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Abbreviations 

ACN  acetonitrile 

ADA  anti-drug antibody 

ADC  antibody-drug conjugate 

ADCC  antibody-dependent cell-mediated cytotoxicity 

ADCP  antibody-dependent cell-mediated phagocytosis 

ASMS  American Society for Mass Spectrometry 

(b)-mAbcapture  (biotinylated) mouse anti-hIgG Fc capture antibody 

BSA  bovine serum albumin 

bsAb  bispecific antibody 

C1q  complex of complement system 

CDC  complement-dependent cytotoxicity 

CDR  complementarity-determining region 

CH  constant domain of heavy chain 

CL  constant domain of light chain 

Cs  calibration standards 

CV  coefficient of variance 

D  deglycosylation 

D.A.R.T.’S  disposable automated research tips 

DAR  drug-to-antibody ratio 

DLD  drug load distribution 

DTT  dithiothreitol 

E  elution 

e.g.  exempli gratia 

ELISA  enzyme-linked immunosorbent assay 

EMA  European Medicines Agency 

EU  European Union 

FA  formic acid 

Fab  fragment antigen binding 
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Fc  fragment crystallizable 

FcRn  neonatal fragment crystallizable receptor 

FcγR  fragment crystallizable gamma receptor 

FDA  Food and Drug Administration 

FNW  FNWYVDGVEVHNAK (tryptic peptide) 

FNWd  deamidated FNW peptide 

GlcNac  N-acetylglucosamine 

GLP  good laboratory practice 

GPS  GPSVFPLAPSSK (tryptic peptide) 

H  heavy chain 

hIgG  human immunoglobulin G 

HRMS  high-resolution mass spectrometry 

i.e.  id est 

IAA  iodoacetamide 

IC  immuno-capture 

Ig  immunoglobulin 

IG  immunogenicity  

IgG  immunoglobulin G 

ISTD  internal standard 

LBA  ligand binding assay 

L  light chain 

LC  liquid chromatography  

LLOQ  lower limit of quantification 

m/z  mass-to-charge ratio 

mAb  monoclonal antibody 

MRM  multiple reaction monitoring 

MS  mass spectrometry 

MS/MS  tandem mass spectrometry 

MSIA  mass spectrometric immunoassay 

MXW  mass extraction window 
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PBS  phosphate buffered saline 

PD  pharmacodynamic 

PK  pharmacokinetic 

PNGase F  N-glycosidase F 

Q  quadrupole 

QC  quality control 

qHRMS  quantitative high-resolution mass spectrometry 

QqQ  triple quadrupole 

QTRAP  quadrupole linear ion trap 

r
2
   coefficient of determination 

scFv  single chain variable fragment 

SIL  stable isotope labeled 

SISCAPA  stable isotope standards and capture by anti-peptide antibodies 

S/N  signal-to-noise 

SRM  selected reaction monitoring 

SPE  solid phase extraction 

TFA  trifluoroacetic acid 

TOF  time-of-flight 

TTP  TTPPVLDSDGSFFLYSK (tryptic peptide) 

ULOQ   upper limit of quantification 

US  United States of America 

VH  variable domain of heavy chain 

VL  variable domain of light chain 

VVS  VVSVLTVLHQDWLNGK (tryptic peptide) 

VVSd  VVSVLTVLHQDWLDGK (deamidated VVS peptide) 

XIC  extracted ion chromatogram 
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Résumé de la thèse  

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 à croissance 

rapide, représentant un chiffre d'affaire global de 107 milliards de dollars US en 2016 (Figure 1).
1
 

Afin de soutenir le développement de ces molécules très complexes, des outils analytiques 

quantitatifs, robustes et validés sont nécessaires pour l’évaluation de leur pharmacocinétique 

(PK), pharmacodynamique et immunogénicité. La spectrométrie de masse (MS) a évolué au cours 

de la dernière 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 

mAbs et de leurs produits dérivés (approximatif 150 kDa) et des exigences de sensibilité des 

méthodes analytiques à 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 à 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 très 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 (CL, CH1, CH2 et CH3) ont récemment été rapportées pour la quantification 

de mAbs dans des études précliniques.
3,4

 Le but de ce travail de thèse a été de développer de

 

Figure 1 Évolution du marché des mAbs et leurs produits dérivés aux États-Unis et dans l'UE au cours de la 

dernière décennie et chiffre d'affaires global déclaré. 
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nouvelles approches de MS quantitatives plus génériques pour la quantification d'immuno-

globulines (Igs) chimériques, humanisées et humaines (hIgG) ainsi que des anticorps de nouvelle 

génération de type bispécifiques et immuno-conjugués dans des échantillons précliniques 

(Figure 2). 

 

Figure 2 Représentation de différentes protéines thérapeutiques liées aux anticorps monoclonaux. (a) 

Structure détaillée d’une hIgG1 et autres formats dérivés tel que: (b) une IgG1 chimérique, (c) une IgG1 

humanisée, (d) une hIgG1 bispécifique, (e) un ADC à lysine.  

Première partie - Bibliographie  

La première partie de cette thèse est un travail bibliographique qui fournit une brève 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 dernières 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 à chaque chapitre.  

 

a                       b       c 

 

 

 

      d       e 
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Deuxième partie - Développement des méthodologies LC-MS/MS 

bottom-up quantitatives et polyvalentes pour la quantification de 

mAbs et produits dérivés dans des sérums  

Dans la deuxième partie de la thèse, on s’est d’abord attelé à améliorer les protocoles de 

préparation d’échantillons, en amont de l’analyse ”bottom-up” (après digestion enzymatique) MS 

quantitative, à partir de sérum dans un contexte d’études précliniques. Dans le cadre de la thèse, 

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 à 

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 à 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 

quantification à partir de quatre surrogate peptides trypsiques génériques, à 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 

hIgG1 dans du sérum de rat sur la gamme dynamique de 1.00 à 1000 μg/mL. Des échantillons de 

sérum de singe dopés avec cet hIgG1 ont ensuite été quantifiés à partir d’une courbe 

d'étalonnage préparée avec l'hIgG1 dans le sérum de rat avec une justesse (±20.0% de biais) et

 

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 à partir d’échantillons provenant 

de trois singes ayant reçus 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).  

a                                           b 
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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]-hIgG1) comme étalon 

interne au début de la préparation d’échantillon a permis d’atténuer l'effet matrice ainsi que 

l’interchangeabilité 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 hIgG4, un bsAb et 

deux ADC à lysine). Il a ensuite été démontré que la méthodologie ainsi développée permet 

l’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 thèse a permis de 

mettre en évidence le fort degré de flexibilité/polyvalence de la méthode développée, permettant 

non seulement le passage d’une espèce à l’autre mais aussi d’un type de molécule à l’autre. 

Evaluation de la standardisation de l’étape de digestion trypsique par 

l’utilisation de kits commerciaux 

Étant 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 thèse, deux kits, à savoir le SMART Digest Kit (Thermo Fisher Scientific) et le 

ProteinWorks eXpress Digest Kit (Waters), ont été comparés au protocole de digestion à partir du 

culot protéique pour la quantification d'hIgG1 sur des échantillons de sérum de rat. Des résultats 

très 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.  

Peptide Paramètres 
Digestion du  

culot protéique 

SMART  
Digest Kit 

ProteinWorks 
eXpress Digest Kit 

FNW Gamme (μg/mL), r
2
-valeur (n=3) 

Rapport signal/bruit (n=3) 

Inter-essais justesse (% de biais, n=9) 

Inter-essais précision (% de CV, n=9) 

1.00-1000, 0.9929 

8.3±1.1 

de -2.4 à 4.3 

de 6.6 à 9.9 

5.00-1000, 0.9898 

4.8±0.8 

de -3.4 à 0.6 

de 4.6 à 11.3 

5.00-1000, 0.9941 

13.0±0.6 

de -5.9 à -2.5 

de 3.5 à 6.6 

GPS Gamme (μg/mL), r
2
-valeur (n=3) 

Rapport signal/bruit (n=3) 

Inter-essais justesse (% de biais, n=9) 

Inter-essais précision (% de CV, n=9) 

1.00-1000, 0.9940 

3.5±0.2 

de -8.3 à 4.6 

de 4.7 à 5.4 

1.00-1000, 0.9970 

3.3±0.1 

de -6.6 à 2.0 

de 6.1 à 7.7 

1.00-1000, 0.9921 

3.8±0.6 

de -9.9 à -2.2 

de 5.4 à 8.8 

TTP Gamme (μg/mL), r
2
-valeur (n=3) 

Rapport signal/bruit (n=3) 

Inter-essais justesse (% de biais, n=9) 

Inter-essais précision (% de CV, n=9) 

1.00-1000, 0.9945 

11.3±3.0 

de -2.2 à 0.3 

de 5.7 à 7.2 

1.00-1000, 0.9935 

9.7±0.8 

de -7.6 à 1.3 

de 3.9 à 6.5 

1.00-1000, 0.9960 

10.1±7.9 

de -8.1 à -1.4 

de 4.0 à 6.3 

VVS Gamme (μg/mL), r
2
-valeur (n=3) 

Rapport signal/bruit (n=3) 

Inter-essais justesse (% de biais, n=9) 

Inter-essais précision (% de CV, n=9) 

1.00-1000, 0.9917 

16.8±4.0 

de -6.1 à 3.8 

de 8.0 à 14.5 

1.00-1000, 0.9955 

5.9±0.2 

de -7.3 à 0.7 

de 4.3 à 18.7 

1.00-1000, 0.9929 

35.3±9.3 

de -11.6 à 1.8 

de 3.0 à 8.4 
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Parmi les avantages de l’utilisation de kits, on peut mentionner un temps de développement de 

méthode réduit, une optimisation facilitée de la digestion et l'emploi de moins de réactifs. 

Néanmoins, l’utilisation de ces kits présente également un certain nombre d’inconvénients, 

notamment l’augmentation du nombre de peptides déamidés observés avec le SMART Digest Kit 

pour les peptides génériques contenant une asparagine (FNW et VVS) à une température de 

digestion élevée (Figure 4). Ainsi, même si les deux kits ont permis une préparation plus rapide et 

plus facile des échantillons, la probabilité de générer des peptides modifiés de manière 

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

 

Figure 4 Chromatogrammes obtenus à partir de l’analyse d’échantillon de sérum de rat dopé avec l’hIgG1 à 

10.0 μg/mL après 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 l’amélioration de sensibilité 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 très puissants nécessitant une 

administration à des doses très faibles.
5,6

 Dans ce travail de thèse, une méthodologie d’IC 

automatisée utilisant des pointes de cônes a été développée pour l'enrichissement en hIgG1 et 

pour réduire la complexité des échantillons de sérum (Figure 5). Trois paramètres essentiels, à 

savoir la quantité d’anticorps anti-hIgG Fc biotinylé à fixer sur les pointes de cône enduites de
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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 l'élution de l’hIgG1 ont été 

optimisés. La méthode finale d’IC couplée à la LC-MS/MS a permis d’obtenir un gain en sensibilité 

de facteur 100 pour la quantification d'hIgG1 dans le sérum de singe avec une limite de 

quantification 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 l'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’hIgG1 dans le sérum de singe.  

