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Abstract

Monoclonal antibodies (mAbs) are a dominant class of protein-based drugs used in multiple therapeutic
contexts. These drugs have revolutionised the management of a number conditions and are positioned
as an important strategy in tailored pharmaceutical approaches (targeted therapy) for
immunomodulation and oncological management. The in vivo formulation of proteins, including
antibodies, is a complex process tightly regulated through environmental factors and homeostatic
mechanisms. Reproduction of these conditions is essential during ex vivo manufacture of mAbs to
ensure the stability of proteins and to prevent aggregation, which may impact on the efficacy of the
agent in biological tissue. Among these environmental factors, temperature pH, buffer characteristics,
and the use of excipients, including salts, sugars, surfactants and amino acids are of paramount
importance. The focus of the present paper was to provide an overview of contemporary literature, with
a focus on key studies performed by the author and colleagues, focusing on how excipient use and
instrumental monitoring of stability and aggregation in mAbs could have the potential to influence future

drug design and protein formulation practice.

Analysis of the data set suggested that the regulation of these features during the formulation of mAbs
is a complex process and there is a need to ensure that all processes within the manufacture of mAbs are
controlled according to the relevant environmental factors influencing protein stability and aggregation.
This paper highlights the use of adherent and non-adherent cell lines to investigate the ability of
excipients to maintain mAb stability. The specific excipients analysed including amino acids (arginine
and glutamate), and combinations/comparison of ionic excipients in solution, pH and dynamics of
solutions, including protein-protein interactions, concentrations and agglomeration. It was demonstrated
in these studies that excipients have specific and contrasting effects on mAb stability and aggregation
potential. Furthermore, characterisation of the effects of excipients and formulation techniques provided
a key insight into the role of these factors in maintaining mAb stability, while instrumental techniques

were evaluated during the characterisation of stability and agglomeration in a variety of contexts.

The majority of this paper reflects the culmination of six published papers, in which the author has
actively participated, focusing on the application of instrumental analysis methods to the
characterisation of mAb formulations. These studies highlight a broad range of techniques used to
characterise protein formulations and which may be applied to mAbs, including nuclear magnetic
resonance (NMR) spectroscopy and orthogonal techniques. Characterisation of the size of protein/mAb
aggregates has been demonstrated, with pharmaceutical relevance, including in the design of pro-drugs.

Furthermore, key characteristics of mAb formulation, stability and aggregation have been characterised
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using multiple models, providing a comprehensive insight into this topic. The included studies indicate
that additives that disrupt protein-protein interactions and prevent aggregation can influence mAb
stability and that the stabilisation characteristics of these proteins can be measured using instrumental
techniques. These studies have clear implications for the use of instrumental analysis in the development
of therapeutic mAbs, highlighting the need for further research in this field, including further

investigation of the value of NMR spectroscopy and orthogonal techniques.
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1.0 Background to the Thesis

This thesis is submitted for consideration based upon a track record of work and publication over a
period of time around the broad area of stabilising biotherapeutic protein formulations destined for use
in the clinic to treat a range of diseases. The papers put forward for consideration under this, and the
contributions | made to each of these studies, are as follows (full versions of the papers are included in
Appendix A);

1. “Characterizing monoclonal antibody formulations in arginine glutamate solutions using *H NMR
spectroscopy” by Kheddo and co-workers (Kheddo, et al., 2016)

Candidates Contribution: I initiated the project and was one of the main industrial supervisors for this
project. NMR is a unique innovative technique that has not been fully utilised for full antibodies. Work
was directed from a formulation standpoint by myself to understand the impact of the technique as well
as impact of the Arg-Glu formulation. Study design, student supervision, data decision, and research

direction as well as manuscript review was carried out by me.

2. “The effects of arginine glutamate, a promising excipient for protein formulation, on cell viability:
Comparisons with NaCl ” by Kheddo and co-workers (Kheddo, et al., 2016)

Candidates Contribution: My group is always on the lookout for novel excipients. This research
explored arg-glu as a novel stabilising excipient. | drove the research application from a formulation
perspective, directing, supervising, teaching the student. The awareness and direction also related to
the academic PI, the science behind formulation and stability. Student was additionally supervised by

myself in my lab at MedImmune.

