
Dissertation zur Erlangung des Doktorgrades
der Fakultät für Chemie und Pharmazie

der Ludwig-Maximilians-Universität München

Separation and Characterization of
Subpopulations of Biopharmaceuticals

Robina Mareike Meyer

aus

Hannover, Deutschland

2021



ii



Erklärung

Diese Dissertation wurde im Sinne von §7 der Promotionsordnung vom 28.
November 2011 von Prof. Dr. Wolfgang Frieß betreut.

Eidesstattliche Versicherung

Diese Dissertation wurde eigenständig und ohne unerlaubte Hilfe erarbeitet.

München, 20. Oktober 2021

Robina Mareike Meyer

Dissertation eingereicht am: 25. November 2021
1. Gutachterin/Gutachter: Prof. Dr. Wolfgang Frieß
2. Gutachterin/Gutachter: Prof. Dr. Gerhard Winter
Mündliche Prüfung am: 13. Dezember 2021



iv



Acknowledgments

The work for this thesis was conducted between September 2016 and Febru-
ary 2020 at the Department of Chemistry and Pharmacy, Chair of Pharma-
ceutical Technology and Biopharmacy at the Ludwig-Maximilians University
of Munich under the supervision of Prof. Dr. Wolfgang Frieß.

First and foremost, my gratitude goes to Prof. Dr. Wolfgang Frieß for
his excellent supervision and scientific guidance, from the initiation of the
collaborative project to the submission of the publications.
Likewise, I would like to thank Prof. Dr. Gerhard Winter for taking over the
position of the second reviewer, as well as for your inspiring ideas in previous
technical discussions. In this context, I would also like to thank Prof. Dr.
Olivia Merkel, Dr. Gerhard Simon and Dr. Alexandra Mößlang. A chair
does not function without a good soul in the secretariat: many thanks to
Sabine Kohler for her warm and always helpful manner.

I am very grateful for the lively technical discussions and fruitful advice
from my collaborative partners at Sandoz Biopharmceuticals. In particular,
thanks go to Dr. Lukas Berger, Dr. Stefan Scheler and Dr. Jörg Nerkamp
for their commitment. I would also like to thank Anna Sawadzka-Nowicka
for her support.

I would also like to thank Amid Gupta and NanoTemper Technologies for
the opportunity to perform experiments using the methods and materials
provided and for scientific advice.



vi

The best and most profitable experiences during your time as a PhD are
gained together with your colleagues. Likewise, failures and low phases are
overcome more quickly together. For this I would like to thank my compan-
ions in the working groups Frieß, Winter and Merkel. The coffee breaks in
the sun, legendary parties and the exchange of experiences have made the
PhD life unforgettable.
I would like to make special mention of my lab-mate Ivonne Stelzl. Thanks
for the mean laughter, anger management and deciphering hieroglyphics.
Many thanks to the members of all AKs, which I was allowed to get to
know in the three and a half years, for the great time and the interesting
discussions. Special thanks go to Inas El-Bialy, Martin Domnowski, Natalie
Deiringer, Christoph Marschall, Lorenzo Gentiluomo, Aditi Mehta, Tobias
Keil, Ute Rockinger, Hristo Svilenov, Andreas Stelzl, Dennis Krieg, Andreas
Tosstorff, Julian Gitter, Christian Haase and Imke Leitner.
Thanks also go to my students, whom I had the opportunity to supervise in
various internships and practical courses.

I feel infinite gratitude to my parents for their everlasting support, encour-
agement and love. This thesis is also your credit.

Thank you so much for the tools, the discussions, your empathy and the
reassuring hugs you offered me while writing this dissertation, Simon.
Finally, I sincerely thank my friends for their patience and encouragement
whenever it was needed. I appreciated this very much.



Contents

Acknowledgements v

List of Figures x

List of Tables xv

1 General Introduction 1
1.1 Subpopulations in Protein Therapeutics . . . . . . . . . . . . 1

1.1.1 Factors Influencing Protein Variant Formation . . . . . 2
1.2 Heterogeneity in Biopharmaceuticals . . . . . . . . . . . . . . 2

1.2.1 Charge Variants . . . . . . . . . . . . . . . . . . . . . . 3
1.2.2 Hydrophobicity Variants . . . . . . . . . . . . . . . . . 3
1.2.3 Chemical Changes . . . . . . . . . . . . . . . . . . . . 3

1.3 Impact of Protein Variants on Product Stability . . . . . . . . 6
1.4 Aim and Outline of the Thesis . . . . . . . . . . . . . . . . . . 9
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Identification of Monoclonal Antibody Variants Involved in
Aggregate Formation – Part 1: Charge Variants 19
2.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . 24

2.3.1 mAb Model Protein . . . . . . . . . . . . . . . . . . . . 24
2.3.2 Separation of Charge Variants . . . . . . . . . . . . . . 24
2.3.3 Analytical Ion Exchange Chromatography (IEX) . . . 25



viii CONTENTS

2.3.4 Size Exclusion Chromatography (SEC) . . . . . . . . . 25
2.3.5 Dynamic Light Scattering (DLS) . . . . . . . . . . . . 25
2.3.6 Static Light Scattering (SLS) . . . . . . . . . . . . . . 26
2.3.7 Nano Differential Scanning Fluorimetry (nDSF) . . . . 26
2.3.8 Protein Modeling . . . . . . . . . . . . . . . . . . . . . 27
2.3.9 Accelerated Stability Study and Spiking Procedures . . 27
2.3.10 Visual Inspection . . . . . . . . . . . . . . . . . . . . . 28
2.3.11 Ultraviolet Absorption Spectroscopy at 320nm . . . . . 28
2.3.12 Fluorescence spectroscopy . . . . . . . . . . . . . . . . 28
2.3.13 Subvisible Particle Counting . . . . . . . . . . . . . . . 28
2.3.14 Multi-Angle Light Scattering Coupled Size Exclusion

Chromatography (SEC-MALS) . . . . . . . . . . . . . 29
2.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 30

2.4.1 mAb Charge Variant Separation and Fractionation . . 30
2.4.2 Aggregation and Degradation Products . . . . . . . . . 32
2.4.3 Conformational Stability and Self-Interaction of mAb

Charge Variants . . . . . . . . . . . . . . . . . . . . . . 33
2.4.4 Modeling of Charge Variants . . . . . . . . . . . . . . . 36
2.4.5 Forced stability study . . . . . . . . . . . . . . . . . . . 38

2.5 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . 42
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3 Identification of Monoclonal Antibody Variants Involved in
Aggregate Formation – Part 2: Hydrophobicity Variants 49
3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . 53

3.3.1 mAb Model Protein . . . . . . . . . . . . . . . . . . . . 53
3.3.2 Separation of Hydrophobicity Variants . . . . . . . . . 53
3.3.3 Analytical Hydrophobic Interaction Chromatography

(HIC) . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.3.4 Size Exclusion Chromatography (SEC) . . . . . . . . . 54
3.3.5 Ion Exchange Chromatography (IEX) . . . . . . . . . . 55



CONTENTS ix

3.3.6 Dynamic Light Scattering (DLS) . . . . . . . . . . . . 55
3.3.7 Differential Scanning Fluorimetry (nanoDSF) . . . . . 56
3.3.8 Accelerated Stability Study and Spiking Procedures . . 57
3.3.9 Visual Inspection . . . . . . . . . . . . . . . . . . . . . 57
3.3.10 Ultraviolet Absorption Spectroscopy at 320nm . . . . . 57
3.3.11 Fluorescence spectroscopy . . . . . . . . . . . . . . . . 58
3.3.12 Subvisible Particle Counting . . . . . . . . . . . . . . . 58
3.3.13 Multi-Angle Light Scattering Coupled Size Exclusion

Chromatography (SEC-MALS) . . . . . . . . . . . . . 58
3.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 60

3.4.1 HIC Method Development . . . . . . . . . . . . . . . . 60
3.4.2 mAb Hydrophobicity Variant Separation and Fraction-

ation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.4.3 Aggregate and Degradation Product Content of the

Fractions . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.4.4 Conformational Stability and Self-Interaction Propen-

sity of mAb Hydrophobicity Variants . . . . . . . . . . 64
3.4.5 Correlation with Charge Variants . . . . . . . . . . . . 67
3.4.6 Accelerated Stability Study . . . . . . . . . . . . . . . 68

3.5 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . 73
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4 Characterization and Risk Assessment of Charge Variants of
Recombinant Human Growth Hormone 79
4.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . 83

4.3.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.3.2 Strong Cation Exchange Chromatography (SCX) . . . 83
4.3.3 Separation of Charge Variants . . . . . . . . . . . . . . 83
4.3.4 Size Exclusion Chromatography (SEC) . . . . . . . . . 84
4.3.5 Dynamic Light Scattering (DLS) . . . . . . . . . . . . 84
4.3.6 Static Light Scattering (SLS) . . . . . . . . . . . . . . 85



x Contents

4.3.7 Accelerated Stability Study and Spiking Procedures . . 85
4.3.8 Visual Inspection . . . . . . . . . . . . . . . . . . . . . 86
4.3.9 Ultraviolet Absorption Spectroscopy at 320nm . . . . . 86
4.3.10 Sub-visible Particle Counting . . . . . . . . . . . . . . 86

4.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 88
4.4.1 rhGH Charge Variant Separation and Fractionation . . 88
4.4.2 Aggregate and Degradation Product Content of the

Fractions . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.4.3 Thermal Stability and Self-Interaction of rhGH and the

AP2 Charge Variant . . . . . . . . . . . . . . . . . . . 91
4.4.4 Stability Study with AP2 Charge Variant . . . . . . . . 93

4.5 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . 96
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
Supplementary Data . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5 I’ve got you covered: A first step towards a mini-chaperonin
for protein variant characterization 105
5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . 108

5.3.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.3.2 Plasmid construction . . . . . . . . . . . . . . . . . . . 108
5.3.3 Protein expression and purification . . . . . . . . . . . 108
5.3.4 MicroScale Thermophoresis (MST) . . . . . . . . . . . 109
5.3.5 Biolayer Interferometry (BLI) . . . . . . . . . . . . . . 110

5.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 111
5.4.1 Mini-chaperonin purification, quantification and iden-

tification . . . . . . . . . . . . . . . . . . . . . . . . . . 111
5.4.2 Functionality of the mini-chaperonin . . . . . . . . . . 112

5.5 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . 116
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6 Final Summary 121



List of Figures

1.1 Overview of factors that induce chemical changes, of the types
of changes and the amino acid residues at which these changes
occur. The resulting protein heterogeneity can be detected
regarding charge and hydrophobicity. Protein heterogeneity
in size is not reflected in this overview. . . . . . . . . . . . . . 5

2.1 Semi-preparative IEX chromatograms of mAb charge variant
separation for a) mAb DS and b) mAb stressed at 40 °C for
16 days. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.2 HMW and LMW content of mAb charge variants for a) mAb
DS and b) mAb stored at 40 °C for 16 days. . . . . . . . . . . 33

2.3 Tagg onset temperatures of charge variants a): of mAb DS by
DLS. b): of mAb DS by SLS. c): of mAb stored at 40 °C for
16 days by DLS. d): kD of SAP11 in comparison to controls
by DLS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.4 Tm onset and scattering onset of charge variants according to
DSF from a) mAb DS, b) mAb stored at 40 °C for 16 days and
c) time till onset of aggregation in forced degradation study
at 67 °C with mAb DS. . . . . . . . . . . . . . . . . . . . . . . 36

2.5 Hydrophobic patches (red) and additive aggregation score of
naïve mAb (open source sequence) and two charge variants’
Fab parts modeled with BioLuminate according to data of the
manufacturer. . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.6 Visual appearance of mAb variants and spiked DS stressed at
45 °C for 12 weeks. . . . . . . . . . . . . . . . . . . . . . . . . 38



xii LIST OF FIGURES

2.7 a) Turbidity at 320 nm compared to a nephelometric standard
of mAb variants and spiked DS. b) Unfolding measured by
fluorescence of charge variants stored at 45 °C for 12 weeks. . 39

2.8 SEC-MALS data of mAb charge variants and spiked DS stored
at 45 °C for 12 weeks of a) monomer yield compared to T0 b)
amount of HMWS per time point. . . . . . . . . . . . . . . . . 40

2.9 Number of particles in mAb variants and spiked DS samples
stressed at 45 °C for 12 weeks a) accumulated numbers, b)
particles ≥ 1 µm, c) ≥ 2 µm, d) ≥ 10 µm, e) ≥ 25 µm. . . . . 41

3.1 Chromatograms of semi-preparative HIC method development.
Comparison of the elution enhancers glycerol, arginine, propy-
lene glycol, polyethylene glycol and acetonitrile. . . . . . . . . 60

3.2 Semi-preparative HIC chromatogram of mAb hydrophobicity
variant separation with 6 % of PG in mobile phases for equi-
libration and elution. . . . . . . . . . . . . . . . . . . . . . . . 62

3.3 SEC results of separated mAb hydrophobicity variants. . . . . 64
3.4 Thermal stability data including SD of mAb hydrophobicity

variants with a) Tagg onset by DLS, b) Tm onset by DSF and
c) Tagg onset temperature by DSF. . . . . . . . . . . . . . . . 65

3.5 nanoDSF measurements of hydrophobicity variants a) in forced
degradation study at 67 °C and b) in stability study in capil-
laries at 45 °C. . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.6 Apparent kD values and SD of mAb hydrophobicity variants
at 25 °C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.7 a) General charge variants content in hydrophobicity variants
determined by IEX, b) Specific charge variants of our previous
study found in H+3 by IEX. AP = acidic peak; BP = basic
peak., c) Charge variant of our previous study with high H+3
content analyzed in HIC. . . . . . . . . . . . . . . . . . . . . . 67

3.8 Visual appearance of mAb DS spiked with hydrophobicity
variants stored at 45 °C for 12 weeks. . . . . . . . . . . . . . . 68



LIST OF FIGURES xiii

3.9 a) Turbidity at 320 nm. b) Fluorescence at 350/330 nm of
mAb DS spiked with hydrophobicity variants. . . . . . . . . . 69

3.10 SEC data of mAb DS spiked with hydrophobicity variants and
stressed at 45 °C for 12 weeks of a) monomer yield compared
to T0 b) amount of aggregates per time point. . . . . . . . . . 69

3.11 Sub-visible particles found in mAb DS spiked with hydropho-
bicity variants and stored at 45 °C for 12 weeks a) particles
≥ 1 µm, b) ≥ 2 µm, c) ≥ 10 µm, d) ≥ 25 µm. . . . . . . . . . 70

3.12 Analytical HIC chromatograms of a) mAb DS and b) DS
spiked with H+3 stored at 45 °C for 12 weeks. . . . . . . . . . 71

4.1 Semi-preparative AEX chromatogram of rhGH charge variant
separation after storage for 5 days at 40 °C with collected
fractions marked. . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.2 HMW and LMW content of rhGH charge variants in DS stored
at 40 °C for 5 days. Error bars indicate SD. . . . . . . . . . . 90

4.3 Tagg onset temperatures of rhGH stored at 40 °C for 5 days a)
by SLS. b) by DLS. Error bars indicate SD. . . . . . . . . . . 92

4.4 kD of charge variants from rhGH stored at 40 °C for 5 days by
DLS. Error bars indicate SD. . . . . . . . . . . . . . . . . . . 93

4.5 Turbidity a) in pH 7.0 and b) in pH 5.5 formulations after
storage of rhGH protein variants at 40 °C for 6 weeks. The
data was normalized to rhGH DS values. Error bars = SD. . . 94

4.6 Particles observed in charge variants from rhGH stored at
40 °C for 6 weeks: a) accumulated numbers at pH 7.0, b)
accumulated numbers at pH 5.5. Error bars show SEM. . . . . 95

4.7 SEC of a) pH 7.0 and b) pH 5.5 formulations after storage of
rhGH protein variants at 40 °C for 6 weeks. The data was
normalized to rhGH DS values (= 1). Error bars = SD . . . . 103

4.8 Particles observed in charge variants from rhGH stored at
40 °C for 6 weeks: a) particles ≥ 10 µm at pH 7.0, b) ≥ 10 µm
at pH 5.5, c) ≥ 25 µm at pH 7.0 and d) ≥ 25 µm at pH 5.5.
Error bars show SEM. . . . . . . . . . . . . . . . . . . . . . . 104



xiv List of Figures

5.1 Monitoring of GroEL-AD purification by SDS PAGE stained
with Coomassie blue. Left induced with 1 µM IPTG, right
with 1 mM IPTG. . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.2 Gro-EL-AD identified by an anti-His antibody detected by
chemiluminescence in western blotting. . . . . . . . . . . . . . 112

5.3 MST response of GroEL-AD labeled with NHS with ligands
a) rhodanese denatured by temperature or chemical stress b)
mAb chemically denatured and c) rhGH and mAb mechani-
cally stressed. . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.4 Western Blot with native PAGE of GroEL-AD displayed as a)
chemiluminescence and b) inverted. . . . . . . . . . . . . . . . 114



List of Tables

2.1 Area and purity of collected mAb charge variants. n.d. = not
determined. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.1 Area and purity of collected mAb hydrophobicity variants.
n.d. = not determined. . . . . . . . . . . . . . . . . . . . . . . 63

4.1 Relative peak areas in analytical SCX and semi-preparative
AEX of rhGH charge variant separation in DS and after stor-
age for 5 days at 40 °C and purity of the collected fractions as
determined by analytical SCX. n.d. = not detected. . . . . . . 88

4.2 Visual appearance of rhGH charge variants stored at 40 °C for
6 weeks at pH 7.0 or pH 5.5. clear = no particles or turbidity
observed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102



xvi List of Tables



Chapter 1

General Introduction

1.1 Subpopulations in Protein Therapeutics

Since the first approval of a recombinant protein by the FDA in 1982 the im-
portance of biopharmaceuticals has grown rapidly and enabled the treatment
of various indications. In May 2021 the FDA approved the 100th monoclonal
antibody product [1]. The market of human biopharmaceuticals is accounted
for about a third of pharmaceutical sales, naming over three hundred billion
USD. This high proportion is partially based on the high prices of protein
therapeutics, which mainly result from high development costs [2]. Due to
their highly complex structure and heterogeneity compared to common low
molecular weight drugs, the development of protein therapeutics requires a
profound analysis of the protein characteristics in order to predict behavior,
stability, safety and, consequently, to gain regulatory approval [3].