Paramètre Résultat 

Sélectivité: trois lots de sérum vierge (n=3) TTP: ≤7.4%, ISTD: ≤0.1% 

Contribution du signal TTP à ISTD: 0.1%, ISTD à TTP: 19.0% 

Linéarité (n=3), y=ax
2
+bx+c,  

facteur de pondération: 1/x 

10.0-1000 ng/mL,  

r
2
=0.9938±0.0014 

Effets de report TTP: <60.2% de la limite inférieure de quantification 

ISTD: 0.1% de la réponse de l’étalon interne 

Justesse (% de biais) et précision (% de CV), 

QCs à 10.0, 25.0, 400 et 800 ng/mL 

Intra-essai (n=3): de -6.9 à 19.9% de biais, de 1.2 à 14.3% de CV 

Inter-essais (n=9): de -3.1 à 8.9% de biais, de 7.4 à 10.3% de CV 

Dilution (50.0 µg/mL, 500-fois, n=5) Biais moyen de 12.8% avec une précision de 7.3% de CV  

Stabilité du peptide trypsique à 10 °C (n=3)
a
 

QCs à 25.0 et 800 ng/mL 

24 h: 2.1% de biais (800 ng/mL), ≤14.4% de CV (25.0 ng/mL) 

72 h: -15.2% de biais (25.0 ng/mL), ≤24.7% de CV
b
 (25.0 ng/mL) 

a
 Seulement les valeurs maximales sont rapportées, 

b
 hors critère d'acceptation ≤20.0% de CV. 

 QCs: échantillons de contrôle de la qualité (quality control samples) 
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Troisième partie - Développement des approches par 

spectrométrie de masse à haute résolution (HRMS) pour la 

quantification de mAbs et produits dérivés dans des études 

précliniques 

La troisième partie de la thèse est concentrée sur l’évaluation de l’apport de la HRMS en tant 

qu'alternative aux spectromètres de masse de type triple quadripôle (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 quadripôle - temps de vol (QTOF), 

à 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 

quantitatives. Le mode TOF-MRM a été utilisé pour la quantification d'hIgG1 dans la gamme 1.00-

1000 μg/mL à 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 succès avec le peptide VVS que, dans certains cas, 

des interférences endogènes dans la matrice pouvaient être éliminées en raison du haut pouvoir

 

Figure 6 Comparaison entre LC-HRMS et LC-MS/MS pour la quantification d’hIgG dans les espèces 

précliniques. (a) Analyse de Bland-Altman basé sur deux peptides trypsiques génériques (TTP et VVS) lors 

de l'analyse d'échantillons in vivo de cinq singes cynomolgus après administration par voie intraveineuse d’un 

ADC à 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 

QqQ. 

a            b  

 

 

             c     

        

                                                                     

 

 

 

 

   c 
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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 à l'analyse QqQ (Figure 6c). Les 

données ont également indiqué que l'utilisation de la LC-HRMS peut être avantageuse pour le 

développement de la méthode bottom-up, comme en témoigne l'élucidation du site de 

déamidation pour deux peptides sur quatre (FNW et VVS). 

Approche quantitative au niveau d’hIgG1 intacte par IC-LC-HRMS 

Les sections suivantes de la troisième partie de la thèse 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 problème principal avec les approches de quantification au niveau peptidique 

(bottom-up), indépendant de l’analyseur de masse choisi, à savoir la perte de l’information au 

niveau du mAb intact, ce qui peut induire une sous-estimation de la concentration de la substance 

active.
7,8

 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 l'IC, 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

 

Figure 7 Présentation de la méthode de quantification d’hIgG1 dans les espèces précliniques au niveau des 

protéines intactes par IC-LC-HRMS. 



Résumé de la thèse | 9 

 

l’utilisation d’une protéine en tant qu’étalon interne marqué au 
13

C ([
13

C]-hIgG1) qui est ajoutée 

dans l’échantillon à doser. L’étalon interne est ensuite co-extrait avec l'hIgG1 à partir 

d'échantillons de sérum de rat, en utilisant un anticorps ciblant la région Fc (anti-hIgG Fc). De 

plus, une étape de déglycosylation a été incorporée pour réduire l’hétérogénéité de l’hIgG1 à 

analyser, en simplifier l’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 fenêtre d'extraction de 

masse de 2 m/z. Après 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 hIgG1/[
13

C]-hIgG1 en fonction de la concentration nominale en hIgG1. Cette 

approche IC-LC-HRMS a été validée par la suite (de 0.100 à 10.0 μg/mL) conformément aux 

directives internationales (Tableau 3).
9,10

  

Tableau 3 Résultats de validation de la méthode quantitative d’hIgG1 au niveau des protéines intactes.  

Paramètre Résultat 

Sélectivité: trois lots de sérum vierge (n=3) hIgG1: ≤3.0%, [
13

C]-hIgG1: ≤0.3% 

Contribution du signal [
13

C]-hIgG1 à hIgG1: 12.8%, hIgG1 à [
13

C]-hIgG1: 13.0% 

Linéarité (n=3), y=ax
2
+bx+c,  

facteur de pondération: 1/x
2
 

0.100-10.0 µg/mL,  
r
2
=0.9919±0.0027 

Effets de report hIgG1:< de la limite inférieure de quantification 
[
13

C]-hIgG1: 0.0% de la réponse de l’étalon interne  

Justesse (% de biais) et précision (% de CV) 
QCs à 0.100, 0.250, 5.00 et 8.00 µg/mL 

Intra-essai (n=3): de -2.7 à 16.0% de biais, de 1.3 à 11.7% de CV 
Inter-essais (n=9): de -0.1 à 9.3% de biais, de 6.1 à 8.7% de CV 

Dilution (300 µg/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 contrôle de la qualité (quality control samples) 

La méthode développée a ensuite été appliquée avec succès pour la quantification d'hIgG1 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 à la fois pour des 

analyses des échantillons de sérum de rat dopés avec l’hIgG1 (Figure 8a) et in vivo (Figure 8b). 

En outre, il a été démontré que l’approche développée au niveau de la protéine entière permettait 

la quantification simultanée de deux hIgGs de la même sous-classe d'isotypes (hIgG1), 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 paramètres 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 l’hIgG1 (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’hIgG1 intacte a ensuite été étendue à la quantification d’ADC à 

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 l’ADC (DLD, drug load distribution) ainsi 

que le nombre moyen de molécules conjuguées par anticorps (DAR, drug-to-antibody ratio) 

parallèlement aux données quantitatives in vivo (Figure 9a+b). Ces dernières incluent non 

seulement la détermination de la concentration totale d'ADC (concentration totale d’espèces 

portant le cytotoxique) et du mAb total (en utilisant le spectre de masse déconvolué), mais a

 

Figure 9 Données in vivo provenant de trois rats après administration de deux doses (jour 1 et 8) par voie 

intraveineuse d’un ADC à lysine (5.00 mg/kg). (a) Profils individuels de DAR et (b) concentration sérique 

moyenne. 

a            b 

 

a          b 
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également permis de quantifier les principales espèces conjuguées individuellement (DL, drug 

load) de l’ADC, ce qui est impossible avec les approches ELISA et LC-MS/MS bottom-up. Dans 

l'ensemble, le principal avantage de cette approche est de combiner des informations qualitatives 

et quantitatives à trois niveaux (ADC, mAb et DL) en une seule méthode tout en utilisant un seul 

anticorps pour l’IC par opposition aux méthodologies actuellement appliquées.
11,12  

Conclusion générale 

Les différentes méthodes de quantification des mAbs basées sur MS développées tout au long de 

ce travail de thèse ont considérablement étendu le nombre d'approches disponibles pour la 

quantification de mAbs et de leurs produits dérivés dans des espèces 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 à partir de digestion du culot protéique (de 1.00 à 

1000 μg/mL), ou après immuno-précipitation (de 10.0 à 1000 ng/mL). Étant donné qu'un anticorps 

anti-hIgG Fc générique a été utilisé pour la capture, la méthodologie développée permet la 

quantification dans un échantillon préclinique de sérum de toute protéine thérapeutique présentant 

une région Fc reconnue par l’anticorps. Bien que les approches bottom-up génériques offrent une 

grande flexibilité grâce 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 

thèse pour l'analyse qualitative et quantitative des protéines thérapeutiques de type mAbs et 

produits associés. Sur la base des progrès récents de l'instrumentation HRMS, les précédentes 

limitations associées aux analyses quantitatives peuvent maintenant être 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 thèse. Ainsi la quantification de mAbs et produits 

associés directement au niveau de la protéine entière a été possible, fournissant un niveau 

d'informations bien au-delà 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 espèce conjuguée des ADCs. Le développement d’approches IC-LC-HRMS entièrement 

automatisées permettrait d’envisager l’utilisation de la quantification au niveau des protéines 

entières en routine. Cependant, pour que cette transition s’opère, de nouveaux verrous liés à la 

taille des fichiers de données et à l’automatisation du traitement des données doivent être levés. 

Bien que les méthodes quantitatives génériques basées sur la MS développées dans ce travail de 

thèse 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 à la présence de hIgGs endogènes dans les échantillons cliniques qui peuvent 

interférer avec l’hIgG à analyser. Dans le futur, il serait souhaitable de voir comment appliquer 

l’approche générique développée au cours de ce travail de thèse 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
th
 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 billion US$. 

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 (hIgG) quantification in pre-clinical species and extend their applicability to related 

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

The first part of this doctoral work provides a brief introduction to IgGs 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 hIgG1 and hIgG4 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 

(hIgG1) and (ii) measuring different hIgGs and related modalities (two additional hIgG1s, one 

hIgG4, 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 hIgG1 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 (QqQ) 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 

quadrupole 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 

quadrupole 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 

quantitative 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).
1
 Naturally occurring Igs are involved in 

humoral immune responses by the adaptive immune system of vertebrates.
2
 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.
3,4

 Naive B cells express Igs in form of membrane-

bound antigen receptors (B cell receptor).
5,6

 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.
4,7

 

 Structure  1.1.1

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 (VL 

and VH) and constant (CL and CH) regions, whereby CH is composed of up to four distinct domains 

entitled CH1, CH2, CH3, and CH4. 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.
8
 The 25 kDa

 

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, C1q: C1 complex of 

complement system, FcγR: Fc gamma receptor, FcRn: neonatal Fc receptor 

a                               b 
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either kappa or lambda-based L chain, the VH, and the CH1 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’)2. The broad diversity of Igs is generated by 

hypervariable regions in form of three loops of ß-strands from the VH and VL (CDRs), which 

determine the antigen specificity and represent the antigen-binding site.
9
 The remaining CH 

domains (CH2-CH4) form the stem of the Y (Fc region), which mediates the Ig effector function and 

define the Ig isotype. In placental mammals, five different Ig isotypes exist: IgG (75%), IgA (15%), 

IgM (10%), IgD (<0.5%), and IgE (<0.01%).
8
 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 IgG H chain (50 kDa) relies on one N-terminal variable and three 

CH domains (Figure 1.1a).
8
 Hence, the IgG Fc region is constituted out of the CH2 and CH3 

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, IgG3, and IgG4, which display a 90-95% similiarity in amino acid sequence 

(Figure 1.1b).
10,11

 The position of the cysteine in the L chain responsible for L/H linkage represents 

one structural difference between individual IgG 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 IgG4, four for IgG2, and eleven for IgG3. As a result of alternative 

disulfide bond formation, IgG2 and IgG4 exist in several isomers, respectively.
12,13

 The IgG4 

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.  