3. “Characterisation of Stress-Induced Aggregate Size Distributions and Morphological Changes of a
Bi-Specific Antibody Using Orthogonal Techniques” by Hamrang and co-workers (Hamrang, et al.,
2015, p. 2473)

Candidates Contribution: Supervised the student from an industrial perspective. Making the student
and academic Pl aware of the impact of their research and relevance. The direction included, study

design, data interrogation, manuscript review as well future study requirements.

4. “Controllin the bioactivity of a peptide hormone in vivo by reversible self-assembly” by Myriam M.
Ouberai and co-workers (Ouberai et al., 2017)
Candidates’ contribution: student was guided on different ways through which bioactivity of peptide

hormones can be controlled from a laboratory point of view. Use of peptides with hopes of developing
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a new drug with high levels of efficacy and safety was explained. Through in-depth experiments, the
student was in a good position to understand every aspect and was guided in the laboratory which

enhanced clear understanding of different concepts.

5. “The effect of protein concentration on the viscosity of a recombinant albumin solution formulation”
by Goncalves and co-workers (Goncalves, et al., 2013, p. 1)

Candidates Contribution: Primary industrial supervisor for this project. Again directed the research in
relation to its applicability to the formulation sector. Direction of project ranged from study design,
data interpretation and interrogation, presentation and manuscript review and approval. Student was

also supervised in my lab, which required hands-on support as well as direction.

6. “A pH-Induced Switch in Human Glucagon-like Peptide-1 Aggregation Kinetics” by Zapadka and
co-workers (Zapadka, et al., 2016).

Candidates Contribution:

Evidence to confirm my contribution is provided in Appendix B, which includes an email from the
corresponding author of each paper outlining their interpretation of my contribution. These were
obtained independent from myself and by my academic supervisor for this thesis. The remainder of this
thesis provides a general introduction to the area of formulation sciences and developments within this
and then explains the findings of each of the papers above. A general discussion is then provided that
attempts to place the findings of these studies in the wider context of the primary literature. The papers

to be considered towards this PhD submission are all provided in full in Appendix A.
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1.1 General Introduction to Monoclonal Antibodies

Monoclonal antibodies (mADb) are of paramount importance in modern biomedical research and
for the treatment of an ever-widening number of diseases (Clark & Pazdernik, 2015, p. 74). These
reagents are employed during diagnosis of diseases as well as in treatment of cancer, autoimmune
diseases, rheumatoid arthritis and other diseases and infections. Monoclonal antibodies can be
characterised as antibodies generated from a single cell line or a single clone, forming identical antibody

molecules. A schematic diagram of an antibody is presented in Figure 1.1 below.

Antigen

li Binding Site —L

Light Chains
== Heavy Chains

Variable Region
F(ab’), Fragment
F(ab) Fragment
Fc Fragment

Figure 1.1: Antibody structure. Schematic representation of an antibody (left) and immunoglobulin G
(right), adapted from (Merck KGaA, 2015, p. 9)

The use of mADbs in biomedical research has proven to be important in providing reagents for
the identification of nucleic acids, proteins, carbohydrates as well as other biologically active molecules
in numerous basic science studies. Application of mAbs in biomedical investigations has resulted in the
identification of molecules that control replication of cells, differentiation processes and advanced
general knowledge in the corresponding relationship between structures of biologically active molecules
and their functions (Weiner et al., 2010, p.317). Such advances in biological sciences have improved
our understanding of host responses to toxins and disease agents, to tumours (spontaneously transformed
cells), to transplanted tissues and organs and to autoimmunity forming molecules.

Formulation development is vital in proteins as it ensures excellent stability, supporting chemical
and physiochemical process. Also, biologics are susceptible to structural instabilities due to their
complex structure and also being very sensitive to environmental factors. Each protein is distinct in its
way. Therefore, this makes it hard for them to guess or have an optimum formulation condition. Any
structural perpetration can also disrupt proteins causing it to lose its biological activity or even

immunological response. This phenomenon can be experienced when or during the production, storage,
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transportation and its delivery to patients. There are several conditions one has to consider when
developing optimum formulation conditions. These conditions or factors might include:

e Protein concentration

e Delivery options

e Container or closure systems

e Stresses

e Lyophilization involves freeze-drying or freezing the product, lowering its pressure and