A major part of the complexity of protein products is due to the fact
that they consist not only of the intact protein itself, but also of a variety
of slightly altered protein, the subpopulations. The analysis of functionality,
stability and aggregation propensity of the subpopulations is vital for product
safety and corresponding data are expected from regulatory agencies. This
applies equally to originator and biosimilar products [4, 3].



2 1. General Introduction

1.1.1 Factors Influencing Protein Variant Formation

Protein subpopulations can derive from several, mostly inevitable conditions
affecting the protein:

Post-translational modifications or chemical instabilities that result
in the formation or destruction of covalent bonds. They can occur by intra-
or extracellular processes during upstream processing, protein recovery and
downstream processing [5, 6, 7, 8, 9].

Formulation and surface interactions: The pH of the solution, the
type and concentration of salts, excipients and preservatives influence the
stability of the protein during manufacturing and storage. Unspecific elec-
trostatic effects or specific charge interactions influence the conformational
and colloidal stability [10, 11, 12]. Furthermore, the protein concentration
itself has an impact on intra- and inter-molecular interactions. Also interac-
tions with the primary packaging have been reported to induce formation of
subpopulations. This involves reactions at the interface to air or the pack-
aging material or its coatings [13].

Physical influences like temperature, agitation, light and pressure have
a negative impact on proteins. These stress factors influence protein vari-
ants formations at each manufacturing step, during transport, storage and
handling by medical professionals and even during application [14, 15].

These influences on the protein are constantly monitored during the de-
velopment by detailed product characterization. Improvements of the manu-
facturing processes and on the protein structure are introduced to minimize
the presence of protein variants. Also stabilizing excipients are used to avoid
the formation and further degradation of protein variants. However, the
(re)occurrence of heterogeneity in protein therapeutics is inescapable due to
the manifold influences that can easily induce changes in the protein [16, 17].

1.2 Heterogeneity in Biopharmaceuticals

Proteins are build of a library of twenty amino acids that define the chemi-
cal function and physicochemical properties of each individual protein. De-
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pended on these properties and the type of external influence, the amino
acid side chains of a protein can change chemically. These changes result
in protein heterogeneity that can be detected as differences in size, charge,
hydrophobicity and structure. This thesis focuses on charge and hydropho-
bicity variants and provides an (non-exhaustive) overview of the underlying
chemical changes leading to these protein subpopulations.

1.2.1 Charge Variants

Protein alteration in charge characteristics leads to charge variants which
can be distinguished into acidic and basic variants. Compared to the main
species, the variants carry more or less surface charge, respectively. The
surface charge can be altered directly by a change in the charged residues,
e.g. affected by pH or other formulation impacts, or indirectly by chemical
changes [18]. These attributes are utilized for variant detection and sep-
aration by ion exchange chromatography (IEX), isoelectric focusing (IEF),
chromatofocusing or gel electrophoresis [19, 20]. The chemical modifications
on which the variant is based can be detected using mass spectrometry (MS)
and peptide mapping [21, 22].

1.2.2 Hydrophobicity Variants

Alterations in hydrophobicity arise form amino acids or entire patches with
deviating polarity on the protein surface. Thus, there is also a correla-
tion between hydrophobicity and surface charge. Hydrophobicity variants
can be separated and detected by hydrophobic interaction chromatography
(HIC) or reversed phase chromatography (RPLC) [23]. Coupling of the chro-
matographic approaches to MS enables further characterization of the vari-
ants [22].

1.2.3 Chemical Changes

Deamidation is a very common chemical change, especially observed in re-
combinant antibodies, that occurs especially at asparagine (Asn) and glycine
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(Gly) residues, and in certain proteins in glutamine (Gln) residues. Deami-
dated variants show a more acidic character. If the neighboring amino acid to
Asn is a hydrogen-bind donating residue and the shorter the side chain after
the Asn, the more prone for deamidation is the protein at this chain [24, 25].
After deamidation of an Asn residue, the protein may form a succinimide
intermediate that subsequently forms an slightly more acidic isoaspartate by
hydrolysis. In this process called isomerzation, the protein can also undergo
structural changes. Alternatively, aspartate is formed. Succinimide is a basic
variant and is more hydrophobic than isoaspartate [26, 27, 28]. Isomeriza-
tion can also be observed at trans or cis proline residues.

Oxidation can result in both, acidic or basic variants. After oxidation
of a methionine (Met) residue, the size of the molecular weight of the protein
is decreases and the side chain of Met becomes more hydrophilic [29]. Oxi-
dized Met residues have also been reported to elute as more basic variants in
IEX [30]. The oxidation of tryptophan (Trp) residues also leads to slightly
more hydrophilic variants [31].

In presence of a reducing sugar lysine (Lys) looses hydrogen atoms from
amino groups while the sugar molecule is attached covalently to the protein.
This process is called glycation. The positive charge of the amino group is
covered by glycation, turning the protein more acidic [32]. Sugars can also
bind to the protein via enzymatic reaction in terms of a post-translational
modification, the glycosylation [33].

A C-terminal lysine can be removed partially and completely in presence
of a basic carboxypeptidase. This process is often observed in mAbs. This
C-terminal lysine processing results in decreased positive charge and size,
with varying extend, depending on the number of removed C-terminal lysines.
Variants with different numbers of removed lysine can be distinguished in
common analytical methods [34]. In case glycine is followed by proline on the
C-terminal side, a removal of glycine with subsequent amidation of proline
was shown to proceed in mAbs [35]. The obtained variant has a more basic
character.

Enzymatic or chemical cleavage of peptide bonds is another reason for
size and charge heterogeneity, especially in the hinge region of antibodies [14].
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Figure 1.1: Overview of factors that induce chemical changes, of the types
of changes and the amino acid residues at which these changes occur. The
resulting protein heterogeneity can be detected regarding charge and hy-
drophobicity. Protein heterogeneity in size is not reflected in this overview.

The hinge region hydrolysis leads to fragmentation at basic pH [36]. Also
hydrolysis at Trp residues was reported [37].

N-terminal cyclisation of an amine with another carbonyl group can lead
to diketopiperazine (DKP) formation. DKP is an hydrophobicity variant
observed, among others, in hGH [38]. Similarly, pyroGlu is formed by
an nucleophilic attack of a N-terminal amine on the carbonyl group of a
N-terminal glutamine (Glu) or glutamic acid (Gln) residue. The cyclized
pyroGlu has basic character [39].

Heterogeneity can also be caused by incomplete disulfide bonds. Ox-
idation of cysteine (Cys) leads to unpaired Cys residues that expose free
sulfhydryl groups. This process causes structural changes and increased hy-
drophobicity [40, 41].
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1.3 Impact of Protein Variants on Product
Stability

The same factors that influence the formation of protein variants may also
lead to protein instability and aggregation. The protein variants as men-
tioned above may, over time and under already small changes of their envi-
ronment, lead to misfolding, aggregation or self-interaction [42, 43]. This is
due to the low conformational stability of proteins in their native state [44].
The conformational stability of proteins depends on the non-covalent Van der
Waals interactions, hydrogen bonds and electrostatic interactions. Further-
more, configurational entropy plays a role in protein stability, as large en-
tropy caused by a high number of buried side chains and certain amino acids,
may destabilize proteins [45]. The protein subpopulations that resulted from
chemical changes are also altered in the non-covalent forces. Thereby, the
thermodynamic parameters of the protein are changed and may favor unfold-
ing, self-interaction of a protein variant or interaction with other variants.
All of these behaviors may result in aggregation [46, 47].

In general, protein variants that are more hydrophobic on their surface,
e.g. due to partial unfolding or non-polar side chains, show increased inter-
molecular interactions and, therefore, are more prone for aggregation. The
same applies to variants that carry less charge on their surface, as they lack
charge - charge repulsion. Furthermore, charge variants with opposite surface
charges show attractive forces [48].

The generalized pathway of non-native, irreversible aggregation in bio-
pharmaceuticals proceeds in several steps from reversible conformational
changes over conformers with increased aggregation propensity to reversible
oligomers and, finally, the assembly to aggregates, which may be soluble or
insoluble [49, 50].

Upon injection, misfolded and aggregated protein may be immunogenic
and lead to the formation of antibodies which can reduce the efficacy of the
therapeutic protein, as well as to severe side effects [51, 52]. Therefore, the
aggregation propensity of protein products is thoroughly monitored during
development and product life cycle. The probability of aggregation is pre-
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dicted by unfolding behavior, protein intrinsic physicochemical parameters
or based on sequence and structure of the protein [53, 54]. Considering the
high risk posed by aggregates and the enormous effort made to prevent and
observe them, it is even more important to know the behavior of protein
subpopulations and to identify those variants that tend to aggregate.
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1.4 Aim and Outline of the Thesis

The chemical changes that cause heterogeneity in protein therapeutics are
well described and monitored during development and manufacturing. Many
of these subpopulations were investigated regarding their impact on the ther-
apeutic protein function. Adjustments in processes, formulation and protein
engineering are applied to mitigate the number and quantity of protein vari-
ants. Yet, the root cause for the formation of protein subpopulations can
not be controlled considering the manifold influences that lead to chemical
changes [16]. Therefore, it is important to know the impact of each variant
on the stability of the protein drug. However, little is known about the im-
pact of each subpopulation on protein stability, self-interaction, interaction
with other variants or aggregation propensity.

This thesis aims to separate, characterize and identify potential aggre-
gation prone protein variants. If such variants are identified, further inves-
tigations are conducted to determine the influence of the variants on the
stability of the therapeutic agent. With this work we aim to develop a tool
kit of methods to gain knowledge about aggregation prone variants. A pre-
requisite for all methods is the maintenance of the intact protein variant in
order to avoid any changes that might alter the protein behavior [55]. Our
tools include the separation and collection of individual subpopulations in
their native state and analytical methods suitable for the limited quantities
of sample. In the future, these applications and the knowledge gained from
them can be used to remove or stabilize critical variants as a step towards
protein therapeutics with increased stability and safety.

The thesis is split into four further chapters, each representing a self-
contained contribution to the topic of the thesis and a final chapter summa-
rizing the results.

Chapter 2 focuses on the investigation of stability and aggregation
propensity of charge variants of a mAb. Methods to analyze the thermal
and colloidal stability are applied as well as molecular modeling and an ac-
celerated stability study.

Chapter 3 investigates the hydrophobicity variants of the mAb. A semi-
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preparative HIC without organic solvent is developed in order to separate and
collect the hydrophobicity variants in their native states. SEC, DLS and DSF
measurements are conducted to determine the stability of hydrophobicity
variants. IEX is used to examine a correlation with the charge variants from
chapter 2.

Chapter 4 applies the general approach of charge variant investigation
(as seen in chapter 2) on a protein of lower molecular weight, naming rhGH.
In addition, the impact of formulation conditions on rhGH charge variant
stability is considered.

Chapter 5 deals with the setup of a new approach to detect and poten-
tially quantify hydrophobicity in protein variants. A mini-chaperonin derived
from Gro-EL is expressed and tested for interaction with protein variants.

Finally, Chapter 6 will give a short overview on the results and final
conclusions of this thesis. This chapter includes a perspective on the future.
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2.1 Abstract

Biopharmaceutical products contain conformational and chemical variants,
that are typically well characterized regarding identity and activity. How-
ever, little is known about their self-interaction propensity and tendency to
unfold, which are critical characteristics for drug stability and safety. This
study aimed to separate and compare charge variants of a monoclonal an-
tibody (mAb) and to identify aggregation prone species. We show a semi-
preparative cation exchange method, that we developed to separate the in-
dividual acidic and basic variants from the naïve mAb. Additionally, we
demonstrate, that the yield and purity of the fractionated charge species, ex-
tracted by that method, were sufficient for subsequent analysis of aggregate
content, conformation stability and self-interaction. Our analysis revealed a
differently behaving acidic variant and confirmed its increased aggregation
propensity by molecular modeling. During a stability study, the potentially
aggregation prone charge variant posed a limited risk to the drug substance
(DS). We are the first to look at the stability of single charge variants of bio-
pharmaceuticals, and thus present manufacturers and regulatory authorities
with a method to enhance drug safety.

Graphical Abstract
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2.2 Introduction

The growing market of biopharmaceuticals underlines the success of thera-
peutic proteins during the last two decades. Rigid purification of the drug
substance during downstream processing ensures the efficacy and safety of
these drugs. Still, drug substance and drug product contain multiple protein
species [1]. This micro-heterogeneity originates from degradation or modifi-
cation in the amino acid sequence caused by stress during production steps,
handling or storage [2]. As a result, altered protein species are formed by dif-
ferent mechanisms that include deamidation, oxidation and fragmentation.
For example, the hydrolytic reaction of asparagine or glutamine deamidation
and isomerization in alternative reactions leads to changes of the protein
backbone and conversion of charge distribution. If these changes occur in
the complementarity-determining region of a mAb, they could have a nega-
tive impact on stability and binding affinity [3, 4]. Additionally, the clipping
of amino acids and post-translational glycosylation can change the charge of
the protein [5]. In general, the kind of modification that led to the respective
charged species determines the impact of charge variants on the properties
of therapeutic proteins [6]. In case of alterations leading to a changed charge
distribution on the surface, charge variants with altered isoelectric points
can be found. These variants are characteristic constituents of a biopharma-
ceutical product and should not be mistaken with impurities [7]. Instead,
charge variants are characterized by manufacturers as quality parameters.
However, the quality assessments so far do not involve the analysis of be-
havior and stability of charge variants. Indeed, this is of importance, as the
electrostatic surface charge has a high influence on molecular interactions of
proteins. In case of varying charge distribution, intermolecular attractions
could occur due to the interaction of protein surfaces with positive and nega-
tive potential [8]. The resulting association of single proteins to larger protein
molecules is one of several pathways of aggregate formation [9] and was shown
in literature for a variety of proteins [10, 11, 12, 13]. Consequently, charge
variants can pose a potential risk of self-association and aggregate forma-
tion, that might lead to the induction of immunogenicity and reduction of



22
2. Identification of Monoclonal Antibody Variants Involved in

Aggregate Formation – Part 1: Charge Variants

biologic activity of a drug. A lot of effort is put into the detection of the
resulting soluble and insoluble aggregates as well as particles in the visible
and sub-visible range [9, 14]. Therefore, it would be beneficial to gain deeper
knowledge about the behavior of charge species by variants separation and
characterization in order to reduce the risk of potentially aggregation prone
species.

In related literature, Hintersteiner et al. separated acidic, basic and main
species of a variety of antibodies by cation exchange chromatography. The
assessment of these variants by differential scanning calorimetry revealed
no differences in conformational stability, whereas varying affinity to Fc-
domain binding surface receptors was found [15]. In other studies, different
mAb charge variants were separated and collected to characterize their target
binding, bioavailability or in vivo activity [16, 17]. An effect on in vitro or
in vivo potency was not found. None of the studies focused on aggregation
of the different charge species.

Sule et al. analyzed the impact of acidic variant pools generated via
modulating bioreactor batch time on aggregation of an high concentration
antibody formulation. Here, the acidic pools had a similar colloidal or con-
formational stability relative to main species and aggregation was not in-
creased [18]. All of the mentioned studies have in common, that acidic and
basic variants of the respective proteins were pooled for analysis. To the
best of our knowledge, no work has yet been published, that separated and
characterized single charge variants of a mAb in order to find aggregation
prone species.

With this paper we propose a first step to close this gap by developing a
method to separate single charge variants by cation exchange chromatogra-
phy in a semi-preparative scale and applying this method successfully. Our
method involved a step wise salt-gradient and a pH-gradient in order to
achieve the highest resolution possible [19]. The collected charge variants
were characterized regarding purity and aggregate content. Charge variants
collected in sufficient concentrations were selected for further analysis. The
conformational and colloidal stabilities of these variants were assessed using
dynamic and static light scattering as well as differential scanning fluorime-
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try. Furthermore, we repeated this process using thermally stressed mAb DS
as the thermal stress is an established approach to simulate the aging process
and amplify the charge variant populations [20]. For deeper understanding
and to underline our results, we calculated the aggregation score of a po-
tentially aggregation prone variant by molecular modeling. Additionally, we
applied a forced stability study at 45 °C for 12 weeks to test the aggrega-
tion behavior of potentially aggregation prone species both pristine and in
mixtures with DS.