 Fc receptor-mediated effector functions 1.1.2

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 (FcγR) is affected as a result of partially or completely shielded binding sites.
10

 

Binding of the IgG Fc region to the complement system, more precisely to C1q of the C1 complex, 

mediates complement-dependent cytotoxicity (CDC).
15

 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 IgG Fc region with one of the five 

activiting FcγRs (FcγRI, FcγRIIa, FcγRIIc, FcγRIIIa, and FcγRIIIb).
17

 Subsequent mediation of 

intracellular signaling pathways via phosphorylation of the immunoreceptor tyrosine-based 

activation motif leads to pro-inflammatory activities and antigen clearance by ADCC.
17,18

 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.
19,20

 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 IgG 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.
10,21,22

 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.
10

 Histidine residues at position 310 and 435 within the CH2/CH3 domains are 

likely responsible for the pH-dependent binding to the FcRn.
24

 A lower binding affinity of the IgG3 

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 IgG 

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 IgG isotype subclass. Adapted from Irani V 

et al. (2015)
24

 and Vidarsson G, Dekkers G, and Rispens T (2014).
10

 

  IgG1 IgG2 IgG3 IgG4 

C1q binding ++ + +++ - 

FcγRI binding +++ - ++++ ++ 

FcγRIIa binding ++++ + +++ + 

FcγRIIb binding +++ + ++++ ++++ 

FcγRIIIa binding +++ + ++++ ++ 

FcγRIIIb binding ++ - ++++ - 

FcRn binding +++ +++ ++ +++ 

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

The glycosylation profile significantly affects the quaternary structure of the CH2 domain in IgGs, 

which is crucial for Fc receptor binding through glycan-protein and glycan-glycan 

interactions.
10,17,18

 Regardless of the IgG isotype subclass, a conserved glycan structures is 

attached to the asparagine residue at position 297, maintaining the IgG in an open conformation.
10

 

In contrast, carbohydrate removal results in a rather closed structure, abolishing binding to FcγR 

and C1q.
26

 The heptasaccharides biantennary glycan core structure (G0) contains four 

N-acetylglucosamine (GlcNac) and three mannose moieties, forming the α1,3 or the α1,6 arm 

(Figure 1.3). The glycan core structure of most IgGs is further extended with various 

monosaccharides. The addition of galactose through a β1,4-linkage on the α1,6 arm (G1) results 

in an increased binding affinity to the C1q, whereas the removal of galactose is associated with 

decreased CDC.
18

 The addition of a second galactose residue on the α1,3 arm results in the G2 

form. Moreover, 92% of IgGs are further fucosylated at the core GlcNac.
27

 As a key regulator of 

ADCC, fucose controls the FcγRIIIa-mediated IgG response either towards pro or anti-

inflammatory effects.
10,28,29

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

resulting in the A1 or A2 glycan forms, respectively.
17,30,31

 Terminal sialic acids decrease the 

binding affinity to the FcγRIIIa, leading to a reduction of ADCC.
32

 Furthermore, FcγRIIb-mediated 

anti-inflammatory properties are only associated with α2,6-linked sialylated N-glycans, whereas 

α2,3-terminal sialic acids do not demonstrate any anti-inflammatory effects.
33,34

 Besides the herein 

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

additional glycans or glycosylation sites (i.e. in the Fab region) have been identified.
10,27

  

 

Figure 1.3 Examples of IgG glycans, which are attached to the CH2 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.
35,36

 

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,
37-39

 chronic inflammatory 

disorders,
40-42

 and cardiovascular,
43,44

 auto-immune,
45,46

 or infectious diseases.
47-49

 In addition, 

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

their rejection.
50-52

 

 Unconjugated mAbs 1.2.1

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 Köhler 

and Milstein.
54

 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, 

leading to adverse events in patients as well as rapid clearance.
55,56

 In order to overcome these 

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.
35

 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”). 

  

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.
58,59

 

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.
60,61

 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 ligands.
62

 Binding of the mAb to a receptor expressed 

on the target cell can additionally activate intracellular pathways promoting apoptosis.
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.
63

 In addition, 

rituximab’s mechanism of action involves ADCP, ADCC, and CDC.
64

 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 IgG3s and Fc-

modified IgG1s were reported.
65-67

 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 

order to reduce activation of the FcγR and decrease Fc receptor-mediated toxicity.
68,69

 Finally, the 

mAb can act as carrier for the targeted delivery of radionuclides for radioimmuno-therapy,
70,71

 

immunocytokines (e.g. for the treatment of neuroblastoma),
72,73

 or highly potent cytotoxic drugs in 

order to induce apoptosis of the target cell as discussed in the next section.
74-79

 

 Antibody-drug conjugates 1.2.2

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 lymphomas.
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.
81

 The conjugation of the payload masks its 

hydrophobicity and prevents its renal clearance, resulting in an increased half-life in the systemic 

circulation.
82
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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 

epidermal growth factor receptor-2.
83,84

 Following internalization by receptor-mediated 

endocytosis, the ADC can undergo FcRn-mediated recycling (section 1.1.2) or lysosomal 

degradation, releasing the cytotoxic payload into the cytoplasm.
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 

tumor cells to induce their apoptosis (bystander effect).
80,86

 The targeted payload delivery to tumor 

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.
86

 

 

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).
87

 The latest generation of 

ADCs, however, utilizes specific conjugation sites through the incorporation of additional cysteine 

residues,
88

 unnatural amino acids,
89

 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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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.
88

  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.
55

 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.
92

  

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 

efficacy), narrowing the therapeutic index.
80,93

 On the other hand, the payload should be efficiently 

released upon endocytosis into the target cell.
94

 Moreover, the hydrophobicity of the linker 

determines the potential for aggregation, which subsequently lead to the formation of immune 

complexes and increased ADC clearance.
95

 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.
80

 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 

including the last amino acid from the mAb after lysosomal degradation e.g. Lys-MCC-DM1.
96-98

 In 

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.
80,99
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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 (IC50) 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.
94

 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.
80

 Lastly, the synthesis should 

be straightforward and the cytotoxin should retain its potency after introduction of reactive groups 

for linker conjugation.
80

 Besides commonly used microtubuline-inhibiting or deoxyribonucleic acid-

damaging payloads, α-aminitin (riboinucleic acid polymerase II inhibitor), rhizoxin (tubuline 

inhibitor), or spliceostatin and thailanstatin (both riboinucleic acid splicing inhibitors) are currently 

in development (Table 1.2).
80,101

 

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

Linker Payload Action 

Cleavable vc 

va 

SPDB 

sulfo-SPDB 

SPP 

Hydrazone 

Auristatin e.g. MMAE, MMAF 

Maytansinoid e.g. DM1, DM4 

Calicheamicin e.g. ozogamicin 

Duocarmycin e.g. rachelmycin 

Doxorubicin 

Benzodiazepine e.g. tesirine, talirine 

Tubuline inhibitor 

Tubuline inhibitor 

DNA cleaving agent 

DNA alkylation agent 

DNA intercalating agent 

DNA cross-linking agent 

Non-cleavable MCC 

mc 

Tubulysin 

Camptothecin 

Microtubule polymerization inhibitor 

Topoisomerase I 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 

 Bispecific antibodies and truncated mAb-related modalities 1.2.3

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

therapeutic effect such as the inability to induce tumor cell destruction.
102

 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 

mAbs.
103-105

 In addition, bsAbs can force the formation of protein complexes by Fab arm binding to 

different proteins e.g. Factor IXa and X in order to mimic Factor VIIIa.
106

 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 

recent years, which can be mainly classified into five categories (Figure 1.7).
107-109

 The production 

of bsAb generally relies on quadroma cell lines (fusion of two Ig-producing myeloma cells), which 

secrete a heterogeneous bsAb population including the desired hetero bsAb as well as nine 

additional variants due to random pairing of L and H chains.
108-110

 In order to force the 

heterodimerization of H chains, the knob-into-hole technology is commonly applied for bsAb 
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Figure 1.7 Examples of bispecific formats from each of the five major classes (bispecific IgGs, appended 

IgGs, bsAb fragments, bispecific fusion proteins, and bsAb conjugates). scFv: single chain variable fragment, 

BiTE: bispecific T cell engager, HSA: human serum albumin, PEG: polyethylene glycol 

production.
111,112

 This technology is based on creation of an artificial “knob” in the CH3 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 IgG (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.
107,108

 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 

processes and hence have a relatively short serum half-life.
108,114

 In order to modulate PK 

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 

polyethylene glycol.
107,108

 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 CH1 domain (similar to shark antibodies) and uses only the 

VH domain of camelids (referred to as VHH) 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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life through interactions with the FcRn receptor.
115

 The most advanced variable region-containing 

truncated mAb-related therapeutic proteins are F(ab’)2 and Fab fragments.
116

 Nevertheless, the 

development of single chain variable fragments (scFv) has significantly progressed, accounting for 

up to 40% of clinically evaluated mAb fragments.
114

 The range of scFv constructs includes simple 

formats (VH and VL linkage via flexible synthetic peptide), non-covalent scFv dimers (dia, tria, or 

tetrabodies) with an increased target affinity, and covalently linked tandem scFv.
117

 Single domain 

antibodies, also referred to as Nanobodies, present the smallest version of truncated IgG-derived 

formats, containing only the VH domain, which binds to specific antigens with a pico to nanomolar 

affinity.
118,119

 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.
113,114,120,121

 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 

negative biological effects through cytokine release or liver toxicity.
122-124

 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 

imaging with radionuclides.
125-128

 Therapeutic applications involve the treatment of various forms of 

cancer, rheumatoid arthritis, acute lymphoblastic leukemia, or scorpion/snake envenomation.
117,129-

132
 

  

Figure 1.8 Schematic illustration of various truncated mAb-related therapeutic proteins. VHH: 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.
133-135

 Seven out of the 22 novel drug 

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

namely olaratumab, reslizumab, and ixekizumab were approved in the EU.
136

 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$.
137

 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$.
137

 Additionally, >300 mAb-related therapeutic 

proteins were estimated to be in early-stage development, >230 mAb-related modalities were 

reported in clinical phase II, 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.
136,138

 

Similar to previous years,
139

 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
th
 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.
140

 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.
141-143

 

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.
144

 In addition, Pfizer’s Lifmior was approved, copying etanercept, whose EU 

patent already expired in 2015, while its US patent will last until 2028.
145,146

 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 

scientific articles.
137,138,147-150

 Notes: 
a
 Prolia and Xgeva (both denosumab) were approved in 2010, but were 

counted as single entity, 
b
 number of approved mAbs as of Nov 14

th 
2017, 

c
 estimated sales revenue based 

on a compound annual growth rate in sales of 8.0%, 
d
 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
th
 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 

serum half-life, and better neutralization effects in presence of the Fc region.
24,151

 The class of full-

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-

 

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. 

a                                          b                                 c 
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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 hIgG2/4 isotype subclass hybrid (Figure 1.10c). Although the IgG3 isotype subclass 

exhibits among all IgG 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 

of several allotypes.
24,152

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

also reflected by the constructs currently in development.
136,139,153

 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,
138,154

 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 IG assessments.  

 Qualitative assays for mAb-related therapeutic protein characterization  1.4.1

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, 

structural characterization, and comparability studies (Figure 1.11).
87,155,156

 Characterization of 

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

commonly investigated at higher order structure, utilizing hydrogen/deuterium exchange MS,
157,158

 

chemical cross-linking MS,
159

 or native MS either as stand-alone technology
160-162

 or with ion 

mobility.
163-166

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

modifications, and charge/size variants of mAbs.
162,167-173

 Moreover, the DLD and DAR of ADCs 

can readily be assessed at the intact level.
174-176

 Middle-up approaches enable the detection of 

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

modifications.
177

 The most detailed information about the primary amino acid sequence,
155,178

 

potential conjugation sites,
177,179,180

 and post-translational modifications
181-185

 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).
169,181,186
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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, IdeS: IgG-

degrading enzyme of S. pyogenes, DTT: dithiothreitol, Fd: Fab H chain, IAA: iodoacetamide, PTM: post-

translational modifications 

 Bioanalytical assays for PK, PD, and IG assessments 1.4.2

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, 

quantitative 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 

design an appropriate first-in-human GLP study.
188

 However, pre-clinical studies using only one 

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

therapeutic protein is well understood and characterized.
189

 In addition to the in vivo generated 

mAb 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.
190

 

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.
191,192

 

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

between free and bound species in order to estimate the efficacious mAb concentration.
190

 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.
187
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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.
193

 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.
55

 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 

Total ADC 

Active ADC 

Conjugated active payload 

Metabolized conjugated payload 

Unconjugated payload 

Clearance  

Total mAb > total ADC = deconjugation of payload 

Total ADC > active ADC = inactivation through metabolism 

Similar to active ADC assay 

Indication for inactivation of ADC 

Deconjugation and off-target toxicity 

PD Total target 

Bound target 

Free target 

Cytotoxic biomarker 

Effect of mAb / ADC on target accumulation 

Therapeutic efficacy 

Therapeutic efficacy 

Apoptosis, lysis 

IG mAb / ADC-specific ADA 

Payload-specific ADA 

Accelerated clearance / neutralization 

Accelerated ADC clearance and potential decelerated 

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

 Ligand binding assays 1.5.1

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.  