later removing the ice through sublimation

e Stability indicating assays

e Degradation pathways

Proteins formulation is a critical step which is overly overshadowed and can easily hinder drugs
development. Many developers do not take into consideration the amount of time needed to formulate
and can result in a diminished product and choosing too long might as well hinder the ability of the drug
to make it to the market before completion. Failure to understand the protein properties thoroughly and
nature will delay the formulation and result in poor results from the start, resulting in a commodity not
fit for commercialization. As a way of formulating a drug, some responsibilities need to be adhered to
develop a viable drug that is clinically and commercially viable. Drugs require at least two years of shelf
life, some requiring as long as three years, 100-150 mg/ml for RIA with lower concentrations being
okay for oncology, requires high potent immunotherapy, and mostly required as a liquid for RIA with
lyophilized drugs mostly recommended for oncology. For a product or a prescription to be commercially
viable, there must be a formulated and appropriate way or mode of delivery and their presentations
should be specified by TPPs like vials and other devices. The drug should then have a manufacturing
process and plans for clinical trials.

Biopharmaceutical technology is a new model of drug development that has led to the shifting
of drug development from small molecule to abundant molecules proteins. The drugs have caused a
shift in diseases to cure enhancing the quality of health and life in general, more so to patients with
diseases like refractory cancer, and other autoimmune diseases. Since USFDA approved the first
biopharmaceutical product in 1982, the number of products has increased rapidly with monoclonal
antibodies like zenapax and proleukin being introduced in successive years. However, production is
very stressful; the process involves several processes that are critical a very time-consuming. From
fermentation, purification and harvesting, the methods are time-consuming and very expensive. The
procedures are usually therapeutic recombinant proteins that are obtained through biotechnological
process. There is anticipation that in the ten years, 50% of all drugs produced will involve the process

biopharmaceuticals. The method of purification involves cation exchange, anion exchange,



14

Nanofiltration and concentration and diafiltration from where the products are primarily harvested. This
consists in isolating the product from microorganisms, making the product and finding a viable patient,
putting the product in the patient and learning how the patient reacts to the product, if the product cures
the particular problem the patient was suffering from, full development is then met, and the product is
put on sale. The whole process can take from 10-15 years before completion, requiring substantial
investment.

Lead identification is one of the vital processes during drug development. The process is also
called lead optimization. Chemical properties of lead are used in improving potency, pharmacokinetics,
and selectivity parameters of the developing drug. Once the molecule has been identified, its adsorption,
distribution, metabolism, excretion and toxicity properties are determined. If the product has no toxicity
or is not mutagenic, it can be used as a lead molecule. Therefore, a leading compound or a lead
compound is a biologically or pharmacological activity is likely to have a therapeutic effect but maybe
having suboptimal structure requiring a modification that will make it better fit for the target. For a lead
compound with the developmental focus to be selected, it must be chemically stable and PTMs, be able
to form solutions and also have physical stability. Chemical stability is in the form of colloidal,
conformational and interfacial stabilities. Selecting a lead compound that has both the properties of
functionality and the developmental compound is not easy as the collaborative approach witnessed
between R and D is very critical for its success. Finally, developmental screening is essential as it
enables one to select a better drug candidate. This is achieved by identifying molecules that have optimal
functional and biophysical characteristics and having platforms with compatible leads. Developability
screening is performed in lead candidates before evaluation of preclinical evaluation.

In addition to the outlined features, the exquisite specificity of monoclonal antibodies allows
their application in disease diagnosis and treatment, encountered in both humans and animals. Animals
are widely employed in the production of monoclonal antibodies. It was established that under adequate
production conditions, mAb-generating hybridomas are able to survive indefinitely. For this reason,
continuous production of monoclonal antibodies is associated with reducing the number of required
animals during in vitro experiments. Nevertheless, despite current advancements in the production of
monoclonal antibodies, current methods can be highly distressing to host animals, underlying the
necessity of optimising mAb production technologies (Yamada, et al., 2017, p. 111) (Santos & Galvao,
2017, p. 696).