The results reveal the possibility of detecting single charge variants with
decreased stability and increased aggregation propensity. The knowledge
of aggregation prone species at an early stage of development could enable
optimal purification and removal of such species and thus lower costs and
improve quality of biopharmaceuticals. Improved stability may allow lower
cost of goods by avoiding lyophilization, since the drug substance per se shows
better resistance against aggregation. Alternatively, stabilizing additives in
liquid formulation could be used to reduce the impact of an aggregation prone
variant.

Our contributions are:

• the development of an ion exchange method to separate and collect
single charge variants

• the restatement, that aggregate formation in antibody formulations can
specifically involve certain aggregation prone subpopulations

• the identification of a potentially aggregation prone acidic variant of a
mAb

• and a risk assessment in terms of an accelerated stability study of charge
variants spiked into DS.
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2.3 Materials and Methods

2.3.1 mAb Model Protein

The drug substance (DS) of a therapeutic IgG1 model monoclonal antibody
(mAb) was provided by Sandoz Biopharmaceuticals, Schaftenau, Austria. It
was produced in CHO cells and formulated in a 50 mM sodium phosphate
buffer at pH 6.2 with a concentration of 55 mg/ml and an extinction coeffi-
cient of 1.7 ml g-1 cm-1 at 280 nm. In order to generate higher amounts of
charge variants, the DS was stored at 40 °C for 16 days.

2.3.2 Separation of Charge Variants

Charge variant fractions of the mAb DS were collected with a GE ÄKTA
purifier FPLC system (GE Healthcare, Uppsala, Sweden) equipped with
a 9 x 250 mm ProPac WCX-10 column (Thermo Scientific, Wilmington,
Delaware, USA). MAb DS was diluted in equilibration buffer (25 mM sodium
phosphate buffer pH 6.2) to a concentration of 5 mg/ml and loaded onto the
column with a flow rate of 1.2 ml/min. Charge variants were eluted with a
stepwise salt gradient from zero to 125 mM sodium chloride and a pH gra-
dient from pH 6.20 to 6.39. During elution, fractions of 1.2 ml volume were
collected in 15 ml polypropylene (PP) tubes by a Frac-920 fraction collec-
tor (GE Healthcare). Unicorn 5.31 Software (GE Healthcare) was used for
programming and evaluation of the method. In several separation cycles,
fractions containing single variants were saved and pooled in order to collect
sufficient material for further analysis. To ensure the validity of our process,
all fractions collected were reunited as control sample and the same analyt-
ical process was performed. All fractions were concentrated in VivaSpin 20
centrifugation filter units with 30.000 Da MWCO (Sartorius Stedim Biotech,
Göttingen, Germany) and buffer was exchanged to 10 mM sodium phosphate
pH 6.2. The final concentrations were determined via the extinction coeffi-
cient using a Nanodrop 2000 photometer (Thermo Scientific). The fractions
were stored at 4 °C - 6 °C.
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2.3.3 Analytical Ion Exchange Chromatography (IEX)

Pooled charge variants were analyzed for purity by cation exchange (CEX)
with a 3 x 250 mm ProPac WCX-10 column (Thermo Scientific) connected to
an Agilent 1200 HPLC system (Agilent Technologies, Santa Clara, California,
USA). All samples were diluted in equilibration buffer to a concentration of
1.15 mg/ml. 30 µg of each sample were injected onto the column with a flow
rate of 1 ml/min. The equilibration and elution conditions were equivalent to
those utilized during charge variant separation (see 2.2). The eluted sample
was detected by UV absorption at 280nm and chromatograms were analyzed
with ChemStation B.02.01-SR2 (Agilent Technologies) regarding retention
time and area under the curve (AUC). All chromatograms were corrected by
subtraction of a chromatogram of a buffer injection.

2.3.4 Size Exclusion Chromatography (SEC)

SEC was run on an Agilent 1200 series HPLC system (Agilent Technologies).
30 µg per sample were injected onto a Tosoh TSKgel G2000SWXL column
(7.8 x 300 mm, Tosoh Bioscience, Stuttgart, Germany) using a mobile phase
of 25 mM sodium phosphate pH 6.2 with 125 mM sodium chloride at a
flow rate of 0.5 ml/min. Chromatograms were analyzed with ChemStation
software version B.02.01-SR2 (Agilent Technologies) regarding retention time
and area under the curve (AUC) after UV detection at 280 nm.

2.3.5 Dynamic Light Scattering (DLS)

DLS analysis was conducted with a DynaPro Plate Reader II (Wyatt Tech-
nologies, Dernbach, Germany). Samples and dilution buffer (10 mM sodium
phosphate pH 6.2) were filtered with a 0.2 µm regenerated cellulose filter
(Sartorius, Göttingen, Germany) prior to dilution. After dilution, each sam-
ple was centrifuged at 10 000 rpm for 10 min to remove any insoluble particles
and the supernatant was used for analysis. 5.5 µl of sample solutions were
transferred into 1536-well-plates (Aurora, Whitefish, MT, USA) in triplicates
and centrifuged at 2000 rpm for two minutes in order to remove trapped air
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from the plate bottom. Wells were sealed with a drop of silicone oil and again
centrifuged at 2000 rpm for one minute. Aggregation onset temperatures
(Tagg onset) were measured in triplicates at 1.5 mg/ml with a temperature
ramp from 25 °C to 70 °C and a ramp rate of 0.143 °C/min. The standard
deviation was depicted in error bars. Diffusion interaction parameters (kD)
were determined by measuring diffusion coefficients (D) at 25 °C using six
protein concentrations between 1 mg/ml and 4 mg/ml. Each well was ana-
lyzed with five acquisitions and an acquisition time of 5s. The control of the
instrument and data acquisition were executed with Dynamics 7.6 software
(Wyatt Technologies). The diffusion interaction parameter was calculated as
linear fit of D versus protein concentration to obtain the diffusion coefficient
at infinite dilution D0. After normalizing D by D0, the slope of the linear fit
corresponds to the interaction parameter kD [21].

2.3.6 Static Light Scattering (SLS)

Colloidal stability and aggregation of charge variants and controls were also
studied by static light scattering (SLS) analysis using an Avacta Optim 1000
fluorescence and light scattering analyzer (Avacta Analytical Ltd., Wetherby,
UK). Samples of 1.5 mg/mL were centrifuged at 10 000 rpm for 10 min to
remove any insoluble particles and the supernatant was used for analysis.
Optim specific microcuvette arrays were loaded with 9 µL protein solution.
SLS intensities at 266 nm were measured as a function of temperature in
the range of 25 °C to 70 °C at a ramp rate of 0.143 °C/min. Tagg was
evaluated for 90° light scattering by Optim Analysis software V2.0.4 (Avacta
Analytical). Standard deviations were depicted in error bars.

2.3.7 Nano Differential Scanning Fluorimetry (nDSF)

Thermal unfolding in terms of the increase in intrinsic fluorescence inten-
sity was detected as the ratio of fluorescence at 350 to 330 nm with the
Prometheus NT.48 differential scanning fluorimeter (NanoTemper Technolo-
gies, Munich, Germany). Samples were filled in triplicates in standard nan-
oDSF™ grade capillaries and excited at 280 nm. A temperature ramp of
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1 °C/min from 25 to 80 °C was applied. Aggregation was detected by reflec-
tion intensity referred to as scattering. Protein melting temperatures (Tm)
were determined with the PR.ThermControl software V2.1 (NanoTemper
Technologies, Munich, Germany) from the maximum of the first derivatives
of the thermal unfolding curves. Forced degradation studies were performed
isothermal at 67 °C for 12 h. The scattering onset in dependence on time was
determined with the PR.TimeControl software V1.0.2 (NanoTemper Tech-
nologies, Munich, Germany). Standard deviations of all nDSF measurements
were depicted in error bars.

2.3.8 Protein Modeling

Homology modeling based on the published mAb structure provided by Drug-
Bank Version 5.0. Three dimensional structures of Fab parts of the variants
were adapted with BioLuminate (Schroedinger LLC, New York, USA) ac-
cording to characterization data from the supplier. Protein surface analysis
was carried out and the additive aggregation score (Aggscore) of variants was
calculated as a prediction of aggregation prone regions based on the presence
of hydrophobic surface patches [22]. The energetic stability of the obtained
folding shapes was predicted mathematically.

2.3.9 Accelerated Stability Study and Spiking Proce-
dures

The charge variants, controls, buffer and DS were sterile filtered with a
0.22 µm polyethersulfone filter (VWR International, Radnor, PA), diluted
with 50 mM sodium phosphate to a concentration of 1.5 mg/ml and filled into
pre-sterilized DIN2R glass type I vials (MGlass AG, Germany) in duplicates.
Additionally, these samples were added to sterile and filtrated but otherwise
untreated DS in a concentration of 10 % (v/v) to obtain spiked samples of
1.5 mg/ml. The vials with a total fill volume of 0.5 ml were crimped with
rubber stoppers (West Pharmaceutical Services, USA) and stored at 45 °C
until the time point of analysis.



28
2. Identification of Monoclonal Antibody Variants Involved in

Aggregate Formation – Part 1: Charge Variants

2.3.10 Visual Inspection

Vials were gently swirled and the presence of visible particles was assessed
visually in accordance with Ph.Eur. chapter 2.9.20. Each vial was observed
for at least 5 s in front of a white plate as well as in front of a black plate.
The occurrence of particles and turbidity was recorded.

2.3.11 Ultraviolet Absorption Spectroscopy at 320nm

Turbidity was measured with an Agilent 8453 UV-Vis Spectrophotometer
(Agilent Technologies, Santa Clara, California, USA) and a Quartz SUPRASIL®
Type ultramicro cuvette (Hellma Analytics, Müllheim, Germany) with a path
length of 10 mm. 70 µl of sample were analyzed at 320 nm wavelength. The
instrument was calibrated with seven dilutions of TURB 4000 NTU For-
mazin (Sigma-Aldrich) as nephelometric standard. The results are presented
in nephelometric turbidity units (NTU), correspondingly.

2.3.12 Fluorescence spectroscopy

Intrinsic fluorescence emission was measured with a FLUOstar Omega Star
plate reader (BMG Labtech, Ortenberg, Germany). 35 µl of each vial were
filled in a 384-well plate (Corning Life Science, Tewksbury, MA, USA) with
transparent flat bottom. The samples were excited at 280 nm and emission
at 330 nm and 350 nm was measured.

2.3.13 Subvisible Particle Counting

The FlowCam 8100 (Fluid Imaging Technologies, Scarborough, ME. USA)
was used for counting of sub-visible particles. Protein samples were diluted
1:1 with formulation buffer. 150 µl sample were analyzed with 10 × magni-
fication at 0.150 ml/min flow rate and 29 frames per second frame rate. A
segmentation threshold of 13.0 for dark pixels and 10.0 for light pixels was
applied. After each measurement, the flow cell was rinsed with highly puri-
fied water (HPW). Sub-visible particles bigger than or equal to 1, 2, 10, and
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25 mm were evaluated with VisualSpreadsheet software Version 4.7.6 (Fluid
Imaging Technologies) and are presented as counts per mL.

2.3.14 Multi-Angle Light Scattering Coupled Size Ex-
clusion Chromatography (SEC-MALS)

An Dionex UltiMate 3000 HPLC system (Thermo Fisher Scientific, CA,
USA) with an UltiMate 3000 VWD multiple wavelength detector (Thermo
Fisher Scientific) and a DAWN HELEOS multiangle light scattering (MALS)
detector (Wyatt Technology, Santa Barbara, USA) were used for the SEC-
MALS measurements. Sample elution was monitored at 280 nm. 30 µg per
sample were injected onto a Tosoh TSKgel G3000SWXL column (7.8 × 300 mm,
Tosoh Bioscience, Stuttgart, Germany). A mobile phase of 25 mM sodium
phosphate pH 6.2 with 125 mM sodium chloride was used at a flow rate of
0.5 ml/min. Chromatograms were aquired and analyzed using the Chromeleon
CDS Software Version 7.2.7.10369 (Thermo Scientific). A buffer injection
signal was substracted as blank. MALS data collection and processing were
performed using the ASTRA software, Version 7.1 (Wyatt Technology).
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2.4 Results and Discussion

2.4.1 mAb Charge Variant Separation and Fractiona-
tion

Beside the naïve species (main species), the semi-preparative separation of
mAb charge variants rendered 13 acidic (AP) and eight basic peaks (BP)
(Figure 2.1a, Table 2.1). The most prominent peaks (Area ≥ 0.5 %) were
collected in sufficient amounts for further analysis.

Figure 2.1: Semi-preparative IEX chromatograms of mAb charge variant
separation for a) mAb DS and b) mAb stressed at 40 °C for 16 days.

After temperature stress at 40 °C for 16 days, the peak areas increased and
the peak pattern changed slightly as the number of acidic species increased
(Figure 2.1b, Table 2.1). The storage of mAb DS at elevated temperatures
led to the desired amplification of modification processes. Some prominent
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mAb peaks could be separated more clearly after storage at 40 °C and the
stress storage enabled the separation of single charge variants in increased
amounts. It is important to keep in mind, that single peaks may contain more
than one mAb form showing very similar electrostatic interactions with the
CEX column. Nevertheless, here, we consider each collected peak as a charge
species, demonstrating similar charge distribution on the surface.

mAb DS Stressed mAb

Peak
Area
[%]

Purity
[%] Contains Peak

Area
[%]

Purity
[%] Contains

SAP7 0.7 74 21 % SAP 8
AP8 0.7 54 SAP8 0.8 86

AP9+10 1.7 34 SAP9
SAP10

0.7
0.2

95
86

AP11 3.4 75 SAP11 12.6 95

AP12+13 5.7 73 SAP12
SAP13

6.0
2.8

92
98

Main 78.8 94 Main 67.2 98
SBP1 0.8 82

BP2 3.7 89 4 % Main SBP2 3.7 n.d.
BP3-7 - 59 35 % Main

BP3 0.5 n.d. SBP3 0.9 43 25 % Main
18 % SAP11

BP4 0.5 n.d. SBP 4 0.7 45
23 % Main
6 % SAP11
10 % SAP13

BP5 0.8 n.d. SBP5 1.4 29 40 % Main
5 % SAP11

BP6 1.0 n.d. SBP6 0.3 42 50 % Main
BP7 0.7 n.d.
BP8 0.7 n.d.

Control 100 n.d. stressed
Control

100 n.d

Table 2.1: Area and purity of collected mAb charge variants. n.d. = not
determined.

Despite a flattened gradient during critical peak elution, not all variants
could be distinctly separated from each other, i.e., by baseline separation.
Nevertheless, reanalysis of the collected and concentrated fractions by ana-
lytical chromatography confirmed reasonable purity of most of the collected
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variants (Table 2.1). The purity, especially of the acidic variants, improved
during collection of temperature stressed DS variants. Impurities were gener-
ally caused by the presence of neighboring peaks. Interestingly, basic species
contained high amounts of naïve protein and the species of the stressed acidic
peak 11 (SAP11), despite of being well separated from these mentioned peaks.
Aggregates are known to elute as basic species in IEX [23]. The observation
of main and acidic species eluting within basic variants led us to the hypoth-
esis of aggregates build of main species and SAP11. Since these variants can
be found separately in basic fractions, this aggregation is thought to be at
least partially reversible.

2.4.2 Aggregation and Degradation Products

In order to characterize the presence of aggregates in the different fractions,
size exclusion chromatography was conducted by injection of same concentra-
tions of each enriched variant. Under non-stressed conditions, basic charge
species contained higher amounts of aggregates compared to acidic species
(Figure 2.2a). The amounts of aggregates in terms of high molecular weight
(HMW) species found in BP7 and BP8 were noticeably high with 23 % and
73 %, respectively. However, both species were found with a relative peak
area of 0.7 % in mAb DS (Table 2.1). Calculating the total amount of aggre-
gates of these species nearly summed up to the total amount of aggregates
found in mAb DS. Therefore, almost all soluble aggregates of mAb DS were
eluting in two basic species.

As expected, after the application of thermal stress, the amount of aggre-
gates and fragments (low molecular weight (LMW) species) increased (Fig-
ure 2.2b). Temperature stress can generate chemical modifications like as-
paragine deamidation, clippings and conformational changes [24] and some
of these changes may be involved in aggregate formation [25]. Nonetheless,
these effects are likely to reflect the general behavior of mAb DS.

Again, aggregates eluted mainly in basic species. This was especially
true for those basic fractions containing high amounts of main and SAP11
species. Thereby, SEC data underlined our hypothesis of partially reversible
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Figure 2.2: HMW and LMW content of mAb charge variants for a) mAb DS
and b) mAb stored at 40 °C for 16 days.

aggregate formation. At this point, it is not possible to conclude at which
process step the separation of the previously mixed basic species occurred.

2.4.3 Conformational Stability and Self-Interaction of
mAb Charge Variants

Single charge variants were further analyzed regarding their propensity to
unfold and to aggregate. The aggregation onset temperature in DS formula-
tion at pH 6.2, determined by DLS, did not differ between the charge variants
(Figure 2.3a). Although AP11 showed the tendency to earlier aggregation,
the Tagg value was within the error bars of the naïve protein and control sam-
ple, which resembles all fractions collected after IEX separation. At pH 7.2,
closer to the mAb´s isoelectric point, AP11 showed a lower Tagg compared
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to other species. This indicates a decreased conformational stability of this
variant, while it does not behave differently at the pH of DS formulation. It
is well known that the formulation pH has a substantial impact on protein
stability. Here, the pH shift underlined the fragility of SAP11. Since we
aimed to understand aggregation propensity in DS formulation, we main-
tained measurement conditions at pH 6.2.

