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Abstract

Monoclonal antibodies (mAbs) have found tremendous success as pharmaceuticals for

the treatment of a remarkable variety of human conditions. Nevertheless, chemical

and physical stability of these molecules still can represent a major challenge for their

successful development and manufacturing. Aggregation is a particularly problematic

degradation route, since protein aggregates are potentially immunogenic, which can lead

to serious adverse events after administration. Thus, it is crucial to avoid aggregation

during processing as well as over the course of product shelf life. In this thesis, we

investigated the aggregation mechanism of several therapeutic antibodies both within a

critical stage of production as well as over the course of long-term storage. Based on our

results, we suggest strategies to mitigate aggregation in order to achieve higher process

yields as well as make recommendations on how to identify stable antibody formula-

tions.

During manufacturing, mAbs routinely undergo acidic treatment to inactivate viral con-

tamination, which can lead to their aggregation and thereby to product loss. We studied

the aggregation behavior of two mAbs both during low pH incubation as well as af-

ter neutralization, mimicking the conditions commonly encountered in manufacturing.

Surprisingly, the mAbs do not aggregate at low pH, which can be explained by the low

ionic strength of the product pool that renders electrostatic repulsion strong enough to

prevent close encounters. On the other hand, the mAbs denature partially during the

acid exposure and start to aggregate, when the solution is neutralized. Decreasing mAb

denaturation at low pH either by an additive or by reducing temperature improves the
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percentage of recovered monomer after neutralization. Those might represent attractive

strategies to increase product yields in downstream processing.

In manufacturing, aggregates represent an impurity that must be removed. On the other

hand, aggregation can also take place within the final product over the course of its

storage. Therefore, scientists have to develop formulations that ensure protein stability

for extended periods of time. High temperature is routinely used as stress condition

for stability testing of mAb formulations. Among the various physicochemical char-

acteristics of protein aggregates, it is emerging that their size can potentially influence

their immunogenic potential. Thus, stability studies should not only evaluate the rate of

monomer loss but also carefully determine the size distribution of the formed mAb ag-

gregates, which will be determined by the microscopic aggregation mechanism. There-

fore, we studied the aggregation behavior of different formulations of two mAbs in the

temperature range from 5◦C to 50◦C over a 52 weeks period of storage. The aggregation

rate of both mAbs exhibits non-Arrhenius temperature-dependence and the aggregation

mechanisms change between 40◦C and 5◦C. Consequently, at different temperatures the

same extent of monomer loss leads to different types of aggregates. Specifically, dimer

formation dominates at low temperatures, while larger aggregates are formed at higher

temperatures. Further, the stability ranking of different molecules as well as of different

formulations of the same molecule can be drastically different at 40◦C and 5◦C. Thus,

our results pose critical questions about the level of information provided by forced

degradation studies at 40◦C with respect to protein stability under storage conditions

and suggest that future research should focus on the dimerization step of the aggre-

gation mechanism. Generally, it might be necessary to consider the distance between

incubation temperature and denaturation temperature in order to identify the tempera-

ture range that can provide acceleration without drastically changing the aggregation

process.
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Having demonstrated the inherent limitations of thermal stress as method to predict stor-

age stability, we investigated, whether biophysical parameters of mAb solutions could

be indicative instead of aggregation propensity. In this context, native protein-protein

interactions can play an important role in determining the tendency to aggregate at low

temperatures. Phase separation of mAb solutions induced by the addition of neutral

polymers such as poly(ethylene glycol) (PEG) represents a simple method to assess the

predisposition of a protein to self-associate in the native state. We observed that the

location of the phase boundary correlates well with other measures for protein-protein

interactions. Further, a correlation between aggregation rate and phase behavior was

found across different mAbs at low ionic strength and across different excipients as

tested for one mAb. However, the correlation disappeared at higher ionic strength when

sodium chloride was used as excipient. Thus, PEG-induced phase separation represents

a convenient method to assess native protein-protein interactions. On the other hand,

correlation with the aggregation rate depends on molecule and formulation composition.

Other aspects such as the stability of the protein conformation and interactions between

partially non-native species might be more decisive in those cases. Nonetheless, formu-

lation conditions that render native protein-protein interactions more repulsive should

generally be preferred in order to minimize the aggregation rate.

In conclusion, protein aggregation is a complex interplay between the stability of the

native conformation and inter-molecular interactions. In order to prevent mAbs from

aggregating, one has to carefully balance the effects of solution conditions on both as-

pects.
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Zusammenfassung

Monoklonale Antikörper (mAbs) und werden mittlerweile als Arzneimittel zur Behand-

lung einer Vielzahl von menschlichen Erkrankungen eingesetzt. Dennoch kann die

chemische und physikalische Stabilität dieser Moleküle eine große Herausforderung

in ihrer Entwicklung und Produktion darstellen. Aggregation ist in diesem Zusam-

menhang ein besonders problematischer Degradationsweg, da Proteinaggregate poten-

ziell immunogen sind, was nach Verabreichung des Medikaments zu schwerwiegenden

Nebenwirkungen führen kann. Daher ist es wichtig, Aggregation sowohl während der

Herstellung als auch über die gesamte Haltbarkeitsdauer des Produkts zu vermeiden. In

dieser Arbeit untersuchten wir den Aggregationsmechanismus mehrerer therapeutischer

Antikörper sowohl für eine kritischen Phase der Produktion als auch in ihrer Lagerung.

Basierend auf unseren Ergebnissen schlagen wir Strategien vor zur Verminderung der

Aggregation während der Aufreinigung von Antikörpern und geben Empfehlungen ab,

wie man stabile Antikörperformulierungen identifizieren kann.

Um virale Kontamination zu inaktivieren, werden mAbs während ihrer Herstellung

routinemäßig einer sauren Behandlung unterzogen, welche zur Aggregation des An-

tikörpers und damit zu Produktverlust führen kann. Wir untersuchten das Aggrega-

tionsverhalten zweier Antikörpern sowohl während der Inkubation bei niedrigem pH als

auch nach der anschliessenden Neutralisation und orientierten uns dabei an den in der

Produktion üblichen Bedingungen. Überraschenderweise aggregieren die Antikörper

bei niedrigem pH nicht, was durch die geringe Ionenstärke des Produktpools erklärt

werden kann, welche die elektrostatische Abstoßung zwischen Proteinmolekülen stark
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genug macht. Andererseits denaturieren die Antikörper während der Säureeinwirkung

teilweise und beginnen zu aggregieren, sobald die Lösung neutralisiert wird. Reduk-

tion der Denaturierung bei niedrigem pH, entweder durch einen Zusatzstoff oder durch

Temperaturabsenkung, verbessert den Anteil des nach der Neutralisierung zurückge-

wonnenen Monomers. Diese Massnahmen stellen somit potentielle Strategien zur Steigerung

der Produktausbeute in der Aufreinigung von Antikörpern dar.

In der Produktion stellen Aggregate eine Verunreinigung dar, welche entfernt werden

muss. Andererseits kann Aggregation auch während der Lagerung des Endprodukts

erfolgen. Daher müssen Formulierungen entwickeln werden, welche die Proteinsta-

bilität über einen längeren Zeitraum gewährleisten. Hohe Temperaturen werden rou-

tinemässig als Stressbedingung in der Stabilitätsprüfung von mAb-Formulierungen ver-

wendet. Gleichzeitig zeichnet sich seit Kurzem ab, dass die Größe von Proteinaggre-

gaten massgeblich ihr immunogenes Potenzial beeinflussen kann. Daher sollten Sta-

bilitätsstudien nicht nur die Rate des Monomer-Verlusts, sondern auch die Größen-

verteilung der gebildeten mAb-Aggregate genau ermitteln, welche durch den mikroskopis-

chen Aggregationsmechanismus bestimmt wird. Wir haben das Aggregationsverhalten

verschiedener Formulierungen zweier Antikörper im Temperaturbereich von 5◦C bis

50◦C über einen Zeitraum von 52 Wochen untersucht. Für beide Antikörper folgt die

Temperaturabhängigkeit der Aggregationsrate nicht dem Arrhenius-Gesetz und der Ag-

gregationsmechanismus ändert sich zwischen 40◦C und 5◦C. Folglich führt der gleiche

Grad an Monomer-Verlust bei unterschiedlichen Temperaturen zu unterschiedlichen

Aggregatpopulationen. Insbesondere dominiert bei niedrigen Temperaturen die Dimer-

Bildung, während bei höheren Temperaturen größere Aggregate entstehen. Darüber

hinaus kann die Stabilitätsrangliste verschiedener Moleküle sowie verschiedener For-

mulierungen desselben Moleküls bei 40◦C und 5◦C drastisch unterschiedlich sein. Un-

sere Ergebnisse werfen daher kritische Fragen über den Informationsgehalt von Sta-
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bilitätsstudien bei 40◦C in Bezug auf die Proteinstabilität unter Lagerbedingungen auf

und legen nahe, dass sich die zukünftige Forschung auf den Dimerisierungsschritt des

Aggregationsmechanismus konzentrieren sollte. Im Allgemeinen könnte es notwendig

sein, die Distanz zwischen Inkubationstemperatur und Denaturierungstemperatur zu

berücksichtigen, um einen Temperaturbereich zu identifizieren, in welchem die Aggre-

gation beschleunigt wird, ohne den Aggregationsmechanismus drastisch zu verändern.

Nachdem wir die Einschränkungen von thermischem Stress als Methode zur Vorhersage

der Lagerstabilität aufgezeigt haben, haben wir untersucht, ob stattdessen biophysikalis-

che Parameter von mAb-Lösungen etwas über die Aggregationsneigung bei Lagerbe-

dingungen aussagen können. In diesem Zusammenhang können Wechselwirkungen

zwischen nativen Proteinmolekülen eine wichtige Rolle bei der Bestimmung der Ten-

denz zur Aggregation bei niedrigen Temperaturen spielen. Phasentrennung nach Zugabe

von neutralen Polymeren wie Polyethylenglycol (PEG) stellt ein einfaches Verfahren

dar, um die Veranlagung eines Proteins zur Selbstassoziation im nativen Zustand zu

beurteilen. Wir haben beobachtet, dass die Lage der Phasengrenze gut mit anderen

Grössen zur Quantifizierung von Protein-Protein Wechselwirkungen korreliert. Des

Weiteren wurde eine Korrelation zwischen Aggregationsrate und Phasenverhalten für

verschiedene mAbs bei niedriger Ionenstärke und für verschiedene Hilfsstoffe bei einem

mAb gefunden. Allerdings verschwand die Korrelation bei höherer Ionenstärke, wenn

Natriumchlorid als Hilfsstoff verwendet wurde. Insgesamt stellt die PEG-induzierte

Phasentrennung eine geeignete Methode dar, um native Protein-Protein Wechselwirkun-

gen zu ermessen. Andererseits hängt die Korrelation mit der Aggregationsrate von

Molekül und Formulierungszusammensetzung ab. Andere Aspekte wie die Stabilität der

Proteinkonformation und Wechselwirkungen zwischen teilweise denaturierten Molekülen

könnten in diesen Fällen entscheidender sein. Im Allgemeinen sollten jedoch For-

mulierungsbedingungen bevorzugt werden, welche native Protein-Protein Wechselwirkun-
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gen abstoßender machen, um die Aggregationsrate während der Lagerung zu minimieren.

Zusammenfassend lässt sich sagen, dass Proteinaggregation ein komplexes Zusammen-

spiel zwischen Stabilität der nativen Proteinkonformation und inter-molekularen Wech-

selwirkungen darstellt. Um die Aggregation von mAbs zu reduzieren, muss man die

Auswirkungen der Umgebungsbedingungen auf beide Aspekte sorgfältig abwägen.
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1. Introduction

1.1 Biotechnology, Recombinant DNA & Therapeutic
Proteins

The United Nations define “biotechnology” as any technological application that uses
biological systems, living organisms, or their derivatives to make or modify products
and processes (United Nations, 1992). In the context of pharmaceutical applications,
the term mainly is used to denote the production of active ingredients from biological
sources [1]. Pharmaceuticals containing such ingredients are then classified as biophar-
maceuticals or biologics. The term biopharmaceuticals still covers a wide variety of
products including vaccines, blood/plasma components, hormones, etc. [2, 3]. In the
following, we will focus on therapeutic proteins, in particular those that are produced
utilizing recombinant DNA technology.

Proteins are macromolecules made out of one or multiple chains of amino acid residues
(called polypeptide) and are omnipresent within cells and organisms fulfilling a plethora
of functions [4,5]. Thus, proteins can also be used as active pharmaceutical ingredient to
treat human conditions. Their biosynthesis within cells is based on the genetic code con-
tained in the DNA [5,6]. In the 1970s, several breakthrough discoveries led to the ability
to perform molecular cloning, i.e. to manipulate/create DNA sequences (indicated by
the term recombinant) and introduce them into the genome of host organisms [7, 8].
Consequently, this technology can be used to produce large quantities of a desired pro-
tein by genetically modified cells (e.g. bacteria, yeasts, mammalian cells, etc.) [9, 10].
The first drug with a recombinant protein as active ingredient was Humulin® (recom-
binant human insulin) marketed by Eli Lilly and Company in 1982 [11]. Over the next
approximately 40 years, recombinant proteins have established themselves as important
class of pharmaceuticals, both clinically and commercially [3], e.g. global revenues of
recombinant protein drugs exceeded 100 billion US$ in 2017.

1.2 Monoclonal Antibodies

Monoclonal antibodies currently represent the dominating class of protein-based drugs
on the market [3, 12]. Antibodies, also called immunoglobulins (Ig), are Y-shaped gly-
coproteins that are a natural part of the adaptive immune system of vertebrate organ-
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isms [5, 13, 14] and responsible for the recognition of antigens. Antigens are for exam-
ple pathogens like bacteria or viruses but can also involve cells of the organism such as
tumor cells. Igs bind with high specificity and affinity to a certain part of the antigen
surface, which is called epitope. The bound antibody molecules then direct immune
cells to the antigen, initiating a cascade of events that leads to the elimination of the
threat.

In mammals, five Ig classes are known, i.e. IgA, IgD, IgE, IgG, and IgM [5]. All
of them share the same basic structure, i.e. their molecules consist of four polypep-
tide chains, two identical heavy chains and two identical light chains (see Figure 1.1).
The chains are held together by disulfide bridges between cysteine residues as well as
non-covalent interactions. Antigen binding occurs at the tip of the Fab (i.e. fragment
antigen-binding) regions where the variable domain of each chain is located. The IgG
class is predominant in the blood as well as other corporal fluids and possesses a long
serum half-life. Thus, the vast majority of mAb drugs are based on IgG molecules.

Figure 1.1: Schematic structure of an Ig molecule. It contains two identical heavy chains and
two identical light chains, which are connected by disulfide bridges as well as non-covalent in-
teractions. Heavy and light chain consist of four and two domains, respectively, as represented
here by ellipses. The molecule is divided into an Fc region (blue) and two Fab regions (red).

The high binding specificity of antibodies can be harnessed for pharmacological appli-
cations. For example, antibodies can be used to block certain cellular receptors in order
to intervene with the progression of a condition as it is the case for Humira® (adali-
mumab) that suppresses the physiological response to TNF-α [14].
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1.2.1 Discovery & Development of Therapeutic MAbs

The term monoclonal indicates that all considered antibody molecules are expressed by
cells that are identical clones of a unique parent cell [15]. Thus, all molecules share
the same amino acid sequence and will bind to the same epitope [16]. The hybridoma
technology invented by César Milstein and Georges J. F. Köhler in 1975 enables the
construction of cell lines that are producing such identical copies of an antibody [17].
Hybridoma cells are created by fusing mouse myeloma cells (B lymphocyte cancer
cells) with mouse B lymphocytes from an animal that was immunized by exposing it to
an antigen. Such fused cells will divide indefinitely while expressing the desired anti-
body. The first therapeutic mAb Orthoclone OKT3® (muromonab-CD3) approved by
the FDA in 1985 was developed using the hybridoma technology [16]. Early therapeutic
mAbs produced by such cell lines had the inherent limitation that their sequence was
based on the murine antibody gene repertoire and thus contains motifs that are foreign
to the human body leading to immune responses from patients [18]. Later, the develop-
ment of transgenic mice allowed for the production of fully human antibodies still using
the hybridoma technology.

Parallel to in vivo discovery by immunization of mice, in vitro mAb selection tech-
nologies such as phage display have been developed since the 1990s [16,18]. Those are
based on enormous libraries of antibody genes and enable the discovery of antibodies
against antigens that are not suitable for immunization in animals. Adalimumab was
the first therapeutic mAb approved for marketing that had been discovered by phage
display. Today, a significant share of the mAbs in clinical development are in vitro dis-
coveries.

After identification of candidate molecules that show promising binding accuracy, their
sequences are usually further optimized by mutagenesis, i.e. exchanging one or multi-
ple amino acid residues [19, 20]. In that way, libraries of variants are created that are
then screened with different methods to improve binding affinity and biophysical char-
acteristics, reduce immunogenicity etc. [21–23]. This process finally leads to genes that
code for the desired amino acid sequence of heavy and light chain.

Mammalian cells such as Chinese hamster ovary (CHO) or NS0 murine myeloma cells
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are the predominant expression system for therapeutic mAbs nowadays [10, 24]. To
create a production cell line, an expression vector for the optimized antibody genes is
constructed and the cells are transfected with it. The generated clones are then screened
for high productivity as well as product quality, cell line stability, etc. [24–26]. Selection
of the production clone is considered a very critical step in cell culture process develop-
ment, since all attributes of product and manufacturing process are heavily dependent
on the employed cell line.

1.2.2 Manufacturing of MAbs

Due to time and cost pressure as well as regulatory liabilities, process development for
the manufacturing of therapeutic mAbs, especially during the early stages of clinical
development, heavily relies on platform approaches that have historically proven them-
selves as successful in most cases [24, 27, 28]. For cell culture, large volume stainless
steel reactors are commonly utilized, which are operated in fed-batch mode [9, 29–31].
In fed-batch operation, the production bioreactor is inoculated with a seed cell culture,
which does not occupy the entire reactor volume. Subsequently, fresh media is added
stepwise over the duration of the production culture to ensure constant supply of nutri-
ents. At the end of culture, the biomass is separated from the cell-free harvest containing
the target protein, which is subsequently purified through a series of chromatographic
and filter-based separations. The processing steps dedicated to the isolation and purifi-
cation of the mAb from the harvest stream are collected under the umbrella term down-
stream processing (DSP). Usually, the first step of DSP is protein A affinity chromatog-
raphy, which separates off most of the other substances dissolved in the cell culture
supernatant (i.e. media components, host cell proteins, DNA, etc.) [27, 28]. This unit
operation also provides a mean to increase the mAb concentration in the product stream.
Protein expression using mammalian cell lines comes with the inherent risk of viral con-
tamination and therefore, implementation of dedicated processing steps for reduction of
the viral load are demanded by regulatory agencies [32, 33]. Elution of the mAb from
the protein A column occurs under acidic conditions. For this reason, it is convenient to
implement a viral inactivation step at low pH immediately afterwards [27, 28]. Acidic
conditions damage the viral capsids and consequently reduce virus infectivity. After
sufficient incubation time at low pH, the product stream is neutralized by the addition
of base to obtain suitable conditions for the subsequent processing steps. Those are de-
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signed to remove residual process (i.e. host cell proteins, DNA, leached protein A, etc.)
and product related impurities (i.e. aggregates, fragments, etc.) [30]. For that purpose,
ion exchange and hydrophobic interaction chromatography are the common methods of
choice. DSP is completed by viral filtration and ultrafiltration/diafiltration to concen-
trate the drug substance and adjust the co-solvent composition [34].

