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Structure, Heterogeneity and 

Developability Assessment of Therapeutic Antibodies

1. Cutting edge analytical methods & network

2. MS structure assessment or fingerprinting

3. CE-MS based methods

4. Multi-dimentional LC-MS methods

5. HILIC-MS

6. Take home messages
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(1) Introduction: 

Cutting edge analytical methods & network
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Structural assesment and sequence liabilities
• Hot spots (in silico): Critical Quality Attributes (CQAs, litterature)

• Chromatographic & electrophoretic profilling (size, charge, hydrophobic/philic)

• Mass spectrometry (isoforms, isotypes, macro/micro-variants, PTMs)

• Mutliple attribute methods (MAMs)

• Short stress studies (pH, heat, oxidation, glycation, light, freezing/thawing)

• Functional assays (Critical Quality Attributes ranking)

• Hits, Leads, Candidates structure optimization : iterative process

Safety/PK/PD
• Serum stability

• Half-life

• Administration schedule

• Immunogenicity

• De-conjugation

• Off-target activity

Manufacturability
• MCB, WCB

• Expression yields

• Purification yields

• Scalability

• Stability (process, long term)

• Cost of goods

OptimAbs/ADCs/bsAbs/ICs : CMC & developability

➢ Beck A, Liu H et al, mAbs 2019
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➢ Beck A, Wagner E, Ayoub D, Van Dorsselaer A, Cianferani S. Anal Chem 2013

mAbs: analytical & structural methods (2013)

• S. Cianferani

• A. Van Dorsselaer

and coll.

CQAs:
• Glyco-variants
• Size variants

• Charge variants 
• Cys-related variants

• Oxidized variants
• Main proteoforms
• HOS
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➢ Beck A, Wagner E, Ayoub D, Van Dorsselaer A, Cianferani S. Anal Chem 2013

mAbs: analytical & structural methods (2020)

• 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.
• Proteomics (eBUP, N-TOP)
• Imaging MS
• 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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FDA/EMA approved mAbs benchmarks: basic QC methods

• RP

• CEX

• icIEF

• CZE

• SEC
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CE-SDS: 26 mAbs + 2 ADCs FDA/EMA appr (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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(2) Mass Spec structure assessment or fingerprinting: 

TDS, HCD, ETD, UVPD, CIU    



p 10CASSS MS Virtual – CHI - Sep 14, 2020 - Alain BECK, PhDPublic

IgG1, 2, 4 : Top & middle down MS analysis
(Top Down Sequencing Consortium) (2014-20)

• Fornelli L, Ayoub D, Aizikov, K, Beck A, Tsybin Y. Anal Chem 2014
• Srzentić K, Fornelli L, Beck A, Ayoub D, Tsybin Y. Anal Chem 2014
• Gasilova N, Beck A, Tsybin Y, Girault H et al. Anal Chem 2016
• Fornelli L, Ayoub D, Makarov A, Beck A & Tsybin YO. J Proteomics 2017
• Srzentić K, Fornelli L, Beck A, Tsybin Y et al, Anal Chem 2018
• van der Burgt Y, Tsybin Y, Beck A, Nicolardi S. et al, Anal Chem 2019
• Tsybin Y et al, JASMS 2020

Dr. Y. Tsybin & coll.
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Interlaboratory Study for Characterizing mAbs by
Top-Down and Middle-Down Mass Spec (2020)
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Collision Induced Unfolding (CIU): isotype fingerprints

• Terral G, Cianferani S, Beck A, J. 

Chrom B 2016

• Hernandez-Alba O, Wagner E, 

Beck A, Cianferani S, Anal Chem

2018 (BsAb)

• Hernandez-Alba O, Wagner E, 
Beck A, Cianferani S et al, bioRxiv
2020

• Tian Y, Ruotolo BT et al, Anal Chem 2015

• O. Hernandez-Alba

• S. Cianférani
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Middle-level-IM-MS & CIU (Anal Chem 2020)

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

• E. Desligniere, S. Cianférani
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3G-ADCs: enzyme-assisted ligation 
(formylglycine-generating enzyme, SMARTag®, Catalent)

• Engineered Lys-Cys-X-Pro-X-Arg tag + formylglycine-generating enzyme (FGE)
=> Cys oxidized to formylglycine + HIPS ligation

(1) native MS/ native IM-MS

(2) HCD, ETD, UVPD 

➢ Beck A et al, Nature Reviews Drug Discovery 2017

➢ Botzanowski T, Erb S, Rabuka D, Beck A, Drake P,  Cianferani S et al, mAbs 2017

➢ Hernandez-Alba O, Houel S, Beck A, Cianferani S et al, 2019
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3G-ADCs: SMARTag® (Catalent): native MS/ IM-MS

➢ Botzanowski T, Erb S, Rabuka D, 
Beck A, Drake P,  Cianferani S et al, 
mAbs 2017

(brentuximab

Vedotin)

(trastuzumab

emtansine)

(CBW-03–106)

(CBW-03–106)
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IgG & ADC structures : HCD, ETD, UVPD (2019)

• Reduction (DTT)

• IdeS digestion

• HCD: higher-energy
collisional-dissociation

• ETD: electron-transfer dissoc.

• UVPD: 213 nm UV photodissoc.

• O. Hernandez-Alba, S. Cianférani
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(3) Capillary Electrophoreris-MS based methods
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Capillary Electrophoreris + MS (CE-MS) (2016-20)

➢ Gahoual R, Beck A, François YN, Leize-Wagner E. J Mass Spec 2016

➢ François YN, Biacchi M, Said N, Renard C, Beck A, Gahoual R, Leize-Wagner E. Anal Chim Acta 2016

➢ Gahoual R, Beck A, Leize E, Francois Y. J Chrom B 2016

➢ Said N, Gahoual R, Kuhn L, Beck A, Francois YN, Leize E. LC-GC 2017

➢ Biacchi M, Said N, Beck A, Leize-Wagner E, François YN. J Chrom A 2017

Dr. Y. François & coll.

➢ François YN, Biacchi M, Said N, Renard 

C, Beck A, Gahoual R, Leize-Wagner E. 

Anal Chim Acta 2016

➢ François YN et al, Talanta 2018

➢ François YN et al, 2019
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Capillary Electrophoreris + MS (CE-MS) (2020)

• Adalimumab

• Natalizumab

• Nivolumab

• Infliximab

• Palivizumab

• Rituximab

• Trastuzumab



p 21CASSS MS Virtual – CHI - Sep 14, 2020 - Alain BECK, PhDPublic

ADC characterization by sheathless CE-MS (2016-2020)

Native MS of brentuximab vedotin

1. Top level 2. Middle level

• Sheathless CE-MS used as nanoESI infusion platform

• Average DAR & distribution determination

• Structural information of the subunits Fc/2, F(ab)’2, LC,

F(ab), +/- payloads

• Non-covalent dimers of ADC Fc/2 subunits

➢ Said N, Gahoual R, Kuhn L, Beck A, François YN, Leize-Wagner E. Anal Chim Acta 2016

➢ Saadé J, Gahoual R, Beck A, Leize-Wagner E, François YN, Meth Mol Biol 2020 

Dr Y. François & coll.



p 22CASSS MS Virtual – CHI - Sep 14, 2020 - Alain BECK, PhDPublic

ADC peptide mapping by sheathless CZE-ESI-MS/MS

Peptide mapping (brentuximab vedotin)
3. Bottom level

• Within a single injection of 200 fmol

• Primary structure assessment

• Identification of very small peptides (3 a.a.) 

alongside to a 63 a.a. peptide

• Glycosylations (11 peptides) characterized 

with improved sensitivity

➢ Said N, Gahoual R, Kuhn L, Beck A, François YN, Leize-Wagner E. Anal Chim Acta 2016

➢ Saadé J, Gahoual R, Beck A, Leize-Wagner E, François YN, Meth Mol Biol 2020 
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ADC peptide mapping CZE-ESI-MS/MS (2016-2020)

• Four drug-loaded peptides and associated MS/MS spectra

• Localization of the drugs / yield of drug incorporation

• Seven diagnostic ions identified “MMAE fragments”

➢ Said N, Gahoual R, Kuhn L, Beck A, François YN, 
Leize-Wagner E. Anal Chim Acta 2016

➢ Saadé J, Gahoual R, Beck A, Leize-Wagner E, 
François YN, Meth Mol Biol 2020 
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(4) Multi-dimentional LC-MS methods:

SEC-MS, SECxSEC MS, SEC-HIC-MS…
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➢ Stoll D, Zhang K, Stapples G, Beck A. Adv Chrom 2019

Multilevel mAbs LC-MS characterization (2019)

➢ D'Atri V, Beck A, Guillarme D et al. JCB 2018
➢ Bobály B, Beck A, Guillarme D, Fekete S, JCA 2018
➢ Bobály B, Beck A, Guillarme D, Fekete S, JCB 2018
➢ Ehkirch A, Goyon A et al. Anal Chem 2018
➢ Ehkirch A, D’Atri V et al. Anal Chem 2018
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2 to 4 D LC-MS: mAbs & ADCs (2019)

• Stoll D, Zhang K, Staples O, Beck A. Adv. in Chrom., CRC Press. 2019

• RPxRP-MS

• CEXxRP-MS

• HILICxRP-MS

• SECxRP-MS

• SECxSEC-IMxMS

• SEC-IMxMS

• HICxSEC-IMxMS

• …
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Non-denaturing LC-MS: IEX, SEC, HIC-MS (2020)
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Size variants structure assessment: SEC*-native MS

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

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

*UHPLC, **pH stress,***Heat stress 
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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 only
dimers or 
aggregates
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On line 4D methods for ADCs (HICxSEC-IMxMS)

➢ Ehkirch A, D’Atri V, Rouvière F, Beck A, Guillarme D, Heinisch S, Cianférani S et al. Anal Chem 2018
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Cutting-Edge Analytical methods for ADCs: HIC

Chromatograms 

obtained for 

investigational hinge 

Cys-ADCs: 

• different mAbs

• isotypes (1, 2, 4)

• drug-linkers

• reducing agent &

• ratios

➢ Ehkirch A, D’Atri V, Rouvière F, 

Beck A, Guillarme D, Heinisch S, 

Cianférani S et al. Anal Chem 2018

➢ Beck A et al, Exp Rev Prot 2019
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(5) HydrophILIC interaction Chromatography-MS (HILIC-MS) : 

mAbs, biosimilars, Fc-fusions, ADCs…    
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NISTmAb – Glyco-NIST collab. Study (2020)

• Leoz L, Duewer D, Beck A & 100+ scientists. Mol Cell Proteomics 2020
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Glyco-analytics: originators vs biosimilars (2019)
Biosimilars EU US_

adalimumab 8 3

rituximab 6 1

trastuzumab 5 4

infliximab 4 3

etanercept 2 1

bevacizumab 2 1__

Sum 27 13
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IgGs (IdeS): RPLC vs HILIC (HydrophILIC interaction Chrom.)

➢ Peria A, Fekete S, Cusumano A, Veuthey JL, Beck A, Lauber M, Guillarme D. J Chrom A 2016

➢ Bobály B, D’Atri V, Beck A, Guillarme D, Fekete S. JPBA 2017

➢ D’Atri V, Fekete S, Beck A, Lauber M, Guillarme D. Anal Chem 2017

➢ D’Atri V, Beck A, Guillarme D, Beck A et al, J Chrom B 2018 (ADCs)

➢ Stoll D, D’Atri V, Guillarme D, Beck A et al, Anal Chem 2018 (2D-LC-MS)

(A) RPLC (B) HILIC 

Hydrophilic Hydrophobic Hydrophobic Hydrophilic

=> Orthogonal methods Drs. D. Guillarme, V. D’Atri & coll.
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Etanercept N & O-glycans: HILIC-MS, middle-up (2019)
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 HILIC orthogonal 
to RP-HPLC

Drs V. D’Atri,

D. Guillarme

& coll.

ADCs (IdeS): HILIC-MS (glycans + payloads DLD)
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Cutting-Edge Analytical methods for ADCs: HILIC-MS
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GlyGLICK ADCs (Genovis): HILIC-MS (Anal Chem 2020)

Drs V. D’Atri,

D. Guillarme

& coll.
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(5) Take home messages: 

networking, open research, white papers
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Cutting-edge analytical & structural network: 

antibody-based drugs (2005-20: +200 papers*, +160 talks)**

Associate Editor MAB Working Party Chairman COSSF

2010-13

** Open research & innovation* IF50, +10,700 citations

http://www.thermo.com/
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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

• aTNF
• 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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mAbs: 2009-2020 (Open access)

2019 Impact Factor: 4.634

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
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Antibodies (2019)

Dr. Hongcheng Liu
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ADC DS/DP: methods and monographs

SMD
Drug-Linker intermediate
(Intermediate, 0.3-1.5 kDa)

mAb
(Intermediate, 150 kDa)

ADC-DS
(API, 156 kDa, avDAR4)

ADC-DP
(Liquid or freeze dried)

(2016)

(2019)
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1st, 2d & 3G ADCs: SEC-IM-MS (2019)

➢ Beck A, Guillarme D, 
François Y,Cianferai S et al. 
Exp Rev Proteomics 2019
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Telisotuzumab (Hz224G4, ABT-700; cMet) - 2016

NCT01472016
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Telisotuzumab vedotin (cMet, PhII, NSCLC) - 2018

NCT02099058 (PhI)

NCT03539536 (PhII,

NSCLC)
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IGFR-1 ADC: W0101 (2020)

NCT03316638
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ADC Landscape : Pharmaceuticals (2020)
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