To confirm Tagg results, the samples were also measured by SLS. Tagg

values obtained by SLS were lower but correlated with the DLS results (Fig-
ure 2.3b). The Tagg of AP11 was decreased compared to other fractions. This
effect was more pronounced in SLS in comparison to DLS data. DLS mea-
surements of charge variants of stressed mAb revealed a decreased Tagg in
DS formulation for SAP11, the corresponding variant of AP11 (Figure 2.3c).
Overall, (S)AP11 proved to be less stable under thermal stress conditions
than the other variants.

Figure 2.3: Tagg onset temperatures of charge variants a): of mAb DS by
DLS. b): of mAb DS by SLS. c): of mAb stored at 40 °C for 16 days by DLS.
d): kD of SAP11 in comparison to controls by DLS.

The self-interaction propensity of SAP11 was assessed with the help of the
diffusion interaction parameter by DLS and compared to the naïve species
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and controls. The kD values were between -5 and +5 ml/g for all samples
(Figure 2.3d). Lehermayr et al. described a linear correlation of kD from
DLS measurements and the second virial coefficient A2 for mAbs in order
to indicate colloidal stability [26]. Connolly et al. and Menzen et. al. con-
firmed this correlation [27, 28]. According to the calculations of Menzen et
al., a kD of -6.29 ml/g is the inflection point, where the corresponding ther-
modynamic interaction parameter A*

2 changes from net attraction to net
repulsion. Thus, all tested samples showed slightly repulsive forces. By im-
plication, self-interaction of SAP11 was not the driving force for aggregate
formation. This finding was consistent with the low amount of aggregates
found in the SAP11 fraction. Examples in literature state, that colloidal
stability is not always a predictor for aggregation propensity, especially if
electrostatic interactions are low [29, 30]. This observation is another hint,
that (S)AP11 may interact with other species in DS solution in order to form
aggregates.

nDSF measurements were performed in order to further elucidate po-
tential differences in the unfolding and aggregation behavior of the mAb
charge species. In accordance to the light scattering results, AP11 and SAP11
showed a lower Tm onset as well, indicating an earlier unfolding (Figure 2.4a
and b). Also scattering, due to the formation of aggregates, was observed
at slightly lower temperatures compared to other species. To further inves-
tigate the conformational stability of mAb charge variants, a forced degra-
dation study at 67 °C was set up with selected variants. AP11 was clearly
the first variant to start unfolding during this isothermal measurement, in-
dicating that a higher fraction of unfolded protein was present at the tested
temperature (Figure 2.4c).

Overall, our results demonstrate that charge variation has an effect on
the conformational stability. The measurements at higher temperatures con-
firmed a lower conformational stability of (S)AP11 compared to other sam-
ples. Upon unfolding of this variant, the hydrophobicity increases and leads
to immediately following aggregation.

At room temperature, (S)AP11 is present as naïve, folded species. Under
these conditions, it appears as if aggregation also occurs with other mAb
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Figure 2.4: Tm onset and scattering onset of charge variants according to
DSF from a) mAb DS, b) mAb stored at 40 °C for 16 days and c) time till
onset of aggregation in forced degradation study at 67 °C with mAb DS.

variants. Thereby, the decreased stability of this acidic species may influence
aggregate formation of the whole DS.

2.4.4 Modeling of Charge Variants

To gain a better understanding of the potentially aggregation prone species,
we had a look on proposed hydrophobic patches of charge variants by molec-
ular modeling with Schroedinger´s BioLuminate. The open source sequence
of the naïve mAb was changed according to alterations in the amino acid
sequence of the Fab part based on LC-MS and peptide mapping data of the
manufacturer. In their data AP12+13 were consolidated as one peak based
on less high chromatographical resolution. The Fc part was neglected as it
was not subject to alterations. According to mathematical prediction, the
applied changes in the amino acid sequences did not cause different folding
shapes of the charge variants. All structures were energetically stable. This
calculation serves as a plausibility check of the inserted changes.
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Figure 2.5: Hydrophobic patches (red) and additive aggregation score of
naïve mAb (open source sequence) and two charge variants’ Fab parts mod-
eled with BioLuminate according to data of the manufacturer.

While the Aggscore of the naïve mAb and (S)AP12+13 were identical,
we obtained an increased Aggscore of (S)AP11 due to more surface-exposed
hydrophobic patches (Figure 2.5). These patches were caused by the clipping
of amino acids and can act as structural hotspots for aggregation.

The interaction of hydrophobic patches leads to noncovalent aggregates [9].
Thereby, the increased surface hydrophobicity calculated by this model can
explain the observed interaction of (S)AP11 in its native state with other
species. In contrast attractive self-interaction of (S)AP11 at room tempera-
ture is not increased. This is potentially due to electrostatic repulsion, either
due to the low concentration condition during kD measurements or due to the
effect of the Fc part, which is not considered in the Aggscore calculations.
(S)AP12+13 and the naïve species, which behave similar in the stability
indicating thermal methods also show similar Aggscore.
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2.4.5 Forced stability study

The behavior of SAP11 and its impact on the DS were analyzed in a stability
study at 45 °C for 12 weeks. This study was conducted with SAP11 alone
and spiked in DS. Several control samples and SAP12 spiked in DS were used
for comparison.

Over time, cloudiness and large particles formed. The visual appearance
was ranked according to Figure 2.6. Charge variants followed the trend of
the main species or the control samples.

Figure 2.6: Visual appearance of mAb variants and spiked DS stressed at
45 °C for 12 weeks.

In order to underline the visual observations, a turbidity measurement of
the charge variants was performed. An increase in turbidity was observed
after 12-weeks. All samples behaved similar to the DS (Figure 2.7a). This
data is in accordance with the visual appearance.

The conformational stability was determined flourimetrically. The strongest
increase in fluorescence over time was observed in pure SAP11 with a low flu-
orescence at T0 and a slightly higher value after 12 weeks, compared to other
charge variants. At the time points 4 and 8 weeks, however, the fluorescence
of SAP11 was comparable with other variants and DS.

SEC-MALS analysis was conducted to compare soluble aggregation and
degradation of the variants. The loss of monomeric species in all charge
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Figure 2.7: a) Turbidity at 320 nm compared to a nephelometric standard
of mAb variants and spiked DS. b) Unfolding measured by fluorescence of
charge variants stored at 45 °C for 12 weeks.

variants after 4 weeks was similar to that of the respective main species and
controls. After 12 weeks, the monomer content decreased to an average of
85% in all samples (Figure 2.8a). The strongest loss in monomer content
compared to T0 was found in SAP11. This was not due to soluble aggregate
formation, but due to an increase in the amount of fragments. A fragment ap-
pearing as main peak shoulder with a size of 140 kDa was found in relatively
high amounts of 3-4 % in all variants. SAP11 contained 5 % of this peak,
most likely reflecting a hinge degradation product with full target binding
functionality.

The content of HMWS of pure and spiked charge variant samples were
below the content of the control at any time point (Figure 2.8b). According
to their molecular weight, aggregates mainly consisted of dimers of intact
monomer. After 12 weeks, also peaks of multimeric aggregates were de-
tectable. No additional aggregates were formed by SAP11 or by spiking
it into DS. Therefore, our hypothesis of reversible aggregate formation of
SAP11 with itself or with other species was not confirmed.

Sub-visible particles were analyzed to characterize the insoluble aggregate
content in the mAb charge variants and spiked DS in number and size. A
strong increase in total number of particles was observed after 8 and 12 weeks
(Figure 2.9a). This was mainly due to particles smaller than 2 µm. The
monomer yield in SEC remained constant at these time points, indicating
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Figure 2.8: SEC-MALS data of mAb charge variants and spiked DS stored
at 45 °C for 12 weeks of a) monomer yield compared to T0 b) amount of
HMWS per time point.

agglomeration of soluble aggregates toward above the solubility limit, leading
to the higher number of particles found in FlowCam measurements. Particles
of ≥ 25 µm decreased in number between 8 weeks and 12 weeks (Figure 2.9e).
This can be explained by a conglomeration to bigger particles, which were
found as visible particles and increased turbidity after 12 weeks.

Overall, the investigated variants showed similar aggregation behavior.
Under the applied conditions, SAP11 did show enhanced aggregate formation
and did not induce aggregate formation with other species in the DS. Despite
its aggregation propensity, it poses limited risk to the overall DS stability.
Other stress conditions or a long term stability study at 4 °C - 6 °C might
provide more pronounced differences in aggregation behavior. Nevertheless,
the results of this stability study present a general assessment of the acidic
charge species at being not critical in terms of product stability.
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Figure 2.9: Number of particles in mAb variants and spiked DS samples
stressed at 45 °C for 12 weeks a) accumulated numbers, b) particles ≥ 1 µm,
c) ≥ 2 µm, d) ≥ 10 µm, e) ≥ 25 µm.
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2.5 Conclusion and Outlook

In this study we could show, that aggregate formation in antibody formu-
lations can specifically involve aggregation prone charge variants. For our
model mAb, results suggested preferred aggregation of at least one promi-
nent acidic variant with decreased conformational stability in thermal stud-
ies. At elevated temperatures this species aggregated due to interaction with
unfolded species. In modeling of the native state, the acidic variant showed
pronounced hydrophobicity, which increases aggregation propensity also with
other species. The aggregates formed eluted as basic species in CEX and ap-
peared to be at least in part reversible.

Results obtained during our research led us to the hypothesis of par-
tially reversible aggregation. This pathway has to be confirmed in further
investigations. Furthermore, the overall impact of the less stable, poten-
tially aggregation prone acidic species on the whole drug substance has to
be determined.

The applied thermal assays are commonly used tools to predict long term
stability of proteins [28, 31]. We also conducted a stability study with the
most prominent charge variants, to find out, if the different behavior of the
acidic species has a general impact on product formulations. Thereby we
were able to demonstrate a risk assessment of suspicious mAb charge vari-
ants with no safety issues. Under the applied conditions, none of the three
investigated charge variants showed higher aggregation propensity in mAb
DS. The aggregation behavior and the types of aggregates formed were sim-
ilar in all samples.

For this mAb and under the applied conditions, the identified aggrega-
tion prone variant did not influence the overall DS stability. This statement
can not be generalized and depends on conditions and molecule. Therefore,
future work has to repeat this type of study with other therapeutic pro-
teins. For deeper understanding, also other variants need to be separated,
e.g. regarding hydrophobicity, and analogously analyzed in order to find ag-
gregation prone species. In addition a chemical denaturation study would be
beneficial to determine aggregation pathways [32]. The additional character-



2.5 Conclusion and Outlook 43

ization data gained could lead to a deeper understanding of the therapeutic
protein.

The knowledge about aggregation processes taking place in biopharma-
ceutical product is crucial to both, the manufacturer and regulatory author-
ities, and this work presents a first step in this direction. While common
pharmaceutical monoclonal antibodies are typically stable for 2-3 years if
stored refrigerated, deeper understanding of product related variants like
charge variants and their removal during downstream processing might al-
low to enable long-term storage at elevated temperature. Alternatively, the
formation of unstable variants could be prevented by appropriate stabiliza-
tion measures. For more complex and less stable biopharmaceuticals such
approaches could enable an increase of the shelf life.
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3.1 Abstract

Monoclonal antibodies (mAbs) are valuable tools both in therapy and in
diagnostic. Their tendency to aggregate is a serious concern. Since a mAb
drug substance (DS) is composed of different variants, it is important for
manufacturers to know the behavior and stability not only of the mAb as a
whole, but also of the variants contained in the product.

We present a method to separate hydrophobicity variants of a mAb and
subsequently analyzed these variants for stability and aggregation propen-
sity. We identified a potentially aggregation prone hydrophilic variant which
is interrelated with another previously identified aggregation prone acidic
charge variant. Additionally, we assessed the risk posed by the aggregation
prone variant to the DS by spiking hydrophobicity variants into DS and did
not observe an enhanced aggregation propensity. Thus we present an ap-
proach to separate, characterize and analyze the criticality of aggregation
prone variants in protein DS which is a step forward to further assure drug
safety.

Graphical Abstract
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3.2 Introduction

Hydrophobicity is defined as the repulsion between a non-polar compound
and a polar environment such as water. In proteins, hydrophobic interactions
of non-polar amino acids, such as phenylalanine, tryptophan or valine, play
a dominant role in protein folding and structure stabilization by building an
internal core [1]. The occurrence and variation of non-polar amino acids on
the protein surface are characteristic for each protein [2]. The variation in hy-
drophobicity enables the separation of proteins based on these characteristics
by hydrophobic interaction chromatography (HIC) [3, 4].

For the investigation of hydrophobicity variants, HIC was found to be an
advantageous method as it maintains the structural properties of the pro-
tein due to the involvement of only weak binding interactions and the use
of a predominantly polar mobile phase. [5]. In comparison, the orthogonal
method of reversed phase chromatography (RPC) requires denaturing condi-
tions, like the use of non-polar solvents, to elute the protein from the strong
binding stationary phase of the column. Nevertheless, also HIC elution can
involve small amounts (5-10 %) of water soluble organic solvents like ace-
tonitrile or isopropanol in analytic scale [6] or propylene or ethylene glycol
in preparative scale [7] to compete with the hydrophobic protein patterns
for binding to the stationary phase and enhance elution. In either case, the
ideal chromatographic conditions have to be developed individually for every
protein.

Besides for purification purposes, fractionation of hydrophobicity variants
of mAbs in literature is focused on the investigation of post-translational
modification and degradation, including modifications like oxidized amino
acids [8, 9, 10, 11], C-terminal heterogeneity [12] and deamidation [13]. Some
of these publications additionally investigated the impact of these modifica-
tions in antigen binding.

These and any other modifications need to be considered with respect to
aggregation propensity of the molecules. Especially a altered hydrophobicity
of amino acids can favor aggregation by intermolecular interactions of hy-
drophobic patches on the protein surfaces. [14]. Aggregates pose a serious
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quality and safety risk [15]. Thus, it is important to analyze the stability
of the different protein variants, like hydrophobicity variants, ideally at an
early stage of development.

In order to address this challenge, we developed a semi-preparative method
for the separation of hydrophobicity variants of a mAb drug substance (DS).
Several elution enhancers were tested to achieve elution while maintaining
the structure of the mAb variants. Ultimately, a method was developed
that enables fractionation of single hydrophobicity variants with high pu-
rity. We characterized every variant regarding size, thermal stability and
self-interaction. Multiple hydrophilic variants were involved in aggregate
formation. One of these variants showed decreased stability and was cor-
related with a potentially aggregation prone acidic charge variant that was
identified in an earlier study of our group. Finally, we evaluated the critical-
ity of aggregation prone variants by spiking them into DS which was put on
stability. Aggregation propensity of the whole DS was not increased by the
addition of more aggregation prone variants.

Applying our approach either at an early or later stage in development
enhances the knowledge of the therapeutic protein characteristics and would
increase drug safety.

Our contributions are:

• the development of a HIC method using propylene glycol to separate
and collect single hydrophobicity variants on a semi-preparative scale,

• the identification of at least one potentially aggregation prone hy-
drophilic variant of a mAb, and

• the demonstration of correlation of this variant with an acidic charge
variant previously described as potentially prone for aggregation.

• the risk assessment of hydrophobicity variants on DS stability in an
accelerated stability study.
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3.3 Materials and Methods

3.3.1 mAb Model Protein

The IgG1 model monoclonal antibody (mAb) was provided by Sandoz Bio-
pharmaceuticals, Schaftenau, Austria. It was produced in CHO cells and
55 mg/ml of the drug substance were formulated in a 50 mM sodium phos-
phate buffer at pH 6.2. The mAb had an extinction coefficient of 1.7 ml g-1 cm-1

at 280 nm and a isoelectric point at 8.2.

3.3.2 Separation of Hydrophobicity Variants

HIC method development and fractionation of variants was performed with
a GE ÄKTA purifier FPLC system (GE Healthcare, Uppsala, Sweden) and
a 4.6 × 250 mm ProPac HIC-10 column (Thermo Scientific). Method de-
velopment involved potential elution enhancers L-arginine (Sigma Aldrich,
Darmstadt, Germany), glycerol (Gruessing, Filsum, Germany), polyethy-
lene glycol 6000 (PEG; Serva, Heidelberg, Germany), propylene glycol (PG;
BASF, Ludwigshafen, Germany) and acetonitrile (ACN; Carl Roth, Karl-
sruhe, Germany). 5 % v/v of the respective elution enhancer were added to
both equilibration solution (1 M ammonium acetate pH 6.2) and elution solu-
tion (0.1 M ammonium acetate pH 6.2). After injection of 13 mg/ml mAb at
a flow rate of 0.7 ml/min, a linear gradient was applied and chromatograms
were compared in Unicorn 5.31 Software (GE Healthcare).