Historically, there has been a steady shift towards continuous production in many pro-
cess industries, e.g. oil & gas refinement, petrochemical industry, automotive industry,
etc., since it allows for more uniform product quality, offers reduced equipment foot-
print, is amenable for automation, and many more advantages [35]. Recently, the phar-
maceutical industry has started to implement continuous production processes for small
molecule drugs [36]. In the long-run, it is conceivable that manufacturing of therapeutic
recombinant proteins will adopt continuous processes as well [35, 37]. In particular,
patent protection for many high-selling mAb pharmaceuticals has expired or will expire
in the near future [12]. This opens up the possibility for competitors to develop generic
drugs with those active ingredients, so-called biosimilars [38]. Although that endeavor
appears to be more complicated relative to small molecule drugs, there are successful
examples of biosimilars that have entered the market and already had an effect on drug
prices [39]. In addition, the increase in the number of approved originator mAb drugs
has led to multiple marketed molecules for the same therapeutic target and overlaps in
indications [3]. Thus, a more competitive market will cause cost pressure on manufac-
turing to still allow for profits [40]. Further, a greater diversity in pipelines will lead to
higher demands in manufacturing flexibility [41]. In that context, product yields in DSP
are one important aspect, which implies that potential sources of product loss should be
identified and mitigated.

1.2.3 Formulation & Administration of MAbs

Like all active pharmaceutical ingredients, therapeutic proteins must be formulated into
a final dosage form, which involves adjustment of the protein content, addition of excipi-
ents and in some cases a change in the state of matter (e.g. freeze-drying, crystallization,
etc.) [42].

Most of the approved mAbs are administered by intravenous (IV) injection [43]. How-
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ever, there has been a recent shift in approvals towards subcutaneous (SC) administra-
tion [44]. The main advantages of SC injection are reduced invasiveness and the pos-
sibility for self-administration [45, 46]. In either case, the mAb formulation is a liquid
solution, which normally contains in addition to the protein and water a buffer agent to
control pH, excipients (e.g. salts, sugars, amino acids, etc.), and some sort of surfactant
(e.g. polysorbate 20 or 80) [47].

Formulation development for therapeutic proteins is commonly divided into prefor-
mulation studies and development of the final commercial formulation [48, 49]. The
goal of preformulation studies is to obtain information about a protein’s physicochemi-
cal properties and its susceptibility to degrade in response to pharmaceutically relevant
stresses [47, 50]. To that end, forced degradation studies are used to identify poten-
tial stability issues and develop appropriate analytical methods to detect the associated
degradation products [51–54]. In forced degradation studies, the protein is exposed
to stresses (e.g. heat, irradiation, freezing, etc.) that are stronger than those normally
encountered in actual handling, shipment and storage. Further, preformulation studies
often exploit high-throughput methods to rapidly characterize the biophysical proper-
ties of a protein as well as involve structural characterization using different types of
spectroscopy [50].

The results of preformulation studies are used to define critical parameters (e.g. forma-
tion of aggregates, deamidation of amino acid residues, etc.) that can have adverse ef-
fects on the pharmaceutical quality of the drug [49,50]. In development of the commer-
cial formulation, the effects of the different formulation variables on those parameters
are evaluated to maximize overall protein stability. Generally, a shelf-life of 18 months
is considered sufficient for commercialization [48]. In any case, the claimed shelf-life
must be supported by real-time data gathered under storage conditions.

1.3 Protein Stability

Due to their molecular complexity, proteins tend to be unstable and degrade over time,
especially in solution. Instabilities are usually divided into chemical and physical insta-
bility [55–57]. Chemical instability involves processes that lead to the breaking or the
formation of new covalent bonds. Conversely, physical instability refers to processes,
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where the chemical structure of the protein molecules remains unaltered, but their phys-
ical state (e.g. conformation, super-molecular association, etc.) changes.

1.3.1 Chemical Stability

The most relevant chemical degradation reactions for therapeutic recombinant proteins
are deamidation, hydrolysis of the polypeptide backbone, and oxidation. Deamida-
tion involves hydrolysis of the side chains of asparagine and glutamine residues, which
alters the net charge of a protein, and is a highly relevant degradation reaction for
mAbs [55, 58]. The rate of deamidation depends both on protein structure and on solu-
tion conditions. pH was identified as main factor influencing deamidation rates with the
optimal range between 3 and 6. Hydrolysis of the polypeptide backbone leads to cleav-
age of the peptide bond between two amino acid residues and creates two fragments
(unless the amino acid chain possesses another intra-chain covalent bond at another po-
sition). For mAbs, this process occurs preferably within the hinge region where the
Fc region is connected to the two Fab regions of the protein. The rate of hinge region
hydrolysis is strongly dependent on the flexibility of the polypeptide chain. Thus, faster
fragmentation was observed for the IgG-1 subclass relative to the other IgG subclasses.
Again, pH was found to have a strong influence on the observed rate and the minimum
is located around pH 6 [59]. Finally, oxidation of amino acid side chains is a widely
encountered problem in storage of recombinant protein therapeutics [60]. It might be
attributed to the presence of impurities that can catalyze oxidation reactions, exposure
to light, etc. As for the other chemical degradation pathways, the rate of those reactions
depends both on the protein structure as well as on solution conditions. Sometimes
oxidation problems can be mitigated by addition of scavenger species to the formula-
tion [48].

1.3.2 Physical Stability

The term physical instability refers to processes in which the protein changes its physical
state without alteration of its chemical nature. Thus, the different levels of protein struc-
ture need to be defined first in order to understand the scope of the physical state of a
protein. Protein structure is commonly considered at four levels [5,61,62]. The primary
structure corresponds to the sequence of amino acid residues that constitute the pro-
tein’s polypeptide chain(s) [63] as well as the location of any disulfide linkages [5]. The
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secondary structure is given by the local three-dimensional arrangement of the polypep-
tide backbone, which is mediated via hydrogen bonds between the carboxyl oxygen
and the amino hydrogen atom. α-Helix and β-sheet are the most common secondary
structure motifs. The tertiary structure represents the global three dimensional struc-
ture (i.e. all atomic positions) of a single polypeptide chain and it is determined by the
physical interactions and covalent bonds between amino acid side chains that determine
the spatial arrangement of the secondary structure motifs. Further, many large polypep-
tides’ tertiary structure is made up of several firmly folded sub-regions, which are called
domains. Different domains may fulfill independent biological functions and can even
evolve individually. Finally, the quaternary structure corresponds to the spatial arrange-
ment of the different polypeptide chains that constitute the full protein.

For IgGs, the functional protein structure corresponds to two folded heavy chains and
two folded light chains assembled in the Y-shape [14] mentioned at the beginning
of section 1.2. In the following, this assembly will be referred to as the native IgG
m̈onomeräble to fulfill its physiological function. In summary, the physical state of a
protein is given by its tertiary and quaternary structure as well as its state of matter (i.e.
dissolved, crystallized, etc.).

Conformational Stability

Referring to the previous section, the protein conformation is equivalent to the tertiary
structure of the constituting polypeptide chains. Further, it should be noted, that the
protein structure is never static but always dynamic to a certain extent, especially in
solution [64, 65]. Thus, it is more appropriate to talk about a conformational ensemble.
Moreover, the protein structure is highly dependent on the environmental conditions,
since those influence the intra-molecular forces (i.e. hydrogen bonds, hydrophobic in-
teractions, salt-bridges, etc.) responsible for secondary, tertiary, and quaternary protein
structure [5, 66]. Temperature is one of the most influential factors, since it affects both
the various intra-molecular interactions as well as the interactions between the polypep-
tide and the surrounding solvent molecules [66, 67]. At the same time, it increases the
kinetic energy of the system’s constituents, which makes crossing of barriers in poten-
tial energy more likely. Generally, an increase in temperature will eventually lead to
denaturation of protein molecules, i.e. lead to a loss of tertiary and secondary struc-
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ture [68, 69]. Thermal denaturation is often accompanied by aggregation as will be
detailed below. Conversely, proteins can also denature at low temperatures [70, 71].
However, the cold denaturation temperature of most proteins is well below the freezing
point of water. Moreover, proteins can denature as well upon addition of chaotropic
agents, which preferentially bind to the protein surface [72, 73]. Therefore, chemical
denaturation may be used as analytical tool complementary to thermal denaturation for
determination of the stability of the protein conformation [74, 75]. To summarize, con-
formational stability refers to the tendency of a protein to maintain its native, biologi-
cally active three-dimensional structure and is highly dependent on amino acid sequence
as well as environmental conditions.

Protein Aggregation

Nowadays, it is commonly accepted that virtually all proteins have an intrinsic tendency
to self-associate and form aggregates, i.e. undergo changes in their tertiary and quater-
nary structure [76–78]. The same forces (i.e. mainly hydrophobic interactions) that will
drive folding of the polypeptide chains into their native conformation can also lead to
strong physical bonds between different protein molecules [77, 79].

Formation and presence of aggregates represents a major challenge in development,
manufacturing, and administration of therapeutic proteins [23, 57]. Aggregates usu-
ally possess diminished to no biological activity, which reduces the efficacy of the
drug [55, 57]. More importantly, protein aggregates are assumed to be responsible for
adverse immune responses after administration of protein pharmaceuticals [80, 81]. In
some cases, this has led to severe incidences involving fatalities and required withdrawal
of pharmaceuticals from the market [82, 83].

Different types of aggregates can be formed depending on protein and solution con-
ditions. In one dimension, aggregates can be categorized into reversible and effectively
irreversible assemblies [77, 78, 84]. An aggregate species is considered reversible when
it readily dissociates upon dilution under elsewise constant solution conditions. On
the other hand, net irreversible aggregates may only be dissociated after application
of extreme conditions, e.g. high concentration of a denaturant or reducing agent, high
pressure, etc. Reversible aggregates mainly consist of protein molecules that have main-
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tained their native three-dimensional structure and those aggregates might be of less
concern in pharmaceutical applications, since the protein will inevitably get diluted dur-
ing and after administration [85, 86]. Further, reversible oligomerization of therapeutic
proteins can even be beneficial for the process of physiological uptake [87]. Conversely,
net irreversible aggregates will not dissociate in such a way. These aggregates are pre-
dominantly held together by strong physical bonds between polypeptides mediated by
interactions between hydrophobic amino acid side chains. Normally, those residues are
buried in the core of the native conformation of the protein monomer and are respon-
sible for stabilizing its three-dimensional structure. Thus, the establishment of such
links between polypeptides of different protein molecules requires changes in their con-
formation [76, 77, 88]. For this reason, the term non-native aggregate is often used
interchangeably with the expression irreversible aggregate.

Protein aggregates can be formed by a variety of pathways [67, 79, 89], which is illus-
trated in an abbreviated manner in Figure 1.2. As mentioned, creation of irreversible ag-
gregates generally encompasses changes in the conformation of the involved monomers.
Additionally, non-native protein aggregation happens to be a nucleated process under
many circumstances [76, 88, 90, 91]. More specifically, multiple monomer units have
to cluster together before they can undergo a structural rearrangement that renders their
contacts irreversible. After nucleation, the aggregates may grow either through addition
of monomers or coagulation amongst each other. The critical cluster or pre-nucleus can
consist either of already partially denatured or native monomer species. Commonly,
it is assumed that partial unfolding precedes clustering, rearrangement and aggregate
growth in most cases [84, 89]. However, under certain conditions (e.g. high concen-
tration and low temperature) aggregate nucleation might proceed through native state
clusters. In addition to the necessary conformational transitions, interactions between
protein species will have a large effect on the rate and overall mechanism of aggrega-
tion. For example, those interactions are going dictate the degree of monomer cluster-
ing, which will determine the concentration of the pre-nucleus and, in turn, the rate of
nucleation.

In the context of storage stability of therapeutic proteins, one is particularly interested
in the effect of temperature on aggregation rate and mechanism, since thermal stress is a
widely applied method for accelerated stability testing of protein formulations. Unfor-
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Figure 1.2: Pathways leading to the formation of irreversible mAb aggregates. Scheme rep-
resents an abbreviated overview of potential sequences of aggregation steps. Blue arrows in-
dicate reversible reactions, whereas red arrows denote irreversible events. Native and partially
unfolded clusters as well as the nucleus species might involve more than just two monomer
units. Aggregates could grow either by addition of monomers or coagulation amongst each
other.

tunately, most proteins with defined native secondary and tertiary structure exhibit non-
Arrhenius temperature dependence of the aggregation rate [92–94]. Predominantly, an
upward curvature relative to the linear Arrhenius relationship is observed, which turns
out to be particularly problematic, since it leads to an underestimation of the aggrega-
tion rate at lower temperatures. Multiple explanations for this type of behavior have
been suggested. First, it is known that the thermodynamic stability of the native pro-
tein conformation commonly exhibits a non-linear dependence on temperature [68,94].
Thus, the fraction of protein molecules with partially unfolded conformations will not
decline linearly with decreasing temperature. Second, there might be changes in the
predominant aggregation pathway as function of temperature [95, 96]. For example, a
different step in the mechanism might become rate-limiting, e.g. self-association rela-
tive to conformational changes [97]. Several empirical and semi-empirical approaches
for improving the extrapolation of aggregation rates to lower temperatures have been
proposed [92, 98]. Although they can provide better estimations in some cases, the re-
sults are far from being robust enough for actual shelf-life prediction for therapeutic
protein formulations.
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1.3.3 Phase Behavior of Protein Solutions

The aggregates discussed in the previous section are characterized by the circumstance
that the constituting monomers have assumed a (partially) distorted conformation that
allowed for strong contacts, which rendered those aggregates irreversible. Depending
on protein and conditions, such aggregates can grow to large sizes where they become
visible to the naked eye and sediment due to gravitation [99,100]. However, there exists
also another type of protein precipitation that is reversible and where the individual pro-
tein molecules maintain their native conformation within the precipitate [55,77,84,101].
In that case, the native protein has simply exceeded its solubility limit and the system
can minimize its free energy through the formation of a second, condensed phase, which
appears as visible precipitate.

Protein solutions are known to exhibit rich phase behavior, i.e. depending on the condi-
tions, different condensed phases can form [102–104] and a schematic phase diagram is
shown in Figure 1.3. One example very relevant to structural biology is crystallization,
where the condensed phase is solid and highly ordered [105, 106]. Another important
case is coexistence of two fluid phases with a condensed phase at high protein volume
fraction but still fluid-like microscopic structure and dynamics [107, 108]. Such liquid-
liquid phase separation (LLPS) has been observed for many different proteins including
monoclonal antibodies in concentrated solutions at low temperatures [109, 110]. Com-
monly, LLPS is assumed to be metastable with respect to a solid-fluid phase transition,
which is very slow due to a high energy barrier for crystal nucleation [111]. In addition,
the protein precipitate can also show solid-like mechanical properties and have an amor-
phous structure. In that case, the condensed phase is considered to be a gel or glass, i.e. a
kinetically arrested state, which is encountered when interactions are strongly attractive
such that a rigid particle network is established during the formation of the condensed
phase, which does not manage to compact itself further [103, 104, 112].

As for phase equilibria in systems made up of small molecules, minimization of the
free energy determines the number and type of phases in equilibrium for protein so-
lutions as well [113, 114]. More specifically, this circumstance can be used to derive
the condition that the chemical potential µ of each component has to be equal in all
phases. Protein solutions are often considered pseudo-one component systems, where
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Figure 1.3: Schematic phase diagram of protein solutions in terms of temperature T against
protein volume fraction φ. The black lines show the region of fluid-solid coexistence (i.e.
saturated solution and crystals). The blue line indicates the binodal of gas-liquid (or liquid-
liquid) coexistence and the dashed blue line is the associated spinodal. Finally, the red line
designates the region in the phase diagram where gelation can be observed.

the role of water and eventual co-solvents is solely to mediate the interactions between
protein molecules [115, 116]. Thus, the chemical potential of the protein determines
the location of phase boundaries. From a theoretical point of view, the volume V of
the solution is mostly considered fixed [117] and so are the system temperature T and
the total amount of substance of protein n2. As a result, the chemical potential µ2 will
be a function of temperature T and protein concentration c2 = n2/V . Therefore, the
equilibrium condition will be given by

µ2

(
T, cI

2

)
= µ2

(
T, cII

2

)
(1.1)

1.3.4 The Depletion Interaction

The concept of the depletion interaction originally stems from the field of soft matter
physics, where scientists discovered that adding non-adsorbing polymers to dispersions
of colloidal particles can lead to phase separation [118]. This observation was explained
by the steric interaction between particles and polymer molecules that leads to a zone
around each particle, which is inaccessible to the center of mass of the polymer chains
and is called depletion layer. When the depletion layers of two particles overlap, the
system volume available to the polymer molecules increases and so does the system’s
entropy. This gives rise to an attractive force between the particles, which can result
in condensation of the particles as soon as the magnitude of the depletion interaction
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energy becomes comparable to the particles’ thermal energy.

Protein solutions share several similarities with colloidal dispersions [119]. Although
the protein molecules are dispersed on a molecular level, i.e. completely surrounded by
solvent molecules, they are much larger in size compared to the other components. Sev-
eral non-ionic, water-soluble polymers are known to interact (at least approximatively)
only sterically with protein molecules and poly(ethylene glycol) serves as canonical ex-
ample. It has been shown that adding PEG to protein solutions can lead to precipitation
and those observations are in agreement with theoretical considerations assuming that
the polymer mainly causes depletion forces between protein molecules [120,121]. More
specifically, it was observed in many instances that phase separation due to the pres-
ence of PEG was of liquid-liquid type in many instances, including for immunoglobu-
lins [110, 122]. Particularly, the addition of PEG allowed for the observation of liquid-
liquid coexistence at low protein concentrations and moderately low temperatures, since
it renders the net protein-protein interactions sufficiently attractive for a condensed
phase to form.

1.4 Thermodynamic Background

At various points within this thesis, it will be taken recourse to important concepts
from thermodynamics. Therefore, few of the most relevant ones will be introduced
appropriately within this section.

1.4.1 Rayleigh Scattering

The interaction of light and matter can be used in many different ways to obtain infor-
mation about the microscopic structure and the molecular interactions within a system.
One particular case is Rayleigh scattering, where the wavelength of the incident light
is large relative to the size of all components, i.e. each of them can be considered as
point scatterer [123, 124]. Rayleigh scattering is routinely used to quantify interactions
between protein molecules in solution. Upon hitting the sample, light will be scattered
isotropically due to fluctuations in the sample’s refractive index n. Those fluctuations
are rooted in the composition fluctuations of the scattering volume V , which actually
represents a small sub-volume of the entire sample volume, i.e. it corresponds to an
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open system of fixed volume at constant temperature T and chemical potential µ j of all
components. The ensemble average (denoted by angular brackets 〈·〉) of the squared
refractive index fluctuations will be given by

〈∆n2〉 =
∑

i

(
∂n
∂Ni

)
T,V,Nk,i

(
〈N2

i 〉 − 〈Ni〉
2
)

+ 2
∑
i< j

(
∂n
∂Ni

)
T,V,Nk,i

(
∂n
∂N j

)
T,V,Nk, j

(
〈NiN j〉 − 〈Ni〉〈N j〉

) (1.2)

In this equation, N j denotes the number of molecules j within the scattering volume. In
a Rayleigh scattering experiment, one is measuring the Rayleigh ration Rθ at an angle
θ, which is an absolute scattering intensity independent of instrument setup [125] and
related to 〈∆n2〉 as

Rθ =
4π2n2〈∆n2〉V

λ4 (1.3)

Here, λ is the wavelength of the incident light in vacuum. The composition fluctuations
due to the fact that the scattering volume can freely exchange mass with its surroundings
can be expressed in terms of quantities called Kirkwood-Buff (KB) integrals Gi j as

〈NiN j〉 − 〈Ni〉〈N j〉 = 〈Ni〉

(
δi j +

〈Ni〉

V
Gi j

)
. (1.4)

The KB integral Gi j is given by an integral over all center-to-center distances of the pair
correlation function ḡi j (r) in the open ensemble, i.e.