 

Figure 1.13 Possible sandwich and bridging ELISA formats for the determination of (a) total PD, (b) free 

mAb, (c) total mAb, and (d) bivalent unbound mAb for PK assessment. The asterisks indicate optional target 

conjugation to the mAb. HRP: horseradish peroxidase 

a                             b                         c                                d 
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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 

sample, and high sample throughput,
190,197-201

 ELISA formats exhibit the following disadvantages: 

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

antibodies
190,202,203

  

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

binding properties
197,204

  

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

varying extent of interferences and cross-reactivity
205

 

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

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

standard (ISTD) is employed
199,206

  

 Mass spectrometry-based assays 1.5.2

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-

related therapeutic proteins in complex matrices.
207-217

 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.
200-202,218-222

 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:  

 Superior sensitivity compared to the analysis at the intact protein level
223

  

 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
202,224

  

1.5.2.1 Selection of surrogate peptide  

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

sensitivity, and robustness.
201,218,224,225

 Several in silico software tools such as Skyline, 

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

peptides.
226-231

 The ideal surrogate peptide should be rapidly and reproducibly generated during 

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

the following criteria:  
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 No methionine, cysteine (Cys), or tryptophan (Trp) included to avoid peptide oxidation
218

  

 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)
232-235

  

 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
201,218

  

 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
218

 

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 

sequence of a peptide with protein sequences entered in databases.
236

 In general, surrogate 

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

interferences from endogenous IgGs.
207,237,238

 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 (CL, CH1, CH2, and CH3) were proposed for the 

quantitative 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.
239-243

 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.
244

  

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 µL).
245-247

 Furthermore, no assay-specific interferences are caused from ADAs 

and bound endogenous proteins or soluble targets.
248

 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 

properties.
248,249

 Due to co-eluting and interfering compounds,
250

 direct serum digestion 

approaches exhibit a limited sensitivity.
238,251,252

 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.
253-255

 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.
256-259

  

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 

upon denaturation with heat,
260

 chaotropic agents (urea, guanidine hydrochloride),
237,261

 

surfactants (sodium dodecyl sulphate, sodium deoxycholate),
242,262

 or organic solvents (methanol, 

acetonitrile (ACN), and trifluoroethanol),
263,264

 (ii) disulfide bond reduction with dithiothreitol (DTT) 

or tris(2-carboxyethyl)-phosphine,
238,265

 (iii) alkylation of the generated reactive thiol groups with 

iodoacetamide (IAA) or N-ethylmaleimide,
238,266

 and (iv) proteolytic digestion using trypsin, 

chymotrypsin,
267,268

 Lys-C,
269,270

 Glu-C,
271,272

 Arg-C,
273

 Asp-N,
274,275

 or pepsin
276,277

 with a 

recommended enzyme to protein ratio ranging from 1:20 to 1:100.
218

 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. 

 

Figure 1.14 Commonly applied sample preparation procedures for bottom-up mAb-related therapeutic protein 

quantification by MS-based assays using (a) direct digestion approaches, (b) peptide-level, or (c) protein-

level enrichment. SIL: stable isotope labeled 

a                            c                             

b  
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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 

effects enhancing or suppressing the analyte signal).
278,279

 As a consequence, the employment of 

a proper ISTD is essential for reproducible, precise, and accurate mAb-related therapeutic protein 

quantification. However, the format and introduction stage of the ISTD (Figure 1.15) can 

significantly impact the outcome of the quantitative data.
280-282

  

 

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 

physicochemical properties like the target analyte.
283

 At the same time, it should exhibit a sufficient 

mass difference for its distinction from the target analyte by MS detection.
283

 Hence, a stable 

isotope labeled (SIL) version (i.e. [
13

C], [
15

N], [
2
H], or [

18
O]) of the signature peptide, also referred 

to as absolute quantification (AQUA) peptide, is often utilized for protein quantification.
284-286

 

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 

correct as appropriate as SIL-peptides.
288-290

 One advantage of peptide-level ISTDs relies on their 

faster and simplified production compared to protein-level ISTDs.
218

 However, they can only 

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

well as for differences introduced upon LC-MS analysis.
218

 Consequently, extended SIL-peptides 

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

proteolytic digestion.
291-293

 The concatenation of several SIL-peptides, as employed with the
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quantification concatemer (QconCAT) or double standard concatemers (DOSCAT) strategy,
294-297

 

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

quantification.
298-300

  

Protein-level ISTDs 

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

all induced variabilities similar to peptide-level ISTDs.
301-303

 Hence, a SIL-variant of the whole 

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

workflow.
283

 However, their production is expensive and time-consuming.
218

 SIL-whole protein 

ISTDs, also referred to as protein standard absolute quantification (PSAQ),
304-308

 are produced in 

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

that the medium contains SIL-amino acids for label incorporation.
309,310

 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-

based quantification of mAb-related therapeutic proteins.
238,240,311

 Alternatively, universal SIL-

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

demonstrated the potential for mAb quantification.
243,312

  

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.
218,224

 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 

quantification 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 

experiments (MS
n
) or in the conventional QqQ mode.

313,314
 For quantitative purposes, selected 

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

most appropriate acquisition mode providing high selectivity and sensitivity.
315

 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 

is provided elsewhere and not discussed herein.
316,317

 After precursor ion selection, its 

fragmentation in a serially connected second non-filtering quadrupole q2 is induced by collisional 

activation with neutral gas molecules or dissociation, where translational ion energy is converted 

into internal energy.
318

 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 

of hundreds to thousands of transitions (Figure 1.16).
319,320

 The most intense transition of a 

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

analyte identity.
321,322

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

monitoring several transitions.
225,315

 The cycle time is defined as the product of the number of 

monitored transitions and the time spent at each transition (dwell time).
225,323

 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.
324-329

 

 

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 (q2), 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.
330

 Three different acquisition modes, namely full-scan MS,
331,332

 single-ion 

monitoring,
333,334

 and parallel reaction monitoring
331,335,336

 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.
337

 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) = 𝑧0 cos(𝜔𝑡) + √
2𝐸𝑧

𝑘
sin(𝜔𝑡)            (1.1) 

where z0 is the initial axial amplitude, Ez  the initial ion kinetic energy and  

𝜔 = √
𝑘𝑧

𝑚
                  (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.
338,339

 Based on the axial oscillation frequency, the m/z ratio of 

the ion can be determined following Fourier transformation.
340

 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 

quantification 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.
341

 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 

product ions from a given precursor ion.
342,343

 This allows flexible selection and summation of 

different product ions in case of selectivity and sensitivity issues, respectively.
336

 For both targeted 

quantification 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).
344-346

 

When operated in the TOF-MS mode, charged ions are sampled, focused, and entirely transmitted 

through the quadrupole and collision cell.
347

 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

 

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 l. 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 =
𝑙

√2 𝑒 𝑈
 √

𝑚

𝑧
       (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.
348

 

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 

𝐷𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 =  
𝑤𝑖𝑜𝑛 𝑏𝑒𝑎𝑚

𝑑
√

𝑚/𝑧

𝑚/𝑧𝑚𝑎𝑥
     (1.4) 

where wion beam 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/zmax 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.
349,350

 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
351

 or regulatory guidelines from the 

US FDA and EMA.
352,353

 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.  

 Selectivity 1.6.1

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). 

 Response contribution 1.6.2

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

respectively. 

 Linearity and sensitivity 1.6.3

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
2
 + 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 (r
2
) value should be at least 0.95. The lowest concentration meeting the acceptance 

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

 Carry-over 1.6.4

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. 

 Accuracy, precision, and matrix effect 1.6.5

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: 

 Accuracy (% bias) = 100% x (measured – nominal concentration) / nominal concentration 

 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.  



Method validation | 45 

 

 Dilution integrity 1.6.6

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 µL 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.  

 Reproducibility 1.6.7

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. 

 Stability of the mAb-related therapeutic protein  1.6.8

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 

quantitative 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 

hIgG1 quantification in rat serum 

2.3  Generic tip-based IC-LC-MS/MS method for sensitive bottom-up hIgG1 quantification 

in cynomolgus monkey serum 
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2.1 Generic LC-MS/MS method based on pellet digestion 

 Analytical context 2.1.1

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.
354-356

 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).
357

 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.  

 Objectives 2.1.2

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:  

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

hIgG1 (hIgG1A) against a calibration curve prepared with the same hIgG1 in rat serum  

 Quantification of several hIgGs from the same (hIgG1) and another subclass (hIgG4) spiked in 

cynomolgus monkey and rat serum against Cs/QCs prepared with the hIgG1A in rat serum 

 Application of the strategy to more complex biotherapeutics, namely a bispecific-bivalent 

hIgG1 and two lysine-conjugated ADCs (ADC1 and ADC2) 

 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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 Results 2.1.3

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.,
243

 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 ([
13

C]-hIgG1) used as ISTD 

was spiked to serum samples in a first step (Figure 2.1). Since [
13

C6]-lysine and [
13

C6]-arginine 

were used for [
13

C]-hIgG1 production, the [
13

C]-hIgG1 could be deployed as generic ISTD for mAb-

related therapeutic protein quantification as each tryptic peptide has the [
13

C]-label 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.
243,357,358

 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 C18 analytical column (150 x 

4.6 mm, 3 µm) 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.  

 

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

LC-MS/MS. MeOH: methanol, NH4HCO3: 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 hIgG1 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).  

 

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 hIgG1 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 

hIgG1. 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 CH1 and CH3 

domain, respectively. In contrast, the VVS and FNW peptides originated from the CH2 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.
224

 For 

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 

corresponding SRM transition of the deamidated VVS (VVSd) was additionally included.
359-362

 The 

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 [
13

C6]-TTP and [
13

C6]-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 (y12
2+

) 48 20 15 

FNWYVDGVEVHNAK
a
 [

13
C6]-FNW 562.3 (3+) 712.3 (y12

2+
) 48 20 15 

GPSVFPLAPSSK GPS 594.2 (2+) 418.5 (y4
+
) 50 40 25 

GPSVFPLAPSSK
a
 [

13
C6]-GPS 597.2 (2+) 424.4 (y4

+
) 50 40 25 

TTPPVLDSDGSFFLYSK TTP 938.1 (2+) 836.9 (y15
2+

) 93 40 15 

TTPPVLDSDGSFFLYSK
a
 [

13
C6]-TTP 941.0 (2+) 839.9 (y15

2+
) 93 40 15 

VVSVLTVLHQDWLNGK VVS 603.7 (3+) 805.9 (y14
2+

) 55 24 24 

VVSVLTVLHQDWLNGK
a
 [

13
C6]-VVS 605.7 (3+) 808.9 (y14

2+
) 55 24 24 

VVSVLTVLHQDWLDGK VVSd 604.0 (3+) 806.4 (y14
2+

) 55 24 24 

VVSVLTVLHQDWLDGK
a
 [

13
C6]-VVSd 606.0 (3+) 809.4 (y14

2+
) 55 24 24 

a
 Labeled with [

13
C6]-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 

peptide.
363,364

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

digestion efficiency, 50 μL of serum yields 3.5 mg of peptides.
365

 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 

hIgG1-spiked rat serum sample (500 μg/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 μL), 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 ≥76.7% 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 μm).  

 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 

ACN/1% acetic acid (5/95, v/v) 

ACN/1% acetic acid (10/90, v/v) 

ACN/1% acetic acid (20/80, v/v) 

ACN/1% acetic acid (30/70, v/v) 

ACN/1% acetic acid (40/60, v/v) 

ACN/1% acetic acid (50/50, v/v) 

2.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

1.8 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

2.7 

0.7 

<0.1 

0.1 

<0.1 

<0.1 

<0.1 

2.7 

10.2 

2.7 

2.2 

0.4 

<0.1 

<0.1 

Elution NH4OH (28%)/ACN/H2O (1/2/7, v/v/v) 

NH4OH (28%)/ACN/H2O (1/4/5, v/v/v) 

NH4OH (28%)/ACN/H2O (1/6/3, v/v/v) 

79.4 

94.2 

95.9 

12.0 

54.4 

88.6 

59.7 

88.7 

93.6 

12.9 

54.8 

76.7 

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

2.1.3.3 Generic LC-MS/MS assay for hIgG1A 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 µg/mL, while the FNW peptide 

reached a LLOQ of 5.00 µg/mL (Table 2.3). The corresponding linearity for each peptide was 

excellent up to a concentration of 1000 µg/mL with r
2
-values of ≥0.9913, using a linear (FNW, 

GPS, and VVS) or quadratic (TTP) regression model with a weighting of 1/x
2
. 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 µg/mL) for each generic surrogate peptide.  

Peptide Linearity Accuracy (% bias) Precision (% CV) 

 
Range 
(µg/mL) 

r
2
-value

 

(n=5) 
Intra-day 
(n=3) 

Inter-day 
(n=15) 

Intra-day 
(n=3) 

Inter-day 
(n=15) 

FNW 5.00-1000 0.9927±0.0035 -9.5 to 17.8 -4.5 to 8.4 0.6 to 10.4 5.8 to 12.1 

GPS 1.00-1000 0.9913±0.0057 -13.9 to 14.4 -5.0 to 6.2 2.0 to 17.3 7.2 to 9.4 

TTP 1.00-1000 0.9961±0.0011 -10.6 to 13.0 -2.6 to 4.7 1.0 to 17.8 4.1 to 13.6 

VVS 1.00-1000 0.9952±0.0024 -10.9 to 12.0 -3.1 to 8.5 1.6 to 17.2 6.7 to 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 µg/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.
366-368

 However, this replacement, may impact the accuracy and precision in 

case of improper ISTD selection.
278,279

 The incorporation of a [
13

C]-hIgG1 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, hIgG1-spiked 

cynomolgus monkey serum samples were quantified against Cs/QCs prepared with the same 

hIgG1 in rat serum. By monitoring the MS responses of the [
13

C6]-labeled peptides, only the 

[
13

C6]-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 µg/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 hIgG1. (a) MS 

responses of [
13

C6]-labeled peptides in QCs (n=12), demonstrating tendency for ion suppression in 

cynomolgus monkey serum with the [
13

C6]-GPS, [
13

C6]-TTP, and [
13

C6]-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 hIgG1 

concentration. The corresponding inter-day accuracy and precision values (n=9) of QCs spiked 

a 

 

 

 

 

b 
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with the hIgG1A 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 µg/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.
243

 However, the reason why only the low hIgG1 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 hIgG1, [
13

C]-hIgG1, 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 hIgG1 and ADC were significantly increased 

compared to the [
13

C6]-GPS following overnight digestion. Consequently, the [
13

C6]-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 [
13

C6]-labeled 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. 

hIgG1s  

Similar to the results obtained with hIgG1A (section 2.1.3.4), two additional hIgG1s 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 hIgG1s 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 (±20.0%, ≤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 μg/mL. Only the low QC concentration at 3.00 μg/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 hIgG1A, lysine-conjugated ADC1, or [
13

C]-hIgG1 in serum. 

hIgG4  

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 hIgG4 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 μg/mL). In contrast, the QC at 3.00 μg/mL exceeded the accuracy acceptance criterion by 

5.2%, while the precision was 3.6% CV. Overall, the hIgG4 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 hIgG4 to avoid Fab arm exchange.
369,370

 The hIgG4 spiked in 

cynomolgus monkey serum was likewise accurately (-9.3 to 7.3% bias) and precisely (≤13.2% CV) 

quantified at 750, 450, and 15.0 μg/mL, whereas the low QC concentrations was overestimated by 

48.2% with a precision ≤19.1% CV.   

a       b 

 

 

 

 

c       d 
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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 CH1 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 hIgG1A 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 μg/mL) to -6.9% (FNW, 15.0 μg/mL). Following payload/linker conjugation, 

peptide miscleavage can occur due to steric hindrance and the inability of trypsin to recognize a 

payload/linker-conjugated lysine residue.
371

 Consequently, the amount of correctly released tryptic 

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 hIgG1 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. 

 

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.  



Pellet digestion-based approach | 59 

 

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 hIgG1A 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. 

.  

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 hIgG1A 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 

quantitative approach. 

a      b 
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 Conclusions 2.1.4

A single generic pellet digestion-based LC-MS/MS assay enabled the quantification of 

hIgG1-related therapeutic proteins in rat serum (1.00-1000 µg/mL) with potential method extension 

to hIgG4-related therapeutic proteins using the VVS peptide. Overall, a high degree of versatility 

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

 Serum interchangeability of rat and cynomolgus monkey serum due to the incorporation of a 

[
13

C]-hIgG1 used as ISTD. By using spiked serum samples, it was successfully demonstrated 

that cynomolgus monkey serum samples containing a hIgG1 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.
372

  

 No exact analyte matching was required due to the incorporation of generic surrogate 

peptides, which are conserved in various hIgG 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: 

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

mandatory.  

 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.  

 Scientific communication 2.1.5

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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2.2 Evaluation of commercial digestion kits as standardized 

sample preparation for hIgG1 quantification in rat serum 

 Analytical context 2.2.1

The proteolytic digestion represents the most critical step of the protracted sample preparation 

procedure for LC-MS/MS-based bottom-up mAb quantification.
262

 In order to assure an efficient, 

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

quantification, intensive assessment of the digestion is necessary.
218,373

 This evaluation involves 

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

suitable enzyme-to-protein ratio.
374-376

 Furthermore, the digestion time, temperature, composition 

and pH of the digestion buffer must be optimized.
375-377

 As a consequence, numerous digestion 

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

accelerated approaches based on immobilized trypsin,
378-382

 ultrasound,
383

 infrared radiation,
384

 

elevated digestion temperatures,
385-387

 and the addition of organic solvents during digestion
388-390

 

enable fast peptide generation in less than one hour or even within minutes.
201,249,374

 Moreover, 

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 quantification, while minimizing 

sample processing steps and required reagents. 

 Objectives 2.2.2

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.  

 Results 2.2.3

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 [
13

C]-hIgG1 (ISTD) prior to 

sample preparation (Figure 2.8). In comparison to the pellet digestion, both kits omit the reduction 



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

 

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 hIgG1 (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 μg. However, the amount of peptides generated from the 

recommended starting sample volume (50 μL) 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. 



Commercially available digestion kits | 73 

 

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 hIgG1 could be 

quantified 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 µg/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 μg/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 μg/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
2
-values ≥0.9898, 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 
(µg/mL) 

r
2
-value

 

(n=3) 
S/N ratio 
(n=3) 

Range 
(µg/mL) 

r
2
-value

 

(n=3) 
S/N ratio 
(n=3) 

Range 
(µg/mL) 

r
2
-value

 

(n=3) 
S/N ratio 
(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±9.3 



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

 

 

Figure 2.10 Chromatograms obtained from the analysis of a hIgG1-spiked rat serum sample (10.0 μg/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 µg/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 µg/mL) for each generic surrogate peptide 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 

 
Intra-day 
(n=3) 

Inter-day 
(n=9) 

Intra-day 
(n=3) 

Inter-day 
(n=9) 

Intra-day 
(n=3) 

Inter-day 
(n=9) 

FNW Accuracy (% bias) 

Precision (% CV) 

-11.5 to 15.3 

2.9 to 7.9 

-2.4 to 4.3 

6.6 to 9.9 

-11.8 to 7.8 

2.8 to 10.1 

-3.4 to 0.6 

4.6 to 11.3 

-7.3 to 2.7 

2.2 to 8.9 

-5.9 to -2.5 

3.5 to 6.6 

GPS Accuracy (% bias) 

Precision (% CV) 

-9.9 to 8.7 

1.0 to 7.5 

-8.3 to 4.6 

4.7 to 5.4 

-13.6 to 5.4 

0.9 to 12.6 

-6.6 to 2.0 

6.1 to 7.7 

-15.1 to 2.8 

2.1 to 10.3 

-9.9 to -2.2 

5.4 to 8.8 

TTP Accuracy (% bias) 

Precision (% CV) 

-6.9 to 8.3 

1.5 to 9.3 

-2.2 to 0.3 

5.7 to 7.2 

-12.0 to 4.5 

0.8 to 7.8 

-7.6 to 1.3 

3.9 to 6.5 

-9.9 to -0.2 

1.4 to 10.4 

-8.1 to -1.4 

4.0 to 6.3 

VVS Accuracy (% bias) 

Precision (% CV) 

-12.9 to 12.8 

1.7 to 11.3 

-6.1 to 3.8 

8.0 to 14.5 

-13.8 to 14.9 

2.9 to 18.1 

-7.3 to 0.7 

4.3 to 18.7 

-13.6 to 3.1 

2.4 to 11.5 

-11.6 to 1.8 

3.0 to 8.4 
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 Conclusions 2.2.4

In comparison to the pellet digestion, the standardized direct serum digestion approaches of both 

kits were suitable for hIgG1 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 μg/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 - ++ + 

Sample processing time - ++ + 

Deamidated peptides generated  + - ++ 

Costs per sample ++ + - 

 Scientific communication 2.2.5

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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2.3 Generic tip-based IC-LC-MS/MS method for sensitive bottom-

up hIgG1 quantification in cynomolgus monkey serum  

 Analytical context 2.3.1

The majority of direct serum digestion approaches, regardless of the involvement of digestion kits, 

offer sufficient sensitivity (i.e. high ng/mL to low µg/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,
200,391

 (ii) mAbs 

administrated by alternative routes (i.e. pulmonary, intravitreal, or subcutaneous),
392-397

 or (iii) 

biotherapeutics in tissue samples exhibiting lower concentrations compared to the corresponding 

one in the systemic circulation.
265,398

 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 magnitude.
399-401

  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.
248

  

Several analytical platforms including two or three-dimensional chromatography,
402-409

 QTRAPs 

operating in MS-cubed (MS
3
) acquisition mode,

410-413
 ion mobility,

414-417
 or HRMS (Part 3) have the 

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

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.
418-420

 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 

limited loading capacity.
200,201,265,421

 In order to address the latter issue, approaches based on 

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

frequently applied.
422-425

 However, direct serum digestion approaches are incompatible with most 

low-flow applications and require additional sample clean-up.
426-428

   

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 

its proteolytic digestion.
248,429-431

 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
358

 or 2D-SPE approaches
303,432

 

(e.g. 1
st
 dimension reversed-phase, 2

nd
 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 

protein quantification, is based on metal-ion affinity.
208,433,434

 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, 

achieving sensitivities in the pg/mL range.
435,436

 Several IC-based protocols have been established 

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

magnetic beads varying in size and surface material,
437-439

 ELISA plate-based formats,
440

 or tip-

based IC platforms such as the PhyNexus,
441-443

 Agilent’s Bravo,
444-446

 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.
447-451

  

 Objectives 2.3.2

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 hIgG1 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. 