The method development resulted in the following procedure for collec-
tion of hydrophobicity variants. mAb dilution of 13 mg/ml in equilibration
solution (1 M ammonium acetate pH 6.2 containing 6 % propylene glycol as
elution enhancer) was injected with a flow rate of 0.7 ml/min. Hydropho-
bicity variants were eluted with a step wise gradient from 0 to 100 % 0.1 M
ammonium acetate pH 6.2, 6 % propylene glycol and fractions of 0.75 ml vol-
ume were collected in 15 ml polypropylene (PP) tubes by a Frac-920 fraction
collector (GE Healthcare). Method programming and analysis were done
with Unicorn 5.31 Software. The fractions of single variants from several
separation cycles were pooled in order to collect sufficient volume of analyz-



54
3. Identification of Monoclonal Antibody Variants Involved in

Aggregate Formation – Part 2: Hydrophobicity Variants

able material. As control sample, all fractions collected were reunited and
the same subsequent processes were applied to ensure the validity of our pro-
cess. Fractions and control were concentrated in VivaSpin 20 centrifugation
filter units with 30,000 Da MWCO (Sartorius Stedim Biotech, Göttingen,
Germany). Prior to further analysis, the buffer was exchanged to 10 mM
sodium phosphate pH 6.2. A Nanodrop 2000 photometer (Thermo Scientific,
Wilmington, Delaware, USA) was used to determine the final concentrations
via the extinction coefficient.

3.3.3 Analytical Hydrophobic Interaction Chromatog-
raphy (HIC)

Analytical HIC was performed in accordance with the separation method to
analyze the purity of each pooled hydrophobicity variant. An Agilent 1200
series HPLC system (Agilent Technologies, Santa Clara, California, USA)
equipped with a 4.6 × 250 mm ProPac HIC-10 column (Thermo Scientific)
was employed. The column was equilibrated with 1 M ammonium acetate
pH 6.2 and 6 % propylene glycol. 30 µg of sample (diluted in equilibration
solution) were injected at a flow rate of 0.7 ml/min and hydrophobicity vari-
ants were eluted in a step wise gradient to 100 % of elution solution 0.1 M
ammonium acetate pH 6.2, 6 % propylene glycol. UV absorption at 280 nm
was detected and chromatograms were analyzed with ChemStation®B.02.01-
SR2 (Agilent Technologies) regarding retention time and area under the curve
(AUC). For correction of each injection, a chromatogram of a buffer injection
was subtracted.

3.3.4 Size Exclusion Chromatography (SEC)

HP-SEC was run on an Agilent 1200 series HPLC system (Agilent Technolo-
gies) equipped with a Tosoh TSKgel®G3000SWXL column (7.8 × 300 mm,
Tosoh Bioscience, Stuttgart, Germany). 30 µg per sample were injected onto
the column using a mobile phase of 25 mM sodium phosphate pH 6.2 with
125 mM sodium chloride at a flow rate of 0.5 ml/min. In addition, 10 µl
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of a gel filtration standard (BioRad Laboratories, Hercules, CA, USA) were
injected. Chromatograms were analyzed with ChemStation software ver-
sion B.02.01-SR2 (Agilent Technologies) regarding retention time and AUC
after UV detection at 280 nm and a buffer injection signal was subtracted as
blank. Standard deviations of triplicates are depicted in error bars.

3.3.5 Ion Exchange Chromatography (IEX)

Hydrophobicity variants and controls were analyzed by high-performance
cation exchange chromatography with a 3 × 250 mm ProPac WCX-10 col-
umn (Thermo Scientific) connected to an Agilent 1200 HPLC system (Agi-
lent Technologies). All samples were diluted in equilibration buffer (25 mM
sodium phosphate buffer pH 6.2) and 30 µg of each sample were injected onto
the column with a flow rate of 1 ml/min. Elution was done by a step wise
salt gradient from zero to 125 mM sodium chloride and a pH gradient from
pH 6.20 to pH 6.39. The eluted samples were detected by UV absorption
at 280 nm and chromatograms were corrected and processed as described
above.

3.3.6 Dynamic Light Scattering (DLS)

DLS analysis was conducted with a DynaPro Plate Reader II (Wyatt Tech-
nologies, Dernbach, Germany). Samples and dilution buffer (10 mM sodium
phosphate pH 6.2) were filtered with a 0.2 µm regenerated cellulose filter (Sar-
torius, Göttingen, Germany) prior to dilution. After dilution, each sample
was centrifuged at 8 944 × g for 10 min to remove any insoluble particles and
the supernatant was used for analysis. 5.5 µl per sample were transferred into
1536-well-plates (Aurora, Whitefish, MT, USA) in triplicates. At 2000 rpm
the plate was centrifuged for two minutes in order to remove trapped air from
the plate bottom. All wells containing samples were sealed with a drop of sil-
icone oil and once more centrifuged at 447 × g for one minute. Aggregation
onset temperatures (Tagg onset) were measured with a temperature ramp
from 25 °C to 70 °C and at 0.143 °C/min and a concentration of 1.5 mg/ml.
Diffusion interaction parameters (kD) were determined by the analysis of dif-



56
3. Identification of Monoclonal Antibody Variants Involved in

Aggregate Formation – Part 2: Hydrophobicity Variants

fusion coefficients (D) at 25 °C of six protein concentrations between 1 mg/ml
and 4 mg/ml. Five acquisitions and an acquisition time of 5s were applied
for each well. The instrument was controlled and data was acquired with
Dynamics 7.6 software (Wyatt Technologies). The standard deviation (SD)
of triplicates was depicted in error bars. The diffusion interaction parameter
was calculated as linear fit of D and the protein concentration to obtain the
diffusion coefficient at infinite dilution (D0). After the normalization of D
by D0, the slope of the linear fit corresponds to the interaction parameter
kD [16]. Assumptions on self-interaction were based on a linear correlation of
kD and the second osmotic virial coefficient A2 [17]. A kD of -6.29 ml/g is the
point of sign reversal, where the corresponding thermodynamic interaction
parameter A*

2 changes from net attraction to net repulsion [18].

3.3.7 Differential Scanning Fluorimetry (nanoDSF)

Thermal unfolding was analyzed as the increase of intrinsic fluorescence in-
tensity. Triplicates of each sample were filled in standard nanoDSF™ grade
capillaries. Samples were excited at 280 nm and fluorescence was detected
at 330 and 350 nm. The ratio of 350 / 330 nm was used for data analysis.
Measurements were performed with the Prometheus NT.48 (NanoTemper
Technologies, Munich, Germany). Standard deviations were depicted in er-
ror bars. The temperature was ramped at 1 °C/min from 25 to 80 °C.
Aggregation was detected in terms of reflection intensity referred to as scat-
tering.

Protein melting temperatures (Tm) were determined from the maximum
of the first derivative of the thermal unfolding curve with the software PR.
ThermControl V2.1 (NanoTemper).

Forced degradation studies were performed at isothermal 67 °C for 12 h.
For analysis, the scattering onset in dependence on time was determined with
the PR.TimeControl software V1.0.2 (NanoTemper Technologies, Munich,
Germany).

An accelerated stability study was set up with triplicates of hydropho-
bicity variants in sealed high sensitivity grade nanoDSF capillaries. The
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capillaries were stored at 45 °C for a time range of 5 months and removed
for isothermal measurement at 25 °C weekly or every second week . Flu-
orescence signals were analyzed with the PR.ThermControl software V2.1
(NanoTemper) and plotted against time.

3.3.8 Accelerated Stability Study and Spiking Proce-
dures

The hydrophobicity variants, control (Ctr), buffer and DS were sterile filtered
with a 0.22 µm polyethersulfone filter (VWR International, Radnor, PA).
Sample duplicates were diluted with buffer to a concentration of 1.5 mg/ml
and filled into pre-sterilized DIN2R glass type I vials (MGlass AG, Germany).
Hydrophobicity variants were added to sterile and filtrated DS formulation
to a concentration of 10 % (v/v) to obtain spiked samples of 1.5 mg/ml. The
vials with a total fill volume of 0.5 ml were crimped with rubber stoppers
(West Pharmaceutical Services, USA) and stored at 45 °C until the time
point of analysis.

3.3.9 Visual Inspection

The presence of visible particles was assessed in accordance with Ph.Eur.
chapter 2.9.20. Each vial was gently swirled and examined for at least 5 s in
front of a white plate as well as in front of a black plate. The observation of
particles and turbidity was recorded.

3.3.10 Ultraviolet Absorption Spectroscopy at 320nm

Turbidity measurements were performed with an Agilent 8453 UV-Vis Spec-
trophotometer (Agilent Technologies, Santa Clara, California, USA) and a
Quartz SUPRASIL® Type ultramicro cuvette (Hellma Analytics, Müllheim,
Germany) with a path length of 10 mm. 70 µl of sample were analyzed at
320 nm wavelength. TURB 4000 NTU Formazin (Sigma-Aldrich) was used
as nephelometric standard in seven dilutions to calibrate the spectropho-
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tometer. The results are presented in nephelometric turbidity units (NTU),
correspondingly. Error bars show the standard deviation (SD).

3.3.11 Fluorescence spectroscopy

Intrinsic fluorescence emission was measured with a FLUOstar Omega Star
plate reader (BMG Labtech, Ortenberg, Germany). 35 µl of each vial were
filled in a 384-well plate (Corning Life Science, Tewksbury, MA, USA) with
transparent flat bottom. The samples were excited at 280 nm and fluores-
cence intensity was detected as the ratio of fluorescence at 350 to 330 nm.
Error bars indicate SD.

3.3.12 Subvisible Particle Counting

Subvisible particles were conducted with the FlowCam 8100 (Fluid Imag-
ing Technologies, Scarborough, ME. USA). Protein samples were diluted 1:1
with formulation buffer. 150 µl sample were analyzed with 10 × magnifi-
cation at 0.150 ml/min flow rate and 29 frames per second frame rate. A
segmentation threshold of 13.0 for dark pixels and 10.0 for light pixels was
applied. Highly purified water (HPW) was used to rinse the flow cell after
each measurement. Sub-visible particles bigger than or equal to 1, 2, 10, and
25 µm were evaluated with VisualSpreadsheet software Version 4.7.6 (Fluid
Imaging Technologies) and are presented as counts per mL with SD.

3.3.13 Multi-Angle Light Scattering Coupled Size Ex-
clusion Chromatography (SEC-MALS)

SEC-MALS measurements were performed with a Dionex UltiMate 3000
HPLC system (Thermo Fisher Scientific, CA, USA) coupled to an Ulti-
Mate 3000 VWD multiple wavelength detector (Thermo Fisher Scientific)
and a DAWN HELEOS multiangle light scattering (MALS) detector (Wyatt
Technology, Santa Barbara, USA). Sample elution was monitored at 280 nm.
30 µg per sample were injected onto a Tosoh TSKgel G3000SWXL column
(7.8 × 300 mm, Tosoh Bioscience, Stuttgart, Germany). 25 mM sodium
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phosphate pH 6.2 with 125 mM sodium chloride was used as mobile phase at
a flow rate of 0.5 ml/min. Chromatograms were acquired and analyzed using
the Chromeleon CDS Software Version 7.2.7.10369 (Thermo Scientific). A
buffer injection signal was subtracted as blank. Error bars indicate standard
deviations. MALS data collection and processing were performed using the
ASTRA software, Version 7.1 (Wyatt Technology).



60
3. Identification of Monoclonal Antibody Variants Involved in

Aggregate Formation – Part 2: Hydrophobicity Variants

3.4 Results and Discussion

3.4.1 HIC Method Development

The first approach to screen for hydrophobicity variants of the mAb was a
method involving acetonitrile as an elution enhancer (adapted from Valliere-
Douglass et al. [9]). The chromatogram showed seven variants different from
the main species (Figure 3.1). Despite of the already low amount of ace-
tonitrile of 5 % in the mobile phase, the organic solvent may still negatively
impact on protein structure and stability [19, 20]. In order to ensure reliable
results in subsequent analyses, it is important to maintain the characteristics
of the mAb hydrophobicity variants.

Figure 3.1: Chromatograms of semi-preparative HIC method development.
Comparison of the elution enhancers glycerol, arginine, propylene glycol,
polyethylene glycol and acetonitrile.
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We consequently evaluated four additives described in literature with re-
spect to their protein stabilizing effects and ability to competitively bind
to hydrophobic surfaces on the column. Arginine [21, 22], glycerol [23] and
polyethylene glycol (PEG) [24, 25] resolved less peaks than the reference
HIC method with acetonitrile. Furthermore, the concentration of glycerol
was too low as expressed in the late elution of the main species. An increase
of glycerol to 8.5 % was expected to decrease the elution time. However,
this concentration caused an unfavorable increase in viscosity of the mobile
phase and, thereby, high back-pressure from the column. Unlike the other
candidates, the use of propylene glycol [26, 27] resulted in the same amount
of peaks as with acetonitrile and provided the best resolution of peaks (Fig-
ure 3.1). Thus, propylene glycol was chosen for hydrophobicity variant sep-
aration. The ideal content of propylene glycol for resolution was determined
to be at 6 % v/v.

3.4.2 mAb Hydrophobicity Variant Separation and Frac-
tionation

The semi-preparative HIC chromatogram yielded four hydrophilic variants
(H+) and three hydrophobic variants (H-)(Figure 3.2). During elution, the
conductivity gradient was adjusted in several steps to reduce the merging of
peaks, but not all variants could be baseline separated from each other.

Reanalysis of the collected and concentrated fractions by analytical chro-
matography confirmed high purity of most of the fractionated variants, ex-
cept for the hydrophobic variant H-3, which appeared to consist predomi-
nantly of main species (Table 4.1). In addition, the total peak area of the
H-3 sample was decreased by more than 50 % compared to other injections.
This could indicate either that H-3 consists of aggregates that build up to
insoluble variants during sample processing, or that it might be an artifact
instead of a hydrophobicity variant.

The hydrophilic fraction H+4 contained high amounts of neighboring
peaks, namely main species and H+3. This might be caused by redistri-
bution of H+4 to the observed mixture, or by merging of the neighboring
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Figure 3.2: Semi-preparative HIC chromatogram of mAb hydrophobicity
variant separation with 6 % of PG in mobile phases for equilibration and
elution.

peaks into this fraction. We consider the latter cause to be more likely, as
minor impurities of other variants were generally caused by the presence of
neighboring peaks.

Thus, despite the generally low amounts of the hydrophobicity variants
next to the main species, we were able to collect variant enriched fractions.
The achieved concentrations were sufficient for subsequent analysis.

3.4.3 Aggregate and Degradation Product Content of
the Fractions

SEC of the hydrophobicity variants showed high amounts of aggregates in
hydrophilic variants (Figure 3.3). This was an interesting observation, since
in HIC aggregates usually elute after monomeric and intact variants due to
stronger interaction with the resin [28, 9]. This was the case in hydrophobic
variant H-3. Here, size calculation with the help of a size standard revealed
the presence of multimeric species. This result underlines the hypothesis of a
substantial high molecular weight species content in H-3 leading to reduced
recovery in the variant purity check described above.
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Peak Name Peak Area (%) Purity (%) Contains

H+1 0.5 87 9 % H+2

H+2 0.4 77 6 % Main
11 % H+1

H+3 1.7 84 6 % H+2
6 % H+4

H+4 1.4 39 30 % Main
29 % H+3

Main 94.6 97

H-1 0.8 61 35 % Main

H-2 0.7 60 23 % Main
11 % H-1

H-3 0.2 1 72 % Main
8 % H-1

Control 100 n.d.

Table 3.1: Area and purity of collected mAb hydrophobicity variants. n.d.
= not determined.

In addition to 39 % of aggregates, H+2 also contained 48 % of frag-
ments. The control, which underwent the same sample processing steps as
all variants, contained 99 % monomer, like the mAb DS. Thus, the sam-
ple processing did not lead to enhanced aggregation. Based on the protein
size standard, the high molecular weight species in H+1 and H+2 predomi-
nantly consist of dimers. Although hydrophobic interactions play a key role
in aggregation [29, 30], these results indicate an involvement of hydrophilic
variants in aggregate formation.
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Figure 3.3: SEC results of separated mAb hydrophobicity variants.

3.4.4 Conformational Stability and Self-Interaction Propen-
sity of mAb Hydrophobicity Variants

The thermal stability was assessed to compare unfolding and aggregation
behavior of the variants. Tagg onset did not differ between the hydrophobicity
variants except for hydrophilic variant H+3, which showed slightly decreased
Tagg onset compared to the control and DS and a more pronounced decrease
compared to main species (Figure 3.4a).

nanoDSF measurements were performed as orthogonal method to Tagg

determination by DLS. The increase in fluorescence of H+3 at distinctly
lower temperatures compared to all other variants indicated earlier unfolding
of this variant (Figure 3.4b). Additionally, the increase in scattering due to
the formation of aggregates was observed at slightly lower temperatures than
in other fractions (Figure 3.4c). The aggregation onset temperature of H+3
determined by DSF was higher compared to DLS, most likely due to different
heating ramp rates. Tm of H+1, H+2 and H+4 did not differ from DS or the
control. This observation might base on the increased amounts of aggregate
found in the respective variants. The reduced monomer content could reduce
the effect on Tm.

A forced degradation study at 67 °C was set up to further investigate the
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Figure 3.4: Thermal stability data including SD of mAb hydrophobicity
variants with a) Tagg onset by DLS, b) Tm onset by DSF and c) Tagg onset
temperature by DSF.

thermal stability of hydrophobicity variants. At the chosen temperature the
variants may already be unfolded. However, despite of the potential struc-
tural destabilization, we were not able to see aggregate formation in terms of
scattering at 65 °C within 12 hours. H+3 was the first variant to start aggre-
gation during this isothermal measurement and, thereby, indicated decreased
stability (Figure 3.5a). During storage at 45 °C over 21 weeks, hydrophilic
variant H+3, together with H-1, showed earlier and ongoing increase in fluo-
rescence compared to other variants (Figure 3.5b). Overall, H+3 is the least
stable variant although it has the lowest aggregate content in unstressed
sample.

The self-interaction data has to be interpreted with care, because of the
increased amounts of aggregates of variant H+4, which could compromise the
results. For the same reason, H+1 and H+2, which contained 40 % or more
high molecular weight species, were not included in the measurement. The
interpretation of kD values in correlation to A22 according to Lehermayr and



66
3. Identification of Monoclonal Antibody Variants Involved in

Aggregate Formation – Part 2: Hydrophobicity Variants

Figure 3.5: nanoDSF measurements of hydrophobicity variants a) in forced
degradation study at 67 °C and b) in stability study in capillaries at 45 °C.

Menzen revealed that, hydrophilic variants showed slightly more repulsion
compared to the control, while hydrophobic variants showed rather attractive
forces (Figure 3.6) [17, 18]. These results were in accordance with other
studies that described hydrophobic variants as a driving force in protein
aggregation [29, 31, 32].

Figure 3.6: Apparent kD values and SD of mAb hydrophobicity variants at
25 °C.
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3.4.5 Correlation with Charge Variants

The hydrophobicity variants were further characterized by IEX to compare
our findings with a previous study, where we separated and analyzed charge
variants of the same model mAb and found 13 acidic and 8 basic variants [33].
The analysis of charge variants present in the HIC fractions showed that hy-
drophilic variants mainly contained acidic variants. Charged variants could
differ in electrostatic repulsion at the same pH which could explain the differ-
ence in apparent kD of hydrophilic fraction H+4 despite of its high aggregate
content. The short ranged hydrophobic interactions are more prominent at
high protein concentrations, while electrostatic interactions have a higher
contribution in protein interaction under conditions of low mAb concentra-
tions as used in this study [30].

Figure 3.7: a) General charge variants content in hydrophobicity variants
determined by IEX, b) Specific charge variants of our previous study found
in H+3 by IEX. AP = acidic peak; BP = basic peak., c) Charge variant of
our previous study with high H+3 content analyzed in HIC.

H+3 consisted of approximately 1
3 main species and 2

3 acidic variants,
almost exclusively AP11 (Figure 3.7). A previous study of our group demon-
strated, that the charge variant AP11 behaved likewise different and was
suspected to be aggregation prone. A vice versa analysis of AP11 revealed
that it contained high amounts, approximately 25 %, of the hydrophilic vari-
ant H+3. This shows an interrelationship between the hydrophilic and hy-
drophobic variants and underlines the instability of both variants.
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Furthermore, these observations underline our previous hypothesis of
acidic variants to be in involved in aggregate formation. In order to fur-
ther characterize these potentially aggregation prone variants, which can be
separated by HIC and IEX, the combination of both approaches in mixed
mode chromatography (MMC) would be useful. Using this method could
identify if the aggregation prone variants are one variant, which is both,
more hydrophilic and more acidic than the main variant.

3.4.6 Accelerated Stability Study

The criticality of three hydrophilic variants was studied by spiking them into
DS which was placed on a stability study at 45 °C for 12 weeks. Other hy-
drophobicity variants were not included due to the limited amounts available
after fraction collection.

The presence of irreversible particles can visually be observed by cloudi-
ness and floating substance in the vial [34]. The visual appearance was ranked
according to Figure 3.8. Samples spiked in hydrophobicity variants followed
the trend of the main species and the control samples.

Figure 3.8: Visual appearance of mAb DS spiked with hydrophobicity vari-
ants stored at 45 °C for 12 weeks.

The visual observations were underlined by measurements of turbidity
which increased after 12 weeks (Figure 3.9a). Overall, the hydrophobicity
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variants did not have any impact on the DS stability.
Analysis of the conformational stability in terms of change in fluorescence

did not indicate any effect of the hydrophobic variants as well. (Figure 3.9b).

Figure 3.9: a) Turbidity at 320 nm. b) Fluorescence at 350/330 nm of mAb
DS spiked with hydrophobicity variants.

Formation of soluble aggregates (HMWS) and fragments was monitored
by SEC-MALS analysis. Over 4 weeks at 45 °C, the monomer content de-
creased to an average of 88 % without an effect of the spiking of hydropho-
bicity variants (Figure 3.10a).

Figure 3.10: SEC data of mAb DS spiked with hydrophobicity variants and
stressed at 45 °C for 12 weeks of a) monomer yield compared to T0 b) amount
of aggregates per time point.
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Only the DS spiked with hydrophilic variant H+4 and the main species
showed a slightly increased aggregate content (Figure 3.10b). No additional
aggregate formation was triggered by spiking H+3 into DS. The molecular
weight of the aggregates revealed that they mainly consisted of dimers. The
formation of dimers was also observed in a previous temperature stress ex-
periment with mAb DS. Those dimers were characterized as non-covalent.
Therefore, the dimers formed during stability study were most likely also
of non-covalent nature. Peaks of multimeric aggregates were observed after
12 weeks. Corresponding to aggregate and monomer content, the amount of
fragments did not differ between the samples.

Figure 3.11: Sub-visible particles found in mAb DS spiked with hydrophobic-
ity variants and stored at 45 °C for 12 weeks a) particles ≥ 1 µm, b) ≥ 2 µm,
c) ≥ 10 µm, d) ≥ 25 µm.

Additionally, sub-visible particles were analyzed to characterize the in-
soluble aggregate content in number and size. The observation of sub-visible
particles is important as they are widely discussed as the most immuno-
logic form of particles [35, 36]. After 8 and 12 weeks a marked increase in
total number of particles was observed, mostly attributed to particles be-
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tween 1 and 2 µm (Figure 3.11b). The constant monomer yield in SEC at
these time points in combination with the increase of the amount of particles
point towards agglomeration of soluble aggregates assembling into insoluble
particles. Particles of ≤ 25 µm decrease in number between 8 weeks and
12 weeks (Figure 3.11d), potentially forming the bigger particles noticed in
visual inspection after 12 weeks.

Both particle and turbidity measurements indicate a more pronounced
aggregation of DS spiked with main species, which cannot be explained, as
in contrast, the respective values for pure HIC main species were within the
range of HIC control and DS.

Figure 3.12: Analytical HIC chromatograms of a) mAb DS and b) DS spiked
with H+3 stored at 45 °C for 12 weeks.

An additional HIC analysis of the stored samples demonstrated an in-
crease in hydrophobicity variants upon storage without any differences be-
tween the different test samples as shown in Figure 3.12 exemplarily for DS
and DS spiked with H+3. The increase was mainly caused by the formation
of hydrophilic species.

In the course of the stability study, the amount of hydrophobicity variants
increased at the expense of main species. This change indicating chemical
changes due to the applied temperature stress may hide the specific interac-
tions of the aggregation prone variants with the DS. The aggregation prone
variants can degrade to other variants or interact with degradation products
built during temperature stress, making them less interactive. Earlier time
points or lower storage temperature might be indicated to show differences
in physical behavior before prominent chemical changes occur. This could
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improve the evaluation of the aggregation propensity of the less stable hy-
drophilic variant H+3. Overall, under the applied storage conditions, none
of the three hydrophilic variants investigated in this stability study had an
impact on the aggregation behavior of the DS.
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3.5 Conclusion and Outlook

We developed a HIC method that enabled us to fractionate single hydropho-
bicity variants of a mAb DS under structure maintaining conditions. We
found elevated levels of higher molecular weight species in three of four hy-
drophilic variants. The fourth hydrophilic variant, H+3, showed decreased
conformational stability and correlated with an also unstable, potentially
aggregation prone charge variant. Out of three hydrophobic variants, one
variants contained increased amounts of aggregates resulting in reduced re-
covery.

A stability test of DS spiked with three hydrophilic variants revealed no
increase in aggregation propensity at the storage conditions of 45 °C for
12 weeks. Therefore, the risk posed by the potentially aggregation prone
variants is considered to be limited. Over the storage time, chemical changes
occurred and possibly interfered with interactions between the variants and
native species. Furthermore, a stability study in different formulation condi-
tions may render a different outcome.

Considering the seen correlation between charge and hydrophobicity vari-
ants, the use of a mixed mode chromatography could combine both separation
modes in one approach. This would be of interest in a future work. Further-
more, MMC provides the possibility to separate variants more distinctly from
aggregates [37].

Our separation and characterization approach as well as the criticality
assessment may be useful to better understand the behavior of different drug
substance lots or biosimilars, to justify purification methods and potentially
to remove critical variants to enhance safety of the drug product.
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4.1 Abstract

Biopharmaceutical products are subject to in depth analysis to ensure and
improve their safety and efficacy. As part of this effort the stability and
aggregation mechanisms of the therapeutic protein is characterized over the
whole live cycle. The stability and aggregation behavior of single charge vari-
ants present in biopharmaceuticals were hardly investigated. In this study we
applied a previously established methodology to assess the charge variants
of the drug substance (DS) of human growth hormone (hGH). We assessed
the stability and aggregation propensity of an acidic variant, which forms at
a larger extend. We developed a semi-preparative method to separate and
analyze the charge species. Thermal and colloidal stability of this variant was
analyzed by light scattering methods and a stability testing in different buffer
formulations. The acidic variant showed slightly attractive self-interaction at
lower pH. Thermal stress did not result in increased aggregation propensity
or decreased stability compared to the DS. Thus, the methodology enabled
to assess the risk of a single protein variant within the DS of hGH. The ap-
proach can also be utilized for other protein drugs as previously shown for a
monoclonal antibody.

Graphical Abstract
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4.2 Introduction

Protein aggregation in biopharmaceuticals is a potential risk for product
quality and safety and is closely monitored by manufacturers and regulatory
authorities [1, 2]. Proteins aggregate as a result of changes in the environ-
ment during manufacturing steps, shipping and storage and while handling
prior to injection [3, 4]. Several different pathways lead to a heterogeneous
mix of aggregates in terms of size, structure, intermolecular bonding and
reversibility [5, 6, 7]. A critical determinant in colloidal stability is the net
charge on the protein surface. The protein net charge can change with single
alterations in amino acid residues and the local environment of the residue,
affecting the dissociation state [8]. Engineering of proteins can be applied to
reduce protein aggregation by modification of the surface charge [9, 10, 11].
Charge affects protein-protein interaction and a high net charge results in
repulsion of molecules, whereas a more heterogeneous distribution of oppos-
ing charges leads to attraction [12]. This interaction strongly depends on
pH value and shielding by counterions in the protein solution [13]. Conse-
quently, charge variants present in biopharmaceuticals may show differences
in colloidal stability affecting the behavior of the whole DS and should be
considered as a critical quality attribute [14].

Charge variants are commonly separated by gel electrophoresis, isoelec-
tric focusing or chromatographic methods and characterized by mass spec-
trometry in one or multidimensional approaches [15, 16, 17, 18]. Thereby,
isoforms and modifications can be identified or separated during downstream
processing. Recombinant human growth hormone (rhGH) is a 22 kDa hu-
man growth hormone produced in E.coli [19]. Pharmacopoeias including the
Ph. Eur and USP contain rhGH monographs with analysis charge variants
by capillary zone electrophoresis (CZE). Corresponding electropherograms
usually reveal three to five charge variants of hGH. These charge variants
are dimers and cleaved rhGH forms eluting before the main peak and several
deamidated forms and a Gln-18 mutant eluting after the main peak, but also
include unidentified forms [20, 21].

Ion exchange chromatographic (IEX) methods for rhGH charge variant
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analysis are most commonly based on anion exchange [20]. Comparable to
CZE, mono- and dideamidated variants [22], a cleaved form, and dimers [23]
of hGH can be separated. Despite of availability of well developed methods
to detect and identify rhGH charge variants, the stability and aggregation
propensity of the separated, single charge variants has not been explored.

We previously separated and characterized charge variants of a mono-
clonal antibody DS [24]. We identified an acidic charge variant with de-
creased conformational stability and increased aggregation propensity. In an
accelerated stability study, this variant did not lead to an increase of aggre-
gation and, therefore, posed limited risk to the DS. In the present study we
wanted to assess, whether this approach can also be applied to a non-mAb
protein with lower molecular mass. By studying rhGH, we aim to under-
stand, whether in this case the charge variants show a different aggregation
propensity, which would trigger concerns about the specifications of the DS
composition.

We started with the development of a semi-preparative ion exchange chro-
matography to fractionate the individual charge variants. Subsequently we
analyzed the separated variants for purity, aggregate content, thermal sta-
bility and self-interaction in order to identify critical variants. We found an
acidic variant, that was formed predominantly during storage at 40 °C for
5 days. This variant was stable in thermal analysis but showed a higher level
of self-attraction in dependence of pH.

After this initial analysis we tested the stability of the predominant acidic
variant and other selected charge variants of rhGH in two different formula-
tion buffers at elevated temperature. Furthermore, we investigated its influ-
ence on the DS by spiking the variant into DS. The stability study at elevated
temperatures demonstrated, that the predominant acidic variant did not dif-
fer in aggregation propensity and did not negatively impact DS stability. The
successful method transfer and the insightful characterization of the behav-
ior of rhGH charge species prove the effectiveness of our methodology, which
provides a basis for evaluation of DS composition and quality.
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4.3 Materials and Methods

4.3.1 Materials

DS of rhGH was provided by Sandoz Biopharmaceuticals (Schaftenau, Aus-
tria). It was formulated at pH 7.0 in a concentration of 17 mg/ml. rhGH is
a 22 kDa protein with an isoelectric point (pI) of pH 5.0 - 5.1.

4.3.2 Strong Cation Exchange Chromatography (SCX)

Analytical SCX was carried out on an Agilent 1200 series HPLC system
(Agilent Technologies, Santa Clara, CA, USA) equipped with a TSKgel SP-
NPR® column (2.5 µm bead size; 4.6 × 350 mm, Tosoh Bioscience, Griesheim,
Germany). 20 µg protein were injected. Elution buffer A was 20 mM sodium
acetate pH 4.8 and buffer B additionally contained 125 mM sodium chloride
as elution buffer. Samples were eluted by a linear gradient form 0 to 95 %
buffer B at a flow rate of 1 ml/min. UV detection was performed at 280 nm.
Chromatograms were analyzed with ChemStation software version B.02.01-
SR2 (Agilent Technologies). For baseline correction, a chromatogram of a
buffer injection was subtracted.

4.3.3 Separation of Charge Variants

rhGH DS was stressed at 40 °C for 5 days in order to increase the relative
amount of charge species present. Semi-preparative charge variant fraction-
ation of the stressed rhGH was performed with a GE ÄKTA purifier FPLC
system (GE Healthcare, Uppsala, Sweden) equipped with a 9 × 250 mm
TSKgel SuperQ® anion exchange (AEX) column (Tosoh Bioscience). The
protein DS was diluted in equilibration buffer (10 mM sodium phosphate
buffer pH 8.0) to a concentration of 5 mg/ml and loaded onto the column
with a flow rate of 0.8 ml/min. Charge variants were eluted with a stepwise
salt gradient from 0 to 150 mM sodium chloride. 0.75 ml fractions were
collected in 1.5 ml polypropylene tubes by a Frac-920 fraction collector (GE
Healthcare). Method programming and evaluation were carried out with the



84
4. Characterization and Risk Assessment of Charge Variants of

Recombinant Human Growth Hormone

help of Unicorn 5.31 Software (GE Healthcare). Fractions containing sin-
gle variants were pooled from several cycles to obtain sufficient material for
further studies. To ensure the validity of our process, all fractions collected
were reunited as control sample and were subsequently handled in the same
way as the charge variant fractions. Fractions and control were concentrated
in VivaSpin 20 centrifugation filter units with 5,000 Da MWCO (Sartorius
Stedim Biotech, Göttingen, Germany) and buffer was exchanged to 10 mM
sodium phosphate pH 7.0. The final concentrations were determined via the
extinction coefficient using a Nanodrop 2000 photometer (Thermo Scientific,
Wilmington, Delaware, USA).

4.3.4 Size Exclusion Chromatography (SEC)

SEC was performed on an Agilent 1200 series HPLC system (Agilent Tech-
nologies). 20 µg per vial were injected into an Acquity UPLC Protein
BEH SEC® column (1.7 µm bead size; 4.6 × 150 mm; Waters, Milford,
MA, USA), and eluted using as mobile phase of 25 mM sodium phosphate
pH 7 + 125 mM sodium chloride + 0.005 % sodium azide at a flow rate of
0.3 ml/min with UV detection at 280 nm. ChemStation software was used for
chromatogram analysis (Version B.02.01-SR2, Agilent Technologies). Chro-
matogram baselines were corrected by subtraction of a buffer injection and
the standard deviation (SD) was depicted in error bars.

4.3.5 Dynamic Light Scattering (DLS)

DLS measurements were carried out with a DynaPro Plate Reader III (Wyatt
Technology, Dernbach, Germany) in a 384 well plate (Corning Life Science,
Tewksbury, MA, USA). Dynamics 7.6 software (Wyatt Technologies) was
used for instrument control and data acquisition. Prior and after dilution,
samples were centrifuged at 10,000 rpm for 10 min to remove any insoluble
particles. The supernatant was used to measure samples in duplicates. The
plate was centrifuged at 2,000 rpm for two minutes in order to remove trapped
air from the plate bottom. A drop of silicone oil was used to seal the wells
and prevent sample evaporation.
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The aggregation onset temperature (Tagg) was determined by ramping a
1.5 mg/ml sample from 25 to 80 °C at a rate of 0.417 °C/min with 2 s DLS ac-
quisition time. and evaluating the hydrodynamic radius against temperature
curve. Samples were analyzed in triplicates.