Gi j =

∫ (
ḡi j (r) − 1

)
4πr2dr. (1.5)

More specifically, ḡi j (r) measures the probability of finding a molecule i and a molecule
j at separation r after averaging over all orientations of the two molecules as well as
over all positions and orientations of all other molecules. The pair correlation func-
tions convey important information about the microscopic structure of solutions as well
as interactions between their components (e.g. between protein molecules) [114, 126].
Further, they actually contain the full thermodynamic information about a system.
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For protein solutions, one is mainly interested in the protein-protein KB integral. In
agreement with standard notation, the protein is assigned the index 2 (water is compo-
nent 1 and the other dissolved species are 3, 4, etc.). After converting into mass/volume
concentration units (highlighted by a m superscript) and considerable rearrangement,
the following expression for Rθ as function of protein concentration is obtained [123]:

Rex
θ

K′
(
ηm

2

)2 = M2,appcm
2 + M2Gm

22
(
cm

2
)2 . (1.6)

The superscript ex indicates that the excess Rayleigh ratio, i.e. the Rayleigh ratio af-
ter subtraction of the Rayleigh ratio of the same mixture except without the protein, is
considered. In this expression, K′ is equal to 4π2n2λ−4N−1

A with NA being Avogadro’s
constant. The term ηm

2 incorporates the dependence of the refractive index on solution
composition. M2 represents the molar mass of the protein. The apparent molecular
weight M2,app is determined by the interactions between the protein and the other com-
ponents, i.e.

M2,app = M2

1 + 2
∑
i,k

(
ηm

i

ηm
2

)
cm

i Gm
2i

 . (1.7)

1.4.2 Relationship Between KB Integrals and Interactions

Equation (1.5) showed that Gi j is the integral of the pair correlation function ḡi j (r)
over all separation distances. The pair correlation function is further connected to the
potential of mean force (PMF) wi j (r) as [126]

wi j (r) = −kBT ln
(
ḡi j (r)

)
. (1.8)

The gradient of the PMF will give the force acting on one molecule i due to the presence
of one molecule j at distance r averaged over the position of all other molecules in
the system. Thus, the KB integral inherently contains information about interactions
between species. For protein solutions, the PMF tends towards the pair interaction
potential u (r) (mediated by the solvent) as the solution becomes more and more dilute.
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1.4.3 Osmotic Pressure

The concept of osmotic pressure and its dependence on protein concentration and inter-
actions is widely used biophysical research. Thus, it shall be rigorously introduced in
this section. The osmotic pressure π is defined with respect to a system of fixed volume
V that is free to exchange molecules of its components with the surroundings except for
one species [126]. Thus, the thermodynamic state of the system is defined by the set
of variables

(
T,V,N2,

{
µ j,2

})
. Again, the non-diffusible component (i.e. the protein) is

assigned the index 2 by convention. As consequence of the set-up, the pressure inside
the system P and that of the environment P0 will be different and this difference is called
osmotic pressure, i.e. π = P − P0.

Osmotic pressure and its variation with protein concentration conveys important in-
formation about the strength and nature of protein-protein interactions. First, the con-
nection between osmotic pressure and chemical potential is given by(

∂π

∂ρ2

)
T,µ j,2

= ρ2

(
∂µ2

∂ρ2

)
T,µ j,2

. (1.9)

In this expression, ρ2 is the protein number density and equal to N2/V . Second, the
partial derivative of osmotic pressure with respect to protein number density is equal to(

∂π

∂ρ2

)
T,µ j,2

=
kBT

1 + ρ2G22
. (1.10)

In the dilute limit, this expression turns into

lim
ρ2→0

(
∂π

∂ρ2

)
T,µ j,2

= kBT
(
1 −G0

22ρ2 + . . .
)
, (1.11)

where G0
22 denotes the limiting value of the protein-protein KB integral as ρ2 → 0.

Integration with respect to ρ2 results in

π

kBT
= ρ2 −

1
2

G0
22ρ

2
2 + . . . = ρ2 + B22ρ2

2 + . . . , (1.12)

which corresponds to a virial expansion of the osmotic pressure in terms of protein con-
centration and explains the relationship between the osmotic second virial coefficient

18



Thermodynamic Background

B22 and the protein-protein KB integral in the dilute limit.

Finally, these expressions can be used to determine the relationship between µ2 and
B22 in the dilute limit. The chemical potential with respect to the dilute ideal solution at
ρref

2 as reference state is defined as

µ2 = µref
2 + kBT ln (a2) (1.13)

with a2 = γ2ρ2/ρ
ref
2 denoting the protein activity and γ2 the activity coefficient. Taking

the partial derivative with respect to ρ2 results in(
∂µ2

∂ρ2

)
T,µ j,2

= kBT
(
∂ ln (a2)
∂ρ2

)
T,µ j,2

(1.14)

Combination with eqn. (1.9) and (1.12) results in

lim
ρ2→0

(
∂ ln (a2)
∂ρ2

)
T,µ j,2

=
1 + 2B22ρ2 + . . .

ρ2
, (1.15)

which provides a route to compute a first order correction to the protein’s chemical
potential relative to the reference state of a dilute ideal solution.

1.4.4 From Molecular Interactions to Macroscopic Behavior

The macroscopic behavior of protein solutions is fundamentally determined by interac-
tions at the molecular level. Statistical mechanics is the theoretical tool to establish the
connection and make quantitative predictions. A few aspects with respect to the predic-
tion of phase equilibria will be mentioned in this section.

In general, calculations are based on some assumption about the pair interaction po-
tential u (r) of protein molecules as function of center-to-center distance r [113, 116],
which requires appropriate modeling. In many cases, this interaction potential is pa-
rameterized by a range λ and a strength ε. The main task is to compute the chemical
potential of the protein in the different possible phases based on u (r) and to detect points
of coexistence. One approach for fluid phases is the use of the Ornstein-Zernike (OZ)
equation in combination with an appropriate closure relation [104, 116]. Briefly, the
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OZ equation is given by

h (r) = c (r) + ρ

∫
c
(
r′
)

h
(
|r − r′|

)
dr′. (1.16)

Here, h (r) is the total correlation function, which is equal to g (r) − 1, where g (r) is the
previously introduced protein-protein pair correlation/radial distribution function. c (r)
represents the direct correlation function, which captures the contribution of direct par-
ticle interactions to the microscopic structure. Thus, the direct correlation function is
connected in some form to u (r) as specified by the closure relation. Once determined,
the radial distribution function g (r) contains all thermodynamic information, including
free energy.

Except for simple pair interaction potentials, solving the integral equation (1.16) is de-
manding. An attractive alternative are computer simulations, which have gained impor-
tance due to advances in methodologies as well as increases in available computational
power. In particular, Monte Carlo techniques are widely used to study equilibrium prop-
erties such as phase coexistence.

1.5 Scope of the Thesis

As presented in section 1.2.2, the overall yield of downstream processing can become
an important aspect, especially when markets for therapeutic antibodies become more
competitive due to expiry of patent protection as well as general diffusion of knowledge
about the discovery and development of antibody pharmaceuticals. Protein aggregate
levels in the drug substance must be low for the mentioned reasons. Thus, any forma-
tion of aggregates within the antibody production process effectively represents a loss of
valuable product and a risk for the health of the patients. Exposure to acidic conditions
during the viral inactivation step undoubtedly represents a stress to the protein and can
lead to aggregation. Therefore, a better understanding about the underlying mechanisms
of this process may allow for the design of optimized viral inactivation steps that limit
product loss while improving the overall DSP yield, which is the object of chapter 2.

In sections 1.2.3 and 1.3.2, the challenge of using accelerated stability data to predict
stability under storage condition was explained. With respect to aggregation, one is
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particularly concerned, whether the aggregation mechanism observed at higher temper-
atures is representative of that at storage temperatures, since the mechanism dictates the
types of aggregates that are formed, which may exhibit different risk profiles. Chapter 3
presents the results on the effect of temperature on the mechanism of mAb aggregation.

Ideally, drug discovery and development would like to have an earlier indication for
the propensity of a mAb to aggregate without having to wait even for the data from
accelerated stability tests. Further, section 1.2.3 described the desire for liquid mAb
formulations at high protein concentrations that would allow for SC administration.
Some literature reports suggest that the propensity of proteins to self-associate in the
native state can be predictive of non-native aggregation rates at low temperatures. To
that end, the correlation between phase separation induced by the addition of PEG and
the aggregation rate under long-term storage conditions was examined and the results
are presented in chapter 4. In particular, phase equilibrium depends on protein-protein
interactions in the condensed phase, which has typically a very high protein concentra-
tion. Thus, it may represent an attractive method to estimate the aggregation propensity
of high concentration formulations within a short time frame.
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Chapter 2

Understanding mAb Aggregation
during Low pH Viral Inactivation and
Subsequent Neutralization

This chapter is based on the following publication: R. Wälchli et al. Understanding mAb Aggrega-
tion during Low pH Viral Inactivation and Subsequent Neutralization, submitted to Biotechnology and
Bioengineering.
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2. mAb Aggregation in Viral Inactivation

2.1 Introduction

Over the past decades, monoclonal antibodies (mAbs) and derived recombinant proteins
have become an important class of active pharmaceutical ingredients and are used for
the treatment of a substantial variety of diseases in humans [38, 127, 128]. At the same
time, the biopharmaceutical industry has matured considerably since its inception in the
1980s, for example through the advent of generic drugs (so-called biosimilars) [39].
This evolutions has led to increased cost pressure on manufacturing and fueled the de-
sire for higher productivity [30, 35, 129–131].

Therapeutic mAbs are commonly expressed in mammalian cells [28, 130], which in-
trinsically poses the risk of viral contamination. Chemical inactivation by temporary
exposure to low pH is known to be a robust procedure for dealing with enveloped
viruses [32, 33] and is therefore an integral part of mAb manufacturing. Typically, pro-
tein A affinity chromatography is the first purification step for the clarified cell culture
harvest [30, 132]. Elution of the mAb from the column is achieved by reducing mobile
phase pH to a range from 3 to 4 [133]. Therefore, viral inactivation is conveniently per-
formed immediately after protein A capture [28,134]. At the end of the viral inactivation
step, the product stream has to be neutralized before it can be purified further [135,136].

Like virtually all proteins, mAbs are only marginally stable in their native, monomeric
state in which they fulfill their biologic function [79, 84]. Depending on solution con-
ditions, mAbs have different tendencies to form non-native protein aggregates [67].
Presence of such aggregates in the final drug product is a major concern due to their
immunogenic potential [80]. Therefore, mAb aggregates that are formed during manu-
facturing have to be removed by appropriate subsequent purification steps and represent
a loss of valuable product [136, 137].

Exposure to acidic pH is known to denature mAb molecules and can lead to their ag-
gregation [138–140]. Further, literature contains reports about mAb aggregation after
temporary exposure to low pH followed by neutralization [141–145]. However, sys-
tematic investigation of viral inactivation process variables such as pH, ionic strength
and, incubation time, etc. on mAb self-association during low pH treatment as well as
after neutralization is still lacking to the best of our knowledge. Ideally, this informa-
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tion would enable development of viral inactivation procedures that reduce the degree
of incurred mAb aggregation and improve overall yield of the production process.

We systematically investigated the aggregation behavior of two mAbs under conditions
similar to those encountered in the viral inactivation step during manufacturing. To
simultaneously control pH and ionic strength of the solutions, an appropriate thermody-
namic model was employed to accurately describe protonation equilibria of the buffer
species. We used dynamic light scattering (DLS) and 1-anilinonaphthalene-8-sulfonate
(ANS) fluorescence to evaluate mAb aggregation and conformational rearrangements at
low pH, respectively. Monomer content and hydrodynamic size after neutralization was
monitored by size-exclusion chromatography (SEC) and DLS, respectively.

This paper discusses the effects of pH, ionic strength and incubation time on mAb
conformation and self-association during low pH incubation. Further, it describes the
aggregation behavior after neutralization as a function of these variables. In addition,
potential process strategies for improving monomer recovery after viral inactivation are
presented. Those involve reduction of mAb denaturation at low pH either by use of an
additive or by decreasing temperature.

2.2 Materials and Methods

2.2.1 Materials

mAb-1, a monovalent antibody (Mw = 100 kDa) with pI equal to 7.3, was expressed by
a proprietary Chinese hamster ovary (CHO) cell line (Merck KGaA, Corsier-sur-Vevey,
Vaud, Switzerland) cultivated inside a perfusion bioreactor. The harvest stream was pu-
rified using protein A affinity chromatography and immediately neutralized upon elution
using 1 M Tris-HCl pH 8.0 buffer. The neutralized capture eluate was sterile-filtered us-
ing a 0.22 m PES membrane syringe filter unit (TPP, Trasadingen, Zurich, Switzerland)
and stored in the fridge at 4◦C prior to use. mAb-2, an IgG-4 with pI equal to 7.9, was
provided by Bristol-Myers Squibb (Devens, Massachusetts, USA) as neutralized protein
A capture eluate and stored frozen at −20◦C prior to use.

Sodium phosphate monobasic, L-arginine, sodium azide, trisodium citrate, sodium chlo-
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ride, sodium hydroxide, and D-sorbitol were purchased from Sigma-Aldrich. Citric acid
was obtained from Fluka Analytical. ANS was bought from Acros Organics.

2.2.2 Sample Preparation and Neutralization

mAb stock solutions in ultrapure water at approx. 50 g/L protein concentration were
prepared by ultrafiltration using centrifugal filter units followed by dialysis. First, an
appropriate volume of neutralized eluate was reduced to 1 mL using an Amicon Ultra™

device (Merck Millipore, Burlington, MA, USA) at 3000 rcf and 4◦C. The concentrated
eluate was transferred into a Slide-A-Lyzer™ dialysis cassette (Thermo Fisher Scientific,
Waltham, MA, USA) and dialyzed extensively against ultrapure water. The volume ratio
of mAb solution to water was approx. 1:250. The water in the reservoir was exchanged
four times over a period of 24 h operating at 4◦C under gentle agitation. The solution
collected at the end of the dialysis was filtered through a 0.22 µm Millex-GV™ syringe
filter (Merck Millipore, Burlington, MA, USA) and stored in the fridge at 4◦C prior
to further use. mAb concentration of the stock solutions was determined by injection
into a Superdex 200 size exclusion chromatography column coupled to UV absorbance
detection at 280 nm (details provided below). It that way it was also confirmed that the
mAb stock solutions always contained ≤3% aggregates (on mass basis).

200 mM citric acid, 200 mM trisodium citrate, 1 M sodium chloride, 100 mM sodium
hydroxide, and 2 M D-sorbitol stock solutions were prepared by dissolution of an appro-
priate mass of compound in ultrapure water and adjustment of the final solution volume
using a volumetric flask. All stock solutions were filtered through 0.45 µm Durapore™

membrane filters (Merck Millipore, Burlington, MA, USA) and stored in the fridge prior
to use.

500 µL of sample at desired mAb concentration, buffer molarity, pH, ionic strength,
and D-sorbitol concentration were prepared using 1.5 mL polypropylene reaction tubes
(Sarstedt, Nümbrecht, NW, DE) by mixing appropriate volumes of mAb, citric acid,
trisodium citrate, sodium chloride, and D-sorbitol stock solutions with the necessary
volume of ultrapure water. Neutralization of samples to desired pH and ionic strength
were performed by addition of 500 µL of neutralizing solution containing the required
amount of sodium hydroxide and sodium chloride. Details of the calculation of the
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required stock solution volumes are presented in section 2.2.6. Samples were mixed
by pipetting up and down. Sample pH was always within ±0.1 units of target value
as independently verified by a Jenco 6230N pH meter (Jenco Instruments, San Diego,
CA, USA). Experiments were performed at room temperature unless specifically stated
otherwise. When temperature control was exercised, a Thermomixer® R 5355 block
heating and cooling device (Eppendorf, Hamburg, HH, Germany) and the G1330B au-
tosampler thermostat (Agilent Technologies, Santa Clara, CA, USA) of the chromatog-
raphy system were used during low pH incubation and after neutralization, respectively.

2.2.3 Dynamic Light Scattering Measurements

Dynamic light scattering (DLS) measurements were performed on a Malvern Zeta-
sizer Nano ZS instrument (Malvern Instruments, Malvern, WOR, GB) equipped with
a 633 nm He-Ne laser and detection at an angle of θ = 173◦. A ZEN2112 quartz
micro-cuvette (Malvern Instruments, Malvern, WOR, GB) was used for all measure-
ments. For monitoring the aggregation kinetics, one measurement was performed every
five minutes. A measurement consisted of 12 runs for evaluating the scattered intensity
autocorrelation function, 10 seconds duration each. The laser attenuator was fixed at a
value of 10 and the focal position of the laser inside the cuvette was fixed at 4.2 mm
measuring from the outside of its front window.

2.2.4 Size Exclusion Chromatography

Chromatographic measurements were performed on an Agilent 1100 HPLC system
(Agilent Technologies, Santa Clara, CA, USA) consisting of degasser, quaternary pump,
autosampler and variable wavelength UV/Vis detector. A Superdex 200 10/300 GL size
exclusion column (GE Healthcare, Chicago, IL, USA) was used to conduct the chro-
matographic separations and all injections contained 50 µg of protein. The aqueous
mobile phase contained 100 mM sodium phosphate pH 7.0 with 200 mM L-arginine
and 1 g/L sodium azide and was applied at a flow rate of 0.5 mL/min. Chromatograms
were recorded by UV absorption at 280 nm wavelength.
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2.2.5 ANS Fluorescence Measurements

ANS fluorescence in mAb solutions was measured on an EnSpire 2300 Multimode plate
reader (Perkin Elmer, Waltham, MA, USA) and 96-well non-binding microplates with
clear film bottom (Greiner Bio-One, Kremsmünster, AT). Fluorescence emission was
recorded at 490 nm after excitation at 403 nm. Intensity was measured on a 3x3 grid
within each well and averaged values were considered. ANS was dissolved in DMSO
to obtain a stock solution at 2.5 mM concentration. Fluorescence measurements were
conducted at 0.25 g/L mAb concentration and 10-fold molar excess of ANS (relative
to the mAb). Samples were prepared as described above. The ANS stock solution was
diluted 10-fold with ultrapure water and an appropriate volume was added to obtain the
desired concentration.

2.2.6 Thermodynamic Calculations to Control pH and Ionic Strength

Throughout this study, citric acid was used as buffering agent to control solution pH.
Citric acid (H3Cit) can deprotonate three times as follows:

H3Cit + H2O
Ka,1
←−→ H2Cit− + H3O+

H2Cit− + H2O
Ka,2
←−→ HCit2− + H3O+

HCit2− + H2O
Ka,3
←−→ Cit3− + H3O+

The thermodynamic equilibrium constant K j for the j-th deprotonation step is given by

K j =
a∗,m

H3− jCit j−a
∗,m

H3O+

a∗,m
H3−( j−1)Cit( j−1)−a0

H2O

, (2.1)

where ai represents the activity of species i. The superscript (∗,m) indicates that the
ideal dilute solution at m = 1 mol/(kg solvent) (i.e. m represents molality) is selected as
reference state for the definition of activity [146]. On the other hand, the superscript 0
denotes the pure liquid component i as reference state. The extended Debye-Hückel
model was used to compute the activity coefficients γ∗,mi of the ionic species. It repre-
sents an empirical modification of the well-known Debye-Hückel limiting law and is
valid up to approximately 100 mM of ionic strength. The single-ion activity coefficient
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is given by

log10

(
γ∗,mi

)
= −Amz2

i

√
Im

1 + diBm
√

Im
, (2.2)

where zi and di represent charge number and diameter of species i, respectively. Values
for di are given in the supporting information (see Table A.1). Parameters Am and Bm
take the value of 0.5108 kg1/2mol−1/2 and 3.287·109 m−1kg1/2mol−1/2 for water as solvent
at 25◦C, respectively [146]. Ionic strength is defined as Im = 1/2

∑
k z2

kmk with mi being
the molality of component i. Due to the limited effect of dissolved components on
solution density, the difference between molality and molarity was neglected. Finally,
the activity a∗,mi was computed as

a∗,mi =
miγ

∗,m
i

m∗
≈

ciγ
∗,m
i

1 mol/L
(2.3)

and the activity of water was set to a0
H2O ≈ 1.

2.3 Results and Discussion

2.3.1 Behavior during Low pH Incubation

Changes in Molecular Size

Figure 2.1 shows the z-average hydrodynamic radius measured by DLS as a function of
time for both investigated mAbs when incubated in 50 mM sodium citrate at pH 2.5,
3.0, and 3.5 with ionic strength fixed at 50 mM. For all cases, the average radius re-
mained constant over the entire duration of low pH incubation. This result was not
expected based on the various reports in literature on denaturation and aggregation of
proteins under acidic conditions [139]. The absence of detectable aggregate formation
can be explained by the low value of ionic strength deliberately selected to represent
the situation encountered in downstream processing. Under acidic conditions, ionizable
amino acid side chains, in particular of histidine, glutamic, and aspartic acid residues,
are protonated to a significant extent. This implies a substantial positive protein surface
charge. Electrostatic interactions between charged macromolecules immersed in a so-
lution of mobile ions are to a great extent influenced by the ionic strength of the bulk
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solution. Quantitatively, the range of those interactions is proportional to the inverse of
the Debye parameter κ, which is defined as [147]

κ =

√
2000e2N2

AI
ε0εrRT

(2.4)

where e, NA, I, ε0, εr, R, T represent elemental charge, Avogadro’s constant, ionic
strength, vacuum dielectric permittivity, solvent relative permittivity, universal gas con-
stant, and system temperature, respectively. If electrostatic repulsion between mAb
molecules is sufficiently strong and long-ranged, they have a very low probability of
coming sufficiently close to allow for other interactions, such as those between hy-
drophobic residues, to prevail and lead to aggregate formation.

Figure 2.1: Hydrodynamic radius of mAb-1 (A) and mAb-2 (B) as function of time during
incubation at pH 2.5 (squares), 3.0 (circles), and 3.5 (triangles). 50 mM sodium citrate with
ionic strength fixed at 50 mM was used as buffer system. Symbols represent mean values of
three independent repetitions and error bars correspond to 95% confidence intervals for the
mean.

Next, the effect of ionic strength on mAb self-association during incubation un-
der acidic conditions was investigated. For this, both mAbs were incubated in 50 mM
sodium citrate at pH 3.0 with various ionic strengths and their average hydrodynamic
radius was measured by DLS. The results shown in Figure 2.2 are qualitatively identical
to those obtained at 50 mM ionic strength for different pH values, i.e. there was no
statistically significant change in measured average mAb size over time. For mAb-1,
hydrodynamic radius also quantitatively did not depend on ionic strength in the range
from 25 to 100 mM, while some variation in the level of Rh was observed for mAb-2,
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whose origin might be attributed to the measurement principle of dynamic light scat-
tering. The detector of the instrument records in fact fluctuations in the intensity of
the scattered light based on which the intensity autocorrelation function G(2) (τ) is cal-
culated [148]. This function is related to the normalized autocorrelation function for
fluctuations in the electric field g(1) (τ) through

G(2) (τ) = I2
0

(
1 + γ

(
g(1) (τ)

)2
)
. (2.5)

In this equation, I0 represents the time-average of the scattering intensity and γ is the
efficiency factor of the detector, which is related to its area. When fluctuations in the
electric field are caused by Brownian motion of the scattering particles, the normalized
electric field autocorrelation function shows an exponential dependence on the delay
time τ given by

g(1) (τ) = exp
(
−Dq2τ

)
, (2.6)

with q being the magnitude of the scattering wave vector and D the diffusion coefficient
of the scatterers. In general, the diffusion coefficient shows a dependence both on q and
τ, i.e. D = D(q, τ) [149]. However, for the length and time scales commonly probed by
dynamic light scattering (i.e. low-q regime), it is simply equal to the collective diffusion
coefficient Dc, which relates diffusive flux to gradients in chemical potential. Formally,
it is given by

Dc = D0
H (q→ 0)
S (q→ 0)

, (2.7)

where D0 denotes the diffusivity of an individual scatterer at infinite dilution, which is
related to its hydrodynamic radius Rh through the Stokes-Einstein relation [150]

D0 =
kBT

f0
=

kBT
6πηRh

(2.8)

In this expression, f0 denotes the friction factor at infinite dilution and η represents
the dynamic viscosity of the pure solvent. The hydrodynamic factor H (q) captures
“indirect”, hydrodynamic interactions between scatterers mediated through the solvent,
whereas “direct” thermodynamic interactions are quantified by the static structure factor
S (q) [151]. Both quantities depend on the pair interaction potential between two macro-
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molecules, which in turn depends on the composition of the bulk solvent [152]. The ratio
of those two quantities determines to which extent the measured diffusion coefficient Dc

deviates from its value D0 at infinite dilution. In simplified analysis of DLS data, as
typically implemented in commercial instruments, it is assumed that measurement con-
ditions always correspond to the dilute limit, i.e. D equals D0 and equation (2.8) is used
to compute (average) hydrodynamic radii. In reality, interactions between scatteres can
contribute to their observed diffusivity. Further, those interactions can change as func-
tion of solution conditions. This would explain the different levels of Rh observed for
mAb-2 at different ionic strengths.

Further, in the supplementary information (see Figure A.1) it is shown that the result
in terms of ionic strength dependence of the hydrodynamic radius is qualitatively the
same at pH 3.5 for both mAbs. In summary, it can be concluded that under conditions
of low ionic strength, i.e. up to 100 mM, both mAbs do not aggregate at low pH.

Figure 2.2: Hydrodynamic radius of mAb-1 (A) and mAb-2 (B) as function of time dur-
ing incubation in 50 mM sodium citrate pH 3.0 at 25 mM (squares), 50 mM (circles), and
100 mM (triangles) ionic strength. Symbols represent mean values of three independent mea-
surements and error bars correspond to 95% confidence intervals for the mean.

Changes in mAb Surface Hydrophobicity

Measurements of ANS fluorescence in mAb solutions were used to assess the extent
to which the two mAbs undergo conformational rearrangements when incubated under
acidic conditions, since the dye ANS can act as reporter for changes in protein surface
hydrophobicity [153–155]. Experiments were performed with 50 mM sodium citrate
as buffer system and at 50 mM ionic strength. The results are shown in Figure 2.3.
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Fluorescence intensity stayed low and constant for both mAbs at pH 5.0, which is ex-

Figure 2.3: ANS fluorescence intensity of mAb-1 (A) and mAb-2 (B) solutions as a func-
tion of time during incubation at pH 2.5 (squares), 3.0 (circles), 3.5 (upwards triangles), and
5.0 (downward triangles). 50 mM sodium citrate at 50 mM ionic strength was used as buffer
system for all experiments. Symbols represent mean values of two independent measurements
and error bars correspond to 85% confidence intervals for the mean.

pected since the proteins are predominantly present in their native conformation under
this condition and hydrophobic amino acid side chains are protected from solvent expo-
sure inside the three-dimensional protein structure. For mAb-1 (see Figure 2.3 (A)), the
fluorescence intensity gradually increases over the course of 60 minutes at pH 3.5 indi-
cating that its surface hydrophobicity increases probably due to the progression of con-
formational rearrangements triggered by intra-molecular charge-charge repulsion upon
protonation of amino acid side chains. At pH 3.0 and 2.5, fluorescence is practically
constant and slightly stronger than the value measured for pH 3.5 after 60 min. This in-
dicates that conformational dynamics in response to exposure to those conditions very
rapidly reach a steady state with significantly higher surface hydrophobicity compared
to the reference situation at pH 5.0 and a slightly higher value compared to pH 3.5.

For mAb-2 (see Figure 2.3 (B)), fluorescence moderately increased over time at pH 3.5
relative to the control at pH 5.0 suggesting that protein surface hydrophobicity grew
mildly due to conformational rearrangements of the mAb molecules. At pH 3.0, fluo-
rescence intensity was constant over time at a higher level compared to the values mea-
sured at pH 3.5 throughout the entire duration of the experiment. Again, this indicates
that conformational rearrangements promoted by the exposure to an acidic environment
were virtually instantaneous, i.e. reached a steady state between preparation of the sam-

33



2. mAb Aggregation in Viral Inactivation

ple and first fluorescence measurement. Interestingly, increasing fluorescence over time
was found again at pH 2.5, which started from a value similar to the level observed at
pH 3.0 and reached more than twice this value after 60 minutes. Apparently, conforma-
tional dynamics of mAb-2 in response to exposure to pH 2.5 shows two phases. Imme-
diately after sample preparation rapid rearrangements lead to a surface hydrophobicity
similar to that observed at pH 3.0. Afterwards, additional but slower conformational
changes lead to further increase in solvent exposure of hydrophobic side chains.

Comparing the results for the two mAbs, lower ANS fluorescence values were recorded
for mAb-2 at pH 3.5 and 3.0 compared to mAb-1, whereas the increase of fluorescence
intensity over time observed for mAb-2 at pH 2.5 led to higher values at later time
points. The comparison indicates that the surface of mAb-2 is less hydrophobic rela-
tive to that of mAb-1 under less acidic pH. For both mAbs, ANS fluorescence showed
a gradual increase over time at pH 3.5, which indicates that conformational changes
caused by incubation at that pH value occur over time scales similar to typical dura-
tion of viral inactivation in mAb manufacturing. However, at lower pH, conformational
dynamics can rapidly reach a new steady state.

2.3.2 Behavior after Neutralization

The results above suggest that under acidic conditions and low ionic strength the two
mAbs (partially) denature and expose hydrophobic residues to the solvent. At the same
time, electrostatic repulsion between mAb molecules due to the high protein surface
charge and limited screening of electrostatic interactions by mobile ions prevents aggre-
gation. However, mAb solutions have to be neutralized prior to subsequent processing
steps, which will inevitably reduce their surface charge. Further, neutralization also
increases ionic strength, which will shorten the range of electrostatic repulsion. The
combination of these two effects could allow hydrophobic residues that became ex-
posed at the protein surface in conformational rearrangements at acidic pH to interact
and thereby lead to the formation of non-native mAb aggregates. To study this process,
the mAbs were incubated for different amounts of time at 50 mM ionic strength and
pH 2.5, 3.0, or 3.5 (50 mM sodium citrate was used as buffer system in all cases). Af-
terwards, solutions were neutralized by addition of base and salt to pH 5.0 and 100 mM
ionic strength and analyzed by SEC and DLS to monitor the loss of monomeric mAb
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due to aggregation and the growth of the aggregates, respectively.

Immediately after neutralization, 50 µg of mAb solution were injected into the col-
umn and the injection was repeated once per hour. For illustrative purposes, Fig-
ure 2.4 shows size exclusion chromatograms recorded after neutralization for samples
that were previously incubated for 40 minutes at pH 3.0. The large peak eluting after
approximately 27 minutes corresponds to monomeric mAb, the peak eluting after ap-
proximately 23 minutes to dimeric mAb and larger oligomers are partially co-eluting
resulting in a convoluted peak from 15.5 to approximately 21 minutes. For mAb-1,
the chromatogram obtained immediately after neutralization (red curve) showed mainly
monomer and dimer with small quantities of larger oligomers. Subsequently, the peak
area of the larger oligomers increased over time. Simultaneously, the peak area of the
dimer started to decrease slightly after the second injection, i.e. for more than 2 h after
neutralization. At the same time, the peak area of the monomer increased during the
later injections, the monomer peak became sharper and shifted to later elution times.
Sharpening and shifting of the monomer peak could be explained by progressive re-
folding of denatured monomer molecules after neutralization, since partially unfolded
conformations presumably have larger hydrodynamic size resulting in earlier elution.
Overall, similar behavior was observed for mAb-2. In contrast to mAb-1, the monomer
peak area decreased monotonically as function of time as well as sharpening and shift-
ing of the monomer peak was less pronounced.

Monomer relative to total peak area was used to determine the residual monomer con-
tent at each instant of time and the obtained values are shown in Figure 2.5 together with
the average hydrodynamic radius for both mAbs as function of time after neutralization.
It is seen that for mAb-1, the residual monomer fraction decreased within the first two
hours after neutralization followed by a slight increase. At the same time, 〈Rh〉z initially
rapidly increased but then decreased slightly at later times. For mAb-2, the fraction
of monomeric protein decreased monotonically as function of time after neutralization
while the average hydrodynamic radius almost instantaneously reached a value more
than twice as large as the one measured before neutralization (cf. Figure 2.1) and then
remained constant.

As a next step, the effect of incubation time at low pH on the aggregation behav-

35



2. mAb Aggregation in Viral Inactivation

Figure 2.4: Size exclusion chromatograms of mAb-1 (A) and mAb-2 (B) solutions neutralized
to pH 5.0. Prior to neutralization, mAbs were incubated at pH 3.0 for 40 min. 50 mM sodium
citrate was used as buffer system with 50 mM and 100 mM ionic strength before and after neu-
tralization, respectively. 50 µg of protein were injected immediaterly after neutralization (red),
1 h after neutralization (green), 2 h after neutralization (blue), 4 h after neutralization (cyan),
and 8 h after neutralization (magenta). The chromatogram for unstressed mAb (black) is shown
for comparison.

Figure 2.5: Fraction of residual monomer (squares) and hydrodynamic radius (circles) of
mAb-1 (A) and mAb-2 (B) as a function of time after neutralization to pH 5.0 and 100 mM
ionic strength. Prior to neutralization, mAbs were incubated in 50 mM sodium citrate pH 3.0
with 50 mM ionic strength for 40 minutes.
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ior after neutralization was investigated. Figures 2.6 (A), (B) and (C) show the residual
monomer content for mAb-1 solutions as a function of time after neutralization for sam-
ples incubated for 20, 40 and 60 minutes at three different pH values: 2.5, 3.0 and 3.5,
respectively. As described above, the monomer fraction dropped within the initial two
hours after neutralization followed by a partial recovery for all considered conditions.
At pH 2.5 and 3.0, incubation time under acidic conditions had no significant effect on
monomer loss after neutralization. Further, monomer fraction as a function of time after
neutralization followed the same time path for these two values of pH. Conversely, incu-
bation time had an effect at pH 3.5 with longer duration giving lower values of monomer
content at every time point after neutralization. These results are in very good agree-
ment with the ANS fluorescence results presented in Figure ??. At the two lower pH
values, fluorescence was almost identical and did not change as a function of time while
at pH 3.5 fluorescence intensity gradually increased over the course of 60 minutes. As-
suming that ANS fluorescence is proportional to the degree of denaturation, the extent
of aggregation after neutralization corresponds to the degree of denaturation incurred at
low pH.

Figures 2.7 (A), (B) and (C) show the kinetics of monomer loss after neutralization

Figure 2.6: Fraction of monomeric mAb-1 as a function of time after neutralization to pH 5.0
and 100 mM ionic strength. Prior to neutralization, the mAb was incubated for 20 (squares),
40 (circles), or 60 minutes (triangles) at pH 2.5 (A), 3.0 (B), or 3.5 (C) and 50 mM ionic
strength. Symbols represent mean values of two independent measurements and error bars
correspond to 90% confidence intervals for the mean.

of mAb-2 for samples incubated for 20, 40 and 60 minutes at three different pH val-
ues: 2.5, 3.0 and 3.5, respectively. At pH 2.5 and pH 3.0, a monotonic decrease of
the monomer fraction as function of time after neutralization was observed in agree-
ment with the results reported in Figure2.5 while at pH 3.5 almost no aggregation was
detected. Interestingly, the evolution of monomer content after neutralization was not
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affected by the incubation time at either pH value. Further, negligible differences be-
tween pH 2.5 and pH 3.0 in terms of aggregate formation were found. This observation
does not fully agree with the ANS fluorescence results (cf. Figure 2.3), where gradually
increasing fluorescence intensity was measured at pH 2.5 which was also stronger com-
pared to that recorded at pH 3.0. It might be that the additional hydrophobic surface sites
that become available at pH 2.5 compared to pH 3.0 are not involved in the formation
of non-native contacts between mAb molecules either for steric reasons or because the
associated conformational changes are rapidly reversible by neutralization. Although it
cannot be expected that protein surface hydrophobicity as measured by ANS fluores-
cence and aggregation after neutralization are always perfectly correlated, it is worth
noticing that the low ANS fluorescence in mAb-2 solutions at pH 3.5 is nicely coherent
with the negligible amount of aggregate formation after neutralization.

The hypothesis that neutralization can lead to aggregation of mAb molecules that

Figure 2.7: Fraction of monomeric mAb-2 as a function of time after neutralization to pH 5.0
and 100 mM ionic strength. Prior to neutralization, the mAb was incubated for 20 (squares),
40 (circles), or 60 minutes (triangles) at pH 2.5 (A), 3.0 (B), or 3.5 (C) and 50 mM ionic
strength. Symbols represent mean values of two independent measurements and error bars
correspond to 90% confidence intervals for the mean.

were partially denatured during previous incubation at low pH is strongly supported by
the results presented in this section. In addition, it has to be mentioned that for con-
ditions where substantial mAb aggregation was detected, the monomer fraction almost
instantaneously dropped after neutralization, i.e. already the first SE chromatogram
recorded immediately after neutralization (see Figure 2.4) showed significant quantities
of oligomers. This leads to the conclusion that once electrostatic repulsion is abruptly
reduced, coagulation proceeds rapidly, almost instantaneously, due to the strongly at-
tractive hydrophobic interactions between surfaces of partially denatured mAb molecules [143,
156]. Presumably, there is a kinetic competition between re-folding of denatured molecules
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and their self-association after neutralization. This conclusion, which refers to condi-
tions typically encountered during viral inactivation in mAb manufacturing, is pictori-
ally summarized in Figure 2.8.

Figure 2.8: Graphical representation of the process of mAb denaturation and aggregation dur-
ing viral inactivation. Exposure to an acidic environment leads to partial denaturation of mAb
molecules. Since ionic strength is sufficiently low during the low pH treatment, electrostatic
repulsion prevents self-association of the partially denatured mAb. Neutralization by addition
of base lowers mAb surface charge and increases ionic strength, which leads to coagulation of
denatured mAb molecules.

2.3.3 Potential Strategies for Reducing mAb Aggregation during
Viral Inactivation

In this section we discuss how the improved understanding of mAb aggregation caused
by temporary acidic treatment developed in this work can be used to develop strategies
to mitigate aggregation during the viral inactivation step in mAb manufacturing. Three
such strategies were tested and the results are presented below.

Variation of Neutralization Velocity

As mentioned above, neutralization of acidic mAb solutions triggers two processes that
compete with each other: refolding of partially denatured protein molecules and their
self-association. So far, neutralization was performed by instantaneous addition of the
entire volume of neutralization solution required to reach target pH and ionic strength
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values. Presumably, if refolding were given more time, while electrostatic repulsion
between mAb molecules is still sufficiently strong, a lower proportion of the (partially)
denatured mAb molecules would be incorporated into aggregates. Accordingly, we in-
vestigated, if slower addition of the neutralizing solution affects the extent of monomer
loss due to aggregation.

To test this hypothesis, both mAbs were incubated for 40 minutes in 50 mM sodium cit-
rate pH 3.0 at 50 mM ionic strength. Subsequent neutralization to pH 5.0 and 100 mM
ionic strength was performed over pre-determined time intervals through continuous
addition of the neutralizing solution with a syringe pump under gentle agitation. After
completing the addition, solutions were analyzed by SEC over ten consecutive hours.
Results are presented in Figure 2.9. It is seen that, for both mAbs, the duration of
neutralization, in the range from 0 to 60 minutes, had minimal impact on monomer de-
pletion over time. Interestingly, after neutralizing the mAb solutions over the course of
10 hours, a constant level of monomer fraction was observed over time. Its value was
equal to the final residual monomer fraction obtained for the instantaneous neutraliza-
tion protocol (cf. Figures 2.6 and 2.7).

These observations lead to the conclusion that for neither mAb a slower increase in

Figure 2.9: Fraction of residual monomeric mAb-1 (A) and mAb-2 (B) as a function of time
after completed neutralization to pH 5.0 and 100 mM ionic strength. mAbs were incubated
for 40 minutes in 50 mM sodium citrate pH 3.0 at 50 mM ionic strength prior to neutral-
ization. The neutralizing solution was added immediately (squares) or over the course of 30
minutes (circles), 60 minutes (upward triangles), or 10 hours (downward triangles).

pH and ionic strength has a beneficial effect with respect to the final extent of aggregate
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formation. This circumstance could be explained either by the fact that partial denatura-
tion incurred at low pH is not reversible solely by increasing pH, which simply reduces
intra-molecular charge-charge repulsion [157, 158], or refolding is invariably too slow
to prevent aggregation. As a consequence, the fraction of protein that denatured at low
pH will inevitably aggregate, once electrostatic repulsion between those molecules is
sufficiently reduced.

Limiting Extent of Denaturation at Low pH

Another potential strategy to mitigate the loss of monomeric mAb by low pH treatment
for viral inactivation might be to limit the extent of mAb denaturation that occurs under
acidic conditions. This could be achieved through the addition of polyol sugars, which
are known to be preferentially excluded from the protein surface in solution [159, 160].
As a consequence, they are capable of shifting the conformational equilibrium towards
the native state, since the chemical potential of the denatured protein increases to a
larger extent compared to that of the native state in presence of polyol sugars. D-sor-
bitol has already been shown to slow down heat-induced aggregation of two monoclonal
antibodies [161, 162] and was selected as model compound.

Specifically, the effect of D-sorbitol on mAb-1 surface hydrophobicity and aggregation
behavior was studied at pH 3.5. ANS fluorescence in mAb-1 solutions was measured
as a function of time in presence of 0, 250, and 500 mM D-sorbitol. Further, residual
monomer fraction was monitored by SEC after standard neutralization to pH 5.0 after 60
min incubation at pH 3.5. Results are presented in Figure 2.10. Fluorescence intensity
showed qualitatively the same gradual increase over time for all three D-sorbitol con-
centrations (see Figure 2.10 (A)). Quantitatively, fluorescence decreased as function of
D-sorbitol concentration for any given point in time. This suggests that mAb surface
hydrophobicity and therefore its degree of unfolding are reduced by the presence of
D-sorbitol in a concentration-dependent manner. However, it must be mentioned that
the substantial variability of the ANS assay rendered the differences in fluorescence in-
tensity insignificant from a statistical point of view. Additionally, Figure 2.10 (B) shows
that monomer loss after neutralization also decreased as a function of added amount
of D-sorbitol during low pH incubation. These observations agree well both with the
proposed mechanism of mAb aggregation as well as with the impact of D-sorbitol on
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mAb conformational equilibrium and could represent a method to improve product yield
within the context of viral inactivation.

It has to be mentioned that under harsher conditions (i.e. pH 3.0), addition of D-sor-

Figure 2.10: (A) ANS fluorescence of mAb-1 solutions as a function of time at pH 3.5 and
50 mM ionic strength in the presence of 0 (squares), 250 (circles), and 500 mM (triangles)
D-sorbitol. (B) Time evolution of the residual monomer fraction of mAb-1 after neutralization
to pH 5.0. Prior to neutralization, the mAb was incubated for 60 minutes at pH 3.5 in presence
of increasing quantities of D-sorbitol. Symbols correspond to the same concentrations as in
(A).

bitol did not lead to differences in aggregation behavior after neutralization (see Fig-
ure A.4). However, such low pH values are not commonly employed in mAb manufac-
turing [32, 33, 163].

Effect of Temperature

Protein denaturation is known to be strongly affected by temperature as well [68, 70].
To test the influence of temperature on the mAb aggregation during viral inactivation
we incubated mAb-2 at pH 3.25 for 60 minutes followed by the standard neutralization
protocol to pH 5.0. We kept the temperature at the same fixed value, both during low pH
incubation and after neutralization. The results in terms of monomer fraction after neu-
tralization are presented in Figure 2.11. Both at 20◦C and 35◦C, substantial monomer
loss was observed over time after neutralization. However, lowering the temperature
further to 5◦C strongly improved the monomer recovery from 54% (at 20◦C) to 86% at
10 hours after neutralization. Further, the monomer fraction after neutralization stayed
constant over time at 5◦C. Decreasing pH effectively lowers the denaturation (or melt-
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ing) temperature of mAbs [164, 165]. The fraction of (partially) denatured monomers
that are formed at low pH will depend on the difference between the denaturation tem-
perature and the actual temperature. By lowering the temperature, one can reduce the
extent of incurred denaturation during low pH incubation and, in line with the arguments
presented above, improve the monomer yield after neutralization.

Figure 2.11: Time course of the monomer fraction of mAb-2 solutions after neutralization to
pH 5.0 and 100 mM ionic strength. Prior to neutralization, the protein was incubated at pH 3.25
and 50 mM ionic strength for 60 min. During low pH incubation and after neutralization, the
solution was kept at 5◦C (squares), 20◦C (circles), or 35◦C (upward triangles).

2.4 Conclusions

Under conditions of low pH and low ionic strength, mAb molecules partially denature,
but do not aggregate due to the sufficient electrostatic repulsion between them. Sub-
sequent neutralization raises pH and ionic strength, which reduces this repulsion and
enables self-association of partially denatured monomers. Extrinsic fluorescence can
be used to monitor extent and time evolution of denaturation at low pH and there is a
partial correlation with the amount of aggregates observed after neutralization. Limiting
the extent of mAb denaturation incurred under acidic conditions (e.g. through the use
of suitable additives) can increase the residual monomer content obtained after neutral-
ization.

Formation of mAb aggregates after transient exposure to acidic conditions has been
reported in the literature [141–145]. To our knowledge, this is the first study that sys-
tematically controlled both pH and ionic strength during low pH incubation as well as
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after neutralization. The presented results could be useful for the development of viral
inactivation procedures that reduce the quantity of mAb product loss due to aggregate
formation. Especially, it was shown that a simple method such as ANS fluorescence
could be used to identify candidate molecules that have a low propensity to denature
under (mildly) acidic conditions and would aggregate to a low extent during subsequent
neutralization. Additionally, we found that the temperature at which the viral inactiva-
tion is performed can have a strong influence on the fraction of monomeric mAb that
is lost due to aggregation. Our future work will be directed at identifying additional
compounds that are more potent than D-sorbitol in reducing mAb denaturation at low
pH. At the same time, the use of such additives or the reduction of temperature must not
interfere with the inactivation of the viruses itself. It was reported that the inactivation
kinetics are slower at lower temperatures [32], but a more recent study suggested that
the effect on the final LRV is limited [166]. Further, general compatibility with the en-
tire mAb manufacturing process has to be evaluated as well. Moreover, improvements
in process yields must economically justify the use of any additive or implementation
of temperature control.
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Chapter 3

Forced Degradation Studies of
Monoclonal Antibodies at 40◦C: What
Do They Really Tell About Storage
Stability?

This chapter is based on the following publication: R. Wälchli et al. Forced Degradation Studies of
Monoclonal Antibodies at 40◦C: What Do They Really Tell About Storage Stability?, to be submitted to
Journal of Pharmaceutical Sciences.
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3.1 Introduction

In the last decades, therapeutic proteins like monoclonal antibodies (mAbs) have be-
come an increasingly important class of pharmaceuticals [2,167]. With respect to small
molecule drugs, the complexity of their macromolecular structure poses greater chal-
lenges in terms of chemical and physical stability, which must be carefully guaranteed
throughout storage and delivery for drug safety and efficacy. Among the various possi-
ble instabilities, formation of protein aggregates can be a central problem in the devel-
opment of safe formulations, since proteinaceous particles have been associated with an
increased risk of immunogenicity [80, 81, 168, 169]. Such adverse immune responses
can induce serious complications and even fatalities, and, in some cases, may lead to
the retraction of biopharmaceuticals post-marketing [82, 170].

The characterization and inhibition of protein aggregation is therefore a key topic in
biopharmaceuticals development. John F. Carpenter and Theodore W. Randolph have
been pioneers in recognizing the importance of this problem [171–173]. Starting from
a first publication on the lyophilization of hemoglobin in 1996 [174], their work has
tremendously contributed to the understanding of the sources and mechanisms of pro-
tein aggregation during production [175], formulation [176, 177], shipment and stor-
age [178, 179], as well as handling by medical personnel and patients [169, 180].

Together with advances in experimental characterization, this progress led to a funda-
mental understanding of the aggregation process at the molecular level [172,181,182]. It
has now become clear that protein aggregation is a complex multi-step process, which
involves a variety of possible microscopic reactions including protein conformational
changes, nucleation and growth of the protein particles [78, 79, 90, 183–185]. Different
aggregation mechanisms lead to different types of aggregates and therefore therapeutic
proteins may form a broad variety of soluble and insoluble particles, which can be re-
versible or irreversible [139].

It is now emerging that the size of the aggregates is an important parameter that may
heavily affect their immunogenicity [186]. Consequently, the development of a safe
mAb formulation should focus not only on the monomer loss rate but also on the size
distribution of the protein aggregates that are formed, which, in turn, requires under-
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standing the aggregation mechanisms at the molecular level. This operation is very
challenging, since the set of microscopic steps composing the aggregation reaction net-
work is highly specific to molecule and solution conditions.

Formulation development commonly relies on forced degradation studies and accel-
erated tests performed at higher temperatures relative to storage conditions to obtain in-
formation about protein stability within a shorter time frame [51,54,187]. However, the
individual elementary reactions involved in the aggregation process typically exhibit dif-
ferent dependencies on temperature. Moreover, increasing temperature might not only
raise the total fraction of partially unfolded monomers but also change their conforma-
tions, which probably exhibit different aggregation propensities. Consequently, extrapo-
lating the aggregation mechanism to low temperature from forced degradation/accelerated
stability studies is a challenging operation.

In addition, the identification of the relevant microscopic steps in the aggregation mech-
anism requires the acquisition of a large amount of high quality, time resolved data.
This operation is severely complicated at low temperatures due to the slow aggregation
kinetics. Indeed, there are only few reports in literature presenting kinetic data for the
aggregation of mAbs under refrigerated conditions [92, 96, 98, 188, 189]. This obser-
vation underlines the need for further research on the temperature dependence of mAb
aggregation in the temperature range that is relevant for standard stability testing and
product storage. Here, we investigated the aggregation behavior of two monoclonal an-
tibodies at 5◦C, 30◦C, 40◦C, and 50◦C over 52 weeks of incubation. For both molecules,
we studied formulations at 10 and 100 mg/mL mAb at five different pH values in the
absence and presence of 150 mM sodium chloride. We show that the aggregation mech-
anism of those mAbs changes as a function of temperature. Consequently, the same
degree of monomer loss at 5◦C and 40◦C corresponds to different protein aggregate
populations. In particular, dimer formation dominates at low temperatures. This result
demonstrates that a comprehensive picture of protein stability cannot rely on measure-
ment of residual monomer only. In addition, we show that the ranking of the stability of
different molecules as well as the optimal formulations that minimize aggregation are
different at 5◦C compared to 40◦C.
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3.2 Materials and Methods

3.2.1 Materials

mAb-1 and mAb-2 were, respectively, an IgG1 with experimental pI of 8.2 and an IgG4
with experimental pI of 7.6. Sodium chloride, tris(hydroxymethyl)aminomethane (Tris)
and sodium acetate anhydrous were purchased from Sigma-Aldrich (St. Louis, MO,
USA). L-Histidine was purchased from Merck KGaA (Darmstadt, HE, Germany). All
chemicals were of analytical grade. Ultrapure water was prepared using a Milli-Q sys-
tem (Merck MilliPore, Billerica, MA, USA).

3.2.2 Sample Preparation

Tris-HCl and L-Histidine-HCl buffers were prepared by dissolving the appropriate mass
of buffer component in ultrapure water followed by pH adjustment through addition of
1 M HCl (Merck KGaA, Darmstadt, Germany). Acetate buffer was prepared by mixing
appropriate volumes of 200 mM sodium acetate and 200 mM acetic acid solutions to
obtain the desired pH. The identical buffers containing 3 M sodium chloride were pre-
pared in parallel. All buffers were filtered using a Stericup® vacuum filtration system
(Merck KGaA, Darmstadt, Germany) and stored in the refrigerator before use.

Buffer exchange of the mAb starting material was performed using Vivaflow 50 cross
flow cassettes (Sartorius Stedim Biotech GmbH, Goettingen, Germany) equipped with
30 kDa cut-off PES membrane. The final permeate volume was approximately five
times the volume of the mAb solution to ensure proper buffer exchange. The cassettes
were cooled in a water bath during the entire procedure. The buffer-exchanged mAb
solutions were concentrated to approximately 105 mg/mL after transfer into Amicon®

Ultra 15 centrifugal filter tubes (Merck KGaA, Darmstadt, HE, Germany) equipped
with a 30 kDa PES membrane. The concentrated solutions were sterile filtered using
Steriflip-GP 0.22 µm sterile centrifuge tube top filter units (Merck KGaA, Darmstadt,
HE, Germany) and stored under refrigerated conditions prior to further use. mAb con-
centration of the solutions was determined by UV absorption at 280 nm on a SoloVPE
variable path length UV-Vis spectrophotometer (C technologies Inc., Bridgewater, NJ,
USA). A specific extinction coefficient ε̂280 nm of 1.58 mL/mg/cm and 1.34 mL/mg/cm
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was used for mAb-1 and mAb-2, respectively.

3.2.3 Stability Studies

The aggregation kinetics of the different mAb formulations was investigated during
isothermal incubation at 5◦C, 30◦C, 40◦C and 50◦C using climate chambers. Different
formulations were considered by varying pH and sodium chloride concentration. More
specifically, pH was selected relative to each mAb’s isoelectric point and set equal to
0, 1, 2, 3 and 4 units below the pI. For each pH value, one formulation without excipi-
ent and one with 150 mM sodium chloride was prepared. Next, 200 µL of formulation
were placed in HPLC vials with 300 µL fixed inserts (Thermo Scientific™, Langerwehe,
Germany). The vials had been sterilized in a Laboklav 80-V (Detzel Schloss, Germany
) autoclave prior to use. Those operations were performed inside a Herasafe HS 15
(Thermo Scientific™, Waltham, MA, USA) laminar flow cabinet. In regular time in-
tervals, vials were withdrawn from the incubators and the samples were analyzed by
SEC-MALS and DLS to determine the mass fraction of aggregates, as well as to deter-
mine average molecular weight and hydrodynamic size of the aggregate population.

3.2.4 Size-Exclusion Chromatography Coupled to Multi-Angle Light
Scattering

Chromatographic analyses of the mAb formulations were run on an Agilent 1260 Infin-
ity (Agilent Technologies, Santa Clara, CA, USA) system. Prior to injection, samples
were kept at 5◦C within the autosampler of the unit. A Wyatt WTC-030S5 analytical
size exclusion chromatography (SEC) column (7.8x300 mm, 5 µm, 300 Å) was used in
combination with a Wyatt WTC-030S5G guard column to separate the different species
based on their hydrodynamic size. For analysis, 250 µg of protein were injected and
eluted at 1 mL/min with 100 mM sodium phosphate, 200 mM sodium sulfate at pH 7.0
as mobile phase. Chromatograms were recorded in terms UV absorption at 280 nm.
Further, the chromatography system was coupled to a DAWN HELEOS multi-angle
light scattering (MALS) detector (Wyatt Technologies, Santa Barbara, CA, USA) to
determine the molecular weight of the eluting species. The UV chromatograms were
analyzed with the Empower 3 software (Waters, Milford, MA, USA) and the light scat-
tering data with the Astra 6.1.7.17 software (Wyatt, Santa Barbara, CA, USA).
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3.3 Results and Discussion

3.3.1 The Aggregation Rate Shows Non-Arrhenius Behavior

We focused our attention on the effect of temperature on the initial stages of the ag-
gregation process, corresponding to less than 10% monomer conversion, since typically
only few percent of monomeric mAb are converted into aggregates during the storage of
commercial products [189]. The aggregation rate was determined from the mass frac-
tion of the aggregates measured via size exclusion chromatography at the different time
points. The total mass fraction of aggregates wAgg at a generic incubation time t was
computed using the following formula:

wAgg (t) =
AAgg (t)
ATot (t)

+
ATot (0) − ATot (t)

ATot (0)

Here, AAgg denotes the combined peak area of all species eluting earlier than the monomer.
ATot represents the total area under the curve and ATot (0) is the initial value. This for-
mula also accounts for the potential formation of insoluble aggregates, which would
lead to incomplete mass recovery in SEC analysis. Such mass loss, however, was
observed only for a very few formulations at higher temperatures. The initial rate

of aggregate formation
(
dwAgg

dt

)
t→0

was determined by linear regression in the range

wAgg (t) ∈
[
wAgg (0) ,wAgg (0) + 0.1

]
as shown in Figure 3.1. Finally, the initial aggrega-

tion rate r0 was obtained by multiplying
(
dwAgg

dt

)
t→0

by the total protein concentration
c0.

Figure 3.2 presents the influence of temperature on the initial aggregation rate for 100 mg/mL
mAb concentration while the data at 10 mg/mL are reported in Figure B.1. For all for-
mulations, the initial aggregation rate showed non-linear dependence on temperature
according to the Arrhenius framework. This result is in agreement with previous reports
for other mAbs [92, 98, 189]. The deviation from Arrhenius behavior was more pro-
nounced for formulations at lower pH, which might be attributed to the lower melting
temperature of the mAbs under those conditions.

Our results are not surprising, since for large proteins like mAbs with a high content
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Figure 3.1: Measurement of the initial aggregation rate. The plot shows the time evolution of
the total mass fraction of aggregates for 100 mg/mL mAb 1 at pH=pI and 30◦C. The black line

represents a linear regression analysis of the data to determine
(

dwAgg

dt

)
t→0

.

Figure 3.2: Arrhenius plot of the initial aggregation rate at 100 mg/mL mAb concentration
and pH=pI (blue squares), pI-pH=1 (light blue circles), pI-pH=2 (yellow upward triangles),
pI-pH=3 (orange downward triangles), and pI-pH=4 (red diamonds). (A) mAb-1 without ex-
cipient, (B) mAb-2 without excipient, (C) mAb-1 with 150 mM sodium chloride, (D) mAb-2
with 150 mM sodium chloride.
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of native secondary and tertiary structure, Arrhenius-behavior is usually observed only
over narrow temperature ranges [93]. Moreover, for mAbs this temperate range is typ-
ically above 45◦C, which significantly exceeds the temperature window relevant for
storage as well as for accelerated stability and forced degradation studies [190–192]. In
agreement with our results, a bend in the Arrhenius plot is typically observed between
30◦C and 40◦C, which challenges the predictions of stability at low temperatures based
on data generated under thermal stress.

3.3.2 The Apparent Reaction Order Increases with Decreasing Tem-
perature

The possibility to measure the time evolution of the mass loss allows us to estimate the
apparent reaction order ν, which is an important parameter that quantifies the depen-
dence of the aggregation rate on the monomer concentration [M] and is indicative of
the dominant microscopic aggregation mechanism. We determined ν by analyzing the
dependence of the initial aggregation rate r0 on the initial monomer concentration [M]0:

r0 = lim
t→0

(
d [M]

dt

)
= −kobs [M]ν0 (3.1)

Here, kobs denotes the observed rate constant of the aggregation rate. This expression
can be linearized as

ln (r0) = ln (kobs) + ν ln ([M]0) , (3.2)

which can be used to estimate ν from the slope of the linear plot ln (r0) against ln ([M]0).
In Figure 3.3, we show the dependence of ν on temperature. For both molecules and
all formulation conditions, the reaction order changed as a function of temperature.
More specifically, ν increased from values closer to one towards values close to two
with decreasing temperature. This important result indicates that temperature affects
both the overall aggregation rate (see Figure 3.2) and the aggregation mechanism (see
Figure 3.3), thereby leading not only to different amounts but also to different types of
protein aggregates.

We note that at 5◦C data could only be acquired for mAb-1 formulations without excip-
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Figure 3.3: Temperature dependence of the apparent reaction order ν of the initial aggregation
rate with respect to the monomer concentration. pI=pH (blue squares), pI-pH=1 (light blue
circles), pI-pH=2 (yellow upward triangles), pI-pH=3 (orange downward triangles), and pI-
pH=4 (red diamonds). (A) mAb-1 without excipient, (B) mAb-2 without excipient, (C) mAb-1
with 150 mM sodium chloride, (D) mAb-2 with 150 mM sodium chloride.
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ient, while for all other formulations the aggregation rate at lower mAb concentration
was too slow to robustly estimate the reaction order. Moreover, formation of insoluble
aggregates was observed in a few formulations at 50◦C (see Table B.1), which could
explain the increase of ν between 40◦C and 50◦C in those cases [185, 193]. Finally, the
kinetic data for pI-pH=4 with sodium chloride was too noisy for proper analysis.

3.3.3 Lowering Temperature Arrests Growth and Coagulation of
mAb Aggregates

The apparent reaction order conveys important information about the underlying micro-
scopic aggregation mechanism, since the individual elementary steps exhibit different
reaction orders with respect to the monomer concentration. For instance, dimer nucle-
ation is second order, whereas addition of monomers to pre-existing aggregates is first
order in terms of monomer concentration [90, 91]. The apparent order will be a convo-
lution of the two contributions and ν is expected to assume values closer to two, when
dimer nucleation becomes the dominating aggregation route. Thus, the observed ν of
two at lower temperatures suggests that aggregate growth by monomer addition is neg-
ligible for those conditions.

We verified this prediction by measuring the time evolution of the size of the aggregates
at different temperatures, reported as the weight-average number of mAb monomers per
aggregate (see Figure 3.4). Indeed, at 5◦C and 30◦C, the size of the aggregates remained
constant over time and equal to nAgg

w ≈ 2 indicating that the aggregate population at low
temperatures consisted of dimers that did not grow over time. In contrast, at higher
temperatures (i.e. 40◦C and 50◦C), the size of the aggregates rapidly increased for both
mAbs within few weeks, both in the absence and presence of sodium chloride as excip-
ient.

An important consequence of this behavior is that the same extent of monomer loss
can lead to different aggregate size distributions, which could potentially be associated
with different risks of immunogenicity [186, 194]. To illustrate this concept, in Fig-
ure 3.5 we plot the average aggregate size nAgg

w against the monomer conversion 1 − m
for the different temperatures (with m = [M] / [M]0 representing the fraction of unre-
acted monomer). At any given conversion, nAgg

w increased as function of temperature,
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Figure 3.4: Time evolution of the weight-average number of mAb monomers per aggregate at
100 mg/mL mAb and pI - pH = 2 for 5◦C (blue squares), 30◦C (yellow circles), 40◦C (orange
upward triangles), and 50◦C (red downward triangles). (A) mAb-1 without sodium chloride,
(B) mAb-2 without sodium chloride, (C) mAb-1 with 150 mM sodium chloride, (D) mAb-2
with 150 mM sodium chloride.
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clearly indicating that aggregate growth becomes more important relative to the nucle-
ation of new dimers at higher temperatures.

Figure 3.5: Weight-average number of mAb monomers per aggregate as function of monomer
conversion for pI - pH = 2 at 5◦C (blue squares), 30◦C (yellow circles), 40◦C (orange upward
triangles), and 50◦C (red downward triangles). (A) mAb-1 without excipient, (B) mAb-2 with-
out excipient, (C) mAb-1 with 150 mM sodium chloride, (D) mAb-2 with 150 mM sodium
chloride.

3.3.4 Aggregation under Storage Conditions Correlates Poorly with
Forced Degradation Studies at 40◦C

Overall, the results discussed above indicate that higher temperature not only increases
the overall aggregation rate but also changes the relative contribution of the different
microscopic steps composing the aggregation reaction network, which has deep impli-
cations for formulation design. In general, different excipients will have different effects
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on the individual microscopic steps of the aggregation process. For instance, sugars
strongly impact protein conformational changes, while salts typically affect nucleation
and growth events by modulating electrostatic interactions between protein molecules.
Consequently, a formulation chosen based on forced degradation studies at 40◦C may
not represent the optimal formulation for storage at refrigerated temperatures of 2-8◦C.

To illustrate this point, we plotted the aggregation rate of both molecules at 5◦C against
the rate at 40◦C for all investigated formulations (see Figure 3.6), which differ in terms
of pH values and sodium chloride concentration. The two aggregation rates correlated
poorly (Pearson correlation coefficient of R = −0.01), in particular for mAb-2 and for
typical pH values of commercial formulation (orange symbols in Figure 3.6 (B)).

Figure 3.6: Correlation between stability under storage conditions and in forced degradation
studies. (A) Relationship between the aggregation rate at 5◦C and at 40◦C. (B) Plot of the
stability rank in terms of aggregation rate at 5◦C against that at 40◦C. Data corresponds to
100 mg/mL formulations of mAb-1 (squares) and mAb-2 (circles) at pH = pI (blue), pI - pH =

1 (light blue), pI - pH = 2 (yellow), pI - pH = 3 (orange), and pI - pH = 4 (red). Full symbols
correspond to formulations without excipient and half filled symbols to those with 150 mM
sodium chloride.

Moreover, it is worth noting that most formulations of mAb-2 showed slower aggre-
gation compared to formulations of mAb-1 at 5◦C, while this trend was much less pro-
nounced at 40◦C, as highlighted in Figure 3.6 (B). In fact, the Spearman rank correlation
coefficient ρ for the two aggregation rates is equal to 0.26. Thus, temperature can not
only change the ranking of different formulations of the same molecule but also the over-
all relative stability of formulations of several candidates. This observation underlines
the inherent limitations of thermal stress as a mean to accelerate protein aggregation
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and obtain information about stability under conditions that are relevant for long term
storage [195, 196].

These limitations are strongly associated with the interplay between protein conforma-
tional stability and aggregation propensity. The outcome of forced degradation studies at
40◦C could be influenced by the thermal stability of the mAb conformation, while this
biophysical parameter might have little relevance for stability at lower temperatures.
Since antibodies generally possess differing melting temperatures, the same increase
in temperature may induce different conformational changes in different molecules. In
our study, the midpoint temperature of the first transition Tm,1 measured by differential
scanning calorimetry (DSC) was lower for the majority of the formulations of mAb-2
compared to those of mAb-1, i.e. an overall average of 62◦C relative to one of 68◦C
(see Figure B.4). Thus, at 40◦C mAb-2 may undergo larger conformational changes
compared to mAb-1. In contrast, those structural changes could be much less relevant
at storage temperatures, which are far from the Tm,1 of both mAbs. This observation
is confirmed by the additional analysis of the correlation between the aggregation rate
at 5◦C and 40◦C for the two mAb separately, which is presented in Figure B.5. In-
dividually, mAb-1 (which is exhibits higher Tm,1) showed better correlation relative to
mAb-2. For mAb-2, the correlation was very poor, either with or without the presumed
outlier in Figure 3.6 (A). Moreover, the correlation was better for formulations with pH
close to or at the mAbs’ isoelectric point, which is of limited practical relevance, since
antibodies are normally formulated at pH values in sufficient distance from the pI (see
Figure B.5). In agreement with these considerations, we observed that the correlation
between the kinetics of aggregation and the ranking of different formulations was much
better between 5◦C and 30◦C (see Figure 3.7).

The interplay between thermal stability and aggregation is probably also responsible for
the observed reversal in the ranking of the aggregation rates as a function of formulation
pH between high and low temperatures: At 50◦C, the aggregation rate increased with
decreasing pH value (see Figure 3.2 (B)-(D) and Figure 3.6). The exception were for-
mulations of mAb-1 without salt, where the formulation at pH = pI was the least stable
at 50◦C. In contrast, at 5◦C, lower pH corresponded to slower aggregation in most cases.
Decreasing pH simultaneously reduces the conformational stability (i.e. lower Tm) of
the mAbs and increases their colloidal stability by increasing electrostatic repulsion be-
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Figure 3.7: Correlation between stability under storage conditions and accelerated conditions.
(A) Relationship between the aggregation rate at 5◦C and at 30◦C. (B) Plot of the stability rank
in terms of aggregation rate at 5◦C against that at 30◦C. Significance of the symbols is identical
to that in Figure 3.6.

tween antibody molecules. At low temperature, the latter stabilizing effect appears to
dominate, while at high temperature the abundance of unfolded species and attractive
interactions among them become more important.

The role of conformational stability at different temperatures is also relevant in the con-
text of the different microscopic aggregation mechanisms observed in forced degrada-
tion studies and under storage conditions, as summarized in Figure 3.8. Under thermal
stress, mAb aggregates increase their size either by growth via monomer addition or
through aggregate aggregate coagulation. In contrast, at refrigerated temperatures at
comparable monomer conversion only dimers are observed.

The growth of dimers into oligomers requires the establishment of a link between one
of the monomers engaged in the dimer and a third mAb monomer. Probably, the most
flexible domain of a mAb will be the one involved in the establishment of the initial
bond within the dimer. Thus, formation of additional bonds with other mAb molecules
will require flexibility also in other parts of the mAb. Increasing temperature may render
other sections of the mAb structure also available for inter-molecular contacts, therefore
increasing the likelihood of growth and coagulation of aggregates.

Overall, our results suggest that thermal stress also accelerates aggregation pathways
that are not relevant for storage conditions, leading to the formation of an aggregate
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Figure 3.8: Schematic illustration highlighting the differences in mAb aggregation under ther-
mal stress and under storage conditions. (A) At high temperature, the size of mAb aggregates
increases due to growth by monomer addition and aggregate aggregate coagulation. In contrast,
the aggregation process arrests after dimer formation at lower temperatures. (B) Consequently,
the same extent of monomer conversion leads to aggregate populations characterized by dras-
tically different size distributions, with many, small oligomers formed at low temperature and
fewer, large aggregates generated at high temperature.

population that will not be representative of the aggregates formed over the shelf life
of antibody drugs. Our findings indicate that under storage conditions dimer formation
is the most important process. Future directions should therefore focus on the charac-
terization of mAb dimers, which can be very different in terms of both intermolecular
linkages (i.e. covalent vs. non-covalent) and IgG domains involved in the connec-
tions [197–200]. Thus, it would be important to better understand which dimerization
pathway is the most relevant during storage and under accelerated conditions.

Finally, for the design of accelerated stability studies it would be beneficial to establish
rules (possibly based on Tm) to determine the temperature range in which the predomi-
nant aggregation mechanism corresponds to that under storage conditions.

3.4 Conclusions

We investigated the aggregation kinetics of two monoclonal antibodies in the temper-
ature range from 5◦C to 50◦C to access the window relevant for drug product storage
as well as accelerated stability and forced degradation studies. Our results highlight
several challenges for shelf life predictions based on thermal stress studies. First, the
aggregation rate of mAb formulations shows non-Arrhenius behavior as a function of
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temperature. Secondly, changes in temperature also affect the underlying aggregation
mechanism and the corresponding reaction order. Specifically, aggregation at 5◦C and
30◦C is dominated by dimerization, while at the same monomer conversion larger ag-
gregates are formed at higher temperatures. Consequently, the same extent of monomer
loss leads to the formation of different aggregate populations, which may potentially be
associated with different risks of immunogenicity.

Moreover, our results show that there is very poor correlation between the stability rank-
ing of different molecules as well as of different formulations under storage conditions
and under thermal stress at 40◦C, in particular under typical pH values of commercial
formulation.

Overall, our results show that addressing the details of the microscopic aggregation
mechanism in addition to the rate of monomer loss is crucial to design suitable acceler-
ated stability studies.
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Chapter 4

PEG-Precipitation to Probe
Interactions and Aggregation
Propensity of High Concentration mAb
Formulations under Storage
Conditions

This chapter is based on the following publication: R. Wälchli et al. PEG-Precipitation to Probe
Interactions and Aggregation Propensity of High Concentration mAb Formulations under Storage Con-
ditions, to be submitted to Molecular Pharmaceutics.

63
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4.1 Introduction

Monoclonal antibodies (mAbs) are an increasingly important class of pharmaceuti-
cals, which find application in the treatment of a remarkable variety of human dis-
eases [38, 201]. A growing number of approved molecules are formulated for admin-
istration via subcutaneous (SC) injections. This route allows for self-administration,
which is particularly convenient for the treatment of chronic diseases [43, 44]. How-
ever, the constrain in the maximum volume that can be injected for SC administration
(approx. 2 mL [127]) requires formulations at high protein concentrations (typically
higher than 100 mg/mL) to provide the required mAb dose. High protein concentration
can pose a series of challenges including high viscosity and accelerated protein aggre-
gation [84,202,203], which may render manufacturing and injection difficult [203,204]
and has been associated with an increased risk of immunogenicity [78, 80, 81], respec-
tively. For these reasons, it is important to identify candidate molecules with a low
intrinsic propensity to self-associate/aggregate as well as to design formulations that
further inhibit protein self-association and aggregation.

In this context, it is desirable to identify biophysical descriptors that could report on the
aggregation propensity of antibodies, in particular at high protein concentration [205,
206]. Biophysical parameters can be broadly categorized into properties associated with
conformational stability and indicators of colloidal stability [45]. The formation of irre-
versible protein aggregates generally involves both conformational rearrangements and
protein-protein interactions [76–78, 84]. In many cases, a conformational change pre-
cedes the nucleation and growth of aggregates. Thus, it comes as little surprise that
mAb aggregation rates correlate with the conformational stability of the molecules un-
der certain conditions [207–210]. However, several reports demonstrate poor correla-
tion between aggregation at low temperatures and conformational stability determined
by thermal denaturation [195,211,212], indicating that this parameter is a poor reporter
of the relevant aggregation propensity.

Since formation and growth of protein aggregates inherently involve association steps [84],
it can be expected that the tendency of protein molecules to self-associate is also an
important factor in driving aggregation. Multiple studies attempted to correlate ag-
gregation propensity with native protein-protein interactions, which can be estimated
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by measuring a variety of quantities such as the osmotic second virial coefficient B22,
the diffusion interaction parameter kD, the solubility, etc. An overview of experimen-
tal reports correlating colloidal stability with aggregation rate at low temperatures (i.e.
≤40◦C) is shown in Table 4.1. Among the various parameters, B22 has been studied most
intensively. Although it is reported to correlate with the aggregation rate at elevated
mAb concentrations (i.e. 10-100 mg/mL) under thermal stress conditions (i.e. 40◦C) in
several cases [213–218], poor correlation was observed in other instances [214, 219].

Other authors investigated the relationship between the diffusion interaction parame-
ter kD and the aggregation propensity. Thiagarajan and colleagues studied nine different
IgGs in their lead formulation and found limited correlation with the aggregation rate at
40◦C and 25-100 mg/mL concentration [212]. On the other hand, Majumder et al. [220]
found good correlation between kD and the aggregation rate at 25◦C and 20 mg/mL for
a bispecific antibody across different formulations.

Banks and co-workers investigated the relationship between the native state solubil-
ity determined via kosmotrope- or PEG-precipitation and the aggregation rate for IgGs
as well as rhGCSF [221–223]. Excipients that increased the solubility of the proteins si-
multaneously decreased the aggregation rate at high concentration and low temperature.
Further, Kohli et al. [224] reported a correlation between the self-interaction propensity
determined by standup monolayer adsorption chromatography (SMAC) and the aggre-
gation rate at 37◦C for different mAbs under identical solution conditions.

In summary, although a certain level of correlation between colloidal stability and the
aggregation rate at low temperature was observed for individual molecules and specific
conditions, no universal behavior has been found and the establishment of universal
correlations remains a challenge.
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Table 4.1: Experimental reports on the correlation between the aggregation rate and biophysical parameters describing colloidal stabil-
ity.

Biophysical Parameter Good Correlation Poor Correlation

B22

One molecule, different values of pH and ionic
strength [213].
One molecule, different buffer species and buffer
concentrations at fixed pH [215].
One molecule, different values of pH [216].
One molecule, different salt concentrations for
fixed pH [217].
One molecules, different values of ionic strength
for fixed pH [214].

One molecule, different values of ionic strength
for fixed pH [214].
One molecule, different values of pH for fixed
ionic strength [214, 219].
One molecule, different sugars at fixed concentra-
tion and pH [217].
One molecule, different excipients at fixed pH
and ionic strength [219].

kD
One molecule, different buffer species and pH
conditions [220].

Different molecules in optimized formula-
tion [212].

Solubility by kosmotrope-precipitation
(i.e. salting-out).

One molecule, different pH values [222].
One molecule, different excipients at fixed con-
centration and pH [222].
One molecule, different concentrations of sucrose
at fixed pH [223].

Solubility by PEG-precipitation.
One molecule, different excipients at fixed con-
centration and pH [221].

SMAC Different molecules at fixed solution condi-
tions [224].

Different molecules at fixed solution condi-
tions [224].
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A potential limitation of biophysical parameters such as B22 and kD is the circum-
stance that they quantify protein-protein interactions in the limit of infinite dilution,
which may differ from the intermolecular forces arising at high protein concentrations.
In this context, phase separation experiments either with kosmotropic salts or with neu-
tral polymers such as poly(ethylene glycol) have the potential to report on interactions
at high protein concentration. Compared to kosmotropic salts, PEG-induced precipita-
tion has the additional advantage of not interfering with the ionic strength of the solu-
tion, which will presumably preserve the electrostatic contribution to the net protein-
protein interaction potential. Moreover, precipitation experiments typically require low
amounts of protein, are robust and amenable to high-throughput screening [225, 226].
Leveraging these features, precipitation assays are typically applied to estimate protein
solubility [225–229]. However, the possibility to use these methods to predict the ag-
gregation rate at high concentration has remained much less explored [221].

In this work, we applied PEG-induced phase separation as well as static light scattering
to quantify mAb self-interactions and compared the results with the aggregation rate at
100 mg/mL under storage conditions (i.e. at 5◦C). To this aim, we investigated four
different immunoglobulin Gs (IgGs) under a wide variety of solution conditions. This
approach allows us to investigate the correlation between native protein-protein interac-
tions and the aggregation rate both for individual molecules under different conditions
as well as across different molecules. Moreover, we considered IgGs belonging to two
sub-classes (IgG-1 and IgG-4), thereby exploring also the influence of the molecular
structure.

Very good correlation between the midpoint of the precipitation curve cPEG,50% and B22

was observed for all molecules and solution conditions, which indicates that protein-
protein interactions at high concentration correlate with those at low concentration.
Further, we observed correlation between the aggregation rate at 5◦C and cPEG,50% at
low ionic strength. However, this correlation was lost at higher ionic strengths, which
indicates that native protein-protein interactions are not the sole determinant of the ag-
gregation rate even under conditions that strongly favor the native protein conformation.
Overall, our results suggest that aggregation propensity under storage conditions will
generally depend on a combination of biophysical properties involving the propensity
to self-associate, either in the native or a partially denatured state, as well as the stability
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of the native conformation.

4.2 Materials and Methods

4.2.1 Materials

Monoclonal IgGs mAb-1, mAb-2 and mAb-4 were provided by UCB Pharma (Braine-
l’Alleud, Belgium) as polished and concentrated solutions (i.e. 50-160 mg/mL IgG) and
used without further purification. MAb-3, also of IgG format, was obtained as polished
solution at 20 mg/mL concentration. IgG sub-class and isoelectric point of the studied
mAbs are reported in Table 4.2.

Table 4.2: Selected properties of the investigated monoclonal antibodies.

Isoelectric Point Sub-Class

mAb-1 8.2 1
mAb-2 7.6 4
mAb-3 8.5 1
mAb-4 6.2 4

4.2.2 Sample Preparation

All buffer solutions were prepared using deionized water prepared with a Milli-Q Synergy®

Water Purification System (Merck Millipore, MA, USA). After dissolving the appropri-
ate mass of all required components, pH was adjusted using either concentrated hy-
drochloric acid or sodium hydroxide solution before adjusting the total volume using
a volumetric flask. Final pH was always within ±0.05 units of the target value as ver-
ified with a SevenMulti pH meter (Mettler Toledo, Schwerzenbach, Switzerland). An
overview of the employed buffer systems is given in Table 4.3.

MAb stock solutions in the various buffer systems were prepared through buffer ex-
changes using Amicon® Ultra centrifugation tubes equipped with a 10 kDa molecu-
lar weight cut-off Ultracel® regenerated cellulose membrane (Merck Millipore, Cork,
Ireland) and an Eppendorf 5810R centrifuge (Eppendorf, Hamburg, Germany). Fresh
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Table 4.3: Overview of buffer agent as function of the pH range. Total molarity of the buffer
species was always 20 mM.

pH Range Buffer Agent

3-5 Sodium acetate
5-7 L-histidine-HCl
7-9 Tris-HCl

buffer was added until the residual content of initial buffer solution was reduced be-
low 1% and mAb solutions were concentrated to the desired value by centrifugation at
3000×g and 4◦C. Finally, the solutions were sterile-filtered through a 0.22 µm pore-size
syringe filter (Merck Millipore, Cork, Ireland) and stored at 4◦C prior to use. Their final
mAb concentration was determined by injection into a size exclusion chromatography
column and detection by UV absorption at 280 nm wavelength as detailed below.

4.2.3 Size Exclusion Chromatography

Size exclusion chromatography (SEC) was run on an Agilent HPLC system equipped
with an Agilent 1200 degasser, Agilent 1100 quaternary pump, Agilent 1200 autosam-
pler, and Agilent 1260 variable wavelength detector (Agilent Technologies, Inc., Santa
Clara, CA, USA). Either a Tosoh TSK-Gel SuperSW mAb HR (7.8x300 mm) or a
GE Superdex 200 (10x300 mm) column was used for analysis. The mobile phase con-
tained 100 mM sodium phosphate, 200 mM L-arginine, and 1 g/L sodium azide at
pH 7.0. Samples were eluted at 0.5 mL/min and chromatograms were recorded by UV
absorption at 280 nm wavelength.

4.2.4 Phase Separation Experiments with PEG

Poly(ethylene glycol) (PEG) with a molecular weight of 8000 Da was used as deple-
tant (Sigma-Aldrich, St. Louis, USA). Phase separation experiments were conducted
at a constant temperature of 5◦C and 2 mg/mL total mAb concentration. Samples were
prepared by mixing appropriate volumes of mAb stock solution, PEG stock solution
and buffer solution. Immediately after mixing, samples were incubated at 37◦C for one
hour to ensure complete homogenization. This was followed by equilibration at 5◦C
for 24 h. Dilute and condensed phase were separated by centrifugation at 15’000×g
and 5◦C for 15 minutes. MAb concentration in the dilute phase was measured by UV
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absorbance at 280 nm using an EnSpire 2300 Multilabel plate reader (Perkin Elmer,
Massachusetts, USA) and UV-Star®, 96 well, µClear®, clear microplates (Greiner Bio-
One, Kremsmünster, Austria).

For solutions containing excipients that could interfere with UV absorption from the
mAb, the dilute phase concentration was determined by injection into a ProPac WCX-10
cation exchange column. The column was equilibrated with 20 mM sodium acetate
pH 5.2 at 1 mL/min flow rate. After injection, the mAb was eluted by a linear gradient
from 0 to 30% of 20 mM sodium acetate pH 5.2 with 1 M sodium chloride over 8 col-
umn volumes. Chromatograms were recorded in terms of UV absorption at 280 nm
wavelength. A sigmoidal function was fit to the dilute phase concentration as func-
tion of PEG concentration to quantify the midpoint of the precipitation curve using the
software Origin 9.1 (OriginLab Corporation, Northampton, MA, USA).

4.2.5 Long-Term Stability Tests

Long-term stability test were performed at 100 mg/mL mAb concentration. The solu-
tion pH was selected relative to the isoelectric point to have similar qualitative trends of
net protein charge for all molecules. An overview of the tested conditions is given in
Table 4.4.

Table 4.4: Overview of the relative pH conditions investigated for the different monoclonal
antibodies in this study.

pI - pH [-] mAb-1 mAb-2 mAb-3 mAb-4

-1 - - - x
0 x x x x
1 x x x x
2 x x x x
3 x x x -

For mAb-1, in addition to the reference buffer solution, sodium chloride was investi-
gated as excipient at 75 and 150 mM. Samples were incubated for 8 weeks at 30◦C
and 40◦C as well as for 12 weeks at 5◦C. Monomer mass fraction, average molecular
weight as well as average hydrodynamic radius were determined before and after incu-
bation. All experiments were conducted in triplicates. Solutions were diluted 10x prior
to injecting 50 µg of protein into the column for size exclusion analysis.
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4.2.6 ζ-Potential Measurements

ζ-potential of the investigated mAbs under various solution conditions was determined
by laser Doppler electrophoresis on a Malvern Zetasizer Nano ZS instrument (Malvern,
Worcestershire, United Kingdom) at 2 mg/mL mAb concentration. The measured elec-
trophoretic mobility µ was converted into a ζ-potential value according to the equation

ζ =
µη

ε0εr
. (4.1)

Here, η represents the viscosity of the solvent whereas ε0 and εr are the dielectric per-
mittivity of the vacuum and the relative permittivity of the solvent, respectively. A
ZEN1002 dip cell (Malvern, Worcestershire, United Kingdom) equipped with palla-
dium electrodes was used in combination with square-well polystyrene macro-cuvettes
for the measurements. Samples were filtered through 0.22 µm pore-size syringe filters
(Merck Millipore, Cork, Ireland) prior to the measurement. For each sample, the mea-
surement was repeated five times and two samples were prepared for each condition.
The average value of these ten measurements is reported.

4.2.7 Osmotic Second Virial Coefficient Measurements

The osmotic second virial coefficient of the mAbs as function of the solution conditions
was determined by measuring the excess Rayleigh ratio Rex

θ as function of the protein
concentration c2. The scattering intensity of the samples I, the solvent I0 (i.e. the buffer
system), and the standard Itol (i.e. toluene) were recorded using a Malvern ZetaSizer
Nano ZS instrument. To prevent contamination by dust particles, solutions were fil-
tered through Millex-GV 0.22 µm cut-off syringe filters (Merck Millipore) directly into
the ZEN2112 quartz cuvette before each measurement. The excess Rayleigh ratio was
computed as

Rex
θ =

(I − I0) n2
0

Itoln2
tol

Rtol
θ , (4.2)

where n0 and ntol represent the refractive index of pure solvent and toluene, which were
assumed equal to 1.33 and 1.496, respectively. Rtol

θ = 1.35 ·10−5 cm−1 is the Rayleigh ra-
tio for toluene at λ = 633 nm. The osmotic second virial coefficient B22 was determined
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using the relationship

Kc2

Rex
θ

=
1 + 2B22c2

M2,app
(4.3)

in which the constant K equals 4π2n2
0 (dn/dc2)2 N−1

A λ−4, where (dn/dc2) = 0.185 mL/g
is the refractive index increment of the mAb and NA is Avogadro’s number. M2,app is the
apparent molecular weight of the mAb, which can in general slightly differ from the true
molecular weight due to interactions between the protein and the solvent components.

4.3 Results and Discussion

4.3.1 Electrostatic Interactions Are a Major Determinant of mAb
Phase Behavior

We induced phase separation in mAbs solutions at different pH values by adding in-
creasing quantities of PEG. The polymer is assumed to interact predominantly in a
steric manner with proteins [230, 231]. This steric interaction results in a zone inac-
cessible to polymer chains around each protein molecule, which is called depletion
layer [120,232,233]. When two protein molecules come into close distance, their deple-
tion layers will overlap, which enlarges the solution volume accessible to the polymer
chains and, in turn, increases the entropy. This will give rise to an attractive force be-
tween the two approaching protein molecules, which is named depletion interaction.
Presumably, those depletion forces are additive to the other contributions of the net
protein-protein interactions, which is why we selected this method of precipitation to
evaluate mAb self-interactions.

The insert of Figure 4.1 (A) shows a typical micrograph of the precipitate, i.e. the
protein-rich, condensed phase. For mAbs, phase separation due to PEG-addition is
mostly considered to be of liquid-liquid type, i.e. the precipitate is a dense liquid in
co-existence with a surrounding dilute protein solution [111, 122, 234]. Coalescence of
precipitate particles visible in the presented micrograph further underlines the assump-
tion that the condensed phase possesses fluid-like characteristics. In Figure 4.1 we show
the protein concentration of mAb-1 in the dilute phase as function of PEG concentra-
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tion for different relative pH values. Lowering pH shifted the phase boundary towards
higher quantities of PEG (see Figure 4.1 (A)). This result indicates that stronger deple-
tion forces are required to induce precipitation, reflecting the increase in electrostatic
repulsion between protein molecules with decreasing pH value due to higher protein net
charge. This is confirmed by the observation that differences in the phase boundary of
mAb-1 solutions are suppressed by addition of 75 mM sodium chloride, which is suffi-
cient to screen electrostatic interactions (see Figure 4.1 (B)).

Figure 4.1: Dilute phase concentration of mAb-1 as function of overall PEG 8000 concentra-
tion at pH = pI (circles), pI-pH = 1 (upward triangles), pI-pH = 2 (downward triangles), and
pI-pH = 3 (diamonds) without (A) and with 75 mM sodium chloride (B). Reported values are
averages of two independent measurements and error bars represent 90% confidence intervals
for the mean. The insert in panel (A) shows micrographs of the precipitate at pH = pI and
6% (w/v) PEG 8000.

The location of the phase boundary can be quantified by fitting a sigmoidal function to
the experimental data presented in Figure 4.1 to estimate the PEG concentration cPEG,50%

at which the mAb concentration in the dilute phase is equal to 50% of the total mAb con-
centration. Figure 4.2 summarizes the values of cPEG,50% measured for different mAbs
without excipient as well as for mAb 1 with different concentrations of NaCl. At low
ionic strength, the pH value had a strong influence on cPEG,50% for all molecules. The
larger the difference between formulation pH and isoelectric point, the larger amount of
PEG was required to induce phase-separation. The sizeable difference in phase behav-
ior between pH conditions for mAb 1 was drastically reduced at higher ionic strengths.
We note that no reliable precipitation curve could be measured for mAb-2 and mAb-4
at the lowest relative pH value for buffer only conditions, presumably due to the strong
electrostatic interactions under those conditions.
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Figure 4.2: Midpoint of the PEG precipitation curve as function of relative formulation
pH. (A) Different mAbs without excipient: mAb-1 (blue), mAb-2 (red), mAb-3 (green), and
mAb-4 (yellow). (B) mAb-1 with different concentrations of sodium chloride: 0 mM (black),
75 mM (grey), and 150 mM (dashed). Error bars represent the standard error of the parameter
estimate from fitting a sigmoidal function to the experimental data shown in Figure 4.1.

These results confirm that electrostatic interactions between mAb molecules have a
strong influence on the observed phase behavior, as further supported by the good cor-
relation between cPEG,50% and the ζ-potential of the mAbs measured under identical
conditions (see Figure 4.3 (A)). Higher ionic strength screens electrostatic interactions,
which resulted in collapse of the points in the (ζ-potential,cPEG,50%)-plane onto a narrow
region (see Figure 4.3 (B)).

Figure 4.3: Midpoint of the PEG-precipitation curve as function of ζ-potential.
(A) mAb-1 (blue squares), mAb-2 (red circles), mAb-3 (green upward triangles), and
mAb-4 (yellow downward triangles) for buffer only conditions. (B) mAb-1 with 0 mM
(squares), 75 mM (circles), and 150 mM (upward triangles) of sodium chloride.

Next, we investigated the effect of excipients on mAb phase behavior under conditions
where protein-protein interactions are not dominated by electrostatics. To this aim, we
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tested six common pharmaceutical excipients, i.e. glycerol, D-sorbitol, glycine, L-pro-
line, L-lysine, and L-arginine, at 250 mM concentration for mAb-1 at pI-pH = 1. The
results presented in Figure 4.4 show that phase behavior was only minimally affected by
the presence of these excipients and that all excipients except glycerol slightly increased
the value of cPEG,50% relative to the buffer-only condition.

Figure 4.4: Midpoint of the PEG-precipitation curve of mAb-1 at pI-pH = 1 in presence
of 250 mM excipient: glycerol (Gro), D-sorbitol (Sor), glycine (Gly), L-proline (Pro), L-ly-
sine (Lys), and L-arginine (Arg).

Overall, our results demonstrate that large differences in phase behavior are caused
by electrostatic interactions between mAb molecules in agreement with previous re-
ports [234–236]. Increasing the ionic strength effectively annuls electrostatic contribu-
tions and thus virtually eliminates differences in phase behavior.

4.3.2 PEG-Induced Phase Separation Correlates Well with Protein-
Protein Interactions without PEG

Next, we investigated, whether the phase behavior in presence of PEG is representative
of protein-protein interactions in absence of the polymer. To that end, we indepen-
dently quantified protein-protein interactions under the same solution conditions as for
the phase separation experiments but without added PEG. Therefore, we measured the
osmotic second virial coefficient of the mAbs by static light scattering. In Figure 4.5, we
show plots of cPEG,50% against B22. Overall, there was a strong correlation between the
two quantities across different mAbs under buffer-only conditions (see Figure 4.5 (A),
Pearson’s correlation coefficient R = 0.90) as well as for mAb-1 across different pH

75



4. Correlation Between mAb Phase Behavior and Aggregation

values and sodium chloride concentrations (see Figure 4.5 (B), R = 0.97) and differ-
ent excipients at pI-pH = 1 (see Figure 4.5 (C), R = 0.64). These results support the
common assumption that PEG merely causes an additional attractive contribution to the
net protein-protein interaction potential without substantially interfering with the other
protein-protein interactions.

Figure 4.5: Correlation between the midpoint of the PEG precipitation curve and the osmotic
second virial coefficient B22 without polymer. (A) Buffer-only conditions for mAb-1 (blue
squares), mAb-2 (red circles), mAb-3 (green upward triangles), and mAb-4 (yellow downward
triangles). (B) mAb-1 with 0 mM (squares), 75 mM (circles), and 150 mM (upward triangles)
of sodium chloride. (C) mAb-1 at pI-pH = 1 with 250 mM of glycerol (Gro), D-sorbitol (Sor),
glycine (Gly), L-proline (Pro), L-lysine (Lys), and L-arginine (Arg). The red straight line
represents the result of a linear regression analysis including 95% confidence bands for the
response.

Our findings indicate that PEG precipitation can be a valid tool to estimate protein-
protein interactions in mAb formulations. The assay is robust and amenable to high-
throughput implementation, and is therefore attractive for the early development stages
of concentrated liquid mAb formulations [226]. In particular, this method allows access
to information on interactions both at low and at high protein concentration, where the
latter might be challenging to quantify via alternative techniques for instance based on
light scattering.

4.3.3 MAb Aggregation Rates under Storage Conditions Can Cor-
relate with Phase Behavior

We finally tested whether the protein-protein interactions responsible for the phase be-
havior are also governing the formation of mAb aggregates at high protein concentration
and low temperatures. To this end, we quantified the aggregation rate by measuring the
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total mass fraction of aggregates before and after 12 weeks incubation at 5◦C. A repre-
sentative example of the measured chromatograms for mAb-4 at pI-pH = -1 is presented
in Figure 4.6 (A). Figure 4.6 (B) shows the correlation between the aggregation rate at
100 mg/mL and cPEG,50% for all molecules under buffer-only conditions. MAb-1 and
mAb-2 individually exhibited a strong correlation between the two quantities, although
their data points did not fall on the same curve. On the other hand, mAb-3 showed
significant differences in phase behavior for different formulations but little variation in
aggregation rate. The opposite behavior was observed for mAb-4, for which small dif-
ferences in phase behavior did not correlate with significant differences in aggregation
rate.

Figure 4.6: (A) Quantification of the aggregate mass fraction by SEC. mAb-4 at pI-pH =

-1 initially (black line) and after 12 weeks incubation at 5◦C. (B) Correlation between the
aggregation rate and the midpoint of the PEG-precipitation curve for buffer only conditions.
mAb-1 (blue squares), mAb-2 (red circles), mAb-3 (green upward triangles), and mAb-4 (yel-
low downward triangles). The red line represents the result of a linear regression analysis and
95% confidence bands for the response are shown as well.

To assess the overall capability of cPEG,50% to rank formulations of different mAbs in
terms of aggregation rate, we computed the Spearman rank correlation coefficient ρ of
the two variables. For buffer-only conditions, we obtained ρ = −0.58, which represents
a good indicator for a first ranking of formulations of different candidate molecules.

To further prove this assessment, we investigated the correlation between the aggre-
gation rate and cPEG,50% for mAb-1 in presence of different excipients. First, we focused
on conditions for which electrostatics are not dominating net protein-protein interac-
tions, i.e. close to the mAb’s isoelectric point. Figure 4.7 (A) shows a plot of the
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aggregation rate against cPEG,50% for pI-pH = 1 using the same excipients as investigated
in Figure 4.4. A good correlation (Spearman’s ρ = −0.82) between the two quantities
was found, which suggests that at least part of the influence of those excipients on the
aggregation rate stems from their impact on protein-protein interactions.

Figure 4.7: Correlation between the aggregation rate and the midpoint of the PEG-precipita-
tion curve for mAb-1 in presence of excipients. The aggregation rate was determined at 5◦C and
100 mg/mL mAb concentration. (A) 0 mM (squares), 75 mM (circles), and 150 mM (upward
triangles) at different pH values. (B) 250 mM of glycerol (Gro), D-sorbitol (Sor), glycine (Gly),
L-proline (Pro), L-lysine (Lys), and L-arginine (Arg) at pI-pH = 1. The red line represents the
result of a linear regression analysis with 95% confidence bands for the response shown as
well.

On the other hand, increasing the ionic strength through the addition of sodium chlo-
ride strongly reduced the extent of the correlation between aggregation rate and cPEG,50%

as presented in Figure 4.7 (B) (Spearman’s ρ = −0.21). While, differences in phase
behavior between pH conditions were essentially eliminated by salt addition (cf. Fig-
ure 4.2), we still observed significant differences in the aggregation rate. Presumably,
elimination of differences in protein-protein interactions by effective cancellation of
electrostatic contributions leaves other aspects of protein stability, e.g. the flexibility of
the native conformation, as determining factors for the aggregation rate.

4.4 Conclusions

We characterized the phase behavior of four mAbs as function of PEG concentration
over a broad range of solution conditions, i.e. varying pH, sodium chloride concen-
tration and identity of common pharmaceutical excipients. The location of the phase
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boundary shows good correlation with the osmotic second virial coefficient of the pro-
tein in absence of the polymer but otherwise identical solution conditions. This ob-
servation validates the assumption that PEG primarily leads to depletion forces between
protein molecules, which are additive to net protein-protein interactions. Phase behavior
depends on protein-protein interactions in the condensed phase, which typically possess
a very high protein concentration. Thus, the results of PEG precipitation experiments
can act as surrogate for colloidal stability at elevated protein concentration. Thus, we
compared the results of the phase separation experiments with the mAb aggregation
rate at 100 mg/mL under otherwise identical conditions. At low ionic strength, i.e. for
buffer only conditions, there is a correlation between the two quantities across different
molecules. However, the strength of the correlation still depends on the mAb. Fur-
ther, the correlation is also observed across different pharmaceutical excipients close
to a mAb’s isoelectric point, i.e where electrostatic interactions are not dominating net
protein-protein interactions. On the other hand, increasing the ionic strength through
salt addition makes the correlation disappear.

From a practical point of view, it appears that quantification of protein-protein interac-
tions by PEG-precipitation might be more valuable for the search of an optimal formula-
tion for one molecule than for selection of the best candidate amongst many molecules.
One remaining question is the contribution of conformational stability to aggregation
at storage temperatures. Differences between molecules as well as cases in which sim-
ilar protein-protein interactions for one molecule still gave different aggregation rates
might be explained by the flexibility of the conformation. In our opinion, this should be
evaluated next, but it requires careful selection of the techniques to quantify the confor-
mational stability at low temperatures.
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5.1 Conclusions

Protein aggregation remains a potential challenge in the development and manufactur-
ing of therapeutic proteins such as monoclonal antibodies [23, 78]. As presented in this
work, the type of aggregates that are formed is determined by the microscopic aggre-
gation mechanism that highly depends on the nature of the stress to which the protein
is exposed [67, 79]. Further, the characteristics of the aggregates will determine their
latent risk within the context of pharmaceutical applications [81, 194] as well as dictate
the type of purification steps that must be implemented in manufacturing to achieve tol-
erably low aggregate levels in the final product [137]. In addition, knowledge about the
mechanism will potentially allow for strategies to limit aggregation both in manufactur-
ing and over the course of storage.

Chapter 2 discussed the problem of mAb aggregation during the viral inactivation step
at low pH as commonly used in manufacturing processes. Contrary to common belief,
we observed that mAbs do not aggregate during the incubation under acidic conditions.
This observation can be explained by the comparatively low ionic strength of the product
pool, which renders electrostatic protein-protein interactions strong and long-ranged,
preventing close contact of mAb molecules. Nevertheless, mAbs denature to a certain
extend at low pH, which makes them susceptible to aggregation during and after neu-
tralization, when protein surface charge decreases and ionic strength increases. Thus,
the extent of aggregation after neutralization correlates with the degree of denaturation
incurred under acidic conditions previously. Interestingly, the velocity of neutralization
has virtually no impact on the aggregation process, which suggests that refolding of de-
natured monomers due to relief of the stress is practically not taking place. On the other
hand, we found that limiting denaturation at low pH by addition of a co-solvent (polyol
sugar) or reduction of temperature improves the monomer yield at the end of the viral
inactivation step.

Chapter 3 discussed the effect of temperature on the aggregation mechanism of con-
centrated mAb formulations. Exposure to high temperature is commonly used as stress
condition to accelerate degradation reactions within the context of stability testing for
final therapeutic dosage forms. Our results clearly show that there is a marked differ-
ence in the mAb aggregation mechanism at higher temperatures relative to that at low
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temperature. Specifically, dimerization is the dominant aggregation route at lower tem-
peratures and mAb dimers do not grow further. Only when temperature is increased
above 40◦C, growth and coagulation of aggregates can be observed. Further, the reac-
tion order for the initial aggregation rate takes values close to two at lower temperatures,
which is in agreement with dimerization as dominating aggregation route. The aggre-
gation rate of mAb formulation shows significant deviation from Arrhenius-behavior
within the temperature range relevant for storage and stability testing, which makes ex-
trapolation of aggregation rates to lower temperatures difficult. We have shown that the
stability ranking at 40°C can be substantially different from that under storage condi-
tions, which may mislead decisions taken early within the drug development process.
Our results underline the particular limitations of high temperature as stress condition
for forced degradation studies.

Clearly, alternatives to forced degradation studies for storage stability predictions are
required. In that regard, biophysical properties of mAb formulations might serve as sur-
rogates for the aggregation propensity at low temperature. In chapter 4, we discussed the
relationship between the phase behavior of mAbs and their aggregation rate at high con-
centration and storage temperature. We used the neutral polymer PEG to induce liquid-
liquid phase separation. The midpoint of the precipitation curve cPEG,50% correlates well
with independent measures for protein-protein interactions such as the osmotic second
virial coefficient B22, which confirms the validity of the assumption that the effect of the
polymer on protein-protein interactions is essentially additive to the other contributions.
Further, we observed good correlation between the aggregation rate at 100 mg/mL mAb
concentration and cPEG,50% for different molecules at low ionic strength as well as across
different pharmaceutical excipients as tested for one mAb. However, the correlation was
much less pronounced for formulations at higher ionic strength when sodium chloride
was used as excipient. Thus, it can be concluded that native protein-protein interactions
can be reliably quantified by PEG-induced phase separation and those interactions may
act as surrogate for the propensity of a mAb to aggregate. However, this is not the only
decisive factor for the aggregation rate even at refrigerated temperatures.
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5.2 Future Directions

Any modification to established viral inactivation protocols requires validation with re-
spect to its effect on the process of reduction of the viruses’ infectivity [33, 237]. Thus,
tests with model viruses to evaluate the effect of D-sorbitol or reduced temperature on
their inactivation would be the logical next step in order to prove the practical value of
those two approaches for improvement of DSP yields in mAb manufacturing [238,239].
Additionally, our results show that refolding of denatured monomers after neutraliza-
tion appears to be almost negligible. There might be additives other than D-sorbitol
that could promote the refolding process and therefore reduce the monomer loss by ag-
gregation through enabling/accelerating the competitive pathway back to the correctly
folded, stable structure. Preliminary tests with non-ionic surfactants like polysorbate 20
have shown promising results.

We observed that there is a transition between a nucleation-dominated regime at low
temperature towards growth and coagulation of aggregates at higher temperatures for
mAbs over a broad range of conditions. As a next step, it would be important to un-
derstand, which parameters determine the location of this transition in order to identify
the temperature range over which mAb aggregation follows the same pathway as during
actual product storage. Our results suggest that the dimerization rate itself exhibits non-
Arrhenius temperature dependence and its origin might be attributed to the non-linear
dependence of conformational stability on temperature [93,94,240]. Precise estimation
of the change in Gibbs free energy during the unfolding process as function of tempera-
ture, by either isothermal chemical denaturation experiments or molecular simulations,
could help to validate this assumption. Further in that direction, it should be attempted
to identify the mAb domain(s) that are involved the most in formation of dimer links
under storage conditions [198, 200]. Presumably, improving the stability of those do-
mains by appropriate excipients would have the most impact on the aggregation rate.
Such a procedure would represent an important step in the direction of “rational” design
of mAb formulations.

In our experiments, we have seen that native protein-protein interactions, e.g. evaluated
by PEG-precipitation, can be the determinant of aggregation rates at high concentration
under storage conditions. However, there were cases, especially at higher ionic strength,
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where minimal differences in those interactions were associated with significant differ-
ences in the aggregation rate. Possibly, the stability of the protein conformation is the
more decisive factor for these cases [241, 242]. Thus, it would be valuable to quantify
the conformational stability of the studied mAbs in those formulations by an appropri-
ate technique (e.g. ICD) to test this assumption [75]. On a higher level, it would be of
great practical value to come up with heuristics under which conditions differences in
colloidal stability are more influential than differences in conformational stability and
vice versa. Parallel evaluation of the conformational stability by an appropriate tech-
nique, which in all likelihood will not be thermal denaturation [195, 211], could enable
such a development.
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A.1 Thermodynamic Calculations to Control pH and
Ionic Strength

Table A.1: Values of the ionic diameter di required for computation of the activity coefficient
γ∗,mi of the ionic species with the extended Debye-Hückel model [243].

Species Ion Diameter di · 1012 m

H2Cit− 350
HCit2− 450
Cit3− 500
H3O+ 900

A.2 Behavior during Low pH Incubation

A.2.1 Changes in Molecular Size

Figure A.1: Average hydrodynamic radius of mAb-1 (A) and mAb-2 (B) as function of time
when incubated in 50 mM sodium citrate pH 3.5. Ionic strength was set to 50 mM (squares)
or 100 mM (circles). Symbols represent mean values of two independent measurements. Error
bars correspond to 90% confidence intervals for the mean.
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A.3 Aggregation Behavior after Neutralization

Figure A.2: Average hydrodynamic radius of mAb-1 (top row) and mAb-2 (bottom row) after
neutralization to pH 5.0 and 100 mM ionic strength. Prior to neutralization, mAbs were incu-
bated at pH 2.5 (A&D), pH 3.0 (B&E), or pH 3.5 (C&F) for 20 min (squares), 40 min (circles),
or 60 min (triangles).

89



A. Appendix to Chapter 2

A.4 Potential Strategies for Reducing mAb Aggregation
in Viral Inactivation

A.4.1 Variation of Neutralization Velocity

Figure A.3: Time evolution of residual monomer content (A) and average hydrodynamic
radius (B) of mAb-1 solutions after completed neutralization to pH 5.0 and 100 mM ionic
strength. Prior to neutralization, the mAb was incubated for 60 min in 50 mM sodium cit-
rate pH 3.5 at 50 mM ionic strength. The neutralization solution was either added immedi-
ately (squares) or continuously over the course of 30 minutes (circles).
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A.4.2 Limiting Extent of Denaturation at Low pH

Figure A.4: Time evolution of the monomer fraction of mAb-1 (A) and mAb-2 (B) solu-
tions after neutralization to pH 5.0 and 100 mM ionic strength. Prior to neutralization, mAbs
were incubated for 60 minutes in 50 mM sodium citrate pH 3.0 at 50 mM ionic strength with
0 mM (squares), 250 mM (circles), or 500 mM (triangles) D-sorbitol.
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B.1 The Aggregation Rate Shows Non-Arrhenius Behav-
ior

Figure B.1: Arrhenius plot of the initial aggregation rate of 10 mg/mL mAb formulations at
pH=pI (blue squares), pI-pH=1 (light blue circles), pI-pH=2 (yellow upward triangles), pI-
pH=3 (orange downward triangles), pI-pH=4 (red diamonds). (A) mAb-1 without excipient,
(B) mAb-2 without excipient, (C) mAb-1 with 150 mM sodium chloride, (D) mAb-2 with
150 mM sodium chloride.
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B.2 The Apparent Reaction Order Increases with De-
creasing Temperature

Table B.1: Overview of the formation of insoluble mAb aggregates at 50◦C within the initial
stages of the aggregation process.

pI - pH mAb-1 without
Excipient

mAb-1 with
150 mM NaCl

mAb-2 without
Excipient

mAb-2 with
150 mM NaCl

0 x x x -
1 - x - -
2 - - - -
3 - x - -
4 - x - -
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B.3 Transition Between Dimer Nucleation and Aggre-
gate Growth

Figure B.2: Time evolution of the weight-average number of monomers per aggregate in
100 mg/mL mAb formulations at 30◦C and pH = pI (blue squares), pI - pH = 1 (light blue
circles), pI - pH = 2 (yellow upward triangles), pI - pH = 3 (orange downward triangles),
and pI - pH = 4 (red diamonds). (A) mAb-1 without excipient, (B) mAb-2 without excipient,
(C) mAb-1 with 150 mM sodium chloride, (D) mAb-2 with 150 mM sodium chloride.
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Figure B.3: Time evolution of the weight-average number of monomers per aggregate in
100 mg/mL mAb formulations at 40◦C and pH = pI (blue squares), pI - pH = 1 (light blue
circles), pI - pH = 2 (yellow upward triangles), pI - pH = 3 (orange downward triangles),
and pI - pH = 4 (red diamonds). (A) mAb-1 without excipient, (B) mAb-2 without excipient,
(C) mAb-1 with 150 mM sodium chloride, (D) mAb-2 with 150 mM sodium chloride.
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B.4 Correlation Between the Aggregation Rate Under
Storage and Stressed Conditions

Figure B.4: Aggregation rate r0 of 100 mg/mL mAb formulations at 40◦C against the midpoint
Tm,1 of the first thermal unfolding transition under the same solution conditions for mAb-1 (A)
and mAb-2 (B) at pH = pI (blue), pI - pH = 1 (light blue), pI - pH = 2 (yellow), pI - pH =

3 (orange), and pI - pH = 4 (red). Full symbols correspond to formulations without excipient
and half symbols to formulations with 150 mM sodium chloride.
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Figure B.5: Correlation between the aggregation rate under storage conditions and in forced
degradation studies. (A) Different formulations of mAb-1. (B) Different formulations of
mAb-2. (C) Different formulations of mAb-2 without the presumed outlier apparent in
panel (B). (D) Formulations with pH close to or at the molecules’ isoelectric point. Data
corresponds to 100 mg/mL formulations at pH = pI (blue), pI - pH = 1 (light blue), pI - pH =

2 (yellow), pI - pH = 3 (orange), and pI - pH = 4 (red). Full symbols correspond to formu-
lations without excipient and half-filled symbols to those with 150 mM sodium chloride. The
red line represents the result of a linear regression analysis with 95% confidence bands for the
response.
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C.1 Effect of Sodium Chloride on Protein-Protein Inter-
actions and Aggregation Rates

Here, we report two additional considerations with respect to the effects of sodium chlo-
ride on protein-protein interactions, protein phase behavior, and aggregation rates.

C.1.1 Dependence on Protein Concentration

Based on the results presented in section 4.3.3, one might argue that the lack of cor-
relation between aggregation rate and phase behavior could be rooted in the circum-
stance that the molar ratio between the excipient and the mAb was different in the two
experiments. To recall, the aggregation rate was measured at 100 mg/mL whereas pre-
cipitation experiments were performed at 2 mg/mL overall mAb concentration. It is
known that ions can bind in stoichiometric quantities to charged groups on protein sur-
faces [244–246]. Thus, different molar ratios could lead to different effective surface
charges, which would result in different protein-protein interactions. To evaluate this
possibility, we quantified protein-protein interactions directly at 100 mg/mL mAb con-
centration by measuring the protein-protein Kirkwood-Buff integral G22 via static light
scattering and compared the results with the aggregation rate.

Measurement of the Protein-Protein KB Integral by Static Light Scattering

A local Taylor expansion of equation (1.6) was used to determine G22 at an arbitrary
protein concentration c2 as explained in references [151,247,248]. The excess Rayleigh
ratio was measured in steps of 5 mg/mL using the same procedure detailed in sec-
tion 4.2.7. Further, it was assumed that the apparent molecular weight does not differ
substantially from the true molecular weight of the protein [247, 249].

Results and Discussion

G22 of mAb-1 as function of relative pH value and sodium chloride concentration is
shown in Figure C.1 (A). We plotted the negative value of G22 to have the same corre-
spondence of sign with repulsive and attractive interactions as for B22. The qualitative
trends were similar to those shown in Figure 4.2 for cPEG,50%. The most important dif-
ference was that the change in G22 as function of sodium chloride concentration for the
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lower two pH values was much less pronounced compared to that observed for cPEG,50%.
Protein molecules will on average have shorter separation distances at higher volume
fractions due to excluded volume effects. Thus, the average forces that they experience
will be less dominated by long-ranged electrostatic repulsion. This might explain the
smaller difference in G22 relative to cPEG,50% between low and high ionic strength at
lower formulation pH.

Further, Figure C.1 (B) shows the correlation between the aggregation rate and −G22

for mAb-1 across all values of pH and concentrations of sodium chloride. The extent of
correlation was similar to that between aggregation rate and cPEG,50%. Thus, the effect
of sodium chloride on the aggregation rate cannot be explained solely through its effect
on protein-protein interactions, even when comparing the two quantities at the identical
mAb concentration.

Figure C.1: Effect of sodium chloride on protein-protein interactions and aggregation rates at
high mAb concentration. (A) Protein-protein Kirkwood-Buff integral at 100 mg/mL mAb-1 as
function of relative pH value for 0 mM (black bars), 75 mM (grey bars), and 150 mM (dashed
bars) sodium chloride. (B) Correlation between the aggregation rate and the protein-protein
Kirkwood-Buff integral for different pH values and 0 mM (squares), 75 mM (circles), and
150 mM (upward triangles) sodium chloride.

C.1.2 Relative Effects of Salt on Protein-Protein Interactions and
Aggregation Rates

In chapter 3, we also analyzed the aggregation rate of mAb formulations without and
with 150 mM sodium chloride as excipient. Thus, we decided to measure B22 (using the

103



C. Appendix to Chapter 4

same procedure as detailed in section 4.2.7) for the complete set of those formulations
and look for correlation with the aggregation rate as well.

A plot of the aggregation rate against B22 is shown in Figure C.2. Due to noise in the
kinetic data at 5◦C, we used the rate measured at 30◦C for the comparison here. Overall,
there is no strong correlation between the two quantities. However, it stands out that all
formulations with 150 mM sodium chloride showed very similar values of the osmotic
second virial coefficient, irrespective of formulation pH and identity of the molecule.
This circumstance is in good agreement with the observations relative to phase behavior
reported in section 4.3.1.

Figure C.2: Correlation between the aggregation rate and B22. The rate was measured at
30◦ and the kinetic data was taken from the study presented in chapter 3. It corresponds to
100 mg/mL formulations of mAb-1 (squares) and mAb-2 (circles) at pH = pI (blue), pI - pH =

1 (light blue), pI - pH = 2 (yellow), pI - pH = 3 (orange), and pI - pH = 4 (red). Full symbols
correspond to formulations without excipient and half filled symbols to those with 150 mM
sodium chloride.

Depending on mAb and pH, adding salt either increased or decreased the value of B22

as shown in Figure C.3. Interestingly, it rendered protein-protein interactions more re-
pulsive for both mAbs close to their isoelectric point. This might be attributed to a non-
uniform charge distribution on the protein surface under those conditions, which can
result in a significant dipole moment for the protein molecules. Such a dipole moment
would give rise to attractive electrostatic interactions and increasing the ionic strength
would diminish the effect of such interactions by charge screening [250, 251]. The op-
posite is true for pH values far from the isoelectric point. There, the protein surface will
have a more uniform charge and electrostatic interactions will be predominantly repul-
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sive. Adding salt will have the effect of decreasing the contribution of those repulsive
interactions and make net interactions more attractive.

Figure C.3: B22 as function of relative pH without excipient (black bars) and with 150 mM
sodium chloride (dashed bars) for mAb-1 (A) and mAb-2 (B).

Simultaneously, we observed a pH-dependent effect of sodium chloride on the aggrega-
tion rate as shown in Figure 4. Remarkably, the aggregation rate decreased close to the
isoelectric point when salt was added and the opposite was true farther away from the
pI.

Figure C.4: Aggregation rate in terms of mass fraction at 30◦C and 100 mg/mL protein con-
centration for mAb-1 (A) and mAb-2 (B) without excipient (black bars) or with 150 mM
sodium chloride (dashed bars).

Therefore, we decided to look at the correlation between the effect of sodium chlo-
ride on the aggregation rate and its effect on protein-protein interactions for otherwise
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fixed solution conditions (i.e. same pH). The result is shown in Figure C.5. Indeed,
there was a good correlation between the two quantities (Pearson’s correlation coeffi-
cient R = −0.86), which is in agreement with a previous literature report [247]. It is
remarkable that the correlation extends across two different molecules, which suggests
some sort of universal behavior.

Figure C.5: Relationship between the difference in aggregation rate at 30◦C and 100 mg/mL
mAb and the difference in osmotic second virial coefficient when comparing the same formula-
tion with and without 150 mM sodium chloride as excipient. The red line represents the result
of a linear regression analysis involving all data points with 95% confidence intervals for the
response shown as well.

C.1.3 Concluding Remarks

The results presented in sections C.1.1 and C.1.2 help to understand the effect of sim-
ple salts like sodium chloride on protein-protein interactions and the aggregation rate
at low temperatures. The main effect of sodium chloride is to modulate electrostatic
interactions between protein molecules either through indifferent screening or specific
binding to oppositely charged surface groups. Overall, this strongly reduces differences
in protein-protein interactions and protein phase behavior as function of solution pH
and mAb identity. Presumably, eliminating differences in protein-protein interactions
will render other aspects of protein stability more influential for the aggregation rate.
For instance, these could encompass the flexibility of the native protein conformation.
It has to be mentioned that mAb-1 and mAb-2 used in the studies presented in chapter 3
and 4 were identical. However, the kinetic data was measured independently.
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A final remark with respect to the correlation between phase behavior and osmotic sec-
ond virial coefficient: As shown in section 1.4.3, there is an immediate connection be-
tween KB integral and chemical potential of the protein. Further, we have shown in Fig-
ure C.1 that differences in G22 are generally small at high protein concentration, which
agrees with literature reports [151,247]. Thus, the result of integration of eq. (1.15) with
respect to protein concentration will be dominated by the behavior at low c2, i.e. by B22.
This might explain the good correlation between cPEG,50% and B22 found in section 4.3.2.
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