Alfaleh and co-workers describe how mAbs can be effectively generated with the aid of phage
display technology (Alfaleh, et al., 2017, p. 2). This method of generating mAbs was initially described
in 1985 by G. Smith (Smith, 1985, p. 1315). Currently, phage display technology is a powerful technique

for displaying required peptides or proteins on filamentous phage through the utilisation of a viral coat



15

protein. It was found that each phage clone corresponding to an antibody phage library displayed a
specific antigen-binding site. This site was formed by random combinations of both light and heavy
chain variable fragments, produced through cloning from B-cell pools. A range of binding entities,
including Fab (Fragment antigen binding), scFv (single-chain variable domain), VL (variable light chain
regions), VH (Variable heavy chain regions) as well as a series of peptides that could be employed in
the production of novel biopharmaceuticals were isolated from the described phage display libraries.

The indicated antibody regions are summarised in the figures 1.2 and 1.3 below:
ANTIGEN

ANTIGEN
CDRs
q LA DISULFIDE SRENG SITE
Hi g H2 Vi BOND \<

/ HEAVY
CHAIN (Hc)

Cu1 ANTIGEN

CDRs ; AN
VL e [ X 4 \
/ '\h’. i S -
—6—8 —
LIGHT 5-s-
CHAIN (Lc) P Fab
cl REGION
HINGE
REGION
Fc
REGION

Figure 1.2: Antibody Fab region. Fragment antigen binding (Fab region) in antibodies, adapted from
(Merck KGaA, 2015, p. 10)

Light-chain
hypervariable

regions Antigen Binding Site

Light chain

Heavy chain
Antigen
binding  Fab
Heavy-chain
hypervariable
regions
—— Papain cleavage site
::::;';::m Hinge region F(ab'), Fragment Fab Fragment
bonds Papain cleavage sites \
Biological Complement-binding region
acthity c Intrachain Carbohyd
mediation ¢ ohydrate
disulfide
bonds Vi and V,: variable regions
. Light Chains . Heavy Chains

4. C, and Cyy: constant regions

Figure 1.3: Additional antibody structures. scFv (single-chain variable domain), VL (variable light
chain regions), VH (Variable heavy chain regions) in antibodies, adapted from (Merck KGaA, 2015,
p. 17)
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Antibody phage libraries are based on mRNA that was extracted from natural sources, including
bone marrow, the spleen or peripheral lymphocytes. Alternatively, in order to enhance the required
properties of antibodies, it is possible to produce the required phage libraries using synthetic methods.
For instance, combinatorial antibody libraries were produced by using VL- and VH-domains combined
populations, joined with the aid of protease-resistant (Gly4Ser)z linkers resulting in the formation of a
DNA sequence. Comparing various types of displays it was established that monovalent display was
among the most popular systems due to its ability for selection of antibodies with high affinity (Alfaleh,
etal., 2017, p. 7).

Considering recent advancements in this type of technology, it can be stated that antibody
generation and display utilises a range of new methodologies that harness mammalian and yeast display.
Literature sources report that a range of various antibodies has been effectively isolated against various
targets by using yeast display. Also, in addition to the described procedures, mammalian cells were
employed to display IgGs (Immunoglobulin G) or scFvs, making it possible to isolate high affinity
antibodies with predetermined biological functions. The various display systems have their own
advantages and disadvantages, however, a description of every individual system and its areas of
applications are beyond the goal of this work and the reader is referred to the following for a good
overview (Farhadfar & Litzow, 2016, p. 14).

From a manufacturing/production perspective, isolation of various antibody fragments is carried
out with the aid of panning or affinity enrichment. The purpose of this synthetic technique is to isolate
mAbs from the corresponding phage library based on the ability of a given mAb to interact with the
desirable biological target(s). The process consists of three major steps: 1) exposure of the tested library
to the corresponding target with capturing of the required phage binders; 2) washing of the test solution
with the purpose of eliminating the presence of low affinity or non-selective binders; 3) elution of
specific binders with amplification. The described process is repeated from three to six iterations,
resulting in the overall reduction of the phage diversity along with amplification in the quantity of
selective binders. The obtained antibodies are subsequently employed in various therapeutic
applications, such as cancer treatment, autoimmunity and asthma (Ren, et al., 2017, p. 76) (Teo, et al.,
2016, p. 73).

When considering specific applications of mAbs in modern biotechnology, mAbs are
extensively employed in the characterisation and classification of tumours and tissues based on the
expression of defined markers. For instance, implementation of mAbs against various organs associated
antigens (placental alkaline phosphatase, prostate specific antigen and human chorionic gonadotropin)
may be employed by pathologists during the identification and characterisation of primary tumours

(Ordonez, 1999, p. 313). Monoclonal antibodies have been found to be particularly useful to distinguish
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structurally similar formations, such as adenocarcinoma and mesothelioma (Ferri, et al., 2016, p. 592).
These materials are also useful for the identification of tissues or organs where undifferentiated
metathesis originates. Thus, the detection of metathesis processes through immunocytological analysis
of tissue samples obtained from bone marrow, lymph nodes as well as other tissues has proven to be
highly effective by using specific monoclonal antibodies. In cases when axillary lymph nodes are
investigated for metastatic breast cancer, implementation of monoclonal antibodies to test cytokeratin
results in the elevation of the detection efficiency by approximately 10% (Ferri, et al., 2016, p. 592).

In addition to the described above applications of mAbs in cancer treatment, mAbs can also be
used in the treatment of autoimmune diseases and asthma. Thus, considering the treatment of
autoimmune conditions, Bruno and co-workers (2011, p.83) indicated that by knowing the
immunological movements corresponding to autoimmunity, it becomes possible to target all steps of
the process. In particular, therapeutic applications are focused on activating T lymphocytes in the
corresponding lymph nodes, the production of immunological synapses, T cell differentiation and
production of cytokines (Bruno, et al., 2011, p. 283). Finally, monoclonal antibodies may also be
employed in asthma treatment. As indicated by Byrne (2013, p.23), patients suffering from refractory
asthma were a considerable burden to the modern system of healthcare. Novel treatment approaches
presumed the use of humanized monoclonal antibodies or hMabs for the mitigation of the condition. In
the corresponding publication, Byrne indicated that by using anti-IgE it was possible to considerably
reduce asthma symptoms in the study group of patients. It was also shown that hMabs were able to block
IL-5, which was highly beneficial for patients, manifesting in elevated levels of periostin in blood
(Byrne, 2013, p. 23).

Monoclonal antibodies are basically distributed cells that are actively divided through the
biological process of cell division from a single and active ancestral cell. They form a class of antibodies
with identical off springs of a given hybridoma. In their function, they are very specific in terms of
location in the human body and are derived from a single biological clone. In addition, the cells can be
grown indefinitely. Monoclonal antibodies have the ability of recognizing and instantly binding to
antigens within the human body. The main reason for this process is to actively discriminate between
specific existing epitopes within the human system responsible for providing protection against disease
organisms within the human body.

Monoclonal antibodies function by targeting specific proteins in human system that influences
cell activities such as receptors. In addition, monoclonal antibodies also target other proteins that exist
on the surface of both normal and cancer cells. Through their specificity, the antibodies are able to bind
tightly to cancerous cells. This process is achieved through the help of a cytotoxic agent like a strong

radioactive component which is aggressive enough to seek out and destroy the specific cancer cells
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while at the same time protecting the healthy cells within the human system. This is very critical
especially when it comes to managing the health of a cancer patient. Most recorded deaths come as a
result of strong chemo rays that are directed to the area with which the cancer cells have attacked in the
human body. In the process, many healthy cells are damaged making it difficult from an individual to
fully recover from the ailment.

An interesting part of dealing with monoclonal antibodies is tumour cells. There are specific
tumour cells that display the ability of replicating in an endless manner and are fused with mammalian
cells that produce specific types of antibodies. The process leads to fusion referred to as hybridoma, an
action that constantly produces antibodies within the human system. The specific types of antibodies
that are formed as a result of this process are referred to as monoclonal because they are generated from
on type of cell. The single cell factor in this case makes it possible to refer to the antibodies that are
generated as mono. In addition, there are specific types of antibodies that are produced as a result of
conventional biological methods. These types of cells are then referred to as polyclonal antibodies. They
are basically derived from a series of preparations that contain many kind of cells and not only one as it
is for monoclonal cells.

Monoclonal antibodies are unique in nature based on the manner in which they are produced. In
this case, they are artificially produced based on a given type of antigen in order to enable the process
of binding to their target antigens within the human body. There are unique instances where monoclonal
antibodies are produced in the laboratory. For this case, laboratory production of monoclonal antibodies
is initiated through clones of a single cell which suggests that every monoclonal antibody in the human
body is produced by the same human cell.

Biological fusion of cell culture myeloma cells takes place within the mammalian spleen cells
antibodies. This process results in hybrid cells that are generally referred to as hybridomas. Hybridoma
cells have the ability of producing large amounts of monoclonal antibodies which are very crucial in the
human body when it comes to enhancing protection against infectious diseases. The process of cell
fusion in this case results in two different types of cells. One of the cells in this case is characterized
with the ability to grow in a continuous manner. On the other hand, the other cell is characterized with
the ability of producing large amounts of purified antibodies in the human body. Further research on the
same suggests that hybrid cells have the ability of producing only 1 exact antibody that is pure in nature
than any other type of polyclonal antibody. Monoclonal antibodies are more effective in their function
when compared to conventional types of drugs. These types of drugs have the character of attacking
foreign substance. They also attack the healthy human cells in the body and for that reason, they have
certain side effects that may be completely dangerous to use. Side effects would also vary based on the

type of genes and specific allergic factors that vary with different human systems.
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Abnormal protein comes as a result of presence of large amounts of specific types of monoclonal
antibody in the blood. In this case, the protein is detected through physical examination and identified
via screening blood test referred to as protein electrophoresis. Basically, abnormal production of
monoclonal antibodies in the human system is considered as a small population of plasma cells that are

found in large amounts in the bone marrow.
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Reflecting at the overall process of production of monoclonal antibodies indicates that it is a
complex cycle. The process involves bulk production of monoclonal antibodies that work against a
specific type of antigen produced at the same time. In this case, monoclonal antibodies are produced
through multiple and identical copies of a given type of cell referred earlier as hybridoma. Hybridoma
in this case is created as a result of fusion of two types of cells. The cells actively combine with
individual characteristics at hand contributing to the final identity of the product that is generated.
Therefore, it is critical to understand that formation of each type of cell comes back to the nature of the
individual cells that initially interacted. It also depends on the type of fusion that took place in order to
generate a given type of cell. During formation, the formed cells would undergo biological process of
cell division to generate and spread to other parts of the body. Protection against diseases in the human

system would prioritize distribution of the cells based on urgency. For instance, in situations where the
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human body is weak in specific organs, the antibodies would be distributed around the area in large
amounts to ensure that infections that would compromise health of a human being are completely

addressed before the situation becomes complicated.

1.2 Aims and objectives of the work described in this thesis

The work described here is aimed at summarising current developments in the area of
monoclonal antibody therapy and the work undertaken over a period of time by the author in the field
as evidenced via the publications presented and discussed, specifically describing factors that affect
stability and integrity of mAb-based formulations destined for use in humans. It is also aimed at
discussing the findings presented in the published work in the context of the larger field of recent papers
in the area, their main findings and implications. The contribution of the author here, to each of the
highlighted publications, is also described.

The objectives of the work are to:

1. Provide an introduction to the concept of mAb-based treatment and discuss this therapy in
relation to other types of treatment.

2. Give emphasis to the most significant findings in the area of monoclonal antibodies.

3. Establish fundamental hypothesises between various areas of monoclonal antibody
development and the corresponding mAb-based formulations.

4. Outline a possible theoretical framework for the development of monoclonal antibodies-
based formulations using relevant recent publications.

5. Provide a summary of the key publications submitted by the candidate for consideration
towards a PhD, the main findings and implications and the contribution of the author to the
studies.

1.3 Literature review, including published work by the candidate

Considering the properties and application areas of monoclinal antibodies described under
section 1.1 above, it is clear that investigations in the area of mAb formulation stability is of paramount
importance to the development of novel mAb based drugs. For a protein based medicine, such as a mAb,
to reach the clinic it must be able to be formulated in an appropriate manner that can maintain the
stability and activity of the molecule for a specified shelf-life, ensuring its safety, but also so that the
practitioner can deliver the required dose in an appropriate manner.

As a general introduction to the concept of monoclonal antibodies as therapies and reagents, it

can be stated that during the first half of the twentieth century antibody-mediated immunity was
determined to be fundamentally important for specific immune responses (Merck KGaA, 2015, p. 8).