The diffusion interaction parameter (kD) was derived from the diffu-
sion coefficients (D) of seven protein concentrations between 1 mg/ml and
6 mg/ml at isothermal 25 °C in five acquisitions for 5 s. The kD was cal-
culated as the slope of the linear regression of D versus concentration nor-
malized by D at infinite dilution [25]. The linear correlation of kD and the
second osmotic virial coefficient A2 was used to make assumptions on self-
interaction [26]. At a kD of -6.29 ml/g sign reversal of the corresponding
thermodynamic interaction parameter A*

2 occurs, indicating a change from
net attractive to net repulsive interaction [27]. The coefficient of determina-
tion (R2) was found above 0.9 (except for kD values close to zero, where R2

is close to zero) indicating high confidence of the results.

4.3.6 Static Light Scattering (SLS)

The measurement was carried out with an Optim 1000 (Avacta Analytical
Ltd., Wetherby, UK) using micro-cuvette arrays. 9 µl of each charge variant
and control were analyzed at 1.5 mg/ml in 10 mM sodium phosphate pH 7
or pH 6, with or without 140 mM NaCl added. Prior to filling the cuvette,
samples were centrifuged at 10,000 rpm for 10 min to remove any insoluble
particles. Tagg was obtained from the 90° light scattering at 266 nm by
ramping step wise from 25 °C to 90 °C at 0.5 °C/min. The measurements
were performed in triplicates.

4.3.7 Accelerated Stability Study and Spiking Proce-
dures

Charge variants and control, separated from rhGH DS which was stored
at 40 °C for 5 days, as well as DS were sterile filtered with a 0.22 µm
polyethersulfone filter (VWR International, Radnor, PA) and diluted with
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sterile filtrated buffer to 1.5 mg/ml. Additionally, these samples were added
to sterile filtrated DS at a concentration of 10 % to obtain spiked samples.
Pre-sterilized DIN2R glass type I vials (MGlass AG, Feldkirch, Germany)
were filled with 0.5 ml, closed with 13 mm NovaPure rubber stoppers (West
Pharmaceutical Services, Exton, PA, USA) and stored at 40 °C for the de-
sired time.

4.3.8 Visual Inspection

The presence of visible particles was assessed by naked eye after gentle
swirling of the vials while avoiding the formation of air bubbles. The so-
lutions were checked for 5 s in front of a white plate. The test was repeated
in front of a black plate. The occurrence of particles was recorded.

4.3.9 Ultraviolet Absorption Spectroscopy at 320nm

Turbidity measurements were performed with UV-Vis Spectrophotometer
(HP/Agilent 8453, Agilent Technologies) at 320 nm wavelength. A Quartz
SUPRASIL® Type ultramicro cuvette (Hellma Analytics, Muellheim, Ger-
many) with a path length of 10 mm was used with a sample volume of 70 µl.
The instrument was calibrated with diluted TURB 4000 NTU Formazin
nephelometric standard(Sigma-Aldrich, Darmstadt, Germany). Therefore,
the results are presented in nephelometric turbidity units (NTU). Samples
were analyzed in triplicates and normalized to rhGH DS values for each re-
spective time point for improved comparability.

4.3.10 Sub-visible Particle Counting

A FlowCam 8100 (Fluid Imaging Technologies, Scarborough, ME, USA) was
used for sub-visible particle measurements. Protein samples were diluted 1:1
with formulation buffer in triplicates. 150 µl sample were analyzed with 10 ×
magnification at 0.150 ml/min flow rate and a segmentation threshold of 13.0
for dark pixels and 10.0 for light pixels. The flow cell was rinsed with highly
purified water after each measurement. Sub-visible particles in total number
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and bigger than or equal to 10, and 25 nm are presented as counts per mL.
Error bars indicate the standard error of the mean (SEM).
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4.4 Results and Discussion

4.4.1 rhGH Charge Variant Separation and Fraction-
ation

The analytical SCX separation of rhGH revealed only 1.2 % total amount
of charge variants, including three acidic (AP) and two basic (BP) vari-
ants (Table 4.1). The two BPs were present in very low amounts and not
well separated. After 5 days of storage at 40 °C, the charge variants con-
tent increased without a loss in total peak area. AP2 increased distinctly to
almost 25 %, sparking the interest on further analysis of this charge variant.

Table 4.1: Relative peak areas in analytical SCX and semi-preparative AEX
of rhGH charge variant separation in DS and after storage for 5 days at 40 °C
and purity of the collected fractions as determined by analytical SCX. n.d.
= not detected.

Peak

Peak Area (%)

DS

(SCX)

Peak Area (%)

5 days 40 °C

(SCX)

Peak Area (%)

DS

(AEX)

Peak Area (%)

5 days 40 °C

(AEX)

Purity (%)

Basic 0.3 0.5 0.4 0.2 n.d.

Main 98.5 73.5 98.8 74.2 94.6

AP1 0.8 1.4 0.5 1.3 33.6

AP2 0.3 24.2 0.1 23.9 87.4

AP3 0.06 0.4 0.02 0.3 91.8

These findings were confirmed in semi-preparative AEX. The change of
column material was necessary in order to achieve a higher column capacity
for preparative separation. The semi-preparative column eluted similar peak
areas as the analytical column, both, from rhGH DS and from DS stored
5 days at 40 °C (Table 4.1). The charge variant peak pattern of rhGH
DS was similar to the peaks described in electropherograms of somatropin,
measured according to the CZE test method described in the Ph.Eur. [28,



4.4 Results and Discussion 89

20, 21]. Three acidic variants, AP1 through AP3, were collected from stored
DS (Figure 4.1). The fraction of basic variants remained low. Therefore BP1
and BP2 were collected together as basic species.

Figure 4.1: Semi-preparative AEX chromatogram of rhGH charge variant
separation after storage for 5 days at 40 °C with collected fractions marked.

The purity of the collected variants was assessed via reanalysis by ana-
lytical SCX. AP2, AP3 and Main peak were collected with high purity of
87.4 %, 91.8 % and 94.6 %, respectively (Table 4.1). The purity of AP1 was
compromised by the presence of main species, which was not fully separated
by the AEX method (Figure 4.1). The preparative BP was not recovered by
the purity check with the SCX column.

4.4.2 Aggregate and Degradation Product Content of
the Fractions

5 days of storage at 40 °C had little impact on rhGH monomer content,
causing only a minor increase of aggregates. The total amount of aggregates
found in the charge variants in relation to their peak area was similar to
the control sample, which is a pool of all fractions from AEX separation.
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Compared to the DS stored for 5 days at 40 °C both fragment and aggregate
content were increased by the semi-preparative AEX separation.

Aggregation products of rhGH formed during storage are mainly non-
covalent dimers [20]. The majority of aggregates was found in the BP pool,
which contained more than 30 % aggregates (Figure 4.2). The described
loss of recovery of BP pool may be explained by one of two hypotheses.
(1) the BP pool with high aggregate content was not recovered because it
did not elute from the SCX column with very low resin diameter or (2)
the aggregates dissociate back into monomers as Becker et al. described
for a dimeric species of rhGH with structural similarity to the monomer [29].
However, this observation was made for methods with denaturing conditions.
Although the SCX was carried out under non-denaturing conditions, storage
of the basic fractions at −20 °C prior to reanalysis might have impacted the
dimeric aggregates.

Figure 4.2: HMW and LMW content of rhGH charge variants in DS stored
at 40 °C for 5 days. Error bars indicate SD.

The AP1 content increased from 0.5 % to 1.4 % after 5 days of storage
at 40 °C and showed only small amounts of aggregates but a high content
of fragments. This fragment content makes up to 0.5 % in relation to the
total amount of stored DS. Considering the low purity of this fraction which
contains more than 60 % main species, the actual share of fragments is low.
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The prominent species AP2 included only low amounts of fragments, sim-
ilar to the main peak, but mostly of deamidated forms of rhGH. With 9
asparagine and 13 glutamine residues, rhGH is prone for deamidation [30].
Consequently, deamidated forms of rhGH are major by-products [22]. At neu-
tral pH, like in the DS formulation, the deamidation rate is already slightly
increased. In addition to basic conditions, also elevated temperatures favor
the formation of deamidated rhGH [7] Given the strong peak area increase
of AP2 after storage at 40 °C for 5 days and its monomeric character, we
assume that AP2 consists of deamidated forms of rhGH.

In AP3 both aggregates and fragments were increased. This charge vari-
ant reflects chemical changes as well as deamidation. The latter, however,
to a lesser extend than in AP2. The rhGH charge variants may also contain
oxidized forms that are structurally similar to the main species and result
from methionine oxidation [31].

4.4.3 Thermal Stability and Self-Interaction of rhGH
and the AP2 Charge Variant

The thermal stability of AP2 compared to the DS stored for 5 days at 40 °C
and the control was assessed in SLS and DLS measurements. The BP pool
and AP1 were not included, due to a lack of material. The same applied to
AP3 which was only analyzed by SLS in DS formulation buffer. In addition,
the results of AP1 would have been compromised by its high main peak
content. The stability was assessed in DS buffer (pH 7) and at pH 6, both
with or without 140 mM sodium chloride. The lower pH was chosen in order
to decrease the stability of rhGH and AP2 and to increase the aggregation
propensity [32]. Sodium chloride was added to further destabilize the charge
variants and shield repulsive charge interactions in order to enhance potential
differences in stability.

Tagg determined by SLS was not significantly different for the samples
based on the same buffer formulation (Figure 4.3a). Tagg decreased with
lower pH as it was closer to the pI (5.1) of rhGH and therefore, lower protein
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net charge resulted in decreased electrostatic repulsion. The thermal stabil-
ity decreased further with addition of 140 mM sodium chloride. The high
concentration of sodium chloride also lowers the electrostatic repulsion, lead-
ing to increased aggregation rates [33]. In DLS analysis, the same trend was
observed, with significantly higher variability in Tagg compared to SLS (Fig-
ure 4.3b).

Figure 4.3: Tagg onset temperatures of rhGH stored at 40 °C for 5 days a)
by SLS. b) by DLS. Error bars indicate SD.

Attractive and repulsive forces within the charge variants were investi-
gated by determination of kD in two formulations: in DS buffer at pH 7.0
and at pH 5.5. The pH of the second formulation was further decreased com-
pared to the conditions in Tagg measurements in order to further decrease
electrostatic repulsion. Addition of sodium chloride was omitted in order to
observe protein self-interactions without salt effects.

The kD measurement revealed repulsion of all variants at pH 7.0 (Fig-
ure 4.4). This repulsion is based on a negative net charge on the rhGH
surface. Ablinger et al. reported a zeta potential around -8.5 mV at pH 7.0
and close to zero mV at pH 5.4 [34]. Correspondingly, our samples demon-
strated attractive forces at pH 5.5. This result confirms the postulated de-
crease in electrostatic repulsion in formulations with a pH close the the pI.
The strongest self-attraction was observed in AP2 at pH 5.5. In contrast,
at pH 7.0, AP2 showed strong repulsive forces, more than those of the main
species. Assuming that AP2 is a deamidation product, it has a slightly lower
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Figure 4.4: kD of charge variants from rhGH stored at 40 °C for 5 days by
DLS. Error bars indicate SD.

pI and a more negative net charge at pH 7.0. Stored DS and control showed
markedly lower repulsive forces compared to the main species, potentially
due to the mixture of variants present in these samples.

4.4.4 Stability Study with AP2 Charge Variant

A short term stability study for six weeks at 40 °C was set up to character-
ize AP2. Additional samples were generated by spiking acidic variant into
fresh DS to highlight potential interactions between AP2 and other species
of rhGH. Corresponding to the kD measurement conditions, all samples were
formulated in DS buffer either at pH 7.0 or at pH 5.5.

The visual inspection revealed only minimal particle formation upon stor-
age (Supplement Table 1). In both AP2 and AP2 spiked into DS, first parti-
cles were observed after 4 weeks of storage. This was comparable to DS and
control samples. Only the main species, pure and spiked into DS, appeared
to be more stable. The visual observations were pH independent.

The presence of insoluble aggregates in the samples was additionally as-
sessed in turbidity measurements. Turbidity values of both, AP2 and the
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Figure 4.5: Turbidity a) in pH 7.0 and b) in pH 5.5 formulations after storage
of rhGH protein variants at 40 °C for 6 weeks. The data was normalized to
rhGH DS values. Error bars = SD.

spiked sample were similar to the DS and the control values (Figure 4.5a + b).
The turbidity at pH 5.5 was higher than at pH 7.0, indicating increased ag-
gregate formation at lower pH. This behavior can be explained by the pH and
temperature dependence of rhGH, where more acidic conditions and higher
temperatures favor the formation of aggregates [32].

SEC measurements were conducted to assess the formation of soluble
particles. All samples showed an aggregate content between 1 % to 2.5 %
throughout the stability study (Supplement Figure 1a + b). No differences
between the samples were observed. Consequently, neither AP2 nor AP2
spiked in DS showed an enhanced propensity for self-aggregation or aggrega-
tion with other variants of rhGH.

Furthermore, the presence of sub-visible particles was investigated. Re-
gardless of pH AP2 as pure variant was the only sample that remained low
in particle count (Figure 4.6a + b). AP2 spiked in DS consistently behaved
similar to other sampled spiked in DS in both formulations. Also the num-
ber of particles of ≥ 10 µm and ≥ 25 µm was not increased in and by AP2
(Supplement Figure 2). Thus, AP2 does not negatively impact sub-visible
particle formation in rhGH DS.

The charge distribution within the samples was characterized by SCX.
After two weeks the AP2 content in the samples (except for AP2 itself) was
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Figure 4.6: Particles observed in charge variants from rhGH stored at 40 °C
for 6 weeks: a) accumulated numbers at pH 7.0, b) accumulated numbers at
pH 5.5. Error bars show SEM.

1.6 to 7 fold above the initial content at pH 7.0. At pH 5.5 the AP2 con-
tent increased 1.5 to 5-fold. The main species showed the highest increase of
AP2 in both formulations. Wilhelmsen et al. also described the predominant
increase of the deamidated form most likely corresponding to AP2 in a sta-
bility study of somatropin solution at 4 °C [35]. After four weeks of storage,
the new acidic peaks were observed due to temperature induced deamida-
tion. A distinct identification of the peaks was no longer possible. The more
pronounced increase of acidic species at pH 7.0 is consistent with literature
that described rhGH as prone for deamidation at neutral pH [22, 7]. After 6
weeks of storage at 40 °C, the peak pattern of all samples was more or less
identical. Differences in behavior of the variants were therefore no longer to
be expected.

The stability study at 40 °C for 6 weeks revealed an increase in aggregates
and particles over time. However, AP2 showed no indications of decreased
stability. Despite the slightly increased self-attractive forces at pH 5.5, AP2
had no bias for aggregation with itself or other variants at neither pH for-
mulation.
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4.5 Conclusion and Outlook

In our present study we aimed to characterize charge variants of rhGH in
order to identify potentially aggregation prone variants. We separated sin-
gle charge variants via AEX and analyzed the thermal stability and self-
interaction of the variants. An acidic variant, which was predominantly
formed at elevated temperatures, showed increased attractive forces in kD

measurements under acidic conditions. Despite of the increased self-interaction,
the acidic variant did not tend to aggregate neither with itself, nor with other
components of rhGH DS in a subsequent short term stability study. There-
fore we conclude, that this variant has a similar stability and no enhanced
aggregation propensity compared to the other charge variants. The single
charge variants pose no risk to the aggregation propensity in rhGH DS.

Thus, we successfully transferred our study design for charge variant in-
vestigation from a mAb to a lower molecular weight protein. The methodol-
ogy appears to be applicable across different biopharmaceuticals to gain in
depth knowledge on the behavior of single charge variants.

Our study was limited by the yield of variants. An up-scaling of the charge
variant collection would be beneficial in order to gain variant material for
further analyses of interest, for example, to investigate the pI, the chemical
denaturation behavior or the folding state of the variants. Furthermore, a
broad range study with our methodology to investigate the charge variants of
multiple different proteins would be of interest which would help to identify
patterns in aggregation behavior of charge variants.
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Table 4.2: Visual appearance of rhGH charge variants stored at 40 °C for
6 weeks at pH 7.0 or pH 5.5. clear = no particles or turbidity observed.

week 0 week 2 week 4 week 6

pH 7.0 clear clear few particles few particlesAP2
pH 5.5 clear clear few particles few particles

pH 7.0 clear clear few particles few particles10 % AP2 in DS
pH 5.5 clear clear clear few particles

pH 7.0 clear clear clear clearMain
pH 5.5 clear clear clear clear

pH 7.0 clear clear clear clear10 % Main in DS
pH 5.5 clear clear clear clear

pH 7.0 clear clear few particles few particlesControl
pH 5.5 clear few particles few particles few particles

pH 7.0 clear clear few particles few particles10 % Control in DS
pH 5.5 clear clear clear few particles

pH 7.0 clear clear few particles few particles22 kDa protein DS
pH 5.5 clear few particles few particles few particles

pH 7.0 clear clear few particles clearBuffer
pH 5.5 clear clear clear clear
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Figure 4.7: SEC of a) pH 7.0 and b) pH 5.5 formulations after storage of
rhGH protein variants at 40 °C for 6 weeks. The data was normalized to
rhGH DS values (= 1). Error bars = SD
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Figure 4.8: Particles observed in charge variants from rhGH stored at 40 °C
for 6 weeks: a) particles ≥ 10 µm at pH 7.0, b) ≥ 10 µm at pH 5.5, c)
≥ 25 µm at pH 7.0 and d) ≥ 25 µm at pH 5.5. Error bars show SEM.
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5.1 Abstract

Chaperonins are proteins that ensure protein function in living organisms and
prevent aggregation of proteins. Mis- and unfolded proteins are detected and
repaired by the chaperonins in an active folding process. The chaperonin first
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has to bind the un- or misfolded protein in a hydrophobic cavity called apical
domain. We aimed to express the apical domain of GroEL, a chaperonin of
e.coli, in order to detect unfolded protein variants in drug substances. This
approach would offer the possibility to characterize, detect and potentially
quantify mis- and unfolded variants in protein solutions or to study intrinsic
unfolding in stability studies.

5.2 Introduction

While the biopharmaceutical industry is constantly searching for new or im-
proved technical means to prevent protein aggregation and ensure protein
function, living organisms have an endogenous approach: chaperonins. As a
subclass of chaperons, chaperonins are oligomeric proteins with a cylindrical
structure. This structure enfolds a hydrophobic cavity which can bind mis-
and unfolded proteins, preventing these proteins from aggregation. Under
consumption of adenosine triphosphate the falsely folded proteins are con-
verted into their native state [1, 2]. One representative is GroEL, a 800 kDa
chaperonin of e.coli. It is composed of two rings of seven 57 kDa subunits.
In the center of these rings is a cavity of 45Å in diameter [3]. Each subunit
contains an apical domain which faces the cavity with strongly hydrophobic
amino acids [4]. The sequence in the cavity considered to be responsible
for binding hydrophobic proteins consists of isoleucine, valine, methionine,
leucine, phenylalanine (IVMLF) [5]. In case of the formation of a GroEL-
protein-complex the respective protein itself additionally requires a certain
degree of hydrophobicity [5]. The apical domain, a 16.7 kDa fragment of
GroEL consisting of the peptide residues 191-345 can be expressed as a mini-
chaperonin which maintains its binding functionality [6, 7, 8, 9].

GroEL and its apical domain (GroEL-AD / mini-chaperonin) have pre-
viously been demonstrated to bind mis- and unfolded proteins in in vitro
experiments. Naik et al. utilized the whole GroEL chaperonin as tool to
screen for and quantify aggregation prone proteins [10]. They immobilized
GroEL on biosensors for biolayer interferometry (BLI) and detected proteins
challenged in conformational stability. They also suggested this approach
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to screen for stabilizing formulations. In their experiments proteins built a
complex with GroEL in dependence of the applied stress and the presence of
stabilizers [11, 12]. Altamirano et al. expressed a His-tagged GroEL mini-
chaperonin and attached it to column resins for refolding chromatography
and were able to renature proteins and restore biological activity [8]. A
similar approach was used to renature enzymes [13].

In this study, we aimed to develop an additional method for the detection
of potentially aggregation prone protein variants by the detection and po-
tentially quantification of mis- or unfolded protein variants. This could also
include the surveillance of intrinsic unfolding in stability studies. Therefore,
we expressed GroEL-AD with an histidine tag (His-tagg). An N-terminal
histidine tag was shown to not interfere with binding activity [6]. After suc-
cessful expression of the mini-chaperonin, we checked the binding function
as a proof of concept. Unfortunately, native gel-electrophoresis revealed that
the mini-chaperonin aggregated and lost its functionality.
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5.3 Materials and Methods

5.3.1 Materials

The GroEL plasmid pBB541 was a gift from Bernd Bukau (Addgene plasmid
# 27394 ; http://n2t.net/addgene:27394). mAb DS, granulocyte colony-
stimulating factor (GCSF) and recombinant human growth hormone (rhGH)
were provided by Sandoz (Schaftenau, Austria).

5.3.2 Plasmid construction

The gene sequence for GroEL-AD was extracted from plasmid pBB541 and
amplified by polymerase chain reaction (PCR) with forward primer 5´--
CCATGGCACATCACCACCACCATCACGTGGAAGGTATGCAGTTCG-
ACCGTG-3´ and reverse primer 5´-TTAATTAATCATTAAACGCCGCCTG-
CCAGTTTCG-3´ (Sigma-Aldrich Life Science, Darmstadt, Germany). The
primers introduced PvuII and HindIII sites flanking the PCR product cod-
ing for GroEL-AD, which enabled the ligation into a pJET1.2/blunt cloning
vector (Thermo Fisher Scientific, Rockford, USA). The successful transfor-
mation and cloning of the plasmid into e.coli strain DH5α was confirmed
by sequencing (performed by the sequencing service of the LMU Biocenter,
Martinsried, Germany).

The plasmid coding for GroEL-AD was once more extracted and digested
with restriction enzymes Pacl and Ncol (New England BioLabs, Ipswich,
MA, USA), simultaneously with the promoter plasmid pET45b. pET45b
was utilized to introduce a sequence coding for a N-terminal histidine tail on
the apical domain. Furthermore, a lac-operon was introduced to facilitate
protein expression by induction with isopropyl-D-galactopyranoside (IPTG).
The new plasmid was cloned into e.coli strain BL21 for protein expression.

5.3.3 Protein expression and purification

An overnight culture of E. coli BL21 (DE3) cells coding for the His-tagged
GroEL-AD was inoculated to 3% into lysogeny broth (LB) medium with
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100 µg/ml ampicillin. At an OD600 of 0.6-0.8 protein expression was induced
by addition of 1 µM or 1 mM IPTG (Sigma, St. Louis,MI, USA) followed by
incubation for 5 hours. Cells were harvested by centrifugation and purified
either by small scale protein purification with HisPur™ Cobalt Purification
Kit (Thermo Fisher Scientific, Rockford, USA) or up-scaled using an Äkta
purifier (Cytiva, Marlborough, MA, USA) equipped with a Protino Ni-NTA
column (Macherey-Nagel, Düren, Germany). In both procedures, cells were
resuspended in NPI-10 buffer (50 mM sodium phosphate, 300 mM sodium
chloride and 10 mM imidazole, pH 8) and lysed with 10 mg/ml lyzozyme,
250 Units/ml benzoase nuclease and 250 units/ml Pierce Universal Nucle-
ase. The lysate was loaded onto the column equilibrated with NPI-20 buffer
(50 mM sodium phosphate, 1 M sodium chloride and 20 mM imidazole, pH 8),
followed by three wash steps with NPI-20 buffer. The mini-chaperonin was
eluted in two steps with NPI-500 buffer (50 mN sodium phosphate, 300 mM
sodium chloride and 500 mM imidazole, pH 8). Buffer was exchanged to
PBS.

GroEL-AD was analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PGE) and native PAGE (both gels from BioRad, Her-
cules, CA,USA), both with subsequent western blotting. A 6x-His tag mono-
clonal antibody coupled to horse radish peroxidase (Thermo Fisher Scientific)
was utilized for identification of the His-tagged mini-chaperonin. Quantifi-
cation was performed via Bradford assay (BioRad).

5.3.4 MicroScale Thermophoresis (MST)

GroEL-AD was labeled with either Monolith Protein Labeling Kit RED-NHS
2nd Generation or Monolith His-Tag Labeling Kit RED-tris-NTA 2nd Gen-
eration (NanoTemper, Munich, Germany). Presence and identity of protein
after labeling was checked with Tycho NT.6 (NanoTemper). The presence of
GroEL-AD was confirmed by fluorescence transition at about 58 °C [14]. The
labeling induced signal intensity was pre-check with Monolith NT.115 (Nan-
otemper) to determine the required laser intensity for MST measurements.
MST-buffer (Tris buffer, Nanotemper) with 0.005% of Tween20 was used
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as measuring buffer. Ligand concentrations were between 6.7 – 67 nM for
RED-NHS-labeled proteins and 107 – 1070 nM for His-Tag-labeled proteins.
Ligands including mAb DS, rhGH and rhodanese were incubated in 6.25 M
(50 % unfolding / denaturation of mAb after 20 hours with 6.25 M Urea) or
8.0 M Urea overnight or were stressed either at 60 °C or mechanically for 1
hour.

5.3.5 Biolayer Interferometry (BLI)

BLI measurements were conducted with a BLItz (FortéBio, CA, USA). HIS1K
Biosensors (FortéBio), which utilize a anti-penta-HIS antibody were incu-
bated in PBS with 0.005 % Tween, pH 7.4 to measure the baseline. The
mini-chaperonin was loaded for 150 s at 3 µM during the loading step. After
a second baseline (30 s) the association of ligands at a concentration of 30 µM
was conducted for 300 s.

With AR2G Biosensors (FortéBio), proteins of interest were loaded on the
sensor by amino reactive coupling for 300 s. The mini-chaperonin was incu-
bated for 600 s in the association step with concentrations between 50 nM -
275 nM.

With both sensor types, steps with buffer during loading or association
steps served as control. The relative response was calculated as the self-
interaction signal normalized to the amount of captured mAb [15].
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5.4 Results and Discussion

5.4.1 Mini-chaperonin purification, quantification and
identification

The successful cloning and transformation of the sequences coding for the
GroEL-AD and the 6x-His tag was confirmed by PCR analysis. After protein
expression, the mini-chaperonin was purified by cobalt spin columns. This
process was monitored by SDS-PAGE (Figure 5.1) with bands slightly higher
than 15 kDa, reflecting the 17 kDa mini-chaperonin.

Figure 5.1: Monitoring of GroEL-AD purification by SDS PAGE stained with
Coomassie blue. Left induced with 1 µM IPTG, right with 1 mM IPTG.

The expression yielded 300 and 400 µg/ml GroEL-AD after protein ex-
pression induction with 1 µM or 1 mM of IPTG, respectively. Some mini-
chaperonin may be trapped in inclusion bodies, that eluted as weak bands
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in higher size ranges [8, 16]. The purification scale-up to a Ni-NTA column
yielded similar amounts of GroEL-AD. The identity of the bands that eluted
at about 15 kDa was confirmed by western blotting (Figure 5.2).

Figure 5.2: Gro-EL-AD identified by an anti-His antibody detected by chemi-
luminescence in western blotting.

5.4.2 Functionality of the mini-chaperonin

MST measurements were performed to investigate the functionality of the ex-
pressed GroEL-AD. During the infrared laser induced temperature gradient,
binding of the mini-chaperonin to ligands can be observed by the fluorescence
signal of the molecule moving, that depends on molecule size, hydration shell
and conformation [17, 18]. Binding of rhodanese, a mAb and rhGH which
show different hydrophobicity was tested.

Little differences in the signal between buffer, the native and the partially
denatured protein samples were observed (Figure 5.3). Neither measurements
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Figure 5.3: MST response of GroEL-AD labeled with NHS with ligands a)
rhodanese denatured by temperature or chemical stress b) mAb chemically
denatured and c) rhGH and mAb mechanically stressed.



114
5. I’ve got you covered: A first step towards a mini-chaperonin

for protein variant characterization

with His-labeled GroEL-AD, nor with NHS-labeled ligands gave specific sig-
nal results. Only for rhodanese, which is known to bind well to GroEL, a
low signal was observed [19, 20]. Surprisingly, heat denatured rhodanese did
not bind to the mini-chaperonin (Figure 5.3a). Also mAb at high concentra-
tion of 10 mg/ml, partially denatured in urea, did not show a clear response
depended on the presence of GroEL-AD compared to untreated mAb of the
same concentration (Figure 5.3b). An increase of protein concentrations may
result in more clear binding events, however, it would decrease the mobility
of the labeled protein. Thus, GroEL-AD binding could not be detected by
MST.

Additionally, BLI measurements were conducted looking for GroE-AD
binding. Different buffers, protein and GroEL-AD concentrations were tested.
The biosensors could be successfully loaded with either mini-chaperonin or
partially denatured protein. The subsequent incubation in partially dena-
tured protein or mini-chaperonin, respectively, did not result in any specific
association of protein, confirming the MST results.

Figure 5.4: Western Blot with native PAGE of GroEL-AD displayed as a)
chemiluminescence and b) inverted.

A final check of potential binding of the mini-chaperonin to protein was
performed by a native PAGE with subsequent western blotting. The mini-
chaperonin band was found at about 40 kDa, suggesting a multimerization
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of the GroEL apical domain. The multimeric size was confirmed in dynamic
light scattering.

Thus, the lack of binding of the mini-chaperonin to the two therapeu-
tic proteins rhGH and mAb, as well as the control rhodanese, unfolded by
different means, was most likely caused by the multimerization of the mini-
chaperonin. The observed GroEL-AD association has not been described in
literature up to now. Further investigations are necessary to achieve a sta-
ble, monomeric mini-chaperonin, specifically the expression of a more stable
chaperonin fragment.
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5.5 Conclusion and Outlook

We cloned and transformed a plasmid coding for the mini-chaperonin GroEL-
AD and successfully expressed the protein in e.coli DH5 cells. The mini-
chaperonin was purified and the identity of the resulting protein was con-
firmed by size and His-tag presence.

Both, in MST and in BLI measurements, no specific binding of GroEL-
AD with native and unfolded rhGH, mAb, and rhodanese, which come with
different hydrophobic patterns, was observed. Due to multimerization, the
binding function of the apical domain was hindered. Further investigation
of the structure of the mini-chaperonin could give answers on the cause for
the multimerization and may provide guidance for the expression of a more
stable, less self-interacting mini-chaperonin.
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Chapter 6

Final Summary

Protein biopharmaceuticals are composed of an extremely high number of
chemical variants. Even small changes in sequence or structure can cause
a variant to behave differently from the naive protein. This behavior may
involve increased interaction of the variant with itself or with other variants
of the biopharmaceutical product. This thesis aimed for a closer examination
of the main variants in protein therapeutic and, thereby, to gain a profound
knowledge of the interaction behavior and the aggregation tendency of the
variants.

Chapter 1 describes the origin and significance of the protein variants
known in literature, with a focus on charge and hydrophobicity variants. In
the further course, the impact of protein variants on stability and aggregation
are introduced. Furthermore, we introduce the resulting open questions,
which this thesis aims to investigate.

In order to be able to examine protein variants, they can be separated
chromatographically. A semi-preparative SCX method with salt- and pH-
gradient was established, to separate and enrich individual charge protein
variants of a mAb DS (Chapter 2). The conformational and the colloidal
stability of the mAb charge variants were analyzed. An acidic variant showed
divergent behavior in terms of decreased conformational stability and forma-
tion of aggregates with unfolded variants. Molecular modeling of the charge
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variant confirmed the increased aggregation tendency based on a more hy-
drophobic surface. After a subsequent stability study with the charge variants
spiked into DS an elevated risk of increased aggregation on the mAb product
could be excluded. Thus, the mAb charge variants did not reduce the overall
mAb DS stability.

Subsequently, in Chapter 3 we further investigated the same mAb, now
with a focus on hydrophobicity variants. For the development of the semi-
preparative separation method, it was particularly important to select non-
denaturing conditions for the separation of the hydrophobicity variants. This
was achieved by using propylene glycol as an elution enhancer. Size, thermal
stability and self-interaction of the collected variants were analyzed. Among
several hydrophilic variants that were involved in aggregation, one variant
stood out for its additionally reduced stability. Moreover, this hydrophilic
variant corresponded with the aggregation prone acidic variant described in
chapter 2. Finally, the hydrophobicity variants were spiked into mAb DS and
analyzed in an accelerated stability study. Also the hydrophobicity variants
did not induce increased aggregation in mAb DS.

Next, the approach of charge variant investigation was transferred to
rhGH (Chapter 4). The semi-preparative charge variant separation method
was based on AEX. SEC and IEX were applied to characterize the charge
variants of rhGH. The stability of the variants was assessed by DLS and SLS
measurements under various buffer conditions. At elevated temperature, an
acidic deamidation variant was formed in remarkably high quantity. In de-
pendence of pH, this acidic variant showed elevated attractive self-interaction.
Upon an accelerated stability study with varying pH conditions, the acidic
variant was not prone for aggregation with itself or other rhGH charge vari-
ants.

Chapter 5 aimed to utilize GroEL-AD to characterize and quantify pro-
tein variants regarding their hydrophobicity. At first, the functional cavity
of the chaperonin, the apical domain, was engineered and expressed in an
E.coli strain. Secondly, the functionality of the obtained mini-chaperonin
was tested by native PAGE, western blotting, BLI and MST. The mini-
chaperonin was present as a trimer, which appears to prevent the mini-
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chaperonin from attaching to hydrophobic surfaces of the protein variants.
Overall, the approach is promising, but engineering and stabilization of the
mini-chaperonin need to be refined.

In summary, the approach of separation and characterization of protein
variants proofed to be a beneficial tool to understand and classify the be-
havior of protein variants. It may improve the development of biopharma-
ceuticals by ensuring minimal risk of aggregation due to inherent variants or
degradation products, which are inevitably present in protein therapeutics.
By the investigation of further proteins, data can be generated in order to
conclude whether behavioral patterns of variants can be transferred across
proteins for aggregation risk assessment.
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