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Cutting-Edge Multi-Level Analytical & Structural 
Characterization of Antibody-Based Therapeutics

(1) Introduction:
• Therapeutic mAbs & related products (BsAbs, Fc-fusion prot., ADCs)
• Analytical & structural toolbox and newtwork (2012-2022)
• Analytical workflow (Top down, Middle up/down, Bottom up)

(2) Monoclonal antibody structure & Critical Quality Attributes (Biosimilars)
• Cys-related, Size, Oxidized, Glyco & Charged variants assessment

(3) State of the art analytical methods for
• BsAbs, 
• Fc-fusion proteins & peptides,
• ADCs 

(4) Summary & Take-home messages (Covid-19 pandemic and beyond)
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(1) Introduction: Therapeutic mAbs & related products
• Analytical & Structural Toolbox (2012-2022)

• Analytical & Structural Workflow (Top, Middle, Bottom)
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+119 antibody-based therapeutics FDA/EMA appr. (2021)

• Antibodies/ Fc-fusion proteins (2020) : 
• 11/20 top therapeutics by sales
• 184 billions USD

• +14 FDA approved in 2021
• 870 antibodies in clinical development
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+119 antibody-based therapeutics FDA/EMA appr.

+14 Fc-fusion proteins FDA/EMA appr.
(3/20 top therapeutics by sales (2020))
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 Beck A, Wagner E, Ayoub D, Van Dorsselaer A, Cianferani S. Anal Chem 2013

mAbs: analytical & structural toolbox (2012/2013)

• S. Cianferani
• A. Van Dorsselaer

and coll.
(LSMBO, University
of Strasbourg)

CQAs:
• Cys-relat. variants

• Size variants
• Oxidized variants

• Glyco-variants
• Charge variants 

• Main proteoforms
• Higher Order Structures

IF: 6.350
545 citations
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 Beck A, Wagner E, Ayoub D, Van Dorsselaer A, Cianferani S. Anal Chem 2013

mAbs: analytical & structural methods (2022)

• Enzymes
• IdeS
• Kgp

• SpeB
• IgdE

• EndoS
• EndoS2

• Rgp
• SAP9

• Reagents
• N-Top

• MAM
• CIU
• HCD
• UVPD (213)
• Native MS
• Ion Mobility
• HDX-MS
• CESI-MS/MS
• 2 to 4D-LC UV/MS
• Top/Middle down/up
• Electron Transer Dissoc.
• Imaging MS
• Proteomics (eBUP, N-TOP, HCPs)
• 3Q MS (PK, targeted prot.)
• De novo sequencing

• S. Cianferani
• D. Guillarme
• JL. Veuthey
• Y. François
• S. Heinisch
• Y. Tsybin
• D. Stoll
• A. Delobel
• J. Sjögren
• W. Chen
• D. Suckau
• H. Liu & coll.
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Analytical and structural workflow (2012-2022)

• Y. Tsybin et al

• Fornelli, L, Ayoub D, Beck A, Tsybin Y et al, Chimia 2022
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Analytical and structural workflow (2012-2022)

• Fornelli L, Tsybin Y et al, Chimia 2022



p 10AT Europe (CASSS), Lisbon - May 23, 2022 - Alain BECK

Interlaboratory Study for Characterizing mAbs by Top-Down 
and Middle-Down Mass Spec (JASMS 2020)

• Y. Tsybin et al
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Optimized workflow for MS quantification of 
Host Cell Proteins (HCPs) (JPR 2021)

m/z

Intensity

Time

Confident and Untargeted HCP 
Identification and Quantification

Accurate HCP 
Quantification

In-solution digestion 
with Trypsin/Lys-C 

enzymes

Deep HCP 
Profiling

In-gel digestion 
with Trypsin/Lys-C 

enzymes

Data-Independent 
Acquisition

Spectral library-free

• Adalimumab
• Bevacizumab
• Nivolumab
• Trastuzumab
• NISTmAb

• C. Carapito
• S. Cianférani



HCP identification in antibody Drug Products
(Data Dependent vs Independant Acquisition)

Few 10s of identified HCP protein groups

*Data Iindependant
Acquisition allows 

identifying more HCP
≈ 75% more peptides

≈ 20% more protein groups

Identification only

HC

LC

Semi-
fractionation

• Pythoud N, Bons J, Mijola G, Beck A, Cianferani S, Carapito C, JPR 2020



HCP quantification in antibody Drug Products

≈10 quantified HCP

Quantification numbers Global HCP amount (ppm)

HCP global amount ≈ 100 ppm

Optimized liquid digestion 
(OLD) coupled to spectral 

library-free DIA is more suited 
for fine HCP monitoring

• Pythoud N, Bons J, Mijola G, Beck A, Cianferani S, Carapito C, JPR 2020
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• 29 FDA/ EMA
approved antibody
based products
benchmarks

• LC-MS/ MS: 79
individual HCPs

• 20 ppm

Regeneron
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(2) mAbs structure & Critical Quality Attributes (CQAs)
• Cys-related, Size, Oxidized, Glyco & Charged variants assessment
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(2.1) IgGs: Cys-linked variants (Isotype, -CysSH-…)

 Beck A, Wagner E, Ayoub D, Van Dorsselaer A, Cianferani S, Anal Chem 2013
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HzIgG1, 2 & 4 subtypes (Structural Bio 2020)

C
H
3

C
H
2

i

hz6F4-2
IgG4

hz6F4-2
hzIgG1

Hz6F4-2
hzIgG2

G0F G1F G2FG2FG1FG0F G0F G1F G2F

No C-terminal K (-
128 Da)

No C-terminal 
K

No C-terminal 
K

Lysine O-
mannosilation

(+162 Da)

Lysine O-
mannosilation

(+162 Da)

G0F/G0F, G0F/G1F, 
G1F/G1F, G1F/G2F, 

G2F/G2F

G0F/G0F, G0F/G1F, 
G1F/G1F, G1F/G2F, 

G2F/G2F

G0F/G0F, G0F/G1F, 
G1F/G1F

Pyroglutamate
Q/pE

(+18 Da)

Pyroglutamate
Q/pE

(+18 Da)

Pyroglutamate
Q/pE

(+18 Da)
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Middle-level-IM-MS & CIU (Anal Chem 2020)

• O. Hernandez-Alba, S. Cianférani
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SEC-CIU: workflow automation (Anal Chem 2020)

• E. Desligniere, S. Cianférani
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CE-SDS: 26 mAbs + 2 ADCs FDA approv. (JPBA 2020)

• Ch, Hz, Hu IgGs
• CHO, NS0, SP2/0
• IgG1, 2, 2/4, 4wt, 4stab
• Glyco-engineered
• A-glycosylated
• Kappa & lambda LC
• Partially reduced IgGs
• Biosimilars
• Hinge Cys & Lys ADCs
• NISTmab
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nrCE-SDS IgG profiles: partially reduced profiles
• nrCE-SDS partially reduced IgG profile

(denaturing conditions)
• “H2L2” in native conditions (SEC, CEX…)
• Functionally active (ELISA, FcgR, FcRn…)

• Wagner E, Beck A et al, JPBA 2020
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nrCE-SDS profiles: Adcetris vs Kadcyla

• Kadcyla: Lys-conjugated ADC
• nrCE-SDS comparable to trastuzumab

• Adcetris: Hinge LCys-conjugated ADC, 
• nr CE-SDS “partially reduced profile”
• “H2L2” in native conditions (SEC, native MS)
• “ Functional” test OK (ELISA, FcgR, FcRn…)

• Wagner E, Beck A et al, JPBA 2020
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nrCE-SDS profiles (H2L2): FDA approved IgGs

• Wagner E, Beck A et al, JPBA 2020

• Standard nrCE-SDS conditions: H2L2 > 90/95% excepted for belimumab and avelumab

>90%
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nrCE-SDS : hIg1Gkappa vs lambda 

• Wagner E, Beck A et al, JPBA 2020

• Terminal Ser in lamda light 
chains have a significant 
impact on the stability of the 
interchain L-H binding

• This bond weaker than the 
disulfide bond of the 
interchain H-H binding

• Application of generic nrCE-
SDS method for the analysis 
of huIgG1 lambda may be 
biased by the sample 
preparation step (denaturation 
step at 70◦C for 10 min)

• Require further optimization 
to be successfully applied to 
this peculiar subclass
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HR-IMMS for disulfide bridge pairing in CDRs
(JASMS 2021)
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(2.2) IgGs size variants (N-Top/ Extented Bottom-Up)

 Beck A, Wagner E, Ayoub D, Van Dorsselaer A, Cianferani S, Anal Chem 2013
 Fekete S, Beck A, Veuthey JL, Guillarme D, JPBA 2014 (SEC)
 Ayoub D, Bertaccini D, Beck A, Schaeffer-Reiss C et al, Anal Chem 2015
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Size variants structure assessement: SEC-native MS

• Ehkirch A, Beck A, Cianferani S et al, J Chrom B 2018

(A)  Monomer & HMWS (trastuzumab) (B) Monomer & LMWS (NISTmAb)

A.  Ehkirch & coll.
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Natalizumab: N-t oriented proteomics (N-Top, bottom)
N-Terminal in-gel charge derivatization of α-Amines + LC-MS/MS

 Ayoub D, Bertaccini D, Beck A, Cianferani S, Schaeffer-Reiss C et al, Anal Chem 2015

TMPP = TriMethoxyPhenyl-Phosphonium
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(2.3) IgGs: oxidized variants (Met, Trp)

 Beck A, Wagner E, Ayoub D, Van Dorsselaer A, Cianferani S, Anal Chem 2013
 Regl C, Wohlschlager T, Holzmann J, Huber CG, Anal Chem 2017
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On line 4D for mAbs size variants (SECxSEC-IMxMS)

 Ehkirch A, D’Atri V, Rouvière F, Beck A, Guillarme D, Heinisch S, Cianférani S et al. Anal Chem 2018

Pembrolizumab 
HMWS (SEC): 
oxidized species
and not dimers or 
aggregates
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 Beck A, Wagner E, Ayoub D, Van Dorsselaer A, Cianferani S, Anal Chem 2013
 Beck A , Methods Mol Biol 2013 - Beck A et al, J Mass Spec 2015
 National Institute of Standards and Technology (NIST) International Study (GlycoNISTmAb)

(2.4) IgGs/ADCs/Fc-fusions: Glycovariants (N- & O-) 
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 Beck A et al, Curr Pharm Biotech 2008
 Beck A & Reichert JM, mAbs 2012

 Beck A et al, Anal Chem 2013
 Beck A, Meth Mol Biol 988, 2013

mAbs N-glycovariants: Critical Quality Attributes
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MS of Glycoproteins, M&P, MiMB 2021 (vol 2275, 
A. Delobel, Ed)

• Obinutuzumab (Glycart)
• Benralizumab (Kyowa)
• mAb A (CHO)
• mAb A (CHO + kifunensine, High mannose)
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EndoS & EndoS2: study of Fc glycosylation

Remove all glycoforms on IgG:
high-mannose, hybrid, complex, and bisecting type glycans

www.genovis.com

IgG-specific endoglycosidase acting on complex type
N-glycans at the Fc-glycosylation site of IgG
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Obinutuzumab Heavy Chain glycoprofiling
Heavy Chain 

• Roche/Glycart technology
• Heavy chain includes mainly

biantennary complex structures 
with a 3d bisecting N-
acetylglucosamine: G0B, G0BF, 
G1BF

• After deglycosylation with
glycinator, the % of 
GlcNAc/GlcNAc-Fuc is 50/50.

• Level A-fucosylated glycans = 50%

Deglycosylated Heavy Chain
Glycinator50% 50%

Wagner E, Colas O, Beck A, 2021
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Benralizumab subunits (IdeS/ Reduced)
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• Kyowa technology
• The glycoprofile of Fc/2 displays only

afucosylated biantennary complex
structures G0 & G1

Deglycosylated Fc/2
IgGzero

Level A-fucosylated glycans = 100%

Wagner E, Colas O, Beck A 2021

2012 mogamulizumab[aFuc]
(CCR4)[Jpn]

2017 benralizumab[aFuc]
(IL5Ra)

2020 belantamab mafodotin[aFuc]
(BCMA)
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MS of Glycoproteins, M&P, MiMB 2021 (vol 2275, 
A. Delobel, Ed)

• Y. François et al

• Natalizumab (NS0 cells)
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N-glycans, Middle-up HILIC-HRMS (2021)



p 39AT Europe (CASSS), Lisbon - May 23, 2022 - Alain BECK

NISTmAb – Glyco-NIST collab. Study (MCP 2020)

• Leoz L, Duewer D, Beck A & 100+ scientists. Mol Cell Proteomics 2020
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(2.5) IgGs charge variants (CEX, IEF, icIEF, 2D-LC-MS)

 Beck A, Wagner E, Cianferani S et al. Anal Chem 2013
 Fekete S, Beck A, Veuthey JL, Guillarme D. JPBA 2015 (CEX)
 Fekete S, Beck A, Guillarme D. JPBA 2015 (IEX)
 Stoll D, Beck A et al. Anal Chem 2015 (2D-LC-MS)
 Stoll D, Beck A et al. mAbs 2016 (2D-LC-MS)

Wagner-Rousset E, Guillarme D 

Beck A et al. J Chrom A 2017

IdeS
CQAs
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Charge variants & pI: icIEF (Protein simple) & CEX (2017)

• icIEF
• CEX

• 23 FDA/EMA approved IgGs
• Extended range of pIs (6.2-9.5)
• IgG1, IgG2, IgG2/4, IgG4
• Calculated vs exp. pIs (icIEF)
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Ultra-short IEX columns for charge variants
(JCA 2021) 
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CEX-native MS for charge variants (JCA 2021)
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CEX optimization: column + eluant (JCA 2020)

• S. Fekete, 
D. Guillarme et al
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Non-denaturing (2D-)LC-MS: IEX, SEC, HIC-MS 
(JPBA 2020)

• S. Fekete, D. Guillarme et al
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Alernative mobile phase additives in LC-MS
(Anal Chem Acta A 2021)
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Capillary Electrophoreris + MS (CE-MS) (JPBA 2020)

• Adalimumab
• Natalizumab
• Nivolumab
• Infliximab
• Palivizumab
• Rituximab
• Trastuzumab

• Y. François et al
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Antibodies (2019)

Dr. Hongcheng Liu
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(I) Dalotuzumab
(h7C10/MK0646) – 2005-

2016
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(II) Telisotuzumab (Hz224G4, ABT-700; cMet) - 2016

NCT01472016
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(III) Hz515H7 mAb (CXCR4): Ph I RRMM (2018)

• Fouquet G et al, Oncotarget 2018 
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(IV) Vista IO mAb: W0180 (Nov 2020) 
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(V) IGF1R mAb, TED, ValenzaBio (Apr/ June 21)

lonigutamab
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IGF1R mAb, TED, ValenzaBio (31.03.22)
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(3) State of the art analytical methods for
BsAbs, Fc-fusion proteins & peptides, ADCs



p 56AT Europe (CASSS), Lisbon - May 23, 2022 - Alain BECK
Public

Bi and tri-specific Abs (5/119)
2009 catumaxomab(EpCAM x CD3), withdrawn 2017

2014 blinatumomab[scFv-scFv]
(CD19 x CD3)

2017 emicizumab[G4bs]
(FIXa x FX)

2021 amivantamab[G1bs]
(cMet x EGFR)

2022 faricimab[G1bs;kl]
(Ang-2 x VEGF-A)

2022 Tebentafusp[TCR-scFv]
(GP100 x CD3)

• Labrijn A et al, Nature Rev DD 2019
• Duivelshof B, Beck A et al, Talenta 2022

(3.1)
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Emicizumab-kxwh (Helimbra®, Chugai/Roche 2017)

• 40,000 asym. bsAbs from 200 IgGs (anti-FIXa or FX)
• bsAbs hits with FVIII mimetic prop: ~0.3%
• Selection of 1 LC (chain-association issue)
• LC further optimized by FR and CDR shuffling
• Additional rounds of optimization included:
o humanization to reduce immunogenicity risk
o CDR mutagenesis to further increase enzyme activity 
o Charge engin. of variable region (impr. solubility & PK)
o pI engineering (bsAb homodimeric purification, CEX)
o HC C-terminal aa deletion to reduce basic charge variants
o De-amidation hot spot removal (CDR)

• Sampei Z et al, PLoS One 2013
• Labrijn A et al, Nature Rev DD 2019
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LC-MS for BsAbs: emicizumab (Talenta 2022)

• SEC-MS, CEX-MS, HILIC-MS, RPLC-MS
• Intact, Reduced, IdeS/ Reduced
• No homodimer

• FDA BsAbs guidance 2021

V. D’Atri,
D. Guillarme
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New stationary phase for RP-HPLC: mAbs, BsAbs
(J Chrom A 2021)
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New stationary phase for RP-HPLC: emicizumab
(BsAbs, J Chrom A 2021)

Optimized fast separation of 
emicizumab subunits in 3 min. 
Column: prototype 50 ×2.1 mm, 
2.7 μm 1000 ˚A ES-LH 

Intact 
bs-mAb

~150 kDa

Y Y
Fc

• Emicizumab
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Ultra-short columns for RP-HPLC: mAbs, BsAbs (2) 
(Anal Chem 2021)

(A) 2, 5, 10, 15 & 20 mm
(B) 50 mm
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Privé - Private

Fc fusion proteins & peptides (14)
1998 etanercept[PrFc]

(TNFα)*

2003 alefacept[PrFc]
(CD2)

2005 abatacept[PrFc][C220S,C226S,C229S,P238S]
(CD80/86)*

2008 rinolacept[PrFc]
(IL1) romiplostim[FcPe]

(TPO)

2011 belatacept[PrFc]
(CD80/86)*  aflibercept[PrFc]

(VEGF) 

2012 ziv-aflibercept[PrFc]
(VEGF)*

2014 efmoroctocog α[FVIII]  eftrenonacog α[FIXFc]

2015 asfotase alfa[PrFc]
(AP-TNAP) dulaglutide[PeFc][S228P,F234A,L235A]

(GLP)

2016 [Benepali®/etanercept biosim, EMA/FDA]*
2019 luspatercept[PrFc]

(ACVR2B)

2021 efgartigimod[Fc-5mut]
(hIgG, FcR antag.)

(3.2)
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Therapeutic Fc-fusion proteins: current analytical
strategies (JSS 2021)

• Duivelshof B, Beck A, Guillarme D, D’Atri V et al, 2021

• V. D’Atri 
et al
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Privé - Private

Etanercept N & O-glycans: HILIC-MS, middle-up (2019)
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• Parallel Accumulation 
and Serial 
Fragmentation (PASEF)

• Dulaglutide

Therapeutic Abs: Meth. &Prot. (Gunnar Houen, MiMB 2022)
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(VI) EDA-Fc fusion protein, XLHED (Dec 2020) 
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(3.3) ADC Landscape (Pharmaceuticals 2011/2022)

Open access: https://www.mdpi.com/1424-8247/13/9/245/pdf

• 11 ADC vs 5 BsAbs FDA approv.
• + 1 China

• Mature class of oncology drugs
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ADCs structural characterization reviews

(2016)

(2019)
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GlyGLICK ADCs (Genovis): HILIC-MS (Anal Chem 2020)
V. D’Atri,

D. Guillarme
& coll.
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Native MS and IMMS for mAbs and ADCs (2021)

• E. Desligniere
• S. Cianférani
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GlyGLICK ADCs (Genovis): Native MS (2021)
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GlyGLICK ADCs (Genovis): Native MS (2021)

• J. Sjögren



p 73AT Europe (CASSS), Lisbon - May 23, 2022 - Alain BECK
Public

GlyGLICK ADCs (Genovis): Native MS (2021)

Size variants (SEC-MS): similar
• HMWS and 
• LMWS (Fab-Fc 100 KDa; Fab 50 KDa) species as for naked antibodies
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GlyGLICK ADCs (Genovis): Native MS (2021)

Size variants (SEC-MS): similar
• HMWS and 
• LMWS (Fab-Fc 100 KDa; Fab 50 KDa) species as for naked antibodies
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Ultra-short columns for RP-HPLC: mAbs & ADCs (1)
(Anal Chem 2021)

• Brentuximab vedotin
• < 1 min elution
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ADCs: Methods & Protocols (N. Thumey, MiMB 2020)
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(VII) Telisotuzumab vedotin (cMet, PhIII, NSCLC) - 2018

NCT02099058 (PhI)
NCT03539536 (PhII,

NSCLC)
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(VII) Telisotuzumab vedotin: Non-Small Cell Lung 
Cancer, PhIII (FDA - Jan 5, 2022)
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(VIII) IGFR-1 ADC: W0101 (MCT 2020)
lonigutamab ugodotin (W0101)

PhI/II trial
NCT03316638
Solid tumors
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(4) Take home messages: 

Covid-19, networking, open research, white papers
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• Brian Kelley, Nature Biotech 2020
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Accelerated PhI CMC timeline for a pandemic

• Brian Kelley, Nature Biotech 2020

Mass
Spectrom.
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Proposed International Nonproprietary Name of 
Covid19 Drugs (WHO): special edition  

www.who.int
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mAbs against SARS-CoV-2 : 4 Approved (+PhIII)

• Barak PK, et al, Int J Biol Macromolecules 2021 • Reichert J, et al, mAbs 2022



p 85AT Europe (CASSS), Lisbon - May 23, 2022 - Alain BECK
Public

Covid-19 mAbs : accelerated R&D timelines
• The fastest timeline from lead mAb identification to First-In-Human Phase I studies is an

important goal for all companies and the patients they treat.
• Many companies developing therapeutic mAbs have worked tirelessly to refine their

technology and strategies to enable rapid clinical evaluation converging on a typical
timeline for initial clinical studies.

• The combination of approaches based of a pandemic disease outbreak can reduce the
time from the current standard of mAb lead identification from an already rapid IND of 10–
12 months to potentially as little as 5–6 months as illustrated by successful Covid-19 mAbs
(cf 4 FDA-EMA approved)

• Kelley N, Nature Biotech 2020
• Zheng Z et al Biotech Prog 2021
• Agostinetto R et al, Biotech Bioeng 2021
• Xu J et al, mAbs 2022
• Reichert JR et al, mAbs 2022

• The combination of these acceleration strategies for addressing a pandemic outbreak
could potentially be applied to clinical development for other mAbs & indications.
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Cutting-edge analytical & structural network: 
antibody-based drugs (2005-22: +250 papers*, +280 talks)**

Associate Editor MAB Working Party Chairman COSSF

2010-13

** Open research & innovation* IF 60, +13,600 citations

http://www.thermo.com/
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mAbs: 2009-2022 (Open access)

2020 Impact Factor: 5.857

www.tandfonline.com/toc/kmab20/current
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(2019)

(2017)

(2018)

Dr. Hongcheng Liu

White papers:
AbbVie
Adimab
Alexion

BioAnalytix
BMS

Gilead
Innovent

Merck
Millenium

Pierre Fabre
Regeneron



p 89AT Europe (CASSS), Lisbon - May 23, 2022 - Alain BECK
Public

89
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Member of EDQM MAB working group (2017-22)*

*EDQM (PhEur) +
• European National Competent Authorities (eg ANSM, PEI…)
• Australia, Canada, South Korea, Taiwan…
• AstraZeneca, Lilly, Lonza, Merck, Novartis, Pierre Fabre, Sanofi, UCB

• αTNF
• Functional

tests
(Fab/Fc)

• SEC
• cIEF
• CE-SDS
• CZE

https://www.ema.europa.eu/en/partners-networks/eu-partners/eu-member-states/national-competent-authorities-human
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alain.beck@pierre-fabre.com

Thank you for your attention

www.linkedin.com/in/alain-beck-62900418/
ORCID iD: 0000-0002-4725-1777
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