Since their initial introduction during 1970s, immunolabelling antibody technologies were substantially
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improved and antibodies were adopted as critical components in life science research. The main
principle of all investigations in the area was the fact that specific antibodies would be able to interact
with specific antigens with the formation of exclusive antibody-antigen complexes. The presented work
is focused on a range of selected publications, covering various aspects of monoclonal antibody
formulations, such as characterisation of the corresponding solutions, their stability and the nature of
chemical interactions between individual peptide molecules. Nevertheless, ScienceDirect indicated that
the number of publications in the area (Search term: “Monoclonal Antibodies” 1995 — 13.271
publications - 2017 - 16.203 publications) increased over the past decade what highlighted the
importance of the topic to the world science (ScienceDirect, 2018).

The notion antigen presents antibody generation. This term describes any compound that is able
to produce immune responses, such as generation of specific molecules of antibodies. The definition of
antigen presumes the possibility of combining with specific antibodies that are generated in its presence.
In general terms, antigens present foreign proteins as well as their fragments that are introduced in the
host body through infections. In addition to foreign nature, proteins of various organisms are also able
to perform the same functions what results in the corresponding autoimmune responses. Viruses and
bacteria contain antigen molecules on their surfaces and insides. As the consequence, these antigens can
be chemically isolated for the corresponding development of vaccines. Antibodies are characterised as
immunoglobulin molecules, capable of specific interactions with antigens. Antibodies are generated as
a form of response to invasions of foreign molecules. Antibodies are commonly described as
immunoglobulins (lgs). From the structural perspective human immunoglobulin is similar to
glycoproteins with 82-96% forms by proteins and the remaining part by carbohydrates (Merck KGaA,
2015, p. 9). These molecules are of paramount importance to human immunity, what underlines the
necessity of investigations in the area.

Detailed description of all recent publications in the area is beyond the goal of the work, however
it is clear that effective purification of the corresponding monoclonal antibodies is fundamentally
important to any type of research in the area. Thus, Yamada and co-workers described an efficient flow-
through mode of monoclonal antibody purification (Yamada, et al., 2017, p. 110). The research group
indicated that employed in various biopharmaceutical applications, such as production of new drugs and
modification of the existing ones. It was found that buffer exchanges would be able to substantially
improve impurities removal during depth filtration. Yamada and co-workers demonstrated that by using
various depth filters it was possible to obtain the necessary level of protein purification. Based on the
obtained results, a flow-through operation mode was suggested as an effective antibody manufacturing
process (Yamada, et al., 2017, p. 110). The following sections of the review are focused on selected

publications, discussing properties of monoclonal antibodies under various conditions and
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characterisation of the corresponding formulations. Protein formulation is a vital component in
biological development. Formulation of proteins entails of conducting a series preformation trials to
determine the solubility at various ionic strengths or pH conditions. After establishing the solubility
properties, conduct the new iteration to test the pH conditions, salts, ionic strengths and buffering agents.
This is followed by performing ability screening approach to enable selection of optimal conditions by
use of proprietary formulation development technique. Stability of proteins refers to the net balance of
forces, which determine whether proteins are in their denatured or native folded stage. Interactions
between disulphide, VVan der Waals, hydrophobic, hydrogen bonding and electrostatics are factors that
determine stability of proteins. Denatured state of proteins is characterised by entropic and non-entropic

free energies.

1.3.1 General Approach to Formulation of Biotherapeutic Proteins, Particularly mAbs
The formulation of mAbs can be considered from the perspective of a standard manufacturing

process, using mammalian cell culture (Li and Amanullah, 2010, p.2). Cells are grown in culture over a
period of weeks to provide a seed culture (also called inoculum) for fermentation (Vazquez-Rey and
Lang, 2011, p.1495). Subsequent culture techniques lead to dramatic expansion of the cell population
and culminate in cell harvesting through centrifugation or microfiltration methods. The following stage
involves ‘capturing’ the protein, using chromatography (Protein A or ion exchange), often combined
with additional purification stages to remove host proteins and other impurities, including a stage of
membrane filtration and nanofiltration (Bee et al., 2009, p.940). During this process, there is an
important emphasis on the conditions used to generate cells, as well as during the analysis and
purification of proteins, including mAbs, captured from these cