of b-mAb__  ranging from
1.00 to 10.0 pg were investigated in replicates of five
to optimize the loading of b-mAb__on the streptav-
idin-coated tips. As depicted in Figure 2A, the percent-
age of unbound b-mAb,, . was increasing with larger
amounts of b-mAb___loaded on the tip. However,
the capture efficiency expressed in percent was decreas-
ing with increasing amount of loaded b-mAb__ .
Nonetheless, the absolute amount of capture antibody
was important: even though 0.87 g of bound protein
resulted in a high capture efficiency of approximartely
90% when 1.00 pg was loaded, the maximum level
of loading capacity of the MSIA-D.A.RT’S was not
reached since up to 5.20 pg of biotinylated protein
could be captured being equal to 52.0% of capture effi-
ciency when in total 10.0 pg b-mAb__were loaded.
It was assumed that a saturation on the streptavidin
MSIA-D.A.RT’S was reached beyond this level as the
gap berween bound and unbound protein narrowed
with increasing amount of loaded b-mAb_ . For our
assay, an amount of 5.00 pg of b-mAb_  was selected
exhibiting a capture efficiency of 64.6%. The resultant
amount of capture antibody loaded on the tip was in
agreement with the recommendations from the vendor
for IgG1-based capture antibodies. In a second step, the
amount of capture cycles using 5.00 pg of b-mAb__
was assessed (n = 3). For each level of capture cycles, a
significant increase with a p-value <0.01 (*) was deter-
mined by the stepwise comparison using a one-way
analysis of variance (Figure 2B). The most significant
impact of the amount of capture cycles on the cap-
ture efficiency with a p-value <0.001 (**) was obtained

between 250 and 500 as well as 500 and 1000 cycles.
Although the efficiency could further be increased from
76.1 to 90.8% when the capture cycles were increased
from 1000 to 2000, the time required for capture of the
antibody was also taken into account when a sample
preparation within one working day was targeted. Thus,
1000 capture cycles were selected which took approxi-
mately 75 min for b-mAb___enrichment on the tips
including all rinse/wash steps.

Immuno-enrichment & elution optimization of
hlgG1

In average, 84.5% (n = 12) of hlgG1 at 25.0 pg/ml were
extracted out of 1x PBS solution with the b-mAb__
under the selected conditions. Investigations directly in
serum were not conducted due to the high protein con-
tent in serum exceeding the quantification range of the
BCA assay. Nevertheless, we felt confident to extract the
hlgG1 out of cynomolgus monkey serum. As last and
most critical parameter of the MSIA-D.A.R.T’S-based
assay, the elution of protein had to be assessed. Acid dis-
sociation of the antibody—antigen complex was selected
and five different aqueous solutions were monitored
containing 0.4% TFA with varying ratios of organic sol-
vent (0-40%) to stabilize the hIgG1l. TFA was selected
over FA due to its lower acidity (pk ) value and ACN
was sclected as organic solvent due to the higher elu-
tion strength compared with MeOH. The higher the
ratio of organic solvent, the higher the variability (up to
20.8% CV) in the MS signal of the surrogate peptide
after tryptic digestion of the eluted hlgGl (Figure 3).
The highest signal with the lowest variation of 3.0%
was obtained with 0.4% TFA in water being selected
as elution solvent. The enrichment and elution proce-
dure of hIgG1 took additional 2.5 h. In total, the whole
immuno-enrichment took 3.75 h when the previous
b-mAb_ capture step was also taken into account.
Evaluation of analytical assay performance
Selectivity

The MS responses of the SRM rtransition of the sur-
rogate peptide and the ISTD did not reveal any endog-
enous interference in blank cynomolgus monkey serum
(Figure 4A). The interferences in three different barches
of blank monkey serum found for the surrogate peptide
and its ISTD ranged from 0.4 to 7.4% and from 0.0
to 0.1%, respectively meeting the acceptance criterion
of <20% and <5% (Supplementary Table 2). In addi-
tion, no significant interference between the surrogate
peptide and the ISTD was observed (Figure 4B), as the
mean contribution of the surrogate peptide to the ISTD
was only 0.1% (Supplementary Table 3). However, the
contribution of the ISTD to the peptide was on the
upper limit with 19.0% relative to the LLOQ signal
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Figure 2. Enrichment of biotinylated capture antibody (b-mAb(mm) on streptavidin tips. Optimization of

(A) amount of b-mAb___, _loaded on the tips (n = 5) and (B) amount of aspirating and dispensing cycles using
5.00 ng of b-mAb (n=3).

capture

*p < 0.01; **p < 0.001.
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Figure 3. Optimization of elution process from the tips. Several ACN ratios (0-40%) were screened for the elution
of enriched higG1 from the tips using acid dissociation with 0.4% TFA. The elution optimization of the protein was
performed by comparing the mass spectrometric response of the surrogate peptide after tryptic digestion.

ACN: Acetonitrile; TFA: Trifluoroacetic acid.

(Figure 4C) to meet acceptance (Supplementary Table 3).
Nevertheless, no impact on the LLOQ signal due to this
contribution was caused as the signal of the contribu-
tion was still 81% lower compared with the LLOQ sig-
nal. This contribution could further be reduced when
the concentration of the ISTD would be decreased to
5.00 ng/ml. Nevertheless, the above-stated results indi-
cated that the selected SRM transitions of the surrogate
peptide and the ISTD were selective for the quantita-
tive analysis of the recombinant hlgG1 in cynomolgus
monkey serum.

Linearity & sensitivity

Although a linear regression model in the form of
y=ax+b could have also been used to construct the cali-
bration curve on each day, a slightly better coefficient of
determination (R?) over a calibration range from 10.0
to 1000 ng/ml was obrained with a quadraric regres-
sion model (Supplementary Figure 1). Previous experi-
ments with an extended calibration range confirmed
this observation with this surrogate peptide (1022). The
resultant mean R? value on three different days was

0.9938 (ranging from 0.9924 to 0.9952). The inter-

day accuracy of Cs samples ranged from -8.9 to 7.0%
with a precision ranging from 5.1 to 11.8% (Table 1).
As the predefined acceptance criteria were fulfilled, the
constructed calibration curve could be used for routine
analysis of hIgG1 in cynomolgus monkey serum.

Carry-over

No carry-over was found for the ISTD as the response
directly after the injection of the ULOQ sample
was 0.1% compared with the response at the ISTD
working concentration (Supplementary Table 4).
Even though, the carry-over of the surrogate peptide
(39.8%) exceeded the acceptance criterion by 19.8%
(Supplementary Table 4), the response was still 60.2%
below the response of the signal at the LLOQ. Conse-
quently, no overestimation was observed with Cs and
QC samples since accurate and precise results were
obtained (Tables 1 & 2). However, caution should be
taken with unknown samples to avoid overestimation.

Accuracy & precision
On each day, a different batch of cynomolgus monkey
serum was used for the preparation of QC samples.
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Table 1. Interday accuracy and precision for calibration standards.

Cs nominal concentration (ng/ml) in cynomolgus monkey serum

1000 750 500 250 100 75.0 50.0 10.0
Interday accuracy and precision
Mean concentration (ng/ml) 1003 735 506 261 94.4 68.3 51.9 10.7
Interday accuracy (% bias) 0.3 -2.0 1.1 4.3 -5.6 -8.9 3.7 7.0
Interday precision (% CV) 5.6 79 9.1 51 8.3 9.9 11.8 8.7
n 6 5 6 6 4 6 4 5
CV: Coefficient of variation.

The selectivity in these batches was previously demon-
strated (Supplementary Table 2). The intraday bias and
precision of four QC levels at 10.0 ng/ml (LLOQ),
25.0, 400 and 800 ng/ml across the first two days
ranged from -6.9 to 11.0% and 1.2 to 14.3%, respec-
tively (Table 2). However, the accuracy on the third
day using batch 3 for the preparation of QC samples
was slightly higher with a maximum of 19.9% with a
precision below 14.3%. The highest interference dur-
ing selectivity investigation (Supplementary Table 2)
was observed with this batch of blank cynomolgus
monkey serum which could be an explanation for
the higher accuracy and precision values. The inter-
day accuracy ranged from -3.1 to 8.9% whereas the
precision was <10.3% (Table 2). Since the accuracy
and precision fulfilled the acceptance criteria on three
different days, no concentration dependency was

Table 2. Intra- and inter-day accuracy and precision

monkey serum on three different days.

observed in presence of the matrix. Thus, the matrix
did not impact the quantification and the surrogate
peptide determined the protein concentration in
cynomolgus monkey serum consistently and reliably
over the entire concentration range.

Dilution factor

Both dilution factors (100- and 500-fold) were within
thesetacceptancecriteria(Supplementary Table 5). Since
a mean back calculated concentration of 56.4 pg/ml
with an accuracy of 12.8% bias and a precision of
7.3% CV was obtained with the 500-fold dilution fac-
tor incorporated, study samples exhibiting a higher
concentration than the qualified calibration range can
be readily diluted with blank cynomolgus serum prior
to analysis without the introduction of any significant
bias.

of quality control samples in cynomolgus

QC nominal concentration (ng/ml) in cynomolgus monkey
serum
800 400 25.0 10.0
Intraday accuracy and precision (n = 3)
Day 1 Mean concentration (ng/ml) 888 406 24.5 10.1
Intraday accuracy (% bias) 11.0 1.4 -2.0 0.8
Intraday precision (% CV) 1.2 4.3 14.3 14.0
Day 2 Mean concentration (ng/ml) 799 399 23.3 10.1
Intraday accuracy (% bias) -0.1 -0.2 -6.9 1.0
Intraday precision (% CV) 6.6 4.0 121 3.6
Day 3 Mean concentration (ng/ml) 926 480 249 9.69
Intraday accuracy (% bias) 15.8 19.9 -0.4 -3.1
Intraday precision (% CV) 3.1 4.4 6.1 14.3
Interday accuracy and precision (n = 9)
Overall Mean concentration (ng/ml) 871 428 24.2 9.95
Interday accuracy (% bias) 8.9 71 -3.1 -0.5
Interday precision (% CV) 7.4 9.8 10.3 10.3
CV: Coefficient of variation; QC: Quality control.
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Table 3. Stability data of surrogate peptide on the auto-sampler at 10°C determined with two

quality control concentrations (25.0 and 800 ng/ml).

24 h
Replicate 1 822 2.8 29.6
Replicate 2 756 -5.5 23.7
Replicate 3 873 9.1 229
Mean concentration (ng/ml) 817 25.4
Accuracy (% bias) 2.1 1.6
Precision (% CV) 7.2 14.4

"Out of acceptance criterion of + 20%;
*Out of acceptance criterion of £20%,;
CV: Coefficient of variation

Storage period on auto-sampler

Measured concentration (ng/ml) and individual bias (%)

72h

18.4 884 10.5 27.2 8.8
-5.2 946 18.3 18.9 -24.4"
-8.4 838 48 17.5 -30.0°

889 21.2

11.2 -15.2

6.1 24.7*

Auto-sampler stability

The surrogate peptide was stable on the auto-sampler
at 10°C for at least 24 h as the mean percent bias (n = 3)
relative to the nominal concentration on two QC levels
at 25.0 and 800 ng/ml was below 2.1% (Table 3). The
highest precision value with 14.4% CV was obtained
at the lower QC concentration for the 24 h storage
period. For a time period of 72 h, the both QC levels
met acceptance regarding the mean accuracy with 11.2
and -15.2% for the QC at 800 and 25.0 ng/ml, respec-
tively. However, the precision of the low QC exceeded
the acceptance criterion by 4.7% as two individual
accuracy values did not meet acceptance with -24.4
and -30.0%. As a consequence, auto-sampler stability
was not guaranteed for 72 h.

Application to preclinical PK study

In some cases, only a limited amount of sample volume
is left for analysis during PK, PD and immunogenicity
(IG) assessment. As a consequence, the study samples
have to be further diluted with blank matrix. This
could decrease the sample concentration, especially
at later time-points or at low doses below the LLOQ
of a specific method, for instance, an ELISA with a
LLOQ of 200 ng/ml. Thus, a more sensitive analytical
assay is required. The developed sensitive LC-MS/MS
assay was applied to serum samples previously diluted
by 50-fold from two cynomolgus monkeys that had
been administrated a single iv.t dose of hlgG1 at 1.00
and 3.00 mg/eye into both eyes. The obtained hlgGl
serum concentration-time profiles were typical for
extravascular administration of a mAb as the dosed
hIgG1 was distributed slowly out of the eye into the sys-
temic circulation (Figure 5). The highest hIgGl serum
concentration (Cmﬂ) was observed at 168 h postdose
with corresponding C__ values of 5.08 and 11.6 pg/ml

for the 1.00 and 3.00 mg/eye dose, respectively. This
demonstrated the applicability of the developed sensi-
tive LC-MS/MS assay based on MSIA-D.A.R.T.'S for
PK profiling of low abundant hIgG1-based therapeutic
proteins in cynomolgus monkey serum.

Conclusion

A sensitive LC-MS/MS assay incorporating the MSIA-
D.A.RT’S technology over the range from 10.0 to
1000 ng/ml was developed to quantify hlgGl-based
therapeutic proteins at low levels (ng/ml) in cynomol-
gus monkey serum. Since a generic surrogate peptide
from the hlgG1 Fc region was used, the method could
be applied to support the quantitative analysis of any
kind of hIgGl-based therapeutic proteins in various
types of preclinical species, for example, mouse, rat or
monkey. In general, the sample preparation is achieved
within one working day using this developed bottom-
up approach on a Versette automared robortic platform
(96-well plate formar) with subsequent LC-MS/MS
analysis overnight. Thus, a reasonable throughput is
also achievable with our methodology. Additionally,
the MSIA-D.A.R.T.S platform and can be used as an
alternative to an already in-house existing LC-MS/MS
assay based on magnetic beads using the KingFisher™
platform [47]. Both MS-based assays are complemen-
tary approaches to conventional LBAs. As any kind of
biotinylated antigen can be captured on the strepravi-
din tips, low abundant proteins can be enriched and
quantified in case the biotinylated antigen exhibits the
required specificity and affinity to the target protein.
However for clinical samples, the developed method
cannot be applied as endogenous hIgGl would highly
interfere with the assay. Subsequently, hlgGl-specific
peptides from the complementary determining region
have to be selected as surrogate peptide. Moreover,

future science group

www.future-science.com

1045



98 | Part 2 - Generic LC-MS/MS methods

Research Article Lanshoeft, Heudi, Cianférani, Warren, Picard & Kretz

16.0 4

14.0+

12.0

hlgG1 serum concentration (pg/ml)

---O--- 1.00 mg/eye
—M— 3.00 mg/eye

10.0 '/-\-

8004 g
6.00
R O
4.00- e, T N o
o

200 m ,/
0.00- W

T T T T T T T 1

0 50 100 150 200 250 300 350

Time postdose (h)

Figure 5. Concentration-time profile of the higG1 after intravitreal administration. Two individual cynomolgus
monkeys were dosed intravitreally with higG1 into both eyes at 1.00 and 3.00 mg/eye and serum samples were
analyzed by LC-MS/MS using immunocapture with MSIA-D.A.R.T.'S.

another capture antibody highly specific to the targeted
hIgGl-based therapeutic protein has to be utilized for
immunocapture in order to achieve a low LLOQ in
human serum similar to the one obtained in cynomol-
gus monkey.

Future perspective

Quantitative analysis of therapeutic proteins using
MSIA-D.A.R.T’S is not only limited to the bottom-up
approach using an enzymatic digestion since the quan-
tification of targeted proteins can also be performed
on intact protein level using the MSIA-D.A.R.T’S
technology in combination with HRMS instead of
QqQ instruments. Besides the quantitative aspect,
the characterization of therapeutic proteins plays an
important role during in the drug development and
production process. As the eluted proteins are fairly
clean after immunocapture, the MSIA-D.A.RT’S
technology could be used for glycan analysis of a spe-
cific mAb or to provide valuable information regard-
ing the DAR measurement of ADCs. When it would
be possible to disrupt the antigen—antibody complex
under nondenaturing conditions, even intact analysis
of proteins under native conditions could be performed
to study, for instance, protein—protein interactions of
complexes. In conclusion, this technology can serve

as promising tool for the quantitative and qualita-
tive analysis of therapeutic proteins during the drug
development process of biotherapeutics.

Supplementary data

To view the supplementary data that accompany this paper
please visit the journal website at: www.future-science.com/
doi/full/10.4155/bio.16.32
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Executive summary

Background

* A highly sensitive mass spectrometric immunoassay with disposable automation research tips (MSIA-D.A.R.T.'S)
in combination with LC-MS/MS has been developed in order to extract low level higG1-based therapeutic
proteins out of cynomolgus monkey serum.

Results

* A mouse anti-hlgG antibody containing eight to nine biotins was utilized to extract the higG1.

* The developed LC-MS/MS assay with MSIA-D.A.R.T.'S was evaluated in regards to selectivity, linearity, carry-
over, accuracy, precision and auto-sampler stability.

* A typical concentration-time profile for extravascular administration was obtained from two cynomolgus
monkeys previously dosed intravitreally with higG1.

Conclusion

* MSIA-D.A.R.T.'S represents a promising alternative to other immunocapture protocols based on magnetic
beads in combination with LC-MS/MS analysis or ligand-binding assays for protein quantification.

* The present method can be applied to any preclinical species in order to quantify higG1-based therapeutic
proteins using the bottom-up approach.

* MSIA-D.A.R.T.'S can also be used to quantify proteins on intact level or characterize antibody-drug conjugates.
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Part 3 - Quantitative HRMS-based approaches

Following the development of generic LC-MS/MS methods for bottom-up mAb-related therapeutic
protein quantification in pre-clinical serum samples, the third part discusses the benefit of HRMS
instruments as an alternative to conventional QqQ mass analyzers. In the upcoming three
chapters, the potential of QTOF and quadrupole orbitrap instruments is illustrated for targeted
bottom-up hlgG quantification and novel MS-based approaches for mAb-related therapeutic

protein quantification at the intact level are presented.

Chapters

3.1 Generic quantitative bottom-up LC-HRMS method
3.2 Approach for intact hlgG1 quantification by IC-LC-HRMS

3.3 Combined qualitative and quantitative analysis of intact ADCs
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3.1 Generic quantitative bottom-up LC-HRMS method

3.1.1 Analytical context

While HRMS has become a well-established technology for mAb-related therapeutic protein
characterization or drug metabolite identification, most bioanalysts still hesitate to introduce
guantitative HRMS (qHRMS) in regulated late-stage drug development.**®**® MS-based
guantification of mAb-related therapeutic proteins is still dominated by QqQ instruments (Part 2)
due to their specificity, sensitivity, wide linear dynamic range, robustness, high-throughput,
multiplexing capability, ease in operation, and relatively small data acquisition files.3*9%¢"4%®
Routine application of gHRMS in pharmaceutical industry is also hampered due to lacking
guidance for gHRMS method validation from regulatory agencies (i.e. post-acquisition data

processing) as authorities had previously mainly to deal with LC-MS/MS data.*®®

However, deficits
of QgQ instruments for mAb-related therapeutic protein quantification include a limited mass range
(up to m/z 2000), labor-intense SRM optimization, suboptimal fragmentation of certain surrogate

peptides, and more relevant inferior specificity due to low resolution and mass accuracy.“Gg'471

In contrast, narrow mass spectral peak width can be obtained with HRMS instruments operating at
high resolution (<1 000 000 depending on the type of HRMS instrument) and mass accuracy
(<5.0 ppm).472-474

background ions can potentially be reduced, leading to an improved selectivity and hence
475,476

Subsequently, unresolved interferences from co-eluting matrix-related

sensitivity (increased S/N ratio). Due to recent advancements in HRMS instrumentation,

previous limitations such as high purchase and maintenance costs, low scan speed, inferior

sensitivity, limited linear dynamic ranges, or complicated operation have nowadays been

467,469,471,476,477

overcome, allowing reliable quantification. Thus, a paradigm shift from conventional

478-481

QgQ towards gHRMS is currently on-going.
instruments, QTOF*2484

From all commercially available HRMS

485-487

and orbitrap mass analyzers have received the most interest in

guantitative bioanalysis as expensive operation costs, large laboratory footprints, long
optimization, and scan times are associated with Fourier transform ion cyclotron resonance

instruments.*®® Quantitative HRMS was extensively explored in the bioanalytical field of small

489,490 491 492-495

molecule quantification in serum or plasma, dried blood spots, or

496-498

cerebrospinal fluid,

urine samples. However, only a few research groups have explored this technology with

respect to peptide,*®***"**° low to mid-molecular weighted therapeutic protein (<70 kDa),*"**">*"

PEGylated protein,500 or mAb-related therapeutic protein quantification in biological fluids.**"*"°

3.1.2 Objectives

The project aimed to implement a generic qHRMS approach for targeted bottom-up higG

guantification in pre-clinical species. In addition, the validated LC-HRMS method was compared to
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the developed pellet digestion-based generic LC-MS/MS assay using spiked serum samples and

specimen from pre-clinical trial.

3.1.3 Results

3.1.3.1 Selection of the QTOF acquisition mode for gHRMS analysis

The previously reported pellet digestion protocol served as sample preparation whereby the LC
gradient from the generic LC-MS/MS method (chapter 2.1) was extended to improve the
separation of the TTP and VVS peptides with the ACE C,g column (150 x 4.6 mm, 3 um), while
maintaining the mobile phase conditions (0.1% FA in water and ACN). HRMS analysis was
conducted using a Synapt G2-Si QTOF, which operated in sensitivity mode with a resolution of
20 000. Instead of the tuned nominal m/z values, the calculated exact (theoretical) monoisotopic
values of the most intense precursor and product ions of each surrogate peptide were utilized after
collision energy optimization (Table 3.1). The sensitivity as a function of an increased selectivity
(improved S/N ratio) was not only governed by data processing parameters such as the width of
the MXW or the amount of ions/isotopes selected for the generation of XICs, but also by the
* Hence, three acquisition modes namely TOF-MS, TOF-MS/MS, and TOF-

MRM were evaluated. In TOF-MS, the quantification is based on the extraction of the exact

acquisition mode.

monoisotopic m/z value of the peptide precursor ion from the full-scan MS spectrum. This
acquisition mode resulted in high signal intensities for each peptide, but low S/N ratios
(Figure 3.1). However by using TOF-MS/MS, the background noise was significantly reduced after
extraction of the exact monoisotopic m/z value(s) of the product ion(s), leading to increased

Table 3.1 Monoisotopic m/z values of the precursor and product ion(s) for each surrogate peptide and its

corresponding internal standard utilized for higG quantification in pre-clinical species by LC-HRMS.

Peptide Mass-to-charge ratio CE
Precursor ion® (charge state)  Product ions® (ion type/charge state) (eV)
FNW 559.9388 (+3) 697.3628 (ys") 968.4796* (Yo') 708.8490 (y1.°") 18
[**Ce]-FNW© 561.9456 (+3) 703.3829 (ys") 974.4997* (yo") 711.8590 (y1.°") 18
GPS 593.8270 (+2) 418.2296 (y4') 699.4036* (y;") 846.4720 (ys") 18
[*Ce]-GPS® 596.8370 (+2) 424.2498 (y4') 705.4237* (y;") 852.4921 (ys") 18
TTP 937.4645 (+2) 836.4169* (y15°") - - 27
[*Ce]-TTPC 940.4746 (+2) 839.4269* (y15°") - - 27

VVS 603.3403 (+3) 655.8462 (y1.°") 712.3883 (y1.”") 805.4385*" (y,°") 16

[*Ce]-VVS® 605.3471 (+3) 658.8563 (y1.°") 715.3983 (y1.°") 808.4485* (y14>) 16

805.9305* (y14>) 16
808.9405* (y14°) 16

712.8803 (y1.*")
715.8903 (y1.*")

656.3382 (y1.°")
659.3483 (y1.*")

VVSd 603.6684 (+3)
[*Cg]-VVSd® 605.6751 (+3)

# Quadrupole mass isolation window of 1 Da for precursor ion selection, b product ion extraction window of 50 mDa,
¢ labeled with [**Ce]-lysine, ¢ interference in rat serum, * product ion selected for enhancement, CE: collision energy
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SIN ratios and hence improved sensitivities. Although, the signal intensities for each peptide were
further increased due to duty cycle enhancement using TOF-MRM compared to TOF-MS/MS, the
resulting S/N ratios were equivalent, indicating no further sensitivity improvement. Since the signal
intensities of the TOF-MRM acquisition mode were increased, while maintaining the S/N ratios of
the TOF-MS/MS acquisition mode, TOF-MRM was selected for the generic LC-HRMS method.
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Figure 3.1 Selection of the QTOF acquisition mode for higG quantification based on four generic tryptic

surrogate peptides. Numbers correspond to the obtained S/N ratio using the peak-to-peak model.

3.1.3.2 Elucidation of peptide deamidation by HRMS

In contrast to QqQ mass analyzers, HRMS provides an accelerated trouble shooting capability

1 As outlined in section

during method development as complete sample information is provided.
2.1.3.5, a time-dependent decrease of signal intensities for both C,2 peptides (FNW and VVS)
was observed in the kinetic studies of the pellet digestion, as a result of asparagine deamidation
via succinimide as cyclic intermediate to isoaspartic and aspartic acid under certain temperature

502-507

and pH conditions. In vitro or in vivo deamidation may alter the protein structure and

potentially cause a decrease in its biological activity, especially if CDR peptides are affected.’**°*?

513,514

This results in faster mAb clearance, increased toxicity, and enhanced IG. Several amino

acid motifs were identified to be predicted or prone to deamidation.”™ Since the VVS peptide
contained only one of these sites, deamidation occurred within the “LNG” motif as confirmed by

18 n contrast, the

MS/MS (data not shown), which was in agreement with recently published data.
FNW peptide exhibited two potential deamidation motifs, namely “FNW” and “HNA”, within its
tryptic amino acid sequence. In order to examine if the FNW peptide underwent a single or double
deamidation and which of the potential motifs was affected, the RADAR acquisition mode of the
Synapt G2-Si QTOF was utilized by collecting alternately full-scan MS and MS/MS data in each
acquisition cycle. In contrast to the MS® acquisition mode (switching between low and high
collision energy), only MS/MS spectra from previously specified precursor ions were generated
with the RADAR mode, resulting in markedly cleaner MS/MS spectra. Only one peak was obtained

by extracting the exact m/z value of the monoisotopic [M+3H]** precursor ion at m/z 559.9388 with



108 | Part 3 - Quantitative HRMS

a MXW of 50 mDa (Figure 3.2a), corresponding to the non-deamidated FNW isoform as confirmed
by MS/MS data (Figure 3.2b). In contrast, two additional peaks appeared using the exact m/z
value of the deamidated (FNWd) [M+3H]** precursor ion at m/z 560.2669 (Figure 3.2c), which was
confirmed by the corresponding MS/MS spectra (Figure 3.2d+e). Since the signal intensity ratio
between both FNWd isoforms was approximately 1:3, the smaller peak was identified as
isoaspartic acid based on published data.'®® The peak for the FNW [M+3H]*" precursor ion was
still present (Figure 3.2c) as the FNW [(M+1)+3H]*" isotope at m/z 560.2715 was extracted by the
FNWd [M+3H]** precursor ion due to a mass difference of 4.6 mDa. The MS/MS data indicated a
single deamidation localized in the C-terminal “HNA” and not in the N-terminal “FNW” motif of the
FNW peptide. This conclusion was derived from the obtained mass shift (0.9710-0.9920 Da), for
all present singly charged y-fragments of the isoaspartic and aspartic acid isoforms
(Figure 3.2d+e) compared to the non-deamidated y-fragments (Figure 3.2b). Moreover, no peak
was observed by extracting the doubly-deamidated FNW [M+3H]3+ precursor ion at m/z 560.5949
(data not shown). Due to inadequate peak integration, the FNW peptide was excluded from the

peptide list for higG quantification.
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Figure 3.2 Elucidation of the FNW deamidation. (a) XIC and (b) MS/MS spectrum of the non-deamidated

monoisotopic [M+3H]3+ precursor ion at m/z 559.9388, (c) XIC of the deamidated monoisotopic [M+3H]3+

precursor ion at m/z 560.2669 including MS/MS spectra for the (d) isoaspartic and (e) aspartic acid isoform.



Generic bottom-up LC-HRMS method | 109

3.1.3.3 Selectivity improvement for the VVS peptide in rat serum

As an additional benefit, an improved selectivity for the VVS peptide was obtained with qHRMS,
due to the replacement of the last in unit resolution-operating quadrupole (QqQ instruments) by a
high-resolution TOF mass analyzer. Following extraction of the exact m/z values of in total six VVS
product ions (three from the non-deamidated and deamidated isoform), an interfering peak was
found in blank rat serum (Figure 3.3a). The interference was caused by the [(M+2)+2H]2+ ion at
m/z 805.4466 of an unknown endogenous compound (Figure 3.3b). This product ion interfered
due to its extraction together with the VVS y.,°* [M+2H]** product ion at m/z 805.4385 by applying
a MXW of 50 mDa. A much narrower MXW of 16 mDa was required to distinguish between both

2+
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= ‘\ 2 [(M+1)+2H]
5 Endogenous interference (;_)“ 804.9492
$ 1500 1 in rat serum = 2+
= Interfering [(M+2)+2H]
- o~ 805.4466

'500 T T T T 1 T T ! T T T T 1
C Extracted product ions (m/z) d 2+

Type  VVS WSd [M+2H]

__ 5500 - yie _ 805.9305 o 805.4349
[ 2 & 805.9353 -
g Y12 712.3883 712.8803 -g [(M+1 )+2H]
g 3500 1 v 655.8462  656.3382 3
> s 806.4360 .
= 1 +2)+
% 1500 = [(M+2)+2H]
b= —~—

'500 T T T T 1 T T T II + T T 1

M+2H]

e Extracted product ions (m/z) f 805.9268
5500 vvs —ee WS VWSd 2 8064264  ,,
2] Y14 - 805.9305 % [(M+1)+2H]
5 vt 7123883  712.8803 o
g 3500 , <
L Vi1 655.8462  656.3382 a
P ©
‘@ 1500 A VVSd (2]
& = 806.9249 .
= |[(M+2)+2H]

-500 T T T T , T T T T T T )

6.5 7.0 7.5 8.0 8.5 9.0 803 804 805 806 807 808 809 810
Retention time (min) Mass-to-charge ratio (m/z)

+

Figure 3.3 Selectivity improvement for the VVS peptide in rat serum using the VVSd instead of the VVS y142
[M+2H]** product ion. (a) XIC of blank rat serum using three product ions from each isoform, (b) MS/MS
spectrum (zoom into m/z 803-810) of the interfering peak in rat serum, (c) XIC of blank rat serum after
exclusion of the monoisotopic VVS y142+ product ion, (d) MS/MS spectrum (zoom into m/z 803-810) of the
VVS [M+3H]3+ precursor ion at m/z 603.3403, (e) extracted chromatogram of both VVS isoforms (in total five
product ions) generated from a hlgG1-spiked rat serum sample at 10.0 pg/mL, (f) MS/MS spectrum (zoom
into m/z 803-810) of the VVSd [M+3H]3+ precursor ion at m/z 603.6684.
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ions, which, however, would cause a significant loss in signal intensity as only a fraction of the ion

peak would be extracted.*®*™

The highly resolved isotopic pattern offers the possibility to
eliminate potential interferences by selecting the most appropriate m/z value for ion chromatogram
extraction and hence quantification. The interference in blank rat serum almost completely
disappeared after exclusion of the VVS y;,** [M+2H]** product ion for XIC generation
(Figure 3.3c). The sensitivity was not affected by this exclusion as the signal intensity of the VVS
vt [(M+1)+2H]** product ion at m/z 805.9353 was almost identical (91.6%) to the one of its
[M+2H]** product ion at m/z 805.4349 (Figure 3.3d). Moreover, the VVS isoform covered by its
yia~" [(M+1)+2H]** product ion was still extracted through the monoisotopic VVSd y.,>* [M+2H]**
product ion as their m/z values differed by 8.5 mDa, considering the measured m/z value at
805.9268 (Figure 3.3f). Since both isoforms were extracted, a shoulder peak was observed with
retention times of 7.1 and 7.4 min for VVS and VVSd, respectively (Figure 3.3e). In contrast to
gHRMS analysis (Figure 3.4a), the interference was still present in blank rat serum using a QqQ
instrument (Figure 3.4b). Consequently, the official selectivity acceptance criterion of <20.0%
compared to the LLOQ response demanded by the US FDA and EMA,*?** s only fulfilled with
the QTOF (Figure 3.4a+c), but not with the QqQ instrument (Figure 3.4b+d), demonstrating the

superior selectivity of gHRMS compared to QqQ for LC-MS/MS analysis of large molecules.”’
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Figure 3.4 Selectivity comparison between QTOF and QgQ analysis using the VVS peptide. XIC obtained in
blank rat serum using (a) a Waters Synapt G2-Si QTOF and (b) AB Sciex APl 6500 QTRAP (QgQ) in
comparison to the XIC at the LLOQ of 1.00 pg/mL for the (c) QTOF and (d) QqQ instrument.

3.1.3.4 Method validation in rat serum

The developed qHRMS approach was validated with regard to selectivity, linearity, carry-over,

accuracy, precision, dilution integrity, auto-sampler stability of generated peptides, and short-term
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stability of the higG1 in rat serum. The validation outcome is summarized in Table 3.2, meeting the
352,353

acceptance criteria from US FDA and EMA guidances.

Table 3.2 Method validation of generic TOF-MRM-based approach for higG1 quantification in rat serum.

Parameter Validation outcome
GPS TTP VVS
Selectivity (n=3): GPS: <0.1% TTP: £5.0% VVS: £7.3%

three blank batches

Linearity (n=3)
y(x)=ax*+bx+c, 1/x* weighting

Carry-over (signal in blank after ULOQ)

Intra-day (n=3) accuracy (% bias) and precision
(% CV), QCs at 3.00, 15.0, 450, and 750 pg/mL

Inter-day (n=9) accuracy (% bias) and precision
(% CV), QCs at 3.00, 15.0, 450, and 750 pg/mL

Dilution integrity
(5.00 mg/mL, 100-fold, n=5)

Auto-sampler stability? (6 °C, 30 h, n=3)
QCs at 15.0 and 750 pg/mL

[CJ-GPS: <1.8%

1.00-1000 pg/mL
r=0.9868+0.0065

<LLOQ signal

-11.9 to 9.4% bias
1.3t0 14.5% CV

-3.7 t0 5.1% bias
4.6 t0 8.4% CV

3.2% bias
2.8% CV

7.0 to 9.7% bias

-4.5 t0 -2.2% bias

[CJ-TTP: <0.2%

1.00-1000 pg/mL
r’=0.9911+0.0008

<LLOQ signal

-10.1 to 16.4% bias
1.91t013.3% CV

-3.6 to 11.4% bias
4.4 10 10.5% CV

3.1% bias
6.0% CV

1.2 to 4.8% bias

-8.6 t0 4.8% bias

[*CJ-VVS: <0.4%

1.00-1000 pg/mL
r’=0.9906+0.0031

<LLOQ signal

-13.3 to 16.8% bias
1.5t09.2% CV

-5.4 t0 9.1% bias
7.810 9.8% CV

14.0% bias
1.9% CV

0.2 to 1.7% bias

3.5 t0 3.7% bias

Short-term stability® (RT, 48 h, n=3)
QCs at 15.0 and 750 pg/mL

% 9% bias relative to expected concentration at to, RT: room temperature

3.1.3.5 Method transfer to cynomolgus monkey serum

As already mentioned in section 2.1.3.4, cynomolgus monkey serum samples spiked with a higG1
could be measured against Cs/QCs prepared with the same hlgGl in rat serum due to the
incorporation of [lSC]—hIgGl as ISTD. The resultant accuracy values (n=3) obtained with gHRMS
for GPS, TTP, and VVS ranged from -6.9 to 13.0% bias, fulfilling the acceptance criterion of

+20.0%. In contrast to QqQ instruments,**®

the hlgG1l concentration was not overestimated at the
low QC level (3.00 pg/mL) as a result of the increased selectivity of gHRMS. However, the
precision acceptance criterion of <20.0% CV was exceeded at this concentration by 7.1%, which
was the reason why the GPS was further excluded for the analysis of pre-clinical study samples.

The precision for the other two remaining peptides (TTP and VVS) ranged from 1.0 to 13.3% CV.

3.1.3.6 Comparison of LC-HRMS with LC-MS/MS

In comparison to SRM-based analysis, TOF-MRM resulted in similar linearity and sensitivity data
using spiked rat serum samples, regardless of the selected surrogate peptide (Table 3.3). The
reason for the selection of a quadratic compared to a linear regression model using the TOF-MRM
acquisition mode was a better r’-value. The obtained results were in agreement with other studies
and further supported the withdrawal of previous qHRMS limitations (i.e. sensitivity and dynamic

range) as a result of instrumental improvements.*’*°°*>8
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Table 3.3 Linearity comparison between a QTOF and QgqQ mass analyzer over three non-consecutive days

using hlgG1-spiked rat serum samples in a concentration range from 1.00 to 1000 pg/mL.

Peptide  Acquisition Type of Weighting r’value LLOQ ULOQ
mode regression  factor (n=3) (ug/mL) (ug/mL)
GPS TOF-MRM? Quadratic 1 0.9868+0.0065 1.00 1000
QqQ SRM" Linear e 0.9884+0.0060 1.00 1000
TTP TOF-MRM? Quadratic e 0.9911+0.0008 1.00 1000
QqQ SRM" Quadratic X2 0.9958+0.0008 1.00 1000
VVS TOF-MRM? Quadratic 1 0.9906+0.0031 1.00 1000
QqQ SRM" Linear X2 0.9963+0.0014 1.00 1000

2 Waters Synapt G2-Si QTOF, ® AB Sciex AP| 6500 QTRAP

The analysis of serum samples from five cynomolgus monkeys, dosed with a hlgG1-related
therapeutic protein at 5.00 mg/kg, using LC-HRMS (Waters Synapt G2-Si QTOF) and LC-MS/MS
(AB Sciex APl 6500 QTRAP) resulted in identical mean concentration-time profiles (mean
concentration of TTP and VVS peptide) as depicted in Figure 3.5a. The mean variation between
the obtained TTP and VVS concentrations over the mean PK profile was 2.7£1.7% CV for
LC-HRMS analysis. In contrast, the variation between both surrogate peptides was slightly
increased for LC-MS/MS analysis ranging from 3.7 to 85% CV. Considering individual
concentrations for each cynomolgus monkey instead of the mean concentration, no significant
deviation was revealed by the Bland-Altman plot, indicating equivalent data generation by both
platforms (Figure 3.5b). The mean bias between both MS-based assays was 6.5+6.7%
and -0.1+6.6% for the TTP and VVS peptide, respectively.
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Figure 3.5 Comparison of LC-HRMS and LC-MS/MS analysis using serum samples from five cynomolgus
monkeys, dosed intravenously with a hlgGl-related therapeutic protein at 5.00 mg/kg. (a) Mean
concentration-time profile of serum samples (n=30) using the mean concentration of the TTP and VVS
peptides and (b) Bland-Altman plot displaying the bias versus mean concentration from both assays for each

generic peptide.
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3.1.4 Conclusions

A generic targeted LC-HRMS approach based on TOF-MRM was developed for bottom-up higG
guantification in pre-clinical species. This approach provided consistent quantitative data for
spiked serum and pre-clinical study samples with regard to linearity, accuracy, and precision.
Furthermore, the obtained TOF-MRM-based results were comparable with corresponding data
from SRM-based analysis using a QqQ mass analyzer over the same calibration range
(1.00-1000 pg/mL). In one case (VVS peptide), however, superior selectivity and hence sensitivity
(S/N ratio) was obtained due to the high-resolution of the QTOF, enabling the selection of the most
appropriate isotope for quantification. Additionally, LC-HRMS was demonstrated to be a valuable
and supportive tool for bottom-up method development as exemplified with the elucidation of the
peptide deamidation site. Lastly, the extended mass range of HRMS instruments allow mAb-

related therapeutic protein quantification at subunit or intact level as outlined in the next chapter.

3.1.5 Scientific communications

The work described in this chapter was published and presented on several occasions.

Peer-reviewed scientific article:

Lanshoeft C et al. The use of generic surrogate peptides for the quantitative analysis of human
immunoglobulin G1 in pre-clinical species with high-resolution mass spectrometry. Anal Bioanal
Chem, 2016, 408(6), 1687-1699. Copyright 2016, reprinted with permission from Springer.

Poster presentation:

Lanshoeft C, Wolf T, Heudi O, Cianférani S, Barteau S, Walles M, Doering KB, Béchade G, Picard
F, Kretz O. The use of generic surrogate peptides for the quantitative analysis of higG1l in pre-
clinical species with high-resolution mass spectrometry. 64" Annual ASMS Conference on Mass
Spectrometry and Allied Topics, Jun 5-9" 2016, San Antonio (TX, USA).

Oral presentation:

Quantitative analysis of biotherapeutics in pre-clinical species by LC-HRMS either at the peptide
or directly at the intact protein level. 1* Quantitative HRMS Workshop, May 16" 2017, Muttenz

(Switzerland).

The use of generic surrogate peptides for the quantitative analysis of higG in pre-clinical species
with high-resolution mass spectrometry. Waters ASMS Users’ Meeting, Jun 4" 2016, San Antonio
(TX, USA).

Quantitative analysis of higGl-based therapeutic proteins in pre-clinical species with LC-HRMS
using generic surrogate peptides. Waters MS Technology Day, Oct 21% 2015, Lausanne

(Switzerland).
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Abstract In the present study, the application of a liquid chro-
matography high-resolution mass spectrometry (LC-HRMS)
analytical assay for the quantitative analysis of a recombinant
human immunoglobulin G1 (hIgG1) in rat serum is reported
using three generic peptides GPSVFPLAPSSK (GPS),
TTPPVLDSDGSFFLYSK (TTP), and
VVSVLTVLHQDWLNGK (VVS). Moreover, the
deamidation site of a fourth peptide
FNWYVDGVEVHNAK (FNW) was identified and further
excluded from the assay evaluation due to the inaccuracy of
the quantitative results. The rat serum samples were spiked
with a fully labeled hlgGl as internal standard (ISTD). The
digestion with trypsin was performed onto the pellet prior to
peptide analysis by LC-HRMS using a quadrupole time of
flight (QTOF) mass analyzer operating in selected reaction
monitoring (SRM) mode with enhanced duty cycles (EDC).
The assay linearity for the three investigated peptides was
established for a hIgGl (hIgG1A) from 1.00 to
1000 wg mL~" with a mean coefTicient of determination (R%)
higher than 0.9868. The inter-day accuracy and precision
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obtained in rat serum over 3 days were <11.4 and <10.5 %,
respectively. Short-term stability on the auto-sampler at 6 °C
for 30 h, at RT for 48 h, and a 100-fold dilution factor were
demonstrated. In addition, QC samples prepared in cynomol-
gus monkey serum and measured with the present method met
the acceptance criteria of +20.0 and <20.0 % for all three
peptides regarding accuracy and precision, respectively. The
LC-HRMS method was applied to the analysis of samples
from five individual cynomolgus monkeys dosed with a sec-
ond hlgG1 (hIgG1B) and consistent data were obtained com-
pared to the LC-MS/MS method (conventional triple quadru-
pole (QqQ) mass analyzer operating in SRM). The present
data demonstrate that LC-HRMS can be used for the quanti-
tative analysis of hIgG1 in both species and that quantification
is not only limited to classical QqQ instruments.

Keywords High-resolution mass spectrometry - Generic
peptide - Immunoglobulin G - Pellet digestion - Pre-clinical
species - Deamidation

Introduction

The analysis of therapeutic proteins in complex biological
matrices by liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) has emerged during the last years
in the field of bioanalysis as an alternative to conventional
ligand binding assays [1-5]. In this respect, several
bioanalytical groups have reported the use of mass
spectrometry-based methods for the quantitative analysis of
different type of proteins including high molecular weight
proteins such as monoclonal antibodies (mAb) [6-8], chime-
ric mAbs [9], antibody-drug conjugates [10], or PEGylated
proteins [11-13] as well as smaller proteins/peptides such as
the parathyroid hormone, insulin analogues or prion proteins

@ Springer
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[14-16]. More recently, universal analytical assays for the
quantification of mAbs in pre-clinical species using generic
peptides originating from the human fragment crystallizable
(Fc) region were extensively developed [17-19]. Nowadays,
the majority of quantitative assays for protein analysis are still
routinely performed (similar to small molecules) with LC sys-
tems hyphenated to triple quadrupole (QqQ) mass analyzers
operating in selected reaction monitoring (SRM) acquisition
mode due to their high specificity, dynamic range and ease of’
operation [20-22]. The selection of one or more surrogate
peptides after trypsin digestion is the most common approach
in proteomics for quantification of a whole protein in various
matrices. Although LC-MS/MS provides great selectivity and
sensitivity, interferences from other generated tryptic peptides
in complex matrices (serum or plasma) at the retention time of’
the surrogate peptide(s) of interest cannot be excluded, even
though appropriate sample cleanup strategies such as solid
phase extraction (SPE) can reduce the sample complexity
[23]. As a result, an increased lower limit of quantification
(LLOQ) is generally observed due to high background noise
during the quantitative analysis of a specific protein.