 Results 2.3.3

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-mAbcapture) 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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Figure 2.11 Detailed workflow of developed generic tip-based IC-LC-MS/MS method for bottom-up hIgG1 

quantification in cynomolgus monkey serum. Adapted from Thermo Fisher Scientific Application Note.
452

  

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 [
13

C]-hIgG1 to maximize hIgG1 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 [
13

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 hIgG1 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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approaches,
453

 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-hIgG Fc capture antibody. 

 

Figure 2.12 Determination of biotin incorporation. Deconvoluted MS spectrum of (a) L chain of non-

biotinylated mouse anti-hIgG Fc capture antibody (mAbcapture), (b) L chain of biotinylated mAbcapture 

(b-mAbcapture), (c) H chain of mAbcapture, and (d) H chain of b-mAbcapture. 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-mAbcapture (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 µg per tip. Since streptavidin has four potential binding sites for biotin, a maximum of 

16.0 µg biotinylated antigen can be theoretically loaded onto the tips, assuming an equivalent size 

of the antigen compared to streptavidin.
454,455

 However, the molecular weight of the b-mAbcapture 

(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-mAbcapture 

was determined to be 5.20 µg (52.0%), whereby a saturation of the tips was indicated by the

a           c 

 

 

 

b           d 
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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-mAbcapture with increasing amount of b-mAbcapture 

loaded onto the tips (1.00-10.0 µg). Due to limited quantity of b-mAbcapture, 5.00 µg of b-mAbcapture 

was selected for antigen loading per tip, which resulted in a capture efficiency of 64.7±7.9% (3.23 

µg, 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 µg/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 hIgG1 from the tips was identified as the last and 

most critical parameter. Similar to other published applications,
456-458

 the elution was conducted at 

low pH (acid dissociation) to disrupt non-covalent interactions between the b-mAbcapture and the 

immuno-captured hIgG1, while the streptavidin-biotin complex remained unaffected due to its 

affinity constant in the femtomolar range.
454,455

 For the elution solvent, TFA and ACN were 

selected due to their lower acidity (pka 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.
262,264

 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-mAbcapture/hIgG1 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.
259,459

  

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.
352,353

 

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
2
+bx+c, 1/x weighting 10.0-1000 ng/mL, r

2
=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) 

QCs at 10.0, 25.0, 400, and 800 ng/mL 

Intra-day (n=3): -6.9 to 19.9% bias, 1.2 to 14.3% CV 

Inter-day (n=9): -3.1 to 8.9% bias, 7.4 to 10.3% CV 

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

Auto-sampler stability at 10 °C (n=3)
a
 

QCs at 25.0 and 800 ng/mL 

24 h: 2.1% bias (800 ng/mL), ≤14.4% CV (25.0 ng/mL) 

72 h: -15.2% bias (25.0 ng/mL), ≤24.7% CV
b
 (25.0 ng/mL) 

a
 Only maximum values are reported, 

b
 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 hIgG1 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 hIgG1 at 1.00 and 3.00 mg per eye, respectively. The 

administrated hIgG1 slowly distributed from the eye into the systemic circulation, representing a 

typical serum concentration-time profile for extravascular administration (Figure 2.14).  

 

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. 

 Conclusions 2.3.4

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

workflows exhibited the following features and benefits: 

 Significant extension of the application range of generic LC-MS/MS-based workflows for 

bottom-up hIgG1 quantification in cynomolgus monkey serum samples due to 100-fold 

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

 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

 

 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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 Scientific communications 2.3.5

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 hIgG1-based therapeutic proteins in 

cynomolgus monkey serum using immuno-capture with MSIA D.A.R.T.’S™. 64
th
 Annual 

Conference on Mass Spectrometry and Allied Topics of the American Society for Mass 

Spectrometry (ASMS), Jun 5-9
th
 2016, San Antonio (TX, USA).  

Oral presentation: 

Quantitative LC-MS/MS analysis of hIgG1-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
nd

 2016, Basel (Switzerland).   
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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 hIgG 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 hIgG1 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  

 Analytical context 3.1.1

While HRMS has become a well-established technology for mAb-related therapeutic protein 

characterization or drug metabolite identification, most bioanalysts still hesitate to introduce 

quantitative HRMS (qHRMS) in regulated late-stage drug development.
460-466

 MS-based 

quantification 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.
319,467,468

 

Routine application of qHRMS in pharmaceutical industry is also hampered due to lacking 

guidance for qHRMS method validation from regulatory agencies (i.e. post-acquisition data 

processing) as authorities had previously mainly to deal with LC-MS/MS data.
468

 However, deficits 

of QqQ 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.
469-471

  

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

 Subsequently, unresolved interferences from co-eluting matrix-related 

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

sensitivity (increased S/N ratio).
475,476

 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 

overcome, allowing reliable quantification.
467,469,471,476,477

 Thus, a paradigm shift from conventional 

QqQ towards qHRMS is currently on-going.
478-481

 From all commercially available HRMS 

instruments, QTOF
482-484

 and orbitrap
485-487

 mass analyzers have received the most interest in 

quantitative bioanalysis as expensive operation costs, large laboratory footprints, long 

optimization, and scan times are associated with Fourier transform ion cyclotron resonance 

instruments.
488

 Quantitative HRMS was extensively explored in the bioanalytical field of small 

molecule quantification in serum or plasma,
489,490

 cerebrospinal fluid,
491

 dried blood spots,
492-495

 or 

urine samples.
496-498

 However, only a few research groups have explored this technology with 

respect to peptide,
469,487,499

 low to mid-molecular weighted therapeutic protein (<70 kDa),
471,475,476

 

PEGylated protein,
500

 or mAb-related therapeutic protein quantification in biological fluids.
467,470

  

 Objectives 3.1.2

The project aimed to implement a generic qHRMS approach for targeted bottom-up hIgG 

quantification 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. 

 Results 3.1.3

3.1.3.1 Selection of the QTOF acquisition mode for qHRMS 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 C18 column (150 x 4.6 mm, 3 µm), 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 

acquisition mode.
471

 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 

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

a 
(charge state) Product ions

b
 (ion type/charge state) (eV) 

FNW 559.9388 (+3) 697.3628 (y6
+
) 968.4796* (y9

+
) 708.8490 (y12

2+
) 18 

[
13

C6]-FNW
c
 561.9456 (+3) 703.3829 (y6

+
) 974.4997* (y9

+
) 711.8590 (y12

2+
) 18 

GPS  593.8270 (+2) 418.2296 (y4
+
) 699.4036* (y7

+
) 846.4720 (y8

+
) 18 

[
13

C6]-GPS
c
 596.8370 (+2) 424.2498 (y4

+
) 705.4237* (y7

+
) 852.4921 (y8

+
) 18 

TTP  937.4645 (+2) 836.4169* (y15
2+

) - - 27 

[
13

C6]-TTP
c
 940.4746 (+2) 839.4269* (y15

2+
) - - 27 

VVS 603.3403 (+3) 655.8462 (y11
2+

) 712.3883 (y12
2+

) 805.4385*
,d 

(y14
2+

) 16 

[
13

C6]-VVS
c
 605.3471 (+3) 658.8563 (y11

2+
) 715.3983 (y12

2+
) 808.4485* (y14

2+
) 16 

VVSd 603.6684 (+3) 656.3382 (y11
2+

) 712.8803 (y12
2+

) 805.9305* (y14
2+

) 16 

[
13

C6]-VVSd
c
 605.6751 (+3) 659.3483 (y11

2+
) 715.8903 (y12

2+
) 808.9405* (y14

2+
) 16 

a
 Quadrupole mass isolation window of 1 Da for precursor ion selection, 

b
 product ion extraction window of 50 mDa,                

c
  labeled with [

13
C6]-lysine, 

d
 interference in rat serum, * product ion selected for enhancement, CE: collision energy 
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S/N 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. 

 

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 

during method development as complete sample information is provided.
501

 As outlined in section 

2.1.3.5, a time-dependent decrease of signal intensities for both CH2 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 

and pH conditions.
502-507

 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.
508-512

  

This results in faster mAb clearance, increased toxicity, and enhanced IG.
513,514

 Several amino 

acid motifs were identified to be predicted or prone to deamidation.
515

 Since the VVS peptide 

contained only one of these sites, deamidation occurred within the “LNG” motif as confirmed by 

MS/MS (data not shown), which was in agreement with recently published data.
516

 In contrast, the 

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
e
 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]
3+

 precursor ion at m/z 559.9388 with 
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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]
3+

 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.
183

 The peak for the FNW [M+3H]
3+

 precursor ion was 

still present (Figure 3.2c) as the FNW [(M+1)+3H]
3+

 isotope at m/z 560.2715 was extracted by the 

FNWd [M+3H]
3+

 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. 

 

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.  

a           b 

 

 

 

           d 

 

c        

 

           e 
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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 y14
2+

 [M+2H]
2+

 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

 

Figure 3.3 Selectivity improvement for the VVS peptide in rat serum using the VVSd instead of the VVS y14
2+

 

[M+2H]
2+

 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 y14
2+

 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 hIgG1-spiked rat serum sample at 10.0 µg/mL, (f) MS/MS spectrum (zoom 

into m/z 803-810) of the VVSd [M+3H]
3+

 precursor ion at m/z 603.6684.  

a               b 

 

 

 

 

c       d 

 

 

 

e       f 
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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.
469,471

 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 y14
2+

 [M+2H]
2+

 product ion for XIC generation 

(Figure 3.3c). The sensitivity was not affected by this exclusion as the signal intensity of the VVS 

y14
2+

 [(M+1)+2H]
2+

 product ion at m/z 805.9353 was almost identical (91.6%) to the one of its 

[M+2H]
2+

 product ion at m/z 805.4349 (Figure 3.3d). Moreover, the VVS isoform covered by its 

y14
2+

 [(M+1)+2H]
2+

 product ion was still extracted through the monoisotopic VVSd y14
2+

 [M+2H]
2+

 

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 

qHRMS 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,
352,353

 is only fulfilled with 

the QTOF (Figure 3.4a+c), but not with the QqQ instrument (Figure 3.4b+d), demonstrating the 

superior selectivity of qHRMS compared to QqQ for LC-MS/MS analysis of large molecules.
517

 

 

Figure 3.4 Selectivity comparison between QTOF and QqQ analysis using the VVS peptide. XIC obtained in 

blank rat serum using (a) a Waters Synapt G2-Si QTOF and (b) AB Sciex API 6500 QTRAP (QqQ) in 

comparison to the XIC at the LLOQ of 1.00 µg/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 

a         b 

 

 

 

 

c         d 



Generic bottom-up LC-HRMS method | 111 

 

stability of the hIgG1 in rat serum. The validation outcome is summarized in Table 3.2, meeting the 

acceptance criteria from US FDA and EMA guidances.
352,353

 

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):  

three blank batches 

GPS: <0.1% 

[
13

C
6
]-GPS: ≤1.8% 

TTP: ≤5.0% 

[
13

C
6
]-TTP: ≤0.2% 

VVS: ≤7.3% 

[
13

C
6
]-VVS: ≤0.4% 

Linearity (n=3)  

y(x)=ax2+bx+c, 1/x2
 

weighting 

1.00-1000 µg/mL 

r
2
=0.9868±0.0065 

1.00-1000 µg/mL 

r
2
=0.9911±0.0008 

1.00-1000 µg/mL 

r
2
=0.9906±0.0031 

Carry-over (signal in blank after ULOQ) <LLOQ signal <LLOQ signal <LLOQ signal 

Intra-day (n=3) accuracy (% bias) and precision 

(% CV), QCs at 3.00, 15.0, 450, and 750 µg/mL 

-11.9 to 9.4% bias 

1.3 to 14.5% CV 

-10.1 to 16.4% bias 

1.9 to 13.3% CV 

-13.3 to 16.8% bias 

1.5 to 9.2% CV 

Inter-day (n=9) accuracy (% bias) and precision 

(% CV), QCs at 3.00, 15.0, 450, and 750 µg/mL 

-3.7 to 5.1% bias 

4.6 to 8.4% CV 

-3.6 to 11.4% bias 

4.4 to 10.5% CV 

-5.4 to 9.1% bias 

7.8 to 9.8% CV 

Dilution integrity  

(5.00 mg/mL, 100-fold, n=5) 

3.2% bias 

2.8% CV 

3.1% bias 

6.0% CV 

14.0% bias  

1.9% CV 

Auto-sampler stabilitya (6 °C, 30 h, n=3) 

QCs at 15.0 and 750 µg/mL 

7.0 to 9.7% bias 1.2 to 4.8% bias 0.2 to 1.7% bias 

Short-term stabilitya (RT, 48 h, n=3) 

QCs at 15.0 and 750 µg/mL 

-4.5 to -2.2% bias -8.6 to 4.8% bias 3.5 to 3.7% bias 

a
 % bias relative to expected concentration at t0, 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 hIgG1 in rat serum due to the 

incorporation of [
13

C]-hIgG1 as ISTD. The resultant accuracy values (n=3) obtained with qHRMS 

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,
243

 the hIgG1 concentration was not overestimated at the 

low QC level (3.00 µg/mL) as a result of the increased selectivity of qHRMS. 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
2
-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.
470,501,518
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Table 3.3 Linearity comparison between a QTOF and QqQ mass analyzer over three non-consecutive days 

using hIgG1-spiked rat serum samples in a concentration range from 1.00 to 1000 µg/mL. 

Peptide 
 

Acquisition 
mode 

Type of 
regression 

Weighting 
factor 

r
2
-value  

(n=3) 

LLOQ ULOQ 

(µg/mL)                (µg/mL) 

GPS  TOF-MRM
a
 Quadratic 1/x

2
 0.9868±0.0065 1.00 1000 

 QqQ SRM
b
 Linear 1/x

2
 0.9884±0.0060 1.00 1000 

TTP  TOF-MRM
a
 Quadratic 1/x

2
 0.9911±0.0008 1.00 1000 

 QqQ SRM
b
 Quadratic 1/x

2
 0.9958±0.0008 1.00 1000 

VVS TOF-MRM
a
 Quadratic 1/x

2
 0.9906±0.0031 1.00 1000 

  QqQ SRM
b
 Linear 1/x

2
 0.9963±0.0014 1.00 1000 

a
 Waters Synapt G2-Si QTOF, 

b
 AB Sciex API 6500 QTRAP 

The analysis of serum samples from five cynomolgus monkeys, dosed with a hIgG1-related 

therapeutic protein at 5.00 mg/kg, using LC-HRMS (Waters Synapt G2-Si QTOF) and LC-MS/MS 

(AB Sciex API 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 8.5% 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.  

 

Figure 3.5 Comparison of LC-HRMS and LC-MS/MS analysis using serum samples from five cynomolgus 

monkeys, dosed intravenously with a hIgG1-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. 

a            b 
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 Conclusions 3.1.4

A generic targeted LC-HRMS approach based on TOF-MRM was developed for bottom-up hIgG 

quantification 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 µg/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. 
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3.2 Approach for intact hIgG1 quantification by IC-LC-HRMS  

 Analytical context 3.2.1

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 

optimization can be challenging and time-consuming.
315,519

 In addition, depending on the location 

within the quaternary structure of the protein, certain surrogate peptide(s) of interest cannot readily 

be generated during proteolytic digestion.
520

 Second, complex multistep sample preparation 

procedures, which govern the method throughput, introduce variations and artefactual 

modifications at the peptide level.
521,522

 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 

modifications of the intact mAb.
521,523-525

 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 

result in a misrepresentation of the true concentration.
527,528

 Hence, quantitative approaches at a 

higher protein level would be beneficial, omitting the proteolytic digestion step.
521,525

 Although 

intact protein quantification was successfully implemented for several small therapeutic proteins 

including insulin,
529,530

 serum amyloid A,
531

 myoglobin,
532-534

 leptin,
535

 or somatropin
536

 using 

QqQ
537-541

 or HRMS,
528,542-545

 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.
223

 In order to overcome the specificity issue, novel 

analytical concepts such as protein decharging,
546

 the use of mobile phase additives,
547

 and native 

MS
166,548,549

 were explored to shift the charge state distribution of intact mAb-related therapeutic 

proteins. On the other hand, appropriate affinity-based sample preparation techniques, 

advancements in HRMS instrumentation, or targeted ion parking
373,550

 are promising strategies to 

increase the sensitivity. In combination with advanced computational tools for data processing and 

the ability to produce full-length SIL-mAbs as appropriate ISTDs,
238,305,307,309

 higher level mAb 

quantification is nowadays feasible. Notwithstanding, the majority of sparsely reported protocols 

still utilize middle-up approaches,
311,427,525

 whereas only a minority of researchers performed 

targeted intact mAb quantification.
527,551-553
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 Objectives 3.2.2

This work aimed to establish a generic method for targeted intact hIgG1 quantification in pre-

clinical species by hybridizing existing IC technologies with LC-HRMS detection. Furthermore, two 

method comparisons between intact hIgG1 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.  

 Results 3.2.3

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 hIgG1 

quantification (Figure 3.6). The availability of [
13

C]-hIgG1 as ideal ISTD, was one key feature, 

enabling intact hIgG1 quantification. Nevertheless, the introduction of the [
13

C]-hIgG1 within the 

workflow represented a crucial step. At first, the addition of the [
13

C]-hIgG1 following hIgG1 

extraction from rat serum samples using a biotinylated mouse anti-hIgG Fc capture antibody was 

expected to be the most appropriate approach in order to avoid binding competition between both 

hIgG1s due to a limited binding capacity of the IC-tips. However, this approach, displaying a 

constant [
13

C]-hIgG1 peak area across the calibration range (Figure 3.7a), was unable to

 

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 [
13

C]-hIgG1 addition during sample preparation. (a) Obtained peak areas for 

[
13

C]-hIgG1 at 1.00 µg/mL either spiked pre or post-hIgG1 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 hIgG1 

concentration resulted in a non-linear bending of the calibration curve (Figure 3.7b). In contrast, 

saturation effects of the streptavidin-coated tips during hIgG1 extraction were compensated by the 

co-extracted [
13

C]-hIgG1 as its response decreased with increasing hIgG1 concentration 

(Figure 3.7a), recovering the linear behavior of the calibration curve (Figure 3.7b). Hence, the 

[
13

C]-hIgG1 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 

non-deglycosylated hIgG quantification was reported,
527

 additional glycan removal reduced the 

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 µg/mL (Figure 3.8a+b, respectively). Potential possibilities for a faster and more efficient 

hIgG1 deglycosylation include: (i) increased amount of enzyme added to the sample, which was

a 

 

 

 

         

b 
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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 µg/mL. The deglycosylated m/z values of the six most 

abundant charge states of the hIgG1 (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 µg of deglycosylated hIgG1 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 hIgG1 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

 

Figure 3.9 Optimization of the Q-Exactive orbitrap parameters for intact hIgG1 quantification including (a) 

spray voltage, (b) S-lens Rf level, (c) 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 μg). 

a        b 

a      b        c 

 

 

d      e        f 
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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 hIgG1 signal intensity, respectively.  

3.2.3.2 Selection of the intact hIgG1 quantification mode 

After hIgG1 elution, two distinct charge stage envelopes (38+ to 73+) were present in the full-scan 

MS spectrum, corresponding to the hIgG1 and [
13

C]-hIgG1 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-hIgG1 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 µg/mL by 58.2 and 33.4%, respectively, whereas the mid 

(5.00 µg/mL, 2.0% bias) and high QC (8.00 µg/mL, 0.7% bias) concentrations were accurately be 

 

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. 

a       

 

 

 

 

b                                                      c 
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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.
521

 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 hIgG1 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 hIgG1 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 hIgG1 concentration by up to 50.6% (Table 3.5). For the final intact hIgG1 

quantification 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 (µg/mL) 

Linearity of Cs  8.00 5.00 0.250 0.100 

3 (from 51+ to 53+) 

r
2
=0.9811 (0.9891) 

Intra-day accuracy (% bias) 

Intra-day precision (% CV) 

13.3 (8.7) 

4.6 (3.2) 

4.7 (8.7) 

3.6 (11.3) 

23.7
a
 (9.4) 

10.0 (8.4) 

22.1 (9.0) 

19.5 (1.9) 

6 (from 51+ to 56+) 

r
2
=0.9958 (0.9932) 

Intra-day accuracy (% bias) 

Intra-day precision (% CV) 

1.6 (1.1) 

3.8 (3.6) 

6.5 (9.0) 

2.9 (3.5) 

20.3
a
 (5.9) 

10.9 (4.1) 

37.6
b
 (12.3) 

8.5 (6.7) 

9 (from 48+ to 56+) 

r
2
=0.9908 (0.9876) 

Intra-day accuracy (% bias) 

Intra-day precision (% CV) 

1.4 (6.4) 

2.6 (6.1) 

8.2 (11.0) 

3.7 (3.9) 

21.4
a
 (15.6) 

7.5 (3.4) 

21.9 (15.4) 

13.2 (7.7) 

18 (from 42+ to 59+) 

r
2
=0.9925 (0.9928) 

Intra-day accuracy (% bias) 

Intra-day precision (% CV) 

-0.5 (4.0) 

3.9 (6.2) 

9.0 (10.6) 

1.3 (1.0) 

22.2
a
 (16.6) 

7.2 (1.6) 

37.0
b 
(19.2) 

8.8 (3.3) 

a
 Out of acceptance criterion of ±20.0%, 

b
 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 (µg/mL) 

Linearity of Cs 8.00 5.00 0.250 0.100 

2 m/z units 

r
2
=0.9925 

Intra-day accuracy (% bias) 

Intra-day precision (% CV) 

1.5 

3.6 

9.1 

3.5 

12.1 

7.1 

15.3 

4.0 

4 m/z units 

r
2
=0.9914 

Intra-day accuracy (% bias) 

Intra-day precision (% CV) 

0.9 

0.3 

10.3 

4.6 

13.2 

4.0 

3.8 

14.1 

8 m/z units 

r
2
=0.9921 

Intra-day accuracy (% bias) 

Intra-day precision (% CV) 

1.5 

4.7 

14.7 

1.1 

32.2
a 

5.1 

50.6
b 

18.2 

a
 Out of acceptance criterion of ±20.0%, 

b
 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.
352,353

 

Table 3.6 Method validation of the generic IC-LC-HRMS workflow for intact hIgG1 quantification in rat serum. 

Parameter Outcome 

Selectivity: three blank batches (n=3) hIgG1: ≤3.0%, [
13

C]-hIgG1: ≤0.3% 

Contribution of signal [
13

C]-hIgG1 to hIgG1: 12.8%, hIgG1 to [
13

C]-hIgG1: 13.0% 

Linearity (n=3), y=ax
2
+bx+c, 1/x

2
 weighting 0.100-10.0 µg/mL, r

2
=0.9919±0.0027 

Carry-over (blank after ULOQ sample) hIgG1: <LLOQ signal, [
13

C]-hIgG1: 0.0% of zero sample response 

Accuracy (% bias) and precision (% CV) 

QCs at 0.100, 0.250, 5.00, and 8.00 µg/mL 

Intra-day (n=3): -2.7 to 16.0% bias, 1.3 to 11.7% CV 

Inter-day (n=9): -0.1 to 9.3% bias, 6.1 to 8.7% CV 

Dilution integrity (300 µg/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 hIgG1 quantification  

In total, 30 spiked rat serum samples and 24 pre-clinical study samples were employed for hIgG1 

quantification 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 hIgG1 level compared to conventional bottom-up MS-based approaches.  

 

Figure 3.11 Comparison of hIgG1 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 hIgG1 quantification  

The multiplexed quantification was conducted using two hIgG1s (hIgG1A and hIgG1B), which 

exhibit only minor differences in amino acid sequences (e.g. in the CDR region). Both hIgG1s 

were baseline separated under the selected chromatographic conditions and were simultaneously 

quantified directly at the intact protein level within the same rat serum sample using the 

a            b 

 

 

 

 

 

c                                                d 
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[
13

C]-hIgG1 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 hIgG1B was slightly increased (0.250 µg/mL) 

compared to the one of the hIgG1A (0.100 µg/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 µg/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 
(µg/mL) 

r
2
-value

 

(n=3) 
Intra-day 
(n=3) 

Inter-day 
(n=9) 

Intra-day 
(n=3) 

Inter-day 
(n=9) 

hIgG1A 7.7 min 0.100-10.0 0.9891±0.0009 -3.6 to 17.7 2.6 to 10.4 1.3 to 12.1 5.2 to 8.8 

hIgG1B 8.2 min 0.250-10.0 0.9840±0.0063 -7.3 to 5.6 -1.0 to 1.6 3.8 to 14.6 8.1 to 9.8 

 Conclusions 3.2.4

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. 

 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).  

 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.  

 Equivalent quantitative data based on spiked rat serum and pre-clinical study samples were 

provided by the intact hIgG1 approach compared to orthogonal bottom-up workflows.  

 In contrast to the presented generic bottom-up MS-based workflows, multiplexing of two hIgGs 

from the same isotype subclass (hIgG1) 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.  

 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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 Scientific communications 3.2.5

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 

quantification 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 hIgG1 quantification in pre-clinical 

species directly at the intact protein level. 45
th
 International Symposium on High-Performance 

Liquid Phase Separations and Related Techniques (HPLC2017), Jun 19
th
 2017, Prague (Czech 

Republic). 

 

Quantitative analysis of biotherapeutics in pre-clinical species by LC-HRMS either at the peptide 

or directly at the intact protein level. 1
st
 Quantitative HRMS Workshop, May 16

th
 2017, Muttenz 

(Switzerland).  
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3.3 Combined qualitative and quantitative analysis of intact ADCs  

 Analytical context 3.3.1

While IC-LC-HRMS-based approaches at the subunit or intact level are applied for qualitative in 

vivo DLD/DAR profiling of site specific,
554-557

 cysteine,
558,559

 and lysine-conjugated ADCs,
560

 the 

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-hIgG Fc) and total ADC concentration (e.g. anti-

payload).
194,561

 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.  

 Objective 3.3.2

This project aimed to demonstrate the potential of IC-LC-HRMS for a combined qualitative and 

quantitative analysis of intact lysine-conjugated ADCs in rat serum samples. 

 Experimental 3.3.3

3.3.3.1 Chemicals and reagents 

The ADC1 (MCC-DM1 construct), its tritiated version ([
3
H]-ADC1), ADC2 (sulfo-SPDB-DM4 

construct), the mouse anti-hIgG 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 (≥99%) 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 ADC2 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 µg/mL after serial dilution. The four corresponding QC concentrations at 125, 75.0, 25.0, and 

10.0 µg/mL were prepared in the same manner.  

3.3.3.3 ADC1 stability study in rat serum 

The ADC1 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 hIgG1 as positive 

control in both batches of blank rat serum. Afterwards, aliquots (100 µL) 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 µL) 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 [3H]-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 µL 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 µL 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-hIgG Fc capture 

antibody (62 µg/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 µL) was placed into a 500 µL Protein LoBind 96-well plate (Eppendorf) and 

was spiked with 10 µL of hIgG1 in PBS solution, resulting in a final hIgG1 concentration of 

5.00 µg/mL. For blank samples, 10 µL of PBS was added as ISTD replacement. The samples 

were deglycosylated overnight on a ThermoMixer at 37 °C and 800 rpm using 4 µL of PNGase 

F/50 mM ammonium bicarbonate (1/4, v/v, 8 u/sample, pH≈7). The next day, capture antibody-

containing magnetic bead solution (35 µL) 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 µL assay buffer or water were incorporated in the sample preparation 

prior to ADC and hIgG1 elution from the beads using 55 µL of 2% FA in 10% methanol for 15 min 

at 750 rpm. In a last step, the samples were transferred into a 200 µL 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 µm, 1000 Å), 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 µL/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 0 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
th
 

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 

Maxent1 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. 

 Results 3.3.4

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-hIgG Fc capture antibody was selected, allowing the co-extraction of the 

hIgG1 (ISTD) and the essential ADC D0 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-hIgG Fc capture antibody with 2% FA 

in 10% methanol, which was selected as the elution solvent (ADC extraction is described in detail 

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 hIgG1 

quantification (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-It 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 

ADC1 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 β1,4 

glycosidic bond between both GlcNac residues. Hence, several species are present, containing 
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either two unconjugated GlcNac residues (one on each CH2 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. 

 

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 µg 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 IC,
557

 on-

bead deglycosylation failed (Figure 3.14b). The major mAb glycoforms could be identified besides 

a         b 

 

 

 

c         d 
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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 µg 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 ADC1 stock solution, 

indicating a comparable affinity and extraction capacity of the mouse anti-hIgG Fc for low and 

a          b 

 

 

 

c 

 

 

        

d          e 
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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 [
3
H]-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 

ADC1 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-hIgG 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 [
3
H]-label 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 ADC1 elution might underestimate the absolute ADC1 extraction 

recovery. 

 

Figure 3.15  Efforts to improve [
3
H]-ADC1 extraction from rat serum including (a) sample dilution with PBS, 

(b) increase of anti-hIgG Fc capture antibody-containing magnetic beads added to the sample, and (c) 

prolongation of the incubation time. RA: radioactivity  

a      b                                  c  
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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 

ADC1 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 µg/mL) 

had to be selected lower than the ADC1 LLOQ concentration (10.0 µg/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 µg 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 D0-D8 drug load species were detected at the ULOQ of 150 µg/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 

 

Figure 3.16 Selectivity of the developed IC-LC-HRMS-based workflow for a combined qualitative and 

quantitative 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 hIgG1 used as ISTD), (c) the LLOQ sample at 

10.0 µg/mL, and (d) the ULOQ sample at 150 µg/mL.  

a          b 
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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 

(D0-Dx). In contrast, the exclusion of the D0 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 (D0) 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 µg/mL) with a factor of 0.936, resulting in an adapted 

concentration range from 9.36 to 140 µg/mL. By applying this strategy, each individual ADC drug 

load species (Dx) could be quantified. Of note, a calibration curve for the D0 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.  

 

Figure 3.17 Example of obtained quadratic calibration curves with 1/x
2
 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 µg/mL, whereas the accuracy and precision was determined with four QC concentrations (nominal 

values: 10.0, 25.0, 75.0, and 125 µg/mL). 

ADC species  Linearity Accuracy (% bias) Precision (% CV) 

Assay 
DLD 
(n=3) 

Range 
(µg/mL) 

r
2
-value

 

(n=3) 

Intra-day 
(n=3) 

Inter-day 
(n=9) 

Intra-day 
(n=3) 

Inter-day 
(n=9) 

Total mAb (D0-D8) 100% 10.0-150 0.9914±0.0034 -13.2 to 14.8 -0.9 to 3.3 0.9 to 16.6 7.6 to 14.5 

Total ADC1 (D1-D8) 93.6% 9.36-140 0.9914±0.0033  -9.9 to 13.9 -2.1 to 4.5 0.6 to 18.4 8.9 to 11.5 

D1 18.6% 1.86-27.9 0.9872±0.0064 -13.8 to 15.3 0.2 to 6.9 0.1 to 22.9
b
 5.9 to 14.7 

D2 21.4% 2.14-32.1 0.9873±0.0028 -14.3 to 15.5 1.0 to 5.3 0.8 to 14.5 7.5 to 14.7 

D3 23.4% 2.34-35.1 0.9897±0.0034 -20.3
a
 to 9.6 -4.7 to 2.3 0.6 to 18.2 10.8 to 14.7 

D4 14.4% 1.44-21.6 0.9896±0.0023 -17.4 to 18.0 -6.4 to 1.9 1.3 to 14.8 7.7 to 13.3 

a
 At LLOQ QC with acceptance criterion of ±25.0% bias, 

b
 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 

quantitative 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 hIgG1 (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 hIgG1 concentration decreased by 89.7 and 61.6% 

in batch 1 and 2, respectively. Consequently, the decrease in concentration over time seemed to

 

Figure 3.18 ADC1 stability data. (a) Concentration-time profile for ADC1 and hIgG1 (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.  

a          b 



156 | Part 3 - Quantitative HRMS  

 

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 hIgG1 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,
558

 

resulting from retro-Michael reaction causing elimination of the maleimide linker from ADCs.
562,563

 

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 hIgG1 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 

 

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.  

a         b 

 

 

        

c         d 



Combined qualitative and quantitative intact ADC analysis | 157 

 

was observed for the hIgG1, 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 (D0) to 149731.5 Da (D6), was 

present besides the hIgG1 (ISTD) at 142431.0 Da in the 1 h post-dose 1 sample (Figure 3.20b). 

The percentage in DLD for the ADC2 D0 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).
564,565

 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 (D0/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.
554,557,560

 Since the ADC2 D0 drug load species 

 

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.  

a          b 
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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 µg/mL and from 26.9±3.7 to 1.41±0.20 µg/mL for the first and second dosing cycle, 

respectively (Figure 3.21b).  

 

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. 

 Conclusions 3.3.5

By extending the developed concept of intact hIgG1 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 

mAb, 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. 

 Scientific communication 3.3.6

The work described in this chapter is currently in progress of manuscript writing and submission to 

the Journal of Analytical Chemistry.  

a          b 
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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:  

 It 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 hIgG1 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-hIgG1 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 IgGs, 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. 

 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. 

 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 

mAb 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-hIgG 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 µg/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 hIgG2 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 IgG 

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 QqQ 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 (QqQ instruments), the generic TOF-MRM-based method provided equivalent 

quantitative 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 qHRMS 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 qHRMS 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 hIgG1 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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Christian LANSHOEFT 
Développement de nouvelles approches génériques de spectrométrie de 

masse pour la quantification de protéines thérapeutiques dans des 
études précliniques 

 

 

Résumé 

Ce travail de thèse 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. 

Premièrement, le développement des protocoles de préparation d’échantillons basée sur la digestion 
directe à 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 cinq ordres de 
grandeur. En outre, l'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). 

Deuxièmement, les instruments de MS à haute résolution (HRMS) ont étés évalués dans le cadre de 
cette thèse en tant qu'alternative aux spectromètres de masse de type triple quadripôle 
traditionnellement utilisés pour l’analyse bottom-up quantitative. L’avantage majeur de l’intégration 
des analyseurs de HRMS a été associé à la possibilité de l’analyse quantitative simultanée des 
mAbs et leurs produits associés directement au niveau de la protéine fournissant un niveau 
d'informations bien au-delà de celui obtenu avec des approches bottom-up. Par conséquent, l’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 thèse. 

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 
quadrupole 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 
quantify 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 