The use of high resolution mass spectrometry (HRMS)
performed on quadrupole time of flight (QTOF), orbitrap
or Fourier transform ion cyclotron resonance (FTICR)
mass analyzers is a promising way to improve the method
selectivity for the quantitative analysis [24-26]. The high
mass accuracy between 0.1 and 5.0 ppm as well as the
highly resolved isotopic pattern with a resolution ranging
from 25,000 to 1,000,000 (depending on the type of
HRMS instrument) are the major advantages compared
to conventional LC-MS/MS.

General limitations associated in the past with HRMS in-
struments can nowadays be overcome to comply with a reli-
able quantitation since the new generation of HRMS instru-
ments exhibit enhanced acquisition speed, increased sensitiv-
ity, and linear dynamic range [27].

Recently, the use of HRMS for the quantification of
small molecules and larger peptides in human plasma
was successfully demonstrated [28, 29]. Moreover, the
selectivity of HRMS methods has been improved by de-
creasing the background in complex human plasma
resulting in a better signal to noise (S/N) ratio [30].
Mekhssian et al. [31] analyzed a mAb quantitatively in
human plasma over a calibration range from 1.00 to
200 pug mL ' using a LC system coupled to a
TripleTOF™ 5600 mass spectrometer.

The present study aims at exploring the capabilities of
HRMS for the quantitative analysis of human immuno-
globulin G1 (hIgG1) in pre-clinical species. The develop-
ment of a generic LC-HRMS method for the quantifica-
tion of a hlgGl in rat serum is described using pellet
digestion as sample preparation combined with HRMS
detection of generic peptides. In the quantitative data

@ Springer

obtained on three different days, the dynamic ranges and
LLOQs for the selected peptides were determined.
Furthermore, the method developed in rat serum was ap-
plied to the quantitative analysis of another hIgG1 in cy-
nomolgus monkey serum.

Material and methods
Chemicals and reagents

The recombinant hlgG1A used for the preparation of cal-
ibration standards (Cs) and quality control (QC) samples,
higG1B (pre-clinical study samples), and the stable
isotope-labeled protein internal standard (ISTD, higG1C)
were produced at Novartis Pharma AG (Basel,
Switzerland). The latter was labeled with ['*C]-lysine/ar-
ginine moieties using the stable isotope labeling with ami-
no acids in cell culture (SILAC) approach. The reference
peptides GPSVFPLAPSSK (GPS),
TTPPVLDSDGSFFLYSK (TTP), and
VVSVLTVLHQDWLNGK (VVS) used for MS tuning
and SPE optimization were synthesized by Thermo
Fisher Scientific (Ulm, Germany). Phosphate buffered sa-
line (PBS; 12.0 mM phosphate, 137 mM sodium chloride,
2.70 mM potassium chloride, pH 7.4) and formic acid
(FA) were purchased from Amresco (Solon, OH, USA)
and Merck (Darmstadt, Germany), respectively. Sodium
iodide and leucine enkephalin solutions were obtained
from Waters (Milford, MA, USA). pL-Dithiothreitol
(DTT), iodoacetamide (IAA), ammonium bicarbonate
(ABC), bovine pancreas trypsin, trifluoroacetic acid
(TFA), acetic acid, ammonium hydroxide (NH,OH, 28—
30 %), acetonitrile (ACN), methanol (MeOH), and MS
grade water were provided by Sigma-Aldrich (Buchs,
Switzerland). All solvents (LC-MS grade) as well as re-
agents were of high analytical grade (=99 %) and were
used without further purification. The drug-free batches of
rat and cynomolgus monkey sera used for the preparation
of Cs and QC samples were delivered from Fisher
Clinical Services (Allschwil, Switzerland).

Preparation of Cs and QC samples with hIgG1A

Working solutions were prepared by serial dilution of hIgG1A
stock solution (20.0 mg mL ! in PBS, storage at 2-8 °C) into
PBS. Subsequently, the resultant solutions were spiked into
blank rat serum (1:20, v/v) yielding in nine Cs concentrations
of 1.00, 5.00, 10.0, 20.0, 50.0, 200, 500, 800, and 1,
000 pg mL ' as well as four QC levels at 3.00, 15.0, 450,
and 750 ug mL™'. Additionally, one set of higG1A QC sam-
ples was prepared with the same concentration levels for the
method cross-check in cynomolgus monkey serum.



116 | Part 3 - Quantitative HRMS

The use of generic surrogate peptides

1689

Pre-clinical study samples from cynomolgus monkey
with hIgG1B

A single dose of hIgGIB (5.00 mg kg ') was administrated
intravenously (i.v.) to five different female cynomolgus mon-
keys. Blood samples were taken at designated time points
(pre-dose, 1, 4, 24, 72, 120, and 168 h post-dose). At each
sampling time point, approximately 2.0 mL of blood was
drawn into tubes containing no anticoagulant and was allowed
to clot at room temperature for at least 30 min. Subsequently,
the samples were centrifuged for 10 min at 1,500%g and 4 °C.
The resulting serum was aliquoted (200 pL) and stored
<—70 °C pending analysis. The pre-clinical study was con-
ducted in compliance with the Animal Welfare Act, the Guide
for the Care and Use of Laboratory Animals, the Office of
Laboratory Animal Welfare, and in accordance with the
Novartis Animal Care and Use Committee (NACUC).

Sample preparation

The sample preparation protocol was slightly modified from
the one published by Ouyang et al. [32]. Briefly, 50 uL of
serum either from study samples, Cs, QC, or blank samples
was pipetted in a 2.0-mL Protein LoBind 96-well plate from
Eppendorf (Hamburg, Germany). Then, 50 pL of ISTD solu-
tion at 20.0 pg mL " in 100 mM ABC in water was added,
whereas for blank samples, 50 uL. of 100 mM ABC in water
was added instead. Zero samples referred to a later stage in
this paper are blank samples spiked with ISTD. Afterwards,
20 pL of 100 mM DTT prepared in water was added to each
well in order to reduce intra- and inter-disulfide bonds by
incubating the samples on a ThermoMixer for 60 min at
60 °C. Subsequently, resulting free thiol groups were
alkylated by pipetting 10 puL of 100 mM [AA in water into
the plate being incubated at room temperature for 30 min in
darkness. For the generation of the pellet, 400 uL of MeOH
was added to the samples. The resulting samples were mixed
using a ThermoMixer and centrifuged at 4 °C for 5 min at
900=g. The supernatant was removed by inverting the plate on
a blotter, and the pellet was re-suspended in 200 pL of
200 mM ABC buffer in 10 % MeOH. A volume of 50 uL of
trypsin at 8.00 mg mL™" in 100 mM ABC in water was added
to each sample, and the digestion was performed for 1 h at
60 °C. The digestion process was terminated by the addition
of 50 uL 15 % TFA. The samples were centrifuged at 900xg
for 5 min at 4 °C. An off-line SPE was performed by passing
250 pL of the digested sample through an Oasis MCX 96-well
plate (30 mg, 60 um) from Waters (Milford, MA, USA) being
pre-washed two times with 1.0 mL of ACN followed by
2x1.0 mL of 1 % acetic acid. After loading, the cartridges
were washed once with 1.0 mL ACN/1 % acetic acid (50:50,
v/v). Finally, the peptides were eluted with 900 pL NH,OH/
ACN/water (10:70:20, v/v/v) into a clean 1.0 mL Protein

LoBind 96-well plate. The eluent was evaporated to dryness
under a stream of nitrogen at 60 °C. The samples were
reconstituted in 100 puL. of 0.1 % FA in ACN/water (10:90,
v/v) followed by centrifugation for 5 min at 4 °C and 900xg
prior to LC-MS analysis.

LC-HRMS

Chromatographic separation of the tryptic peptides was
achieved with an ACQUITY UPLC I-Class system from
Waters (Milford, MA, USA). Twenty microliters of sample
was loaded on an ACE C g, 150 x4.6 mm, 3 um column from
Hichrom (Berkshire, UK) which was maintained at 60 °C. The
flow rate was set to 1.0 mL min '. The mobile phases
consisted of 0.1 % FA in water (A) and 0.1 % FA in ACN
(B) with an optimized elution gradient program set as follows:
0.0-1.0 min, 5% B; 1.0-1.5 min, 5-20 % B; 1.5-7.0 min; 20—
35 % B; 7.0-8.0 min, 35-90 % B; 8.0-10.0 min, 90 % B;
10.0-10.5 min, 90-5 % B; 10.5-13.0 min, 5 % B.

The UPLC system was hyphenated to a SYNAPT G2-Si
HD high-resolution mass spectrometer from Waters (Milford,
MA, USA) whereas the effluent was split (MS/Waste, 1:8, v/v)
prior to MS detection. The peptides were ionized with a
Zspray™ ion source using electrospray ionization (ESI) in
positive mode. The MS was operating in TOF-SRM (sensitiv-
ity mode) with enhanced duty cycles (EDC) resulting in a
resolution of 20,000 at full width at half maximum
(FWHM). The parameters were as follows: mass range m/z
400-1500, capillary voltage 2.2 kV, source temperature
120 °C, sampling cone voltage 50 V, cone gas flow
25 L h'!, desolvation temperature 300 °C, the flow rate of
desolvation gas (N3) 1000 L h™'. The optimized TOF-SRM
parameters for each peptide including the m/ values for the
selected precursor and the most abundant fragment ions as
well as their identification and charge states are summarized
in Table 1. The asterisk indicates the enhanced fragment for
each peptide. The quadrupole mass isolation window for the
precursor selection was 1 Da (low and high mass resolution
set to 15 arbitrary units). An ion current extraction window
(XIC) of 50 mDa was used for the fragment ions to reconstruct
the chromatograms. The difference between exact
(theoretical) and accurate (experimental) m/z values for the
selected product ions was usually on the third decimal even
though the m/z ratios were reported with four decimals. This
was in agreement with the observed mass accuracy of the
QTOF mass analyzer since the mass accuracy achieved upon
calibration with sodium iodide was below 5 ppm. Leucine
enkephalin was used as lock mass during data acquisition.

Data acquisition and processing

The LC-HRMS system was controlled by MassLynx 4.1
whereas peak area integration, construction of the calibration
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Table 1 Summary of optimized

TOF-SRM parameters for generic ~ Peptide Mass to charge ratio (m/z) CE
surrogate peptides and their
internal standards Amino acid sequence Abbrev. Precursor” Fragment ions® (eV)
(charge state)  (ion type/charge state)
GPSVFPLAPSSK GPS 593.8 418.2296 699.4036° 846.4720 18
(+2) (ya) (y7) (¥s)
GPSVFPLAPSSK® [I 3Cﬁ]—GPS 596.8 424.2498 705.4237¢ 852.4921 18
(+2) (¥4) (y7) (ys")
TTPPVLDSDGSFFLYSK TTP 937.5 836.4169° - - 27
(+2) (yis")
TTPPVLDSDGSFFLYSK® [I ]Ce]-'ITP 940.5 839.4269° - - 27
(+2) (157
VVSVLTVLHQDWLNGK Vvs 603.3 805.4385%4  712.3883 655.8462 16
(+3) (y1a™) ) ™)
VVSVLTVLHODWLNGK®  [BC,-VVS 6053 808.4485% 7153983  658.8563 16
(+3) (y1a") ) ™)
VVSVLTVLHQDWLDGK VVSd 603.7 805.9305° 712.8803 656.3382 16
(+3) (y1a") ) )
VVSVLTVLHQDWLDGK*® ['AC(;]—WSd 605.7 808.9405° 715.8903 659.3483 16
(+3) (147 G2 ™

CFE Collision energy

* Quadrupole mass isolation window of 1 Da for precursor selection

" fragment ion current extraction window of 50 mDa

¢ Jabeled with ['* C4]-lysine

4 interference in rat serum

¢ fragment selected for enhancement

curve, and the back-calculation of the concentrations were
performed with TargetLynx XS from Waters (Milford, MA,
USA). Graphical illustration was conducted with OriginPro
(version 9.1.0) from OriginLab Coorperation
(Northhampton, MA, USA).

Evaluation of analytical assay performance
Selectivity

The selectivity of the method was determined by comparing
the mean apparent analytical response for each peptide at the
expected retention time and measured SRM transition(s) in
blank samples (three different batches per species) relative to
the peptide signal at the LLOQ. The comparison between the
mean peak area at the SRM transition(s) of the surrogate pep-
tide in a zero sample relative to the mean analytical response
obtained for the surrogate peptide at the LLOQ was used to
assess potential contribution of ['*Cg]-labeled peptide to the
light version of the peptide. The contribution of surrogate
peptide to heavy labeled version of the peptide was assessed
by comparing the mean analytical response for ['*C¢] peptide
in a blank sample spiked with the protein at the upper limit of
quantification (ULOQ) to the mean analytical response ob-
tained for zero samples. The acceptance criterion for each

@ Springer

peptide was set to <20.0 % of the analytical response at the
LLOQ and for the heavy labeled peptides <5.0 % of the ana-
Iytical response at the working concentration of the ISTD.

Linearity and sensitivity

Calibration curves (in duplicate on each day) were constructed
using a quadratic mathematical model (y=ax’+ bx+ ¢) with a
weighting factor of 7/4° to calculate the concentrations where y
represented the peak area ratio of the response for the peptide to
the response of [*Cy]-lysine labeled peptide version and x was
the nominal concentration of the protein in the Cs samples. The
acceptance criteria were £20.0 % (£25.0 % at the LLOQ and
ULOQ) for 75.0 % of the Cs from nominal values (with a
minimum of six different levels). Additionally, at least 50.0 %
of the Cs tested at each concentration level should meet the
abovementioned acceptance criteria and the derived coefficient
of determination (R) should be at least 0.95. The lowest con-
centration meeting the acceptance criteria of £25.0 and <25.0 %
regarding accuracy and precision was set as the LLOQ.

Carry-over

A series of three blank samples were injected in one run di-
rectly after the ULOQ sample at 1000 pug mL ' to evaluate
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any carry-over. The extent of carry-over should be <20.0 % of
the response of the tryptic peptide observed at the LLOQ and
<5.0 % of the response observed for the corresponding isoto-
pically labeled peptide at the working concentration of the
ISTD.

Accuracy and precision

The accuracy of the analytical assay was evaluated by the
deviation (% bias) from the nominal value of at least three
QC concentration levels (3x LLOQ, mid and high) whereas
the percentage of the coefficient of variation (CV) determined
the precision of the method. Each QC level was analyzed in
triplicate on each day to evaluate the intra-day accuracy and
precision whereas in total nine replicates from three different
days were utilized to calculate the inter-day accuracy and pre-
cision. A mean bias within +£20.0 % of the nominal values and
a precision of <20.0 % were set as acceptance criteria.

Dilution

In case pre-clinical samples exhibit a higher concentration
than the ULOQ, an appropriate dilution factor has to be
assessed. Thus, an additional QC sample at five times the
ULOQ was prepared and diluted 100-fold with blank rat se-
rum in replicates of five resulting in a nominal concentration
of 50.0 ug mL ', The back-calculated mean concentration
(with the dilution factor incorporated) should be £20.0 % of
the initial concentration with a precision <20.0 %.
Additionally, three out of five individual concentrations
should meet the acceptance criteria.

Stability

The protein stability during this method evaluation was
assessed with two QC levels (15.0 and 750 pg mL ") at room
temperature for a period of 48 h. Stability on the auto-sampler
of the generated peptides was investigated at 6 °C for two
storage periods (16 and 30 h). Afier storage, the samples were
measured against a freshly prepared calibration curve includ-
ing an independent set of QC samples. The stability was
deemed acceptable if the deviation from the initial concentra-
tion was £20.0 %. Stability data of the mAb bulk material and
stock solution were evaluated previously and were not part of
this investigation.

Method comparison with LC-MS/MS

Analytical method comparison between LC-HRMS and an
existing LC-MS/MS assay was performed on in vivo samples
from a toxicokinetic study. The LC-MS/MS system consisted
of a Symbiosis Pro from Spark Holland B.V (Emmen,
Netherlands) equipped with a Reliance unit (conditioned

stack and auto-sampler) and a Mistral column oven coupled
to an API 6500 QTRAP mass spectrometer controlled by
Analyst 1.6 from Applied Biosystems (Foster City, CA,
USA). The sample preparation was similar to the one de-
scribed in section Sample preparation. A detailed description
of the LC-MS/MS parameters is summarized in the Electronic
Supplementary Material (ESM, Table S1).

Results and discussion
Surrogate peptide selection

Besides the light and the heavy chain, the structure of antibod-
ies can be further subdivided into variable and constant re-
gions. The latter is only suitable for a universal MS-based
assay in pre-clinical species as the majority of the amino acid
sequence is conserved over all human antibodies exhibiting
common peptides after tryptic digestion, whereas the former
contains antibody specific peptides located in the complemen-
tarity determining region (CDR) being responsible for specific
target binding. For the identification of conserved peptides,
the amino acid sequences of the Fc region from several
mAbs were aligned with each other and an in-silico digestion
was performed. Fifteen common peptides were identified and
were further selected by the following criteria: (1) oxidation
sites such as methionine (M), cysteine (C), or tryptophan (W)
should be avoided if possible; (2) peptides with glycosylation
sites on nitrogen (NxS and NxT, whereas x can be any amino
acid except proline (P), serines (8), or threonines (T)) [33], on
oxygen (S and T rich domains) [34], or carbon-linked motifs
(WxxW, WS/TC) [35, 36] were excluded; (3) if P was located
downstream from lysine (K) or arginine (R) as well as two
basic amino acids were located next to each other (RR, KK, or
RK), the peptides were not taken into account to prevent
miscleavage of peptides; and (4) the peptide should have at
least 8 amino acids and its isoelectric point should not be too
high or too low to guarantee adequate retention under
reversed-phase chromatographic conditions. Out of the initial
15 peptides GPS (from the Cy1 region), TTP (from the Cy,3
region) and two peptides from the Cy2 region (FNW and
VVS) were identified as candidates for the generic assay
development.

Deamidation site in both Cy2 peptides

During kinetic studies of the digestion, a decrease in signal
intensity for both Cy2 peptides was observed, whereas two
additional peaks were generated during overnight digestion at
37 °C. Chelius et al. [37] identified several amino acid motifs
causing deamidation on asparagine (N) via a cyclic interme-
diate state (succinimide) to isoaspartic (isoD) and aspartic acid
(D) under certain temperature and pH conditions. As a result,

@ Springer



1692

Generic bottom-up LC-HRMS method | 119

C. Lanshoeft et al.

two additional peaks with a ratio of approximately 1:3 appear
over time [38]. It has been shown that the LNG motif in the
VVS peptide is subjected for deamidation [39]. Concerning
the FNW peptide, the motif FNW and HNA are likely to be
deamidated, but occurrence is less prone. In order to confirm
the potential deamidation of the FNW peptide, the ion chro-
matogram of the single deamidated form was extracted from
the full scan resulting in the appearance of two additional
peaks with a retention time shift of 0.15 and 0.35 min from
the unmodified FNW.

In addition, the MS/MS data obtained on the precursor ion
of the FNW peptide (m/z 559.9373) showed that all y-
fragment ions (beyond the y,," ion) from the isoaspartic acid
(Fig. 1a) and aspartic acid forms (Fig. 1b) differ by approxi-
mately 1 Da in mass in comparison with the non-deamidated

Fig. 1 MS/MS spectra of a

form (Fig. 1c). The same experiments were performed on the
doubly deamidated versions, but no additional peaks were
identified. Thus, the FNW peptide underwent a single
deamidation on the C-terminal asparagine in the HNA motif.
The three individual chromatographic peaks of the FNW pep-
tide that originated from the deamidation could not be com-
bined in a single peak under the selected conditions. As a
result of inadequate peak integration, inaccurate quantitative
data with the FNW peptide was observed. Consequently, this
peptide was not included in the final method.

Selection of QTOF quantification mode

Three different acquisition modes were assessed for quan-
titative purposes with the SYNAPT G2-Si HD HRMS

isoaspartic acid, b aspartic acid,
and ¢ non-deamidated isoform of
the FNWYVDGVEVHNAK
precursor at m/z 559.9373 to
determine deamidation site
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QTOF instrument (i) TOF-MS, (ii) TOF-MS/MS, and (iii)
TOF-SRM. The general advantages and working princi-
ples for each mode were previously reported by Morin
et al. [29], whereas the modes used with their
TripleTOF™ 5600 instrument were entitled TOF-MS,
SRM"™HS and SRM™® enhance. In the first acquisition
mode, quantification was performed by extracting the ac-
curate mass of the analyte of interest from the full scan.
This resulted in high signal intensities for each surrogate
peptide as no signal was lost due to fragmentation
(Table 2). However, sensitivity was affected as well since
high additional background noise was obtained in full
scan mode resulting in low S/N ratios (peak to peak mod-
el) ranging from 7-42. In TOF-MS/MS, a precursor was
selected by the quadrupole and fragmented in the collision
cell. Subsequently, a single or multiple product ion(s)
was/were used for quantitative purposes. Although the
signal intensities in TOF-MS/MS were not as high as in
TOF-MS due to possible distribution of the signal over
several product ions, the resultant S/N ratios were signif-
icantly improved (up to 24-fold increase with the TTP
peptide) as the chemical noise decreased. The working
principle of TOF-SRM is in general based on TOF-MS/
MS. However, the pusher region of a TOF analyzer was
synchronized with the release of one specific product ion
for each analyte from the TWave™ collision cell allowing
maximum transmission. As a result, TOF-SRM with max-
imized duty cycles for a specific m/z range gave similar
signal intensities compared to TOF-MS, whereas the S/N
ratios were comparable to the TOF-MS/MS mode. This
trend was consistent for each surrogate peptide and was
also in agreement with the results for other peptides re-
ported by Morin et al. [29]. This demonstrated that TOF-
SRM increased not only selectivity but also sensitivity of
the analytical method.

Selectivity improvement using the monoisotopic
[M+2H]*" ion of the VVSd y,,** fragment ion

Since the deamidation of the VVS peptide was expected
during the tryptic digestion process, six fragment ions

covering the non-deamidated (VVS) and deamidated iso-
form (VVSd) were included for the quantitative analysis
(Table 1). As the mass difference of the triply charged
precursor for both isoforms was approximately 0.3 Da,
the quadrupole could also not distinguish between the cor-
responding precursor for each isoform due to the mass
isolation window of 1 Da. During selectivity investigations,
an interfering peak was found in the extracted ion chro-
matogram using the exact (theoretical) m/z ratio of six frag-
ments (three from each isoform) in blank rat serum
(Fig. 2a). The MS/MS spectrum of the interfering peak
revealed a doubly charged fragment originating from an
unknown endogenous compound with a monoisotopic
[M+2H]*" ion at m/z 804.4498, a [M+1)+2H]*" ion at
m/z 804.9492 and a [(M+2)+2H]*" ion at m/z 805.4466
(Fig. 2b). The interference was caused by the [(M+2)+
2HJ*" ion being close to the exact monoisolopic mass of
the VVS y,,*" fragment at m/z 805.4385. The advantage of
HRMS in the SRM acquisition mode compared to classical
QqQ instruments is that the isotopic pattemn of a given
compound is highly resolved offering the possibility to se-
lect the most appropriate m/z value for quantification.
Hence, the interference could significantly be reduced by
excluding the y,4>" fragment of the VVS peptide at m/z
805.4385 during chromatogram extraction (Fig. 2¢). As
the [(M+1)+2H]*" ion of the VVS fragment at m/z
805.9353 represented 91.6 % of the signal intensity of its
monoisotopic y4> product ion at m/z 805.4349 (Fig. 2d),
no significant loss of sensitivity was observed by excluding
the [M+2H]*" ion of the VVS peptide. The reason was
that both isoforms were still extracted with a XIC window
of 50 mDa as the accurate mass of the [(M+1)+2H]*" ion
of the VVS yy4° fragment at m/z 805.9353 (Fig. 2d) dif-
fered by approximately 9 mDa compared to the accurate
mass of the selected [M+2H]*" ion of the VVSd y°"
product ion at m/~z 805.9268 (Fig. 2f). Both isoforms were
not fully baseline separated using in total five fragments
and the retention time of VVS and VVSd was at 7.1 and
7.4 min, respectively (Fig 2e). This example demonstrated
how HRMS can be used to solve selectivity issues in com-
plex matrices.

Table 2 Peak areas and

corresponding signal to noise Peptide TOF-MS TOF-MS/MS TOF-SRM

(S/N) ratios of three generic

peptides using different Peak area (counts) S/N Peak area (counts) S/N Peak area (counts) S/N

acquisition modes ratio® ratio” ratio®
GPS 18774 17 9576 138 19102 159
TTP 24403 13109 171 52329 142
VVvSs 151583 42 45552 132 178803 134

* S/N ratio was determined with the MassLynx software (version 4.1) using the peak to peak model
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Fig. 2 Selectivity improvement 2+
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Evaluation of analytical assay performance
Selectivity

The mean percentage of the endogenous interference for TTP
was 3.4+1.4 %, VVS resulted in an interference below 7.3 %
by using the [M+2H]*" ion of the VVSd y,4°" fragment as
described in the previous section, whereas no endogenous
interference was detected for GPS for rat serum using three
different batches (ESM, Table S2). Moreover, the interfer-
ences detected on the SRM transitions for the isotopically
labeled peptides were for TTP and VVS below 0.2 and
0.4 %, respectively. Only for ['*C4]-GPS, the interference
was slightly higher with maximum 1.8 %. The working con-
centration of the stable isotope-labeled protein internal stan-
dard was set to 20.0 pg mL ™" to fulfill the acceptance criterion
regarding the ISTD contribution to the surrogate peptide sig-
nal. No significant contribution of the analyte to the signal of
the heavy peptides was observed. As the acceptance criteria
were fulfilled, it was demonstrated that the analytical method
was not only highly selective for the generic tryptic peptides
but also for their []3C(,]-lysine labeled versions in rat serum.
The only interferences at the LLOQ of 1.00 pg mL ™" in cy-
nomolgus monkey serum was caused by the SRM transitions
of the GPS peptide confirming the results by Zhang et al. [23].
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Mass to charge ratio (m/z)

Consequently, the GPS peptide is not suitable for the quanti-
tative analysis in cynomolgus monkey serum with a LLOQ of
1.00 pg mL ',

Linearity and sensitivity

The slope of the calibration curve reached a plateau with
higher concentrations (>800 pg mL™") especially with the
TTP surrogate peptide. The calibration curves were described
more adequately by a quadratic instead of a linear regression
model with a weighting factor of 1/x> resulting in a better
curve fit [better coefficient of determination (R%) values for
each surrogate peptide with good accuracy and precision data
over the anticipated calibration range). The resultant R* values
obtained over 3 days ranged from 0.9868 to 0.9911 for the
three surrogate peptides (Table 3). For two out of three generic
peptides, the highest inter-day precision with a maximum of
14.8 % was observed at 1.00 pg mL ' whereas the accuracy at
this concentration ranged from 0.8 to 1.7 %. As this concen-
tration level met the set acceptance criteria of £25.0 % and
<25.0 % regarding accuracy and precision, it was set as the
LLOQ. The accuracy of the eight remaining concentration
levels ranged from —8.2 to 5.2 % for GPS, for TTP from
—7.31t05.9 % and for VVS from —9.8 to 3.4 %. The precision
was below 14.2, 9.5, and 12.4 % for GPS, TTP, and VVS,
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Table 3 Inter-day accuracy and
precision for calibration standards
(Cs) on three validation days
using a quadratic regression in the
form 0f_v=a_x2+ bx+c with a

Peptide
R (n=3)

Cs nominal concentration (Lg mL ") in rat serum

1,000 800 500 200 500 200 100 500 100
Inter-day accuracy and precision (7= 6)

weighting factor of 14,
Coefficient of determination (R°) GPS
was used to assess linearity 0.9868 +0.0065

Mean
(ng mL™h
Inter-day
accuracy
(% bias)
Inter-day
precision

(% CV)

TTP Mean (ug mL™")

0.9911+0.0008  Inter-day
accuracy
(% bias)

Inter-day
precision
(% CV)

VVvs

0.9906+0.0031  Inter-day
accuracy
(% bias)

Inter-day
precision
(% CV)

Mean (ug mL™)

1,022 783 483 206 526 197 101 459 101

22 -22 34 32 52 -1.3 1.3 —-82 14

11.5 132 142 90 72 4.5 9.8 7.8 6.3

1,002 805 492 203 526 198 106 464 101
0.2 0.7 -1.7 15 52 -1.1 59 =73 08

1,010 801 486 206 517 206 102 451 1.02
1.0 0.1 -28 28 34 2.8 22 -98 1.7

124 89 6.5 6.7 54 6.0 6.6 4.6 14.1

respectively. Thus, the constructed calibration curves of the
surrogate peptides could be used to reliably determine the
protein concentration in rat serum in a consistent fashion over
the anticipated concentration range suitable for the routine
analysis.

Carry-over

No carry-over for all three peptides was found in the second
and third blank rat serum sample directly after the injection of
a sample at the ULOQ (ESM, Table S3). However, the extent
of carry-over for TTP and VVS exceeded in the first blank the
acceptance criterion of <20.0 % compared to the signal at the
LLOQ with 64.8 and 71.2 %, respectively. This result demon-
strated that an injection of at least one rinse or blank sample
after highly concentrated samples is required prior to low con-
centration samples to avoid overestimation caused by carry-
over.

Accuracy and precision in rat serum

The accuracy and precision for the four QC levels at 3.00,
15.0, 450, and 750 pg mL ' in three different rat serum
batches fulfilled the acceptance criteria. For the investi-
gated peptides, the inter-day accuracy ranged from -5.4 to
11.4 % whereas the precision was between 4.4 and 10.5 %
(Table 4). The intra-run bias and precision across three
different batches ranged from —13.3 to 16.8 % and 1.3

to 14.5 %, respectively (ESM, Table S4). The results in-
dicated that the developed LC-HRMS method was accu-
rate and precise not only between different serum batches
but also within individual batches. As the same inter-
peptide concentration values with a variation <3.0 % at
each QC level (Table 4) were obtained, it was demonstrat-
ed that the peptides were generated in a similar fashion
during tryptic digestion and that the same concentration
values were observed regardless of the tryptic surrogate
peptide selected.

Dilution factor

The QC sample at 5.00 mg mL™" was diluted by a factor of
100-fold using blank rat serum resulting in a nominal concen-
tration of 50.0 pg mL~". The mean back calculated concen-
tration was 5.34+0.31 mg mL ' with a bias and precision
ranging from 3.1 to 14.0 % and 1.9 to 6.0 %, respectively
(ESM, Table S5). These results indicated that pre-clinical sam-
ples exhibiting a higher concentration than the qualified cali-
bration range can be diluted with blank matrix prior to
analysis.

Stability
The short-term stability data determined with two QC

levels at 750 and 15.0 ug mL™" (ESM, Table S6) revealed
that the recombinant hIgGlA, was stable at room

@ Springer
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Table 4 Inter-day accuracy and

precision of the three generic Peptide QC nominal concentration (pg mL ') in rat serum
peptides in spiked rat serum on
three different days (n=9) 750 450 15.0 3.00
Inter-day accuracy and precision (n=9)
GPS Mean (g mL™") 722 435 15.8* 291
Inter-day accuracy (% bias) =37 =33 5.1 -29
Inter-day precision (% CV) 6.8 4.6 6.0 8.4
TTP Mean (pg mL ™) 744 434 16.7* 3.03*
Inter-day accuracy (% bias) —0.8 =36 114 0.9
Inter-day precision (% CV) 9.2 8.6 4.4 10.5
VVvs Mean (ug mL™") 722 426 16.4* 293
Inter-day accuracy (% bias) -3.7 -54 9.1 -2.5
Inter-day precision (% CV) 8.7 8.1 7.8 9.8
Inter-peptide mean (g mL™") 730 432 16.3 2.95
Inter-peptide SD (ug mL ") 13 5 0.5 0.06
Inter-peptide precision (% CV) 1.8 1.2 3.0 2.1

* n=8, one QC replicate on day 1 was excluded from calculations due to an issue during sample preparation

temperature up to 48 h, since the % bias compared to the
expected concentration at t, was between —8.6 and 4.8 %
depending which peptide was considered. It was further
demonstrated that the generated peptides were stable on
the auto-sampler after tryptic digestion for at least 30 h, as
the calculated mean bias was within £20.0 % acceptance
criterion (GPS <9.7 %, TTP <4.8 %, and VVS <1.7 %).

Accuracy and precision in cynomolgus monkey serum

The question if mAbs can be quantified in a consistent
manner when spiked in a different matrix than rat serum
was also addressed in our investigations to further expand
the method. In this respect, hIgGlA was spiked at four
QC concentration levels in cynomolgus monkey serum.
Subsequently, the QC concentrations were back-
calculated against a calibration curve and an additional
set of QC samples prepared in rat serum (Table 5). The
resultant accuracies for GPS, TTP, and VVS ranged from
—6.9 to 13.0 % fulfilling the acceptance criterion of
+20.0 %. High matrix interference on the SRM transitions
of GPS caused inaccurate results at low concentrations in
cynomolgus monkey serum with the QqQ instruments re-
ported by Zhang et al. [23]. In contrast, a low bias with
—6.9 % was observed with TOF-SRM for the GPS peptide
at the low QC level (3x LLOQ) demonstrating its advan-
tage over QgQ instruments. Moreover, the precision with
the HRMS method was also within the acceptance crite-
rion of <20.0 % ranging from 1.0 to 13.3 %. Only the
precision in the GPS sample for the low QC level at
3.00 pg mL™" exceeded the criterion by 7.1 % and was
therefore excluded for the analysis of hlgG1B in cyno-
molgus monkey samples.

@ Springer

Application to pre-clinical study

The present method was applied to one pre-clinical study in-
cluding five female cynomolgus monkeys which were dosed
i.v. once with the hIgG1B at 5.00 mg kg ' In total, 35 serum
samples were either analyzed by LC-HRMS or with the con-
ventional LC-MS/MS approach. The mean concentration-
time profile of five individual monkeys taking the results from
both peptides (TTP and VVS) into account was typical for i.v.
administration of a therapeutic protein (Fig. 3a). The data
found with the GPS peptide were not included in the present
comparison due to the high variability in the cynomolgus
monkey QC samples. The reason for this high variability
remained unknown. No hlgG1B was detected in the pre-
dose samples for each individual cynomolgus monkey. The
obtained hlgG1B serum concentration-time profiles were
identical at each time point regardless the analytical assay.
The variation in the mean concentrations of five individual
cynomolgus monkeys obtained either with the TTP or the
VVS peptide was 2.7+ 1.7 % CV for the LC-HRMS analysis.
In contrast, the variation between both surrogate peptides was
slightly increased for the LC-MS/MS assay ranging from 3.7
to 8.5 % CV.

When the individual concentrations for each cynomolgus
monkey instead of the mean concentration were considered,
no significant deviation was revealed by plotting the mean
concentration for each surrogate peptide from the LC-
HRMS and LC-MS/MS assay against the bias between both
analytical assays (Fig. 3b). The mean bias between both ana-
Iytical instruments observed with TTP and VVS was 6.5£6.7
and —0.1£6.6 %, respectively. All samples with exception of
one sample for TTP were within the acceptance criterion of
+20.0 % (dashed lines). These results indicated that equivalent
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Table 5 Accuracy and precision

of the three generic peptides in Peptide QC nominal concentration (g mL ') in cynomolgus monkey serum
spiked cynomolgus monkey
serum (7=3) 750 450 15.0 3.00
Accuracy and precision” (7= 3)
GPS Mean (ug mL ™) 778 497 14.8 2.79
Accuracy (% bias) 37 104 -1.5 -6.9
Precision (% CV) 25 13.0 4.4 27.1°
TTP Mean (pg mL ™) 745 452 16.9 320
Accuracy (% bias) —0.6 0.4 13.0 6.6
Precision (% CV) 11.5 133 4.2 4.4
AT Mean (pg mL ™) 745 466 16.7 2.89
Accuracy (% bias) -0.7 3.6 11.3 -3.7
Precision (% CV) 1.7 9.2 1.0 5.8
* Measured against Cs prepared in rat serum, ° acceptance criterion of <20.0 % CV not met
a 140 data was generated on both platforms regardless of the peptide
—o— LC-MS/MS selected. Thus, the developed LC-HRMS method was quan-
7 120 Sl tifying the hIgG1B in a reliable fashion as already demonstrat-
5 ed with QC samples in cynomolgus monkey serum and could
S 100+ be used as an alternative to conventional analytical assays
_§ 60 using QqQ mass analyzers.
g
§ 60
§ Conclusion
c 40
g 20 The application of HRMS instruments in the field of qualita-
tive proteomics provides valuable information regarding drug-
04 antibody ratios or the determination of various glycan forms

—I—"l"ﬂ”‘l"‘l—"/n’ i 1T 11T T T
0123 4 20 40 60 80 100 120 140 160
Time post-dose (h)

b 4. .
o4 Accaptance criterian of +20.0 %
Ty
|
10 " 3 - . Ly ®
= . 'él 'A Som 2 " " o
0 - T A
8 %A . [} " 4 A A
o Ag A a s,
-10 ° D
B = TTP
& VVS
-20
Acceptance criterion of -20.0 %
’30 T T T

T T T 1
20 40 60 80 100 120 140 160
Mean concentration (ug mL™)

Fig. 3 a Mean concentration-time profile of pre-clinical cynomolgus
monkey serum samples analyzed with LC-HRMS and LC-MS/MS
(n=30) and b bias versus mean concentration of both assays for
individual peptides (TTP and VVS) including +20.0 % acceptance
criterion (dashed lines)

of a mAb. However, therapeutic proteins can also be quanti-
fied in a reliable fashion with HRMS instruments using the
bottom-up approach as demonstrated. Consequently, the com-
bination of qualitative/quantitative approaches in targeted and
non-targeted analysis by one single instrument has a signifi-
cant impact and opens new opportunities to the pharmaceuti-
cal industry to support pre-clinical and clinical studies during
their drug development process of biotherapeutics in a regu-
lated environment. The major advantage associated with
HRMS instruments is the highly resolved isotopic pattern
which can increase the method selectivity, whereas the same
linear range, accuracy, and precision were obtained compared
to classical low resolution QqQQ mass analyzers widely used
for quantification. Thus, more quantitative HRMS methods
will be established in the future as quantitative bioanalytical
LC-MS based assays are generally no longer limited to QqQ
instruments only due to the evolution of recent HRMS instru-
ments. As four different peptides were incorporated in the
described method, the approach can easily be adapted to other
modalities such as hlgG4, antibody-drug conjugates, or even
chimeric/bispecific antibodies based on human immunoglob-
ulin G. Since the samples can be prepared within one working
day and the analysis can run overnight by LC-HRMS, a

@ Springer
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certain throughput is also associated being an important aspect
for pharmaceutical industry.
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3.2 Approach for intact hlgG1 quantification by IC-LC-HRMS

3.2.1 Analytical context

Bottom-up approaches, either based on low or high-resolution mass spectrometers, feature a
series of bottlenecks for mAb-related therapeutic protein quantification in complex matrices. First,

the identification of the most appropriate surrogate peptide(s) with subsequent SRM transition

315,519

optimization can be challenging and time-consuming. In addition, depending on the location

within the quaternary structure of the protein, certain surrogate peptide(s) of interest cannot readily

520

be generated during proteolytic digestion. Second, complex multistep sample preparation

procedures, which govern the method throughput, introduce variations and artefactual

521,522

modifications at the peptide level. Third, surrogate peptides, even the incorporation of several

peptides from different regions, cannot entirely reflect the heterogeneity of mAbs, resulting in a

loss of essential information about the proteoform, biological activity, and post-translational

521,523-525

modifications of the intact mAb. Lastly, the biotransformation and elimination pathways of

mAbs are more complex compared to small molecules including mAb truncations, lysosomal
degradation, and clearance processes mediated by ADAs, the antibody Fc, or carbohydrates.526
However, bottom-up approaches cannot distinguish between in vitro or in vivo generated

metabolites and catabolites carrying the unchanged peptide segment, which subsequently may

527,528

result in a misrepresentation of the true concentration. Hence, quantitative approaches at a

higher protein level would be beneficial, omitting the proteolytic digestion step.’*** Although

intact protein quantification was successfully implemented for several small therapeutic proteins

529,530 531 532-534 5 6

including insulin, serum amyloid A,”™" myoglobin, Ieptin,53 or somatropin53 using

QqQ%*** or HRMS,**®****% intact mAb quantification is still in its infancy. Limiting factors for
intact mAb quantification are mostly related to specificity and sensitivity issues as the spectral
spacing is impacted by the dense isotopic peak distribution and the S/N ratio decreases with
increasing molecular weight and charge state.””® In order to overcome the specificity issue, novel

analytical concepts such as protein decharging,546 the use of mobile phase additives,*’ and native

MS'e0548549 \were explored to shift the charge state distribution of intact mAb-related therapeutic

proteins. On the other hand, appropriate affinity-based sample preparation techniques,

373,550

advancements in HRMS instrumentation, or targeted ion parking are promising strategies to

increase the sensitivity. In combination with advanced computational tools for data processing and
238,305,307,309

the ability to produce full-length SIL-mAbs as appropriate ISTDs, higher level mAb

guantification is nowadays feasible. Notwithstanding, the majority of sparsely reported protocols

311,427,525

still utilize middle-up approaches, whereas only a minority of researchers performed

targeted intact mAb quantification.527’551'553
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3.2.2 Objectives

This work aimed to establish a generic method for targeted intact hilgG1l quantification in pre-
clinical species by hybridizing existing IC technologies with LC-HRMS detection. Furthermore, two
method comparisons between intact higG1l and conventional peptide level quantification were
conducted using spiked rat serum samples and specimen from a rat PK study. Lastly, multiplexing
capabilities at the intact higG1 level were explored.

3.2.3 Results

3.2.3.1 Intact higG1 quantification workflow

The existing generic quantitative tip-based IC-LC-MS/MS-based workflow (chapter 2.3) was
slightly modified, resulting in the generic IC-LC-HRMS method for targeted intact higGl
quantification (Figure 3.6). The availability of [13C]—hIgGl as ideal ISTD, was one key feature,
enabling intact higG1 quantification. Nevertheless, the introduction of the [*C]-higG1 within the
workflow represented a crucial step. At first, the addition of the [**C]-higG1 following higG1
extraction from rat serum samples using a biotinylated mouse anti-hlgG Fc capture antibody was
expected to be the most appropriate approach in order to avoid binding competition between both
hlgG1ls due to a limited binding capacity of the IC-tips. However, this approach, displaying a
constant [lSC]—hIgGl peak area across the calibration range (Figure 3.7a), was unable to
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Figure 3.6 Overview of the IC-LC-HRMS-method for intact higG1 quantification in pre-clinical species.
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Figure 3.7 Investigation of [13C]-hIgG1 addition during sample preparation. (a) Obtained peak areas for
[13C]-hIgGl at 1.00 pg/mL either spiked pre or post-hlgGl extraction from rat serum samples and (b)

obtained calibration curves.

compensate for variations introduced during higG1 extraction such as differences in binding to the
capture antibody. Moreover, the reciprocal correlation between the MS response factor (analyte to
ISTD peak area ratio multiplied by the ISTD to analyte concentration ratio) and the higG1l
concentration resulted in a non-linear bending of the calibration curve (Figure 3.7b). In contrast,
saturation effects of the streptavidin-coated tips during hlgG1 extraction were compensated by the
co-extracted [130]-hIgGl as its response decreased with increasing hlgGl concentration
(Figure 3.7a), recovering the linear behavior of the calibration curve (Figure 3.7b). Hence, the
[130]-hIgGl was introduced directly at the beginning of the sample preparation in order to
compensate for extraction losses or other variations introduced during sample treatment. Although

°2" additional glycan removal reduced the

non-deglycosylated hlgG quantification was reported,
heterogeneity of the higG1 and complexity of the full-scan MS spectrum, resulting in an enhanced
selectivity and signal intensity. The kinetic studies of the deglycosylation revealed a time-
dependent increase in signal intensities of the deglycosylated m/z values for the most abundant
charge states (51+ to 56+), which seemed to reach a plateau after 4 h of N-glycosidase F
(PNGase F) treatment (Figure 3.8). However, overnight deglycosylation (18 h) was identified as
the preferred protocol as a significant increase in signal intensity was obtained for the QC at 0.250
and 8.00 pg/mL (Figure 3.8a+h, respectively). Potential possibilities for a faster and more efficient

higG1 deglycosylation include: (i) increased amount of enzyme added to the sample, which was
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Figure 3.8 Kinetic profile of higG1 deglycosylation after higG1 extraction from rat serum and higG1 elution
from the tips using a QC at (a) 0.250 or (b) 8.00 pg/mL. The deglycosylated m/z values of the six most

abundant charge states of the hlgG1 (51+ to 56+) were monitored during PNGase F treatment.

not considered due to an increase in analytical costs per sample or (ii) the selection of another
glycosidase such as Endo S (i.e. IgGZERO from Genovis, Lund, Sweden), which was not
evaluated throughout this project, but for intact ADC quantification (section 3.3.4.2). Prior to
establishing the final HRMS method, several Q-Exactive orbitrap parameters were optimized by
injecting 1 pg of deglycosylated hlgG1 onto a ProSwift RP-4H (250 x 1mm) monolithic column.
The Q-Exactive orbitrap operated in positive ionization mode (m/z 1800-4200), whereby the
resolution was set to the lowest value of 17 500 at m/z 200 for maximum sensitivity. A two-fold
signal increase was obtained by lowering the spray voltage from 4.00 to 3.20 kV (Figure 3.9a). In
addition, a slight increase of the intact hlgG1 signal was gained by increasing the S-lens Rf level

from 40 to 80 V, which enhanced the fragmentation of fragile ions and hence resulted in an
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Figure 3.9 Optimization of the Q-Exactive orbitrap parameters for intact higG1 quantification including (a)
spray voltage, (b) S-lens Rf level, (¢) C-Trap filling time, (d) sheath, (e) auxiliary, and (f) sweep gas. Signal
intensities are based on the summed XIC (51+ to 56+ charge states) of deglycosylated higG1 (1 ug).
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increased transmission of high compared to low m/z ions through the S-lens (Figure 3.9b).On the
other hand, the C-trap filling time had no significant impact on the intact higG1 signal intensity
when an automatic gain control of 3.0E+06 was used (Figure 3.9c). In terms of the gas flows, a
two-fold boost in higG1 signal intensity was generated by increasing the sheath gas from 15 to 35
arbitrary units (Figure 3.9d), whereas the auxiliary (Figure 3.9e) and sweep gas (Figure 3.9f) had
no or a negative impact on the intact hilgG1 signal intensity, respectively.

3.2.3.2 Selection of the intact hilgG1 quantification mode

After hlgG1 elution, two distinct charge stage envelopes (38+ to 73+) were present in the full-scan
MS spectrum, corresponding to the higG1l and [lBC]—hIgGl whose charge states are labeled with
an asterisk (Figure 3.10a). As a first option, intact higG1 quantification can be conducted after MS
deconvolution of the most abundant charge states (in this case 42+ to 59+) by plotting the
resulting peak height ratio of the generated deglycosylated zero charged species against the
nominal higG1 concentration (Figure 3.10b). However, due to the low signal intensity of the charge
state envelope at decreased higG1 concentrations and the tendency of outer charge states (e.g.
59+ to 57+ and 44+ to 42+) to disappear within the background noise, non-hlgGl specific
background ions interfered in each iteration cycle during data processing. Consequently,
additional analytical bias was introduced resulting in an overestimation of the lower QC
concentrations at 0.100 and 0.250 pg/mL by 58.2 and 33.4%, respectively, whereas the mid
(5.00 pug/mL, 2.0% bias) and high QC (8.00 ug/mL, 0.7% bias) concentrations were accurately be
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Figure 3.10 Options for intact higG1 quantification after (a) full-scan MS spectrum acquisition either based on
(b) MS deconvolution using the peak height ratio of the deglycosylated zero charged species or (c) the XIC
approach by extracting individual charge states from the full-scan MS spectrum with a defined MXW.
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determined. One option to circumvent this issue might be to narrow the input range for MS
deconvolution (e.g. 49+ to 56+), which was not evaluated in this project. According to general
recommendations outlined in a recent review, the MS deconvolution approach may lead to errors
in quantitative data and should generally be evaluated with great caution as it moves away from

the raw data.**

Alternatively, individual charge states can be extracted from the full-scan MS
spectrum based on a defined width of the MXW (Figure 3.10c), summed up, and the resultant
peak height or area can be used for intact higG1l quantification. In general, the peak area is
preferred for quantitative purposes as it remains constant for the same amount of detected higG1,
whereas the peak height is affected by peak dispersion effects causing variation in their values.
This consideration was in agreement with the experimental data as accurate and precise data
were only obtained with the XIC approach based on the peak area. In contrast, the peak height
approach resulted in an overestimation of the lower higG1 QC concentrations with a maximum of
37.6% (Table 3.4). Further data processing experiments with the XIC approach based on the peak
area demonstrated that the number of individual charge states (3, 6, 9, or 18) selected for ion
chromatogram extraction had no significant impact on the quantitative data. The accuracy ranged
from 1.1% bias (6 charge states) to 19.2% bias (18 charge states) with a precision of maximum
11.3% CV (3 charge states), meeting acceptance criteria from US FDA and EMA guidances. In
contrast, the width of the MXW significantly impacted the quantitative data. The difference in m/z
values between the deglycosylated and remaining glycated isoforms within one charge state was
approximately 3 m/z units (Figure 3.10c). Consequently, a MXW width of maximum 6 m/z units
was only adequate for accurate and precise intact higGl quantification as both isoforms
(deglycosylated and glycated one) was extracted with wider MXWs (i.e. 8 m/z units), resulting in
an overestimation of the hilgG1 concentration by up to 50.6% (Table 3.5). For the final intact higG1
guantification method using IC-LC-HRMS, the six most abundant charge states (51+ to 56+) were

extracted with a narrow MXW width of 2 m/z units.

Table 3.4 Accuracy and precision of QCs obtained with the XIC approach either based on the peak height or

area (values reported in brackets) using different numbers of charge states and a MXW width of 2 m/z units.

Number of charge states Nominal QC concentration in rat serum (pug/mL)
Linearity of Cs 8.00 5.00 0.250 0.100

3 (from 51+ to 53+) Intra-day accuracy (% bias) 13.3 (8.7) 4.7 (8.7) 23.7% (9.4) 22.1 (9.0)
r’=0.9811 (0.9891) Intra-day precision (% CV) 4.6 (3.2) 3.6 (11.3) 10.0 (8.4) 19.5 (1.9)
6 (from 51+ to 56+) Intra-day accuracy (% bias) 1.6 (1.1) 6.5 (9.0) 20.3% (5.9) 37.6° (12.3)
r’=0.9958 (0.9932) Intra-day precision (% CV) 3.8(3.6) 2.9 (3.5) 10.9 (4.1) 8.5 (6.7)

9 (from 48+ to 56+) Intra-day accuracy (% bias) 1.4 (6.4) 8.2 (11.0) 21.4% (15.6) 21.9 (15.4)
r’=0.9908 (0.9876) Intra-day precision (% CV) 2.6 (6.1) 3.7 (3.9) 7.5(3.4) 13.2(7.7)
18 (from 42+ to 59+) Intra-day accuracy (% bias) -0.5 (4.0) 9.0 (10.6) 22.2% (16.6) 37.0°(19.2)
r’=0.9925 (0.9928) Intra-day precision (% CV) 3.9(6.2) 1.3(1.0) 7.2 (1.6) 8.8 (3.3)

& Out of acceptance criterion of £20.0%, ® out of acceptance criterion of £25.0%
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Table 3.5 Accuracy and precision of QCs obtained with the XIC approach based on the peak area of the six

most abundant charge states (51+ to 56+) using different MXW widths.

Width of MXW Nominal QC concentration in rat serum (ug/mL)
Linearity of Cs 8.00 5.00 0.250 0.100
2 m/z units Intra-day accuracy (% bias) 15 9.1 12.1 15.3
r’=0.9925 Intra-day precision (% CV) 3.6 3.5 7.1 4.0

4 m/z units Intra-day accuracy (% bias) 0.9 10.3 13.2 3.8
r’=0.9914 Intra-day precision (% CV) 0.3 4.6 4.0 14.1

8 m/z units Intra-day accuracy (% bias) 15 14.7 32.2% 50.6"
r’=0.9921 Intra-day precision (% CV) 4.7 1.1 51 18.2

& Out of acceptance criterion of £20.0%, ® out of acceptance criterion of £25.0%

3.2.3.3 Method validation

The generic IC-LC-HRMS assay was validated by transferring the defined acceptance criteria for
peptide level to intact protein level analysis. The outcome of the method validation is summarized

in Table 3.6, fulfilling the acceptance criteria from US FDA and EMA guidances.*?%%3

Table 3.6 Method validation of the generic IC-LC-HRMS workflow for intact hlgG1 quantification in rat serum.

Parameter Outcome

Selectivity: three blank batches (n=3) higG1: £3.0%, [*°C]-higG1: <0.3%

Contribution of signal [**C]-hlgG1 to higG1: 12.8%, higG1 to [°C]-higG1: 13.0%
Linearity (n=3), y=ax’+bx+c, 1/x* weighting 0.100-10.0 pg/mL, r*=0.9919+0.0027

Carry-over (blank after ULOQ sample) higG1: <LLOQ signal, [**C]-higG1: 0.0% of zero sample response
Accuracy (% bias) and precision (% CV) Intra-day (n=3): -2.7 to 16.0% bias, 1.3 t0 11.7% CV

QCs at 0.100, 0.250, 5.00, and 8.00 pg/mL Inter-day (n=9): -0.1 to 9.3% bias, 6.1 to 8.7% CV

Dilution integrity (300 pg/mL, 50-fold, n=5) Mean bias of 2.9% with precision of 8.6% CV

Reproducibility (sample analysis on two days) Concentration bias within £20.0% for 29 out of 30 incurred samples

3.2.3.4 Intact versus peptide level hilgG1 quantification

In total, 30 spiked rat serum samples and 24 pre-clinical study samples were employed for higG1
guantification either at the intact protein or conventional peptide level. A good linear correlation
was observed for the spiked and pre-clinical study samples as indicated by Pearson’s r-values of
0.9829 and 0.9546, respectively (Figure 3.11a+b). The corresponding Passing-Bablok regressions
were almost ideal with slopes of 1.0452 and 0.9913 and intercepts of -0.0211 and 0.0430 for the
spiked samples and real specimen, respectively. Since the confidence intervals for the slopes
approximated the optimal value of 1 in both comparisons, no significant proportional difference
existed statistically between both approaches. Furthermore, both methods did not differ from any
constant amount of bias as the 95% confidence intervals for the intercepts from both linear

regression analyses incorporated the zero value. The mean bias between the intact protein and
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peptide level analysis was -4.2% for the spiked samples, whereas two samples were not located
inside the 95% limits of agreement ranging from -23.2 to 14.8% bias (Figure 3.11c). An excellent
method agreement was likewise obtained with the in vivo samples with only one rat PK sample
located outside the 95% limits of agreements (-22.7 to 25.8% bias), whereas the mean bias
between both methods was 1.6% (Figure 3.11d). Consequently, equivalent quantitative data were

generated at the intact hlgG1 level compared to conventional bottom-up MS-based approaches.
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Figure 3.11 Comparison of hilgG1l concentration determined either at the intact protein or peptide level.
Correlation plots with linear regression (dashed red line) and 95% confidence intervals from Passing-Bablok
regression (dotted blue lines) for (a) spiked rat serum samples (n=30) and (b) in vivo samples from a rat PK
study (n=24). Bland-Altman plots with 95% limits of agreement (dotted blue lines) for method agreement
assessment between both approaches for (c) spiked rat serum and (d) in vivo samples. SD: standard

deviation

3.2.3.5 Multiplexed hlgG1 quantification

The multiplexed quantification was conducted using two higGls (hlgG1A and higG1B), which
exhibit only minor differences in amino acid sequences (e.g. in the CDR region). Both higG1ls
were baseline separated under the selected chromatographic conditions and were simultaneously

qguantified directly at the intact protein level within the same rat serum sample using the
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[*C]-hlgG1 as common ISTD. Due to ion suppression effects caused by excessive PNGase F co-
eluting with higG1B at 8.2 min, the LLOQ of the hlgG1B was slightly increased (0.250 pg/mL)
compared to the one of the higG1A (0.100 pg/mL), eluting 30 s earlier. The corresponding intra
and inter-day accuracy and precision data for both higG1s fulfilled the acceptance criteria on three

non-consecutive days (Table 3.7).

Table 3.7 Linearity, accuracy, and precision data (QCs at 0.100, 0.250, 5.00, and 8.00 ug/mL) obtained

during multiplexed intact higG1 quantification in rat serum using the generic IC-LC-HRMS method.

Analyte Retention time Linearity Accuracy (% bias) Precision (% CV)
Range r’-value Intra-day Inter-day Intra-day Inter-day
(Hg/mL) (n=3) (n=3) (n=9) (n=3) (n=9)

higG1A 7.7 min 0.100-10.0 0.9891+0.0009 -3.6t017.7 2.6t010.4 1.3t012.1 5.2t0 8.8

higG1B 8.2 min 0.250-10.0  0.9840+0.0063 -7.3t05.6 -1.0t0 1.6 38t0146 8.1t09.8

3.2.4 Conclusions

The generic IC-LC-HRMS-based workflow has proven its potential for intact higG1 quantification
by combining the advantages of existing IC technologies for selective enrichment with the

extended mass range of HRMS instruments.

e A high sensitivity of 100 ng/mL was obtained suitable for most pre-clinical application, differing
only one order of magnitude from the developed IC-LC-MS/MS approach (10.0 ng/mL).

e Less complex sample preparation was mandatory with only one post-elution step
(deglycosylation) compared to multistep bottom-up approaches, eliminating the generation of

artefactual peptide modifications upon reduction, alkylation, and proteolytic digestion.

e Equivalent quantitative data based on spiked rat serum and pre-clinical study samples were
provided by the intact hlgG1 approach compared to orthogonal bottom-up workflows.

e In contrast to the presented generic bottom-up MS-based workflows, multiplexing of two higGs
from the same isotype subclass (hlgGl) was feasible at the intact level. In addition,
simultaneous targeted quantification of co-administrated Fc region-bearing mAb-related
therapeutic proteins would be possible without the requirement to select analyte-specific

surrogate peptides.

e The provided information level exceeded the one of ELISA and bottom-up MS-based
approaches. Closely related proteoforms, in vivo generated metabolites and catabolites could
be identified and quantified with the presented approach, which might not be recognized by
ELISA in case the modification occurs in the detection antibody-targeting binding site or which
could not be revealed at the peptide level in case the modification occurs in regions that are
not covered by the selected surrogate peptide(s). Consequently, an improved characterization

of the fate of mAb-related therapeutic proteins is granted with the intact approach.
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3.2.5 Scientific communications

The work described in this chapter was published and presented on several occasions.

Peer-reviewed scientific article:

Lanshoeft C, Cianférani S, Heudi O. Generic hybrid ligand binding assay liquid chromatography
high-resolution mass spectrometry-based workflow for multiplexed human immunoglobulin G1
guantification at the intact protein level: application to preclinical pharmacokinetic studies. Anal
Chem, 2017, 89(4), 2628-2635. Copyright 2017, reprinted with permission from American

Chemical Society.

Oral presentation:

A generic hybrid LBA-LC-HRMS-based workflow for multiplexed hlgG1 quantification in pre-clinical
species directly at the intact protein level. 45" International Symposium on High-Performance
Liquid Phase Separations and Related Techniques (HPLC2017), Jun 19" 2017, Prague (Czech
Repubilic).

Quantitative analysis of biotherapeutics in pre-clinical species by LC-HRMS either at the peptide
or directly at the intact protein level. 1% Quantitative HRMS Workshop, May 16" 2017, Muttenz

(Switzerland).
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ABSTRACT: The quantitative analysis of human immunoglobulin Gl
(hIgGl) by mass spectrometry is commonly performed using surrogate
peptides after enzymatic digestion. Since some limitations are associated with
this approach, a novel workflow is presented by hybridizing ligand binding
assay (LBA) with liquid chromatography—high-resolution mass spectrometry
(LC—HRMS) for hlgGl quantification directly at the intact protein level.
Different hIgGls, including a ['3C]-labeled version used as internal standard,
were immuno-enriched from rat serum with a fully automated platform based
on streptavidin coated tips and a biotinylated mouse anti-hIgG capture
antibody targeting the fragment crystallizable region followed by overnight
deglycosylation prior to LC—HRMS analysis. The proposed quantitative
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workflow utilized extracted ion chromatograms (XICs) from the non-

deconvoluted full-scan MS spectrum. The assay was validated in terms of selectivity, sensitivity, accuracy/precision, carry-
over, dilution linearity, and reproducibility. Consistent data between the conventional approach based on surrogate peptide
analysis and our proposed workflow were obtained in vitro and in vivo with the advantage of a less extensive sample pretreatment.
Multiplexing capabilities for simultaneous quantification of different hIgG1s within the same spiked sample were also exemplified.
Altogether our results pave the way not only for the thorough application of intact hIgG1 quantification by LBA-LC—HRMS but
also as a generic quantitative analytical method for other hIgG isotypes or next generation biotherapeutics.

Liquid chromatography—tandem mass spectrometry (LC—
MS/MS) based assays have rapidly evolved in recent years
as a complementary analytical method to ligand binding assays
(LBAs) for the quantification of monoclonal antibodies
(mAbs).'™ The majority of these quantitative LC—MS/MS
assays is based on the bottom-up approach using specific
surrogate peptides either from the complementary determining
regions”~ or the fragment crystallizable (Fc) region (generic
approach) after enzymatic digestion.” "' Potential advantages
of the latter mass spectrometry (MS) based approach are the
faster method development time, the increase in the linear
dynamic range, and the ease of multiplexing. However, the
LC—MS/MS approach also presents a series of limitations
among which the artifactual generation at the peptide level of
various modifications after enzymatic digestion (e.g., deamida-
tion of asparagine to iso-aspartic and aspartic acid)."” Besides
these possible modifications, glycosylation, oxidation, site-
specific conjugation, or other biotransformations occurring in
vivo can only be covered partially at the peptide level. Thus, the
heterogeneity of the (modified) mAb is not entirely reflected
which may result in discrepancies in the absolute concentration.
Consequently, the development of novel analytical MS-based
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approaches at the intact protein level for an absolute and
unbiased quantification is highly required. The current
improvements of new generation high-resolution mass
spectrometry (HRMS) instruments such as hybrid quadru-
pole-time-of-flight or orbitrap mass analyzers have ]IJerm.itted
the quantification of small molecules,"*™"* peptides,"“™"* low
molecular weight therapeutic proteins (6.0 to 28.7 kDa in
size),'” ™" or mAbs using the bottom-up approach.'>** More
recently, LC—HRMS has also been successfully applied to the
quantification of different human immunoglobulin G (hlgG)
isotypes, namely, hIgG1 or eculizumab, a hIgG2/4 kappa mAb,
using larger hlgG subunits after selective proteolysis with
subsequent reduction (2 X Fc, Fab light chain, and Fab heavy
chain) or simPle reduction only (intact light chain in the case of
ecalizumab).“zfZS As outlined in a recent review, mAb
quantification at the intact protein level is not straightforward
as the protein signal is distributed over several charge states.”
This increases the complexity of the full-scan MS spectrum
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which can compromise the assay’s selectivity and sensitivity. In
order to simplify the data interpretation, the MS deconvolution
was recently used for mAb quantification at the intact protein
level.””** However, it is questionable whether the deconvoluted
data can always be used for the quantitative analysis as the data
processing after acquisition could lead to any loss of original
information which might impact the method’s robustness
especially in complex samples. Thus, the quantification of
Infliximab was recently performed without any MS deconvo-
lution in ultrafiltrated mouse serum representing a less complex
matrix as opposed to neat sera or plasma.*” Until now, to the
best of our knowledge there is no published work dealing with
hlgG1 quantification at the intact protein level based on the
extracted ion chromatograms (XICs) in plasma or sera.
Consequently, the purposes of this work were to (i) develop
a hybrid LBA-LC—HRMS-based workflow for hlgG1l quanti-
fication at the intact protein level in rat serum using its stable
isotope labeled version ([*C]-hIgG1) as internal standard, (ii)
further investigate its multiplexing capabilities for the
simultaneous quantification of different hlgGls, (jii) apply
the developed workflow to rat pharmacokinetic (PK) studies,
and (iv) compare the hybrid LBA-LC—HRMS data with those
originating from classical bottom-up LC—MS/MS analysis.

B EXPERIMENTAL SECTION

Chemicals and Reagents. The higGl4, its [*C]-lysine/
arginine labeled version ([*C]-hlgG1A), the mouse anti-hIgG
Fc capture antibody, and the second hIgG1 (entitled hIgG1B)
used during multiplexing studies were produced at Novartis
Pharma AG (Basel, Switzerland). Tween 20, DL-Dithiothreitol
(DTT), iodoacetamide (IAA), ammonium bicarbonate (ABC),
bovine pancreas trypsin, ammonium hydroxide (NH,OH, 28—
30%), trifluoroacetic acid (TFA), acetic acid, methanol
(MeOH), acetonitrile (ACN), and MS grade water were
delivered from Sigma-Aldrich (Buchs, Switzerland). Formic
acid (FA) and PNGase F (10 u/pL) were purchased from
Merck (Darmstadt, Germany) and Promega (Madison, WI),
respectively. The EZ-Link Sulfo-NHS-Biotinylation kit, BupH
modified Dulbecco’s phosphate buffered saline packs (PBS, 0.1
M sodium phosphate, 0.15 M sodium chloride, pH 7.2), as well
as the streptavidin coated mass spectrometric immunoassay
disposable automation research tips (MSIA D.ART.S) and
magnetic beads (Pierce, 10.0 mg/mL) were obtained from
Thermo Fisher Scientific (Waltham, MA). Sodium iodide
solution was provided by Waters (Milford, MA). All LC—MS
grade solvents as well as reagents were of high analytical grade
(=99%) and were used without any purification. Blank rat
serum used for the preparation of calibration standards (Cs)
and quality control (QC) samples was obtained from Fisher
Clinical Services (Allschwil, Switzerland).

Preparation of Cs and QC Samples. Stock solution of the
hlgG1A (or cospiked with hlgG1B during multiplexing studies)
was serially diluted in PBS. The resultant working solutions
were spiked into blank rat serum (5:95, v/v) resulting in nine
Cs levels (0.100, 0.250, 0.500, 0.750, 1.00, 2.50, 5.00, 7.50, and
10.0 pg/mL) and four QC concentrations (0.100, 0.250, 5.00,
and 8.00 ug/mL).

Serum Samples from Rat PK Study. Eight different
female Han Wistar rats were dosed intravenously with hIgG1A
at 10.0 mg/kg. A volume of 250 L of blood was drawn into
serum collection tubes at predose as well as 1, 6, and 23.5 h
postdose after puncturing of the sublingual vein. The collected
blood was allowed to clot upright at room temperature for 1 h
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prior to centrifugation at 2500g and 4 °C for 10 min. Afterward
the resultant serum was shipped to the analytical lab and stored
<-=70 °C pending analysis. The preclinical study was
conducted in compliance with the Novartis Animal Care and
Use Committee, the Animal Welfare Act, the Office of
Laboratory Animal Welfare and in accordance with the Guide
for the Care and Use of Laboratory Animals.

Immuno-Enrichment from Rat Serum for Intact higG1
Quantification. The mouse anti-hIgG Fc capture antibody
was biotinylated with a 20-fold molar excess of biotin using the
EZ-Link Sulfo-NHS-Biotinylation kit. The streptavidin coated
tips were prerinsed with 175 uL of PBS (15 cycles) using the
Versette platform, a 96-well plate based automated liquid
handler (Thermo Fisher Scientific) prior to loading of the
biotinylated capture antibody (5.00 ug/tip, 1000 cycles)
followed by a postrinse step with PBS (175 uL, 15 cycles). A
volume of 50 uL of rat serum sample was loaded into a 500 uL
Protein LoBind 96-well plate from Eppendorf (Hamburg,
Germany), and 5 uL of [*C]-hIgG1A were added to the
samples (except for blank samples) resulting in a final [*C]-
hIgG1A concentration of 1.00 ug/mL. The hlgGls were
enriched on the tips by repeatedly aspirating and dispensing
250 uL of diluted serum sample (serum/PBS, 1:7, v/v, 1000
cycles). After enrichment, the tips were rinsed twice with PBS
and two times with water (175 uL, 1S cycles each). The
immuno-enriched hlgGls were eluted into a clean 200 uL
ABgene V-bottom 96-well plate (Thermo Fisher Scientific) by
drawing and expelling 30 uL of 2% FA in water/MeOH (9:1, v/
v, 200 cycles). The eluate was neutralized with 5 uL of
NH,OH/water (2:3, v/v) prior to overnight deglycosylation
using 4 uL of PNGase F/50 mM ABC (1:3, v/v). The
enzymatic activity was terminated the day after by adding
elution solvent to the samples (total end volume of 120 uL)
prior to LC—HRMS analysis.

LC—HRMS Method for Intact hlgG1 Quantification. A
volume of 60 L was injected into a Dionex UltiMate 3000 LC
system coupled to a Q-Exactive hybrid quadrupole orbitrap
mass spectrometer (Thermo Fisher Scientific). The monolithic
ProSwift RP-4H (1 mm X 250 mm) column was maintained at
70 °C. The mobile phases consisted of 0.1% FA in water (A)
and 0.1% FA in ACN (B) whereas the following gradient was
used: 0.0—2.5 min, 10% B; 2.5—5.5 min, 10-28% B; 5.5—12.0
min, 28—32% B; 12.0—12.5 min, 32—90% B; 12.5—14.5 min,
90% B; 14.5—15.0 min, 90—109% B; 15—20 min, 10% B. For the
multiplexing studies, a slightly modified gradient was used:
0.0-2.5 min, 20% B; 2.5—12.0 min, 20—60% B; 12.0—12.5 min,
60—90% B; 12.5—14.5 min, 90% B; 14.5—15.0 min, 90—20% B;
15—20 min, 20% B. For both gradients, the flow rate was set to
200 pL/min. For MS detection, a full-scan MS spectrum (m/z
1800—4200) including 10 microscans was acquired in positive
ion-mode. The nominal MS resolution was set to 17 500 at full
width at half-maximum at m/z 200, A target value of 3.00 x 10°
ions was selected for the automatic gain control setting with a
maximum inject time of 150 ms. The other MS parameters
were the following: spray voltage at 3.2 kV, capillary
temperature at 275 °C, heater temperature at 350 °C, S-lens
if level at 80 V, sheath and auxiliary gas flow rate at 35 and 10
arbitrary units, respectively. The orbitrap’s mass accuracy was
<1 ppm with an effective average resolution >3600 over the
calibrated mass range on each day of analysis using sodium
iodide.

Data Processing. The LC—HRMS system was controlled
by XCalibur v2.2 (Thermo Fisher Scientific). The six most
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Figure 1. General scheme of the proposed hybrid LBA-LC—HRMS-based workflow using immuno-enrichment with streptavidin coated tips being
loaded with a biotinylated anti-hIgG Fc capture antibody, hIgG1 and spiked [*C]-hIgG1 extraction from rat serum, hlgG1ls elution from the tips
followed by full-scan MS acquisition and intact hIgG1 quantification using the XIC approach based on the peak area ratio.

intense charge states for each hIgG1 were extracted in LCquan
v2.7 (Thermo Fisher Scientific) using a mass extraction window
(MXW) of 2 m/z units with a mass tolerance of S ppm:
hIgGlA [m/z 2543—2545 (56+), 2589-2591 (55+), 2637—
2639 (54+), 2687—2689 (53+), 2739—-2741 (52+), 2792—2794
(51+)]; [C)-hIgGlA [m/z 2556—2558 (56+), 2602—2604
(55+), 2651-2653 (S54+), 2701-2703 (53+), 2752-2754
(52+), 2806—2808 (51+)]; and hIgG1B [m/z 2678—2680
(54+), 2729-2731 (53+), 2781-2783 (52+), 2836—2838
(51+), 2893—2895 (50+), 2952—2954 (49+)]. The resultant
XICs were summed up and integrated in order to obtain an
area under the curve. MS spectra were deconvoluted with the
Protein Deconvolution software 4.0 (Thermo Fisher Scientific)
using the ReSpect algorithm for isotopically unresolved spectra.
The input mass range was set from #1/z 2400—3400 covering in
total 18 charge states whereas the output mass range was
restricted to 142—146 kDa with a noise rejection confidence
interval of 95%.

LC—MS/MS Method for higG1A Quantification at the
Peptide Level. The hlgG1A was immuno-enriched from rat
serum with streptavidin coated magnetic beads previously
loaded with a biotinylated mouse anti-hIgG Fc capture
antibody, reduced and alkylated prior to tryptic digestion. A
solid phase extraction was conducted prior to LC—MS/MS
analysis using an API 6500 linear quadrupole ion trap mass
spectrometer from AB Sciex (Framingham, MA). A detailed
protocol for the sample preparation and complete LC—MS/MS
settings (Table S-1) are provided in the Supporting
Information.

B RESULTS AND DISCUSSION

General Workflow for Intact higG1 Quantification. In
order to address the current need for accurate hlgGl
quantification at the intact protein level in biological fluids, a
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hybrid LBA-LC-HRMS-based workflow was developed (Figure
1). Hybridizing LBA to LC—HRMS combines the advantage of
a selective target enrichment from complex biological matrixes
resulting in a significant sensitivity gain by reducing the
background noise whereas further specificity is introduced by
high-resolution quantification as outlined previously.” In our
workflow, the [C]-hIgGlA was added to the rat serum
samples right at the beginning of the sample preparation in
order to compensate for any possible losses during extraction or
different jonization efficiencies during HRMS analysis. The fact
that a biotinylated mouse anti-hIgG Fc capture antibody was
used for hlgGl enrichment, the sample preparation is
applicable to all hlgG-based therapeutic proteins bearing the
Fc region. The incorporation of an overnight deglycosylation
step with PNGase F after hlgG1 elution from the tips resulted
in a less complex full-scan MS spectrum (Figure 1, upper right
panel) increasing the signal for each charge state significantly
which further improved the selectivity and sensitivity of our
assay. Of note, the postelution deglycosylation step can also be
omitted, e.g, when active or inactive glycan forms are of
analytical interest. However, this might compromise the assay’s
sensitivity, In the end, the intact hIlgGl quantification was
performed on the peak area ratio of the target higGl and the
[¥CJ-hIgG1A after ion chromatogram extraction using a
defined mass extraction window (MXW).

MS Deconvolution versus XIC Approach. A typical
hIgG1 charge state envelope (38+ to 73+) was obtained in the
full-scan MS spectrum after injecting a reference solution
containing an equimolar amount of hIgG1A and [*C]-hIgG1A
(Figure 2A). In the present work, two approaches were tested
for intact hlgG1 quantification. In the first one based on MS
deconvolution (18 charge states, 42+ to 59+), the most intense
intact MS signals were attributed to the deglycosylated higG1A
and [*C]-hIgG1A forms whereas two other remaining minor
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Figure 2. MS spectrum of hlgGlA and ["*C]-hlgGIA reference
solution at 0.500 mg/mL (2 uL injected). (A) Full-scan MS spectrum,
(B) deconvoluted MS spectrum, and (C) zoom into S1+ to 56+
charge states used for XIC approach. Asterisks indicate charge states
corresponding to ['*C]-hIgG1A.

signals represented the residual glycoforms due to incomplete
overnight deglycosylation (Figure 2B). A complete deglycosy-
lation can be achieved (if required) either with a longer
incubation time (>18 h) or larger amounts of enzyme added.
However, this will increase the analysis cost and decrease the
sample throughput. The experimental intact mass of the
deglycosylated hIgGI1A (142423.8 + 6.0 Da) exhibited an
accuracy of 42 ppm compared to its theoretical intact mass.
The mass difference of the deglycosylated signals between the
hIgG1A and its [*C]-labeled version was 706 Da indicating no
overlapping intact masses (Figure 2B). An acceptable linearity
with a coeflicient of determination (r*-value) of 0.9825 was
observed over the calibration range from 0.100 to 10.0 yg/mL
by plotting the peak height ratio of the deconvoluted MS
signals of hlgGlA to [“CJ]-hIgGlA against the nominal
hIgGlA concentration (Table S-2). However, the accuracy
(% bias) obtained on the low QC concentrations did not meet
the acceptance of +20% [+25% at the lower limit of
quantification (LLOQ)] with a maximum bias of 58.2%.
Consequently, the method’s LLOQ would have been increased
even though the selectivity (analytical response S-fold higher
compared to blank serum sample) and precision [expressed by
the coefficient of variation (CV), <20% CV and <25% CV at
the LLOQ] met the acceptance criteria. The inaccuracy can be
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explained by the fact that the deconvolution process was
impacted by the weak MS signal at low concentrations. As a
second option for intact hIlgG1 quantification, ion chromato-
grams from several individual charge states were extracted from
the full-scan MS with a defined MXW (XIC approach). The
zoom into the most abundant charge states (S1+ to 56+)
revealed a mass shift of approximately 13 m/z units between
the deglycosylated hlgG1A and [“C]-hIgG1A for each charge
state (Figure 2C). Similar to the deconvolution approach,
inaccurate data were obtained at the low QC concentrations
using the peak height ratio of hIgG1A to ["*C]-hIgG1A plotted
against the hIgG1A concentration regardless of the number of
charge states used for the XIC approach (Table $-2). However,
accurate and precise data were obtained on QC samples when
the ratio of the peak area instead of the peak height was used
(Table 1). Consequently, the XIC approach based on the peak
area ratio was selected for further investigations.

Table 1. Accuracy and Precision Data Obtained in QC
Samples Spiked with hIgG1A Based on the Peak Area Ratio
Using the XIC Approach with Different Numbers of Charge
States and a MXW Width of 2 m/z Units“

nominal QC concentration in rat
serum (pg/mL)

5.00 0.250

8.00 0.100

intraday accuracy and precision
(n=3)

no. of charge states n=

3 (51+ to 53+)  mean 870 544 0273 0.109
concentration
(ng/mL)
= 0.9891 intraday accuracy 8.7 8.7 9.4 9.0
(% bias)
intraday precision 3.2 113 8.4 1.9
% CVS
6 (51+ to 56+)  mean 8.09 545 0265 0.112
concentration
(pg/mL)
7 = 09932 intraday accuracy 1.1 90 59 123
(9% bias)
intraday precision 3.6 3.5 4.1 6.7
(% CV,
9 (48+ to 56+) mean 851 555 0289 0.115
concentration
(ug/mL)
= 09876 intraday accuracy 6.4 11.0 15.6 154
(% bias)
intraday precision 6.1 3.9 34 7.7
(% CV
18 (42+ to 59+) mean 832 553 0291  0.119
concentration
(ng/mL)
P = 09928 intraday accuracy 4.0 10.6 16.6 19.2
(9% bias)
intraday precision 6.2 1.0 1.6 33
% CVS,

“Coeficient of determination (r*-value) indicated linearity of
calibration standards for each approach.

Effect of the Number of Charge States Selected for
XIC Approach. Even though a high specificity was associated
with a large number of charge states used for the XIC approach,
the less intense charge states tend to disappear within the
background noise with the decreasing concentrations of hlgG1
which could impact the assay’s accuracy and precision. Thus,
the linearity of Cs samples as well as the accuracy and precision
for QC samples were compared when the hIgGlA was
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Figure 3. Sum of six individual XICs (51+ to 56+; left panel), full-scan MS spectrum (upper middle panel) and zoom into six most abundant charge
states (51+ to 56+; lower middle panel) as well as the deconvoluted MS spectrum (42+ to 59+ used for deconvolution; right panel) for (A) blank rat
serum sample, (B) LLOQ sample at 0.100 pg/mL, and (C) ULOQ sample at 10.0 ug/mL. Asterisks indicate charge states corresponding to [*C]-

hlgG1A.

quantified based on the peak area ratio using either 3, 6, 9, or
18 charge states for ion chromatogram extraction. The data
from this investigation suggested that the number of charge
states did not impact the assay’s accuracy and precision as all
QCs were within the defined acceptance criteria (Table 1). It
should be noted that a trend toward more inaccurate data was
observed at the LLOQ QC sample with a higher number of
charge states used for the XIC approach. Another parameter
being considered was the width of the MXW. In case of a
complete deglycosylation, the theoretical maximum MXW
width would be 26 m/z units as the difference in m/z values
between the deglycosylated hIgG1A and ["*C]-hIgG1A signal
for the same charge state (e.g, 51+) was approximately 13 m/z
units (Figure 2C). However, as the overnight deglycosylation
was incomplete, the m/z difference per charge state between
the deglycosylated and the remaining glycoforms was
approximately 3 m/z units allowing only a limited MXW
width of maximum 6 m/z units (Figure 2C). Higher MXW
widths (e.g, 8 m/z units) resulted in inaccurate data, as both
deglycosylated isoform and glycan forms were extracted to a
certain extend for each charge state (Table S-3). Hence a MXW
width of 2 m/z units was selected for the XIC approach using
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six charge states (S1+ to 56+) exhibiting the best linearity (r-
value) as well as accurate and precise results (Table 1). No
significant interference was observed at the retention time of
the hlgG1A in blank rat serum under these XIC conditions
(Figure 3A) whereas a significant peak above the background
noise was detected at the LLOQ of 0.100 pg/mL (Figure 3B).
Two typical hIgG1 charge state envelopes were observed in the
full-scan MS spectrum of the LLOQ with a higher signal for the
[*C]-hIgG1A (upper middle MS spectrum in Figure 3B)
whereas the hIgG1A charge states were still detected to a minor
extend (lower middle MS spectrum in Figure 3B). In order to
check that the charge state envelopes corresponded to the
actual hlgGls, the MS spectrum was deconvoluted (right MS
spectrum in Figure 3B). The observed intact masses for the
deglycosylated hIgG1A (142426.9 + 8.3 Da) at the LLOQ and
the [CJ-hIgG1A (1431294 + 4.8 Da) at the working
concentration differed from its experimental reference masses
(Figure 2B) by 22 ppm and >—1 ppm, respectively, confirming
the clear distinction of the target hIgGls from other
endogenous rat serum proteins, The most intense signals in
the full-scan MS spectrum of the sample at the upper limit of
quantification (ULOQ) originated from the hIgGlA with
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Table 2. Summary of Hybrid LBA-LC—HRMS Method Validation for Intact hIgG1A Quantification in Rat Serum

parameter
selectivity: three blank batches (n = 3)
contribution of signal
linearity (n = 3), y = ax® + bx + ¢, 1/x” weighting
carry-over (blank after ULOQ_sample)
accuracy (% bias) and precision (% CV)
QC at 0.100, 0.250, 5.00, and 8.00 ug/mL
dilution linearity (300 yg/mL, 50-fold, n = 5)
reproducibility

results
higGlA: <3.0%, [*C]-hlgG1A: <0.3%
[*C]-hIgG1A to hlgG1A: 12.8%, hlgG1A to ["*C]-hlgG1A: 13.0%
0.100-10.0 pg/mL, P = 09919 + 0.0027
hlgG1A: <LLOQ, [*C]-hIgG1A: 0.0% of response in zero sample
intraday (n = 3): —2.7 to 16.0% bias, 1.3 to 11.7% CV
interday (n = 9): —0.1 to 9.3% bias, 6.1 to 8.7% CV
mean bias of 2.9% with precision of 8.6% CV

97% of incurred samples {(n = 30) met acceptance criterion of +20%

minor signals for the [“C]-hIgGlA (Figure 3C). The
deconvoluted MS spectrum proved once more that the
hlgGlA was measured with a mass accuracy of —11 ppm
(mass of deglycosylated isoform, 142422.3 + 5.1 Da) whereas
the deglycosylated [**C]-hIgG1A signal (143130.7 + 5.9 Da)
deviated by 8 ppm from its reference spectrum (Figure 2B).
Method Validation. The developed hybrid LBA-LC—
HRMS-based workflow for intact hIgGl quantification was
successfully validated in terms of selectivity, sensitivity,
accuracy/precision, carry-over, dilution linearity, and reprodu-
cibility. The method validation data are summarized in Table 2
meeting acceptance from international guidance®' ™ A
detailed description for each individual parameter including
its acceptance criteria and the corresponding raw data can be
extracted from the Supporting Information (Tables $-4—S-9).
Comparison of hlgG1A Quantification at the Intact
Protein and Peptide Level. For the in vivo samples (n = 24),
a good linear correlation with a Pearson’s r-value of 0.9546 was
observed when the hIgGlA concentration was determined
either at the intact protein or the peptide level (Figure 4A).
The corresponding Passing-Bablok regression was almost ideal
with a slope of 0.9913 and an intercept of 0.0430 (dashed red
line). As the confidence intervals for the slope enclosed the
optimal value of 1, no significant proportional difference existed
statistically between the concentrations obtained from intact
hlgG1 quantification or from peptide level quantification. Both
methods did not differ from any constant amount of bias, as the
95% confidence interval for the intercept of the linear
regression included each time the zero value. An excellent
method agreement was obtained with the in vivo samples, as
only one of the preclinical study samples was located outside
the 95% limits of agreements (from —22.7 to 25.8%) whereas
the mean bias (1 = 24) between both methods was only 1.6%
(Figure 4B). A similar trend was also obtained with the in vitro
rat serum samples (Figure S-1 and Table S-10). This
demonstrated that the developed hybrid LBA-LC—HRMS-
based workflow at the intact protein level leads to at least
equivalent results for hlgGl quantification compared to the
conventional LC—MS/MS analysis at the peptide level with the
additional advantage of reduced sample pretreatment.
Multiplexing Capabilities of Developed Hybrid LBA-
LC—HRMS-Based Workflow. Simultaneous quantification of
different hIgGs exhibiting minor changes in amino acid
sequences can also be conducted directly at the intact protein
level and is not only limited to peptide level analysis as
described earlier.”® In order to demonstrate the multiplexing
capability of our method, two different hlgGls (hIgG1A and
hIgG1B) were spiked in the same rat serum sample. Both target
hlgG1ls were baseline separated from each other after a slight
modification of the LC gradient (Figure SA). The peak at 7.7
min contained the hIgGlA and [C]-hIgGlA whereas the
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Figure 4. Comparison of measured hIgG1A concentration either at
the intact protein or peptide level using rat PK study samples (n = 24).
(A) Correlation plot with linear regression (dashed red line) and 95%
confidence intervals from Passing-Bablok regression (dotted blue
lines) and (B) Bland-Altman plot with 95% limits of agreement
(dotted blue lines, mean bias +1.96 standard deviation) for assessment
of agreement between both analytical approaches. The concentration
difference between the intact protein and peptide level divided by the
mean concentration was used to calculate the bias.

hIgGIB eluted at 82 min. Both hIgGls were quantified in
parallel using our previously described optimized XIC approach
with the [**C]-hIgG1A as internal standard for both hlgGls. As
the PNGase F was coeluting with hIgGIB, ion suppression
occurred in the HESI source resulting in a decreased signal in
the full-scan MS spectrum and consequently a higher LLOQ
(0.250 pg/mL) compared to the one for hIgG1A (0.100 ug/
mL). The linearity obtained for Cs samples on three
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spectrum of coeluting hIgG1s in case no separation is achieved.

Table 3. Interday Accuracy and Precision of QC Samples in Rat Serum Spiked with hIgG1A, higG1B, and [*C]-hIgG1A Used
As Internal Standard for Both hlgGls over Three Nonconsecutive Days during Multiplexing Studies”

therapeutic protein
higG1A, RT 7.7 min
7 = 09891 + 0.0009

mean concentration (ug/mL)
interday accuracy (% bias)
interday precision (% CV)
hIgG1B", RT 8.2 min
7 = 0.9840 + 0.0063

mean concentration (ug/mL)
interday accuracy (% bias)
interday precision (% CV)

nominal QC concentration in rat serum (ug/mL)

8.00 5.00 0.250 0.100
interday accuracy and precision (n = 9)

8.21 5.38 0.276° 0.110

2.6 7.6 104 10.2

8.8 52 7.5 73

7.92° 5.04 0.254

=10 0.9 1.6

9.8 8.1 9.6

“The coefficient of determination (r-value) indicates the linearity of calibration standards obtained over these days. “LLOQ was set to 0.250 ug/
mL. “n = 8, one replicate did not meet accuracy acceptance criterion of +20% and was excluded from calculations.

nonconsecutive days was acceptable with a r*-value of 0.9891
and 0.9840 for hlgG1A and hlgG1B, respectively (Table 3).
The interday accuracy (n = 9, three replicates per concentration
on 3 days) of hlgG1B ranging from —1.0 to 1.6% bias was
slightly better compared to the hIgG1A one with a maximum
bias of 10.4% (Table 3). Nevertheless, the acceptance criterion
of +£20% and +25% at the LLOQ was met for both hIgGls.
The corresponding interday precision data met also acceptance
not only for hIgG1A but also for the cospiked hIgG1B in rat
serum on 3 days with a maximum of 8.8 and 9.8% CV,
respectively. Thus, we clearly demonstrate here the multi-
plexing capabilities of our hybrid LBA-LC—HRMS-based
workflow which affords a simultaneous quantification of
multiple coadministrated or in vivo generated hlgGls at an
intact protein level. In addition, our method can be extended
for the quantification of different hlgGls that would not be
chromatographically separated. Indeed for coeluting hlgG1ls the
specific identification for each hIgGl is provided through
accurate mass measurement by the power of HRMS (Figure
5B).

B CONCLUSIONS

Here we report an innovative, generic, and sensitive fully
automated hybrid LBA-LC—HRMS-based workflow for the

2634

simultaneous quantitative analysis of intact hIgGls originating
from rat serum in one single run. The six most intense charge
states of each hIgG1 were extracted from the nondeconvoluted
full-scan MS spectrum using a defined MXW. Consistent data
were obtained between our hybrid LBA-LC—HRMS method at
the intact hIgG1 level and the conventional quantitative LC—
MS/MS analysis using surrogate peptides with additional
advantages. The first major benefit associated with our
workflow is a less tedious sample preparation, as only a
postelution deglycosylation step was required prior to LC—
HRMS analysis. Consequently, less artifactual modifications
(e.g, deamidated peptides) are generated as neither a
reduction/alkylation at elevated temperatures nor a tryptic
digestion at suboptimal pH conditions is required. The second
advantage of our methodology is that potential product variants
of bispecific formats or antibody-drug conjugates (ADCs)
bearing different amount of payloads can be distinguished from
each other using either specific nonoverlapping m/z values or
different intact masses for quantification which is currently
impossible at the peptide level. Finally, besides the quantitative
data, structural information can also be derived in parallel
revealing any kind of modifications at the intact protein level in
order to get some insights on the biotransformation of hIgGs,
bispecific mAbs, ADCs or dual payload conjugated ADCs (e.g.,

DOI: 10.1021/acs.analchem.6b04997
Anal. Chem. 2017, 89, 2628—-2635



144 | Part 3 - Quantitative HRMS

Analytical Chemistry

changes in drug-to-antibody ratio over the PK profile). In
summary, this innovative hybrid LBA-LC—HRMS-based work-
flow appears very attractive for the combined quantitative and
qualitative analysis of new generation biotherapeutics and
would greatly reduce the number of samples to be collected
accelerating the development of such compounds further.
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3.3 Combined qualitative and quantitative analysis of intact ADCs

3.3.1 Analytical context

While IC-LC-HRMS-based approaches at the subunit or intact level are applied for qualitative in

554-557 558,559 560
the

vivo DLD/DAR profiling of site specific, cysteine, and lysine-conjugated ADCs,
assessment of ADC PK properties is still routinely realized using bottom-up MS or LBA-based
assays. However, both platforms require at least two specific capture antibodies in order to
discriminate between the total mAb (e.g. anti-hlgG Fc) and total ADC concentration (e.g. anti-
194,561

payload). Moreover, neither quantitative bottom-up MS nor LBA-based approaches are
capable to distinguish between individual ADC drug load species bearing different amounts of
cytotoxic payloads. In contrast, intact ADC analysis by IC-LC-HRMS would theoretically allow the
quantification of individual ADC drug load species in addition to the determination of the total mAb

and total ADC concentration, using only one generic antibody-targeting capture antibody.

3.3.2 Objective

This project aimed to demonstrate the potential of IC-LC-HRMS for a combined qualitative and

guantitative analysis of intact lysine-conjugated ADCs in rat serum samples.

3.3.3 Experimental

3.3.3.1 Chemicals and reagents

The ADC1 (MCC-DM1 construct), its tritiated version ([3H]—AD01), ADC2 (sulfo-SPDB-DM4
construct), the mouse anti-hlgG Fc and anti-maytansinoid capture antibodies, and the higG1 used
as ISTD were produced at Novartis Pharma AG (Basel, Switzerland). BupH modified Dulbecco’s
PBS (0.1 M sodium phosphate, 0.15 M sodium chloride, pH 7.2) and magnetic beads (Pierce)
were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Tween 20, 2N hydrochloric
acid, TFA, bovine serum albumin (BSA), isopropanol, ammonium bicarbonate, methanol, ACN,
and MS grade water were purchased from Sigma-Aldrich (Buchs, Switzerland). FA and sodium
iodide were provided by Merck (Darmstadt, Germany) and Waters (Milford, MA, USA),
respectively. PNGase F, IgGZERO, and Remove-It PNGase F were obtained from Promega
(Madison, WI, USA), Genovis (Lund, Sweden), and New England Biolabs Inc. (Ipswich, MA, USA),
respectively. Ultima Gold XR scintillation cocktail and Solvable solution were purchased from
Perkin Elmer (Waltham, MA, USA). All LC-MS grade solvents as well as reagents were of high
analytical grade (299%) and were used without any further purification. Blank rat serum for

Cs/QCs preparation was received from Fisher Clinical Services (Allschwil, Switzerland).
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3.3.3.2 Cs/QCs preparation

The ADC1 and ADC?2 stock solutions (each at 10.0 mg/mL) were diluted in PBS to obtain a final
working concentration of 1.00 mg/mL. Afterwards, the working solution was spiked into blank rat
serum, resulting in eight different Cs concentrations at 150, 120, 100, 80.0, 60.0, 40.0, 25.0, and
10.0 pg/mL after serial dilution. The four corresponding QC concentrations at 125, 75.0, 25.0, and

10.0 pg/mL were prepared in the same manner.

3.3.3.3 ADC1 stability study in rat serum

The ADCL1 was spiked into two different batches of blank rat serum and additionally in surrogate
matrix (PBS+0.5% BSA). Another set of samples was prepared by spiking the hlgG1 as positive
control in both batches of blank rat serum. Afterwards, aliquots (100 pL) were incubated at 37 °C,
while shaking at 600 rpm on a ThermoMixer (Eppendorf, Hamburg, Germany). After defined time
points (0, 1, 6, 24, 30, 48, 72, and 168 h) samples were removed and stored at <-20 °C pending

analysis.

3.3.3.4 ADC2 in vivo PK study

Three individual female Han Wistar rats were dosed intravenously with the ADC2 at 5.00 mg/kg.
Blood (250 pL) was drawn into serum collection tubes after puncturing of the sublingual vein at
pre-dose as well as 1, 24, 72, and 168 h after the first dose. Additional samples (1 and 168 h)
were collected following the second dose on day 8. The collected blood was allowed to clot upright
at room temperature for 1 h prior to centrifugation at 2500 g and 4 °C for 10 min. The resulting
serum was shipped to the analytical lab and stored <-70 °C pending analysis. The pre-clinical
study was conducted in accordance to the Guide for the Care and Use of Laboratory Animals and
in compliance with the Novartis Animal Care and Use Committee, the Animal Welfare Act, and the

Office of Laboratory Animal Welfare.

3.3.3.5 [°H]-ADC1 extraction recovery determination

The total volume including the pipette tip was transferred at each sampling step into a 20 mL liquid
scintillation counting vial (Perkin Elmer). The volume was evaporated to dryness at 60 °C to
remove tritiated water. Afterwards, 500 pL of Solvable/isopropanol (2/1, v/v) was added to each
sample and was incubated at 60 °C for 2 h. In a next step, the samples were neutralized with
200 pL of 2N hydrochloric acid and 15 mL of Ultima Gold XR scintillation cocktail was added to
each vial. After short agitation, the samples were analyzed up to 5 min on a 2200CA Tri-Carb

liquid scintillation counter (Perkin Elmer).
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3.3.3.6 Magnetic bead preparation

For 35 samples, a volume of 1.3 mL of streptavidin-coated magnetic beads (10.0 mg/mL) was
placed in a 2.0 mL Protein LoBind tube (Eppendorf) and was washed twice with 1.5 mL of PBS
containing 0.05% Tween 20 (assay buffer). Afterwards, the beads were reconstituted in 1.7 mL of
assay buffer and were incubated with an excess of biotinylated mouse anti-hlgG Fc capture
antibody (62 pg/mg beads) for 2 h at room temperature using an end-over-end mixer. In a final
step, magnetic beads were rinsed twice with 1.5 mL of assay buffer to remove unbound capture
antibody followed by re-suspension in the initial volume. In case of additional samples, each

volume was adapted accordingly.

3.3.3.7 Deglycosylation, IC, and elution

Rat serum sample (50 pL) was placed into a 500 pL Protein LoBind 96-well plate (Eppendorf) and
was spiked with 10 puL of higGl in PBS solution, resulting in a final higG1l concentration of
5.00 pg/mL. For blank samples, 10 pL of PBS was added as ISTD replacement. The samples
were deglycosylated overnight on a ThermoMixer at 37 °C and 800 rpm using 4 pL of PNGase
F/50 mM ammonium bicarbonate (1/4, viv, 8 u/sample, pH=7). The next day, capture antibody-
containing magnetic bead solution (35 uL) was pipetted to each sample and was incubated at
room temperature for additional 2 h on the ThermoMixer, while shaking at 900 rpm. After IC, four
washing steps with 2 x 100 pL assay buffer or water were incorporated in the sample preparation
prior to ADC and hlgG1 elution from the beads using 55 pL of 2% FA in 10% methanol for 15 min
at 750 rpm. In a last step, the samples were transferred into a 200 uL ABgene V-bottom 96-well
plate (Thermo Fisher Scientific) and were centrifuged at 1500 rpm for 5 min prior to LC-HRMS

analysis.

3.3.3.8 LC-HRMS analysis

Forty microliters of sample were loaded onto a Waters MassPREP Micro Desalting Column (2.1 x
5 mm, 20 pm, 1000 A), which was maintained at 40 °C. For chromatographic separation, acidified
(0.1% FA) water and ACN were used as mobile phases A and B, respectively. The binary elution
gradient program with a flow rate of 400 pL/min was set as follows: 0.0-2.0 min, 5% B; 2.0-3.5 min,
5-80% B; 3.5-5.0 min, 80% B; 5.0-5.5 min, 80-5% B; 5.5-10.0 min, 5% B. The ACQUITY UPLC
I-Class system was hyphenated to a SYNAPT G2-Si QTOF HD high-resolution mass spectrometer
(both from Waters), which operated in positive electrospray ionization mode. Full-scan MS spectra
(m/z 500-5000) were acquired in sensitivity mode (resolution of 20 000) using a scan time of 1 s
without any lock mass infusion. The remaining QTOF parameters were set as follows: capillary
voltage 2.5 kV, source temperature 120 °C, sampling cone voltage 40 V, cone gas flow O L/h,
desolvation temperature and gas flow at 150 °C and 600 L/h, respectively. The QTOF mass
accuracy, achieved upon calibration with sodium iodide (m/z 400-4500), was below 5 ppm on each

analysis day.
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3.3.3.9 Data processing

In a first step, a 1.5 minutes-wide retention time window (3.0-4.5 min) was selected in the total ion
chromatogram to extract full-scan MS spectra using MassLynx 4.1 (Waters). Afterwards, a 20"
polynomial order background subtraction with a below the curve value of 1.0% and a tolerance of
0.1 was conducted. Next, the resulting MS spectrum was deconvoluted using the peaks between
m/z 2400 to 4000. MS deconvolution was based on the maximum entropy analysis using the
Maxentl algorithm: the spectral peak width resolution and the uniform Gaussian width at half
height were both set to 1.50 Da with an intensity ratio of minimum 40%. The deconvolution output
range was restricted from 141 to 156 kDa and the iteration was completed upon full convergence.

In the final step, each observed peak in the deconvoluted MS spectrum was centroid.

3.3.4 Results

3.3.4.1 General overview of the IC-LC-HRMS workflow for intact ADC analysis

A general overview of the developed generic IC-LC-HRMS-based workflow for combined
qualitative and quantitative analysis of intact lysine-conjugated ADCs is illustrated in Figure 3.12.
Briefly, a magnetic bead-based IC was favored due to the flexibility to increase the amount of
capture antibody-containing magnetic beads added to the rat serum sample, whereas tip-based
formats are limited to a fixed amount of streptavidin per tip (chapter 2.3 and 3.2). Moreover, a
biotinylated mouse anti-hlgG Fc capture antibody was selected, allowing the co-extraction of the
higG1 (ISTD) and the essential ADC DO species for DLD/DAR assessment, besides the actual
ADC drug load species (D1-Dx). This would not be possible with a biotinylated payload-targeting
capture antibody (i.e. anti-maytansinoid). Furthermore, the strong binding affinity between the anti-
maytansinoid capture antibody and the ADC payload represented another issue for intact ADC
analysis, which is not present in LBA or IC-LC-MS/MS-based assays, employing primary detection
antibodies or on-bead ADC digestion, respectively. By applying low-pH elution buffers such as 2%
FA in 10% methanol (pH 2.3) or 0.4% TFA in water (pH 1.6), only 14.9 or 1.7% of immuno-
captured ADC were released from the magnetic beads, respectively. In contrast, 90.0% of
immuno-captured ADC was recovered from the mouse anti-hlgG Fc capture antibody with 2% FA
in 10% methanol, which was selected as the elution solvent (ADC extraction is described in detalil
in section 3.3.4.4). In order to avoid peak broadening and MS signal dilution due to separation of
individual ADC drug load species, a desalting cartridge was selected instead of an analytical
column for LC-HRMS analysis. A single narrow chromatographic peak was obtained from which a
1.5 minutes-wide full-scan MS spectrum was extracted. In contrast to the intact higG1l
guantification (chapter 3.2), the deconvolution approach was preferred for combined ADC
assessment mainly due to two reasons: first, complex m/z assignment of different charge states
for each known ADC drug load species in the full-scan MS spectrum and second, the lack of a

priori m/z information, preventing the identification of potential metabolic or catabolic ADC species.
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Figure 3.12 Overview of the generic IC-LC-HRMS workflow for a combined qualitative and quantitative

analysis of intact lysine-conjugated ADCs in rat serum.

3.3.4.2 Glycosidase selection for ADC deglycosylation

As outlined in section 3.2.3.1, the employment of IgGZERO allows deglycosylation within less than
one hour, whereas the use of PNGase F requires overnight sample processing. In addition, a
chitin tag-containing version of PNGase F (Remove-lt PNGase F) was additionally tested,
enabling enzyme removal by a second IC step with chitin binding domain-coated magnetic beads
prior to LC-HRMS analysis. The deconvoluted MS spectra after PNGase F and Remove-It
PNGase F treatment were similar, detecting the ADC1 up to its D11 drug load species
(Figure 3.13a+b). In contrast, the ADC1 could only be detected up to the D10 drug load species
after IgGZERO treatment and the different N-glycan cleaving site caused a mass shift of the entire
ADCL1 intact mass envelope by 698+3.2 Da (Figure 3.13c). Unlike PNGase F, cleaving the N-
glycans between the core GlcNac and asparagine residue, IgGZERO hydrolyzes the (1,4

glycosidic bond between both GlcNac residues. Hence, several species are present, containing
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either two unconjugated GlcNac residues (one on each Cy2 domain), one unconjugated GlcNac
on one domain and one fucosylated GlcNac on the other domain (monofucosylated), or one
fucosylated GlcNac moiety on each domain (bifucosylated). This resulted in an increased
complexity of the deconvoluted MS spectrum as exemplified with the ADC1 D3 drug load species
(Figure 3.13d). After IgGZERO treatment, the monofucosylated (148180.5 Da) and bifucosylated
(148321.5 Da) species were present besides the monoglycated bifucosylated (148482.0 Da) and
biglycated bifucosylated (148626.0 Da) forms. In contrast, PNGase F treatment resulted only in
the deglycosylated (147624.0 Da), monoglycated (147784.5 Da), and biglycated (147946.5 Da)

species. Hence, PNGase F was selected due to a less complex deconvoluted MS spectrum.
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Figure 3.13 Deconvoluted MS spectra of ADC1 after (a) PNGase F, (b) Remove-It PNGase F, and (c)
IgGZERO treatment. Panel (d) shows a zoomed view into the ADC1 D3 drug load species after IgGZERO or
PNGase F treament. The deconvoluted MS spectra were obtained by injecting 2 pg of deglycosylated ADC1
without IC employed.

3.3.4.3 Order of sample preparation steps

Besides the general mAb heterogeneity, the diversity of different species is further increased with
ADCs due to random conjugation of the payload/linker, which complicates the extraction from rat
serum compared to unmodified higGs. Furthermore, the affinity of the capture antibody might differ
between low and high-conjugated drug load species during ADC extraction. Ideally, the same
DLD/DAR profile compared to the untreated ADC1 stock solution should be recovered after
sample preparation including IC, elution (E), and deglycosylation (D) (Figure 3.14a). Experimental
data indicated that the order of individual steps cannot be selected in an arbitrary manner. Unlike
the IC-D-E protocol published by Xu K et al., which utilizes a target specific antigen for 1C,**’ on-

bead deglycosylation failed (Figure 3.14b). The major mAb glycoforms could be identified besides
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Figure 3.14 Comparison of sample preparation with different orders of immuno-capture (IC), overnight
deglycosylation (D), and elution under acidic conditions (E). Expected DLD/DAR of (a) the ADC1 stock
solution (n=3, 1 ug injected), (b) the IC-D-E protocol, (¢c) zoom into D1 species of the IC-D-E protocol
showing unsuccessful on-bead deglycosylation, (d) the IC-E-D protocol resulting in a skewed DLD/DAR, and

(e) the D-IC-E protocol, recovering the expected DLD/DAR best.

other mannose-containing glycans as exemplified with the D1 species (Figure 3.14c). This likely
resulted from a sterically hindered release of sugar moieties by the PNGase F as the asparagine
residue, carrying the mAb glycans, was in close proximity to the anti-higG Fc binding site. On the
other hand, the glycans were successfully cleaved after IC and ADC elution from the magnetic
beads (Figure 3.14d). Notwithstanding, a skewed DLD profile towards a lower DAR of 2.44 was
obtained in comparison to the expected DLD of the ADC1 stock solution with a mean DAR of 3.05
(Figure 3.14a). The hypothesis that frequent pH changes within the IC-E-D protocol induced the
shift in DLD via cleavage of the payload/linker from the mAb was withdrawn: a similar DLD/DAR
compared to the stock solution was obtained by spiking ADC1 in elution buffer, adapting the pH for
overnight deglycosylation, and quenching the enzyme activity the day after by lowering the pH
(data not shown). Hence, the shift in DLD/DAR was most likely caused by different IC or elution
profiles when the glycans were still attached. Nevertheless, glycan removal prior to IC and ADC
elution (D-IC-E protocol) resulted in a similar DLD recovery compared to the ADCL1 stock solution,

indicating a comparable affinity and extraction capacity of the mouse anti-higG Fc for low and
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high-conjugated ADC drug load species (Figure 3.14e). Since the less intense high-conjugated
ADC1 drug load species (D6-D8) were slightly underestimated, the resultant DAR of 2.74 was
slightly lower compared to the expected one of 3.05 (Figure 3.14a). In addition and in contrast to
the IC-E-D protocol, the effect of ion suppression caused by excessive PNGase F was no longer
present after ADC elution, likewise resulting in a two-fold increase in signal intensity for the D-IC-E
protocol, which was selected for further investigations.

3.3.4.4 ADC1 extraction recovery

After selection of the most appropriate sample preparation strategy, the ADC1 extraction recovery
from rat serum samples was investigated using the [3H]—ADC1 due to the sensitivity and simplicity
associated with radioactivity measurement by liquid scintillation counting. On average, 92.7% of
total radioactivity at two different QC levels (both n=3) was recovered during D-IC-E protocol
application. The four washing steps after IC and the remaining radioactivity on the beads after
ADCL1 elution contributed to the radioactivity loss with 4.7+0.1 and 5.7+1.1%, respectively. Almost
one third of total radioactivity (30.8+1.7%) remained in the rat serum sample after IC. Neither a
reduction in sample viscosity by serum sample dilution with PBS, an increase of anti-hlgG Fc
capture antibody-containing magnetic beads added to the sample, nor a prolongation of the
incubation time resulted in any significant improvement of the ADC1 capture step (Figure 3.15).
Since the [SH]—IabeI was incorporated at the cytotoxic payload, the origin of detected radioactivity
could be any possible construct carrying the labeled payload. In order to clarify if uncaptured intact
ADC represented the remaining radioactivity after IC, a set of samples was prepared in surrogate
matrix (PBS+0.5% BSA) and was subjected directly after IC for intact ADC analysis by LC-HRMS.
However, no typical charge state envelope at the expected values (m/z 2400-4000) was observed
for ADC1 in the full-scan MS spectrum, indicating that the remaining detected radioactivity signal
was not originating from intact ADC1 (data not shown). Hence, the calculated total radioactivity
recovery of 51.5+5.8% upon ADCL1 elution might underestimate the absolute ADC1 extraction
recovery.
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Figure 3.15 Efforts to improve [3H]-AD01 extraction from rat serum including (a) sample dilution with PBS,
(b) increase of anti-hlgG Fc capture antibody-containing magnetic beads added to the sample, and (c)

prolongation of the incubation time. RA: radioactivity
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3.3.4.5 Selectivity and principle for a combined qualitative and quantitative assay

The developed IC-LC-HRMS-based workflow was selective as no endogenous interfering protein
was extracted from rat serum and present at the expected deglycosylated intact masses for the
ADCL1 and the higG1 (Figure 3.16a). The higG1 spiked into blank rat serum resulted in a decent
signal at 142427.4 Da, deviating by 68 ppm from its expected theoretical intact mass based on its
amino acid sequence (Figure 3.16b). The final ISTD concentration within the sample (5.00 pg/mL)
had to be selected lower than the ADC1 LLOQ concentration (10.0 pg/mL) as the intact higG1
signal was concentrated only into one single species. In contrast, the ADC1 signal intensity was
distributed and hence diluted over nine ADC1 drug load species (D0-D8). Of note, ADC1 drug load
species >D8 could not be detected after sample preparation, but to a minor extent (<1.2%) when
2 ug of the deglycosylated ADC1 stock solution were injected onto the desalting cartridge
(Figure 3.13a). The ADC1-specific deglycosylated intact mass envelope, ranging from 144 to
153 kDa, was obtained until the D7 drug load species in the LLOQ sample (Figure 3.16c),
whereas the DO-D8 drug load species were detected at the ULOQ of 150 pg/mL (Figure 3.16d).
The mean mass accuracy between experimental and theoretical intact masses for each ADC1
drug load species at the LLOQ and ULOQ was 30 ppm. Moreover, the ADC1 DLD was consistent
and in agreement with the expected DLD of the ADC1 stock solution (Figure 3.14a) throughout the
whole calibration range, resulting in a mean DAR of 2.83+0.20 with a variability of 6.9%. Besides

qualitative data (DLD/DAR), quantitative information can be derived in parallel from the same
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Figure 3.16 Selectivity of the developed IC-LC-HRMS-based workflow for a combined qualitative and
guantitative analysis of an intact lysine-conjugated ADC (ADC1) in rat serum. Deconvoluted MS spectrum of
(a) blank rat serum, (b) a zero sample (blank spiked with a hlgG1 used as ISTD), (c) the LLOQ sample at
10.0 pg/mL, and (d) the ULOQ sample at 150 pg/mL.
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analysis. The peak height ratio between all apparent intact ADC masses after summation and the
ISTD response plotted against the expected concentration represents the total mAb concentration
(DO-Dx). In contrast, the exclusion of the DO species corresponds to the total ADC concentration
(D1-Dx). Based on the DLD of the ADC1 stock solution used for Cs/QCs preparation, the
percentage of ADC1 without cytotoxic payload (DO) was 6.4+1.0%, whereas the remaining 93.6%
of ADC1 carried at least one toxin (Figure 3.14a). Consequently, the expected total ADC1
concentration in the Cs/QCs had to be adapted accordingly by multiplying the initial spiked
nominal concentrations (10.0-150 pug/mL) with a factor of 0.936, resulting in an adapted
concentration range from 9.36 to 140 ug/mL. By applying this strategy, each individual ADC drug
load species (Dx) could be quantified. Of note, a calibration curve for the DO species was not
necessary as its concentration could be derived from the difference between total mAb and total

ADC determination.

3.3.4.6 Linearity, accuracy, and precision

The proposed intact ADC data processing strategy allowed to determine the concentration of the
total mAb (D0-D8), total ADC1 (D1-D8), and individual ADC1 species (D1, D2, D3, D4) within one
single analytical run. An example for each calibration curve is illustrated in Figure 3.17, whereby
C1-C8 represent the expected concentrations after correction with the corresponding mean DLD
value from the ADC1 stock solution used for Cs/QCs preparation (Figure 3.14a). The
corresponding linearity of Cs, accuracy, and precision data obtained with four QC concentrations

are summarized in Table 3.8.
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Figure 3.17 Example of obtained quadratic calibration curves with 1/x? weighting for total mAb (D0-D8), total
ADC1 (D1-D8), and two individual ADC1 drug load species (D2 and D4) by plotting the ADC1 to higG1 peak
height ratio against the expected concentrations (C1-C8), which differed for each assay depending on the
DLD value.
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Table 3.8 Summary of linearity, accuracy, and precision data over three days obtained with ADC1 in rat
serum. The linearity was determined with eight different non-zero Cs concentration levels ranging from 10.0-
150 pg/mL, whereas the accuracy and precision was determined with four QC concentrations (nominal
values: 10.0, 25.0, 75.0, and 125 pg/mL).

ADC species Linearity Accuracy (% bias) Precision (% CV)
Assay DLD Range r’-value Intra-day Inter-day Intra-day Inter-day
(n=3)  (ug/mL)  (n=3) (n=3) (n=9) (n=3) (n=9)

Total mAb (DO-D8) 100%  10.0-150  0.9914+0.0034 -13.2t014.8 -09t03.3 09to1l6.6 7.6t014.5
Total ADC1 (D1-D8) 93.6% 9.36-140  0.9914+0.0033 -99t013.9 -21to45 06t0184 89tollb

D1 18.6% 1.86-27.9 0.9872+0.0064 -13.8t015.3 021069 0.1t0229° 59to14.7
D2 21.4% 2.14-32.1 0.9873+0.0028 -14.3t0155 1.0t0o53 0.8t0o145 7.5t014.7
D3 23.4% 2.34-35.1 0.9897+0.0034 -20.3%t09.6 -47t023 0.6t0182 10.8to14.7
D4 14.4% 1.44-21.6 0.9896+0.0023 -17.4t018.0 -6.4t019 13t0148 7.7t013.3

@ At LLOQ QC with acceptance criterion of +25.0% bias, ® at LLOQ QC with acceptance criterion of <25.0% CV

3.3.4.7 ADC1 stability study

The applicability of the developed IC-LC-HRMS method for a combined qualitative and
guantitative analysis of intact lysine-conjugated ADCs was first demonstrated in a small ADC1
stability study. As illustrated in Figure 3.18a, the concentration of intact ADC1 decreased by 96.9
and 62.2% during incubation over one week at 37 °C in rat serum batch 1 and 2, respectively. In
contrast, a less significant decline of 49.0% was observed in PBS+0.5% BSA selected as
surrogate matrix. A similar behavior was observed with the higGl (Figure 3.18a). The
concentration decline was delayed within the first 30 h, but equal endpoints were obtained
following 168 h incubation as the initial intact hlgG1 concentration decreased by 89.7 and 61.6%

in batch 1 and 2, respectively. Consequently, the decrease in concentration over time seemed to
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Figure 3.18 ADCL1 stability data. (a) Concentration-time profile for ADC1 and hlgG1 (positive control) during
one week incubated either in rat serum or surrogate matrix (PBS+0.5% BSA) at 37 °C and (b) evolution of

DAR over time.
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be dependent on the rat serum batch and does not necessarily indicate ADC1 instability. ADC1
stability was further supported by the absence of truncated ADC1 or any of its fragments in the
full-scan or deconvoluted MS spectrum (data not shown). An explanation for the concentration
decrease over time is a potential ADC1 or hlgG1 aggregation as well as conjugation to BSA or
endogenous serum proteins, which likely result in a reduced extraction efficiency of the formed
complexes. However, further experimental analysis (e.g. using size exclusion chromatography)
would be required to confirm the presence of complexes and to investigate if the decrease of ADC
concentration is actually not related to stability issues. Interestingly, an influence of the rat serum
batch was also observed during DAR assessment (Figure 3.18b). The initial DAR value at time
point 0 h was significantly lower with a DAR of 2.41 in rat serum batch 1 compared to a DAR of
2.83+0.01 for the surrogate matrix and the second batch of rat serum. A moderate decrease in the
DAR value was recorded over time in rat serum batch 2 and surrogate matrix with endpoints at
2.00 and 2.31, respectively. This decrease in the DAR value over time was already reported,>*®
resulting from retro-Michael reaction causing elimination of the maleimide linker from ADCs.***°%
On the other hand, the DAR value of the ADC1 spiked in rat serum batch 1 declined to zero after
168 h of incubation, indicating a complete loss of the payload. A third batch-dependent effect was
observed during the ADC1 stability assessment. The expected intact masses for ADC1 and the
post-incubation spiked higG1l were obtained in rat serum batch 1 and 2 following 30 h incubation
(Figure 3.19a+b). While equivalent results were obtained for rat serum batch 1 in all subsequent
time points such as 48 h (Figure 3.19c), a mean mass shift of 698+6.0 Da for the ADC1 intact
masses was observed in rat serum batch 2 for all samples after 30 h of incubation (Figure 3.19d).
One hypothesis would be the formation of a reactive species in rat serum batch 2 at later time

points of incubation, which is subsequently conjugated to the ADC. Since the same phenomenon
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Figure 3.19 Deconvoluted MS spectra of ADC1 stability samples at (a) 30 h in rat serum batch 1, (b) 30 h in
rat serum batch 2, (c) 48 h in rat serum batch 1, and (d) 48 h in rat serum batch 2.
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was observed for the hlgG1, the conjugation must have been occurred on the mAb and not on the
ADC payload/linker. At this stage, however, the entity and site of conjugation remains unknown,
requiring further investigations (e.g. using middle-up or bottom-up approaches) for complete

elucidation.

3.3.4.8 ADC2 in vivo PK samples from three rats

The concept of combined qualitative and quantitative analysis of intact lysine-conjugated ADCs by
one single IC-LC-HRMS-based assay was subsequently demonstrated using in vivo PK samples
from three individual rats, which were intravenously dosed with the ADC2 at 5.00 mg/kg on day 1
and 8. No ADC2 was detected in rat serum samples at pre-dose 1 (Figure 3.20a). In contrast, the
typical ADC2 drug load species envelope, ranging from 143967.0 (DO) to 149731.5 Da (D6), was
present besides the higG1l (ISTD) at 142431.0 Da in the 1 h post-dose 1 sample (Figure 3.20b).
The percentage in DLD for the ADC2 DO and D1 drug load species increased over time after the
first dosing cycle, whereas D2 remained constant and the higher conjugated ADC2 species
decreased as a result of higher clearance (Figure 3.20c).***°®® The initial ADC2 DLD was
recovered after the second dose, as illustrated by the 1 h post-dose 2 samples, which was in
agreement with the DLD of the ADC2 stock solution. In addition, the same pattern (DO/D1 increase
and D3-D6 decrease, while D2 remained constant over time) was also obtained in the second
cycle (Figure 3.20c). The observed dynamics in DLD over the PK profile directly impacted the
DAR value, which decreased from an initial value of 3.02 (ADC2 stock solution) to a maximum
value of 2.45 (rat 1) and from 3.08+0.03 to 2.56+0.29 for the first and second dosing cycle,
respectively (Figure 3.21a). Such a dynamic in DLD/DAR over the PK profile was in agreement

with published results from other groups.”****"*® Since the ADC2 DO drug load species
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Figure 3.20 Deconvoluted MS spectrum of pre-clinical study samples from rat 2 at (a) pre-dose 1 and (b) 1 h
post-dose 1 as well as (¢c) mean DLD of all three rats at different sampling time points after intravenous ADC2

administration (5.00 mg/kg) on day 1 and 8.
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represented between 2.9+0.4% and 11.9+1.6% of the ADC2 DLD, the mean total mAb (D0-D6)
and ADC2 (D1-D6) concentrations were overlapping throughout the PK profile for both dosing
cycles (Figure 3.21b), indicating ADC2 stability in the systemic circulation system as no payload
was released. In contrast to LBA or LC-MS/MS-based assays, in vivo concentration data of
individual ADC2 drug load species such as D3 could be derived, ranging from 25.4+3.9 to
1.34+0.22 pg/mL and from 26.9%£3.7 to 1.41+0.20 pg/mL for the first and second dosing cycle,
respectively (Figure 3.21b).
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Figure 3.21 In vivo data from three individual rats dosed intravenously with ADC2 (5.00 mg/kg) on day 1 and
8 showing (a) individual DAR profiles and (b) mean concentration-time profile for total mAb (D0-D6), total
ADC2 (D1-D6), and D3 drug load species.

3.3.5 Conclusions

By extending the developed concept of intact higG1l quantification by IC-LC-HRMS to more
complex next-generation biotherapeutics, a combined qualitative and quantitative analysis of intact
lysine-conjugated ADCs in rat serum using the deconvoluted MS spectrum was successfully
implemented within this project. In terms of qualitative analysis, the dynamics of DLD/DAR could
be investigated to study the ADC clearance in vivo or the payload/linker deconjugation from the
mADb, while providing concentration data of the total mAb (D0-Dx), total ADC (D1-Dx), and major
individual ADC drug load species (D1-D4). Further benefits of the developed IC-LC-HRMS assay
for intact ADC analysis included the merging of three individual MS-based assays into a single
HRMS methodology without the requirement for a second specific capture antibody (i.e. anti-

payload) to distinguish between total mAb and total ADC concentration.

3.3.6 Scientific communication

The work described in this chapter is currently in progress of manuscript writing and submission to

the Journal of Analytical Chemistry.
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General conclusion and future perspectives

The first part of this thesis illustrated the potential of IgG-derived drugs for therapeutic
applications and their market development over the last decade. On the other hand, the broad
diversity of such modalities and the variety of assays required during the drug development
process highlighted the associated analytical challenge and the demand for generic quantitative

assays in order to support PK, PD, and IG assessments.

In this context, the doctoral work aimed to implement generic MS-based workflows and extend
their application to the quantitative analysis of chimeric, humanized, and human IgGs as well as

bsAbs and ADCs in pre-clinical species.

The development of generic LC-MS/MS-based methods and their versatility for bottom-up mAb-
related therapeutic protein quantification in pre-clinical species was described in the second part

of this thesis:

e |t was shown that a generic MS-based assay, utilizing four conserved surrogate peptides,
could be rapidly implemented for bottom-up mAb-related therapeutic protein quantification at
the pre-clinical stage as no specific capture antibody was required. This pellet digestion-based
generic LC-MS/MS workflow enables the support of total PK assessment of any type of mAb-
related therapeutic protein, which is based on the hlgGl or higG4 structural scaffold.
Furthermore, the assay is both robust and versatile as (i) no exact matrix matching is
necessary due to the incorporation of a SIL-hiIgG1 ISTD and (ii) the ability to select the most
appropriate generic surrogate peptide(s) for quantification enables analyte interchange.
However, certain knowledge about potential mAb modifications is required when applying
such an interchangeable concept to engineered mAb-related therapeutic proteins (i.e.
stabilized 1gGs, bsAbs, or ADCs). Consequently, the incorporation of at least two generic
peptides from different parts of the constant region is recommended in order to gain additional

confidence in the quantitative data and to enhance the method versatility.

e Both evaluated digestion kits enable a much faster, simplified, and standardized sample
preparation, while providing equivalent quantitative data as compared to the pellet digestion-
based approach. The employment of the kits requires minimal method development, digestion
optimization, and fewer reagents. On the other hand, an enhanced deamidation process was
observed with both asparagine-containing generic peptides due to an elevated digestion
temperature of the SMART Digest Kit, which might affect assay sensitivity and robustness.
Consequently, monitoring the digestion kinetics at different temperatures would be beneficial
in order to minimize peptide deamidation. With respect to qualitative analysis, each kit can

also serve as sample preparation for peptide mapping experiments in order to confirm the
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primary amino acid sequence upon protein expression or to identify possible structural

changes of mAb-related therapeutic proteins.

e The incorporation of a tip-based IC step in the sample preparation workflow significantly
extended the application range of generic LC-MS/MS methods due to a 100-fold sensitivity
enhancement. Great flexibility was also associated with the use of the generic higG Fc region-
targeting capture antibody as any type of Fc region-containing modality could be extracted
from pre-clinical serum samples. The elution process of the immuno-captured mAb-related
therapeutic protein from the capture antibody remains the most critical step and requires
extensive evaluation in order to achieve high extraction recoveries and hence good assay
sensitivities. Moreover, the embedded IC step allows assay functionalization as the desired
mADb species could selectively be extracted from serum samples. For instance, a generic LC-
MS/MS assay for total ADC determination of any kind of maytansinoid-based ADC could be
implemented by replacing the anti-hlgG Fc with an anti-maytansinoid capture antibody.

Overall, the presented generic LC-MS/MS workflows cover a wide calibration range over five
orders of magnitude for bottom-up mAb-related therapeutic protein quantification, applying either
direct serum digestion approaches (1.00-1000 pg/mL) or the IC strategy (10.0-1000 ng/mL). Since
this dynamic range is sufficient for most pre-clinical dose range finding or toxicity studies, a
combination of both generic LC-MS/MS assays would support the entire pre-clinical total PK
assessment of a variety of mAb-related therapeutic proteins. Hence, the developed generic
assays are conducive to externalization and implementation in open-access facilities. In order to
extend the method applicability, generic peptides for the higG2 isotype subclass could be
embedded. For this purpose, either a single generic tryptic peptide covering all therapeutic
relevant IgG isotype subclasses (e.g. NQVSLTCLVK) or a hlgG2 isotype subclass-specific peptide
(e.g. GLPAPIEK) could be incorporated. By applying the latter, multiplexing of co-administrated
mAbs from different IgG isotype subclasses could be realized using one generic LC-MS/MS
method, while simultaneous quantification of mAb-related therapeutic proteins from the same 1gG
isotype subclass would require the use of CDR peptides. In addition, the application of a generic
LC-MS/MS-based assay is not necessarily limited to pre-clinical samples. “Fc-silenced” mAb-
related therapeutic proteins exhibit common engineered Fc regions. As a result of specifically
introduced mutations, peptides from engineered Fc regions exhibit altered amino acid sequences
compared to endogenous IgGs. Hence, by utilizing those modified peptides, the presented
approaches can be used to implement generic LC-MS/MS methods for “Fc-silenced” mAb-related
therapeutic protein quantification, enabling the support of pre-clinical and clinical studies by a

single assay.

The third part of this thesis demonstrated the potential of HRMS mass analyzers as an alternative
to QgQ instruments, which are conventionally utilized for generic bottom-up mAb-related

therapeutic protein quantification:
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Targeted acquisition modes of a QTOF instrument (i.e. TOF-MS/MS and TOF-MRM)
displayed superior sensitivity in terms of S/N ratio compared to untargeted modes (i.e. TOF-
MS) and hence were more suitable for quantitative purposes. In comparison to SRM-based
approaches (QgQ instruments), the generic TOF-MRM-based method provided equivalent
guantitative data over the same concentration range as successfully demonstrated with spiked
serum samples and specimen from pre-clinical trial. Consequently, the latest generation of
HRMS instruments can nowadays compete with conventional QqQ instruments. In some
cases, HRMS offers certain advantages as its high mass resolution allows for removal of
endogenous interferences, resulting in better selectivity and hence sensitivity for bottom-up
mAb-related therapeutic protein quantification. Furthermore, the combination of IC-based
sample preparation, targeted qHRMS approaches and finally ion mobility, which introduces
drift time as an additional analytical dimension, would be a powerful approach to further
increase the assay selectivity and sensitivity (S/N ratio). Based on these attributes, it is
expected that targeted gHRMS approaches will be utilized more frequently in the future. On
the other hand, even though quantification by TOF-MS is less sensitive, this untargeted
approach is still valuable at early drug discovery stages, enabling data mining and
retrospective quantification of additional analytes without the need of extra sample processing
and data acquisition. Due to the nature of full-scan MS data acquisition, improvements in
sensitivity could only be achieved through alternative sample preparation (i.e. IC) or
chromatographic separation approaches (i.e. ultra-performance LC, multi-dimensional LC, or
low-flow applications). Nevertheless, compliance-related issues in terms of data integrity and
traceability have to be clarified before untargeted gHRMS approaches can be routinely be

applied in a regulated environment.

Combining HRMS mass analyzers with an IC-based sample preparation additionally provides
the possibility to quantify simultaneously multiple intact mAb-related therapeutic proteins.
Moreover, the developed generic tip-based IC-LC-HRMS workflow was identified as an
orthogonal method to quantitative bottom-up LC-MS/MS analysis. Even though the latter is
more sensitive, the level of provided information was markedly enhanced with the former
approach. Consequently, a shift from bottom-up to intact higG quantification might occur as
well in the future. In addition to the quantitative aspects, the multiplexing capability of the
developed IC-LC-HRMS methodology could also serve as a screening tool. For instance, the
appearance of additional intact masses in the deconvoluted MS spectrum might be an
indication for the presence of in vivo generated metabolites or catabolites, ADA formation, or
antigen binding. Hence, this approach provides better insights into the fate of mAb-related

therapeutic proteins compared to peptide level analysis.

By extending the concept of intact hlgG1l quantification to more complex next-generation
biotherapeutics such as lysine-conjugated ADCs, three individual MS-based assays could be
merged into a single one. This IC-LC-HRMS-based assay allows the study of time-dependent

changes of the ADCs’ DLD/DAR during stability and in vivo studies. In parallel, quantitative
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information about the total mAb, total ADC, and major individual ADC drug load species, which
was so far impossible with existing technologies, could be obtained within the same analytical
run, reducing the overall sample volume required for analysis. Despite this successful first
proof of concept study, a better understanding is required to clarify how the presented
methodology can be applied to more dynamic systems in which additional ADC metabolites,

catabolites, or other (protein)-conjugated ADC species are generated over time.

The results obtained in the third part of this thesis further demonstrate the relevance of HRMS-
based approaches for the bioanalysis of mAb-related therapeutic proteins. Their implementation
will provide new opportunities to support the drug development process of such modalities, while
utilizing a single instrument for qualitative and quantitative assessments. Despite the promising
features of HRMS, challenges for routine implementation still remain. First, appropriate local
informatics systems are required to handle the significant amount of data that is generated per
sample as long as no significant improvements with regard to data file reduction are available.
Second, in particular for intact mAb quantification or HRMS analysis in combination with ion
mobility, dedicated software including automated workflows would be desirable to manage the
complexity of the acquired data and to avoid tedious manual data extraction/processing.
Fortunately, processing workflows are being continuously developed by some MS vendors, which

will facilitate complex data handling in the future.

In conclusion, the generic MS-based workflows developed in this thesis, significantly extend the
number of available approaches for mAb-related therapeutic protein quantification in pre-clinical
species. Furthermore, their applicability to drug development within the pharmaceutical industry
was successfully demonstrated in several projects. Depending on the type of mAb-related
therapeutic protein as well as the information level and the sensitivity requirements, the most
appropriate generic MS-based assay can be selected from the “analytical tool box” presented

herein.
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S Christian LANSHOEFT

J Développement de nouvelles approches génériques de spectrométrie de
masse pour la quantification de protéines thérapeutiques dans des
études précliniques

Résumé

Ce travail de thése s’est focalisé sur le développement des approches génériques de spectrométrie
de masse (MS) pour la quantification des anticorps monoclonaux (mAbs) et de leurs produits dérivés
dans des études précliniques.

Premierement, le développement des protocoles de préparation d’échantillons basée sur la digestion
directe a partir de sérum ou comportant une étape d’immuno-précipitation spécifique par anticorps a
permis la quantification des mAbs couvrant une large gamme d'étalonnage de cing ordres de
grandeur. En outre, I'emploi de peptides provenant de la région constante du mAb a démontré la
polyvalence de telles approches génériques de chromatographie liquide en tandem MS (LC-MS/MS).

Deuxiemement, les instruments de MS a haute résolution (HRMS) ont étés évalués dans le cadre de
cette thése en tant qu'alternative aux spectrometres de masse de type triple quadripdle
traditionnellement utilisés pour I'analyse bottom-up quantitative. L’avantage majeur de l'intégration
des analyseurs de HRMS a été associé a la possibilité de I'analyse quantitative simultanée des
mAbs et leurs produits associés directement au niveau de la protéine fournissant un niveau
d'informations bien au-dela de celui obtenu avec des approches bottom-up. Par conséquent, I'apport
essential de la HRMS pour les analyses qualitative et quantitative des protéines thérapeutiques de
type mAbs et produits associés a été démontré dans cette thése.

Mots-clés: Spectrométrie de masse, quantification des anticorps, études précliniques

Résumé en anglais

This PhD thesis focused on the development of generic mass spectrometry (MS)-based workflows
for monoclonal antibody (mAb)-related therapeutic protein quantification in pre-clinical species.

First, the development of bottom-up sample preparation protocols either based on direct serum
digestion or immuno-capture allowed mAb-related therapeutic protein quantification over five orders
of magnitude whereas the employment of peptides from the constant region of the mAb
demonstrated the versatility of such generic liquid chromatography tandem MS (LC-MS/MS)-based
approaches.

Second, high-resolution MS (HRMS) instruments were evaluated as an alternative to triple
guadrupole mass analyzers, traditionally utilized for bottom-up mAb quantification by LC-MS/MS.
The major benefit of HRMS incorporation into the workflow was associated with the possibility to
guantify simultaneously mAb-related therapeutic proteins directly at an intact level, providing an
information level far beyond the one obtained with bottom-up LC-MS/MS methodologies. Hence, the
pivotal role of HRMS for the qualitative and quantitative analyses of mAb-related therapeutic proteins
was further outlined throughout this doctoral work.

Keywords: Mass Spectrometry, antibody quantification, pre-clinical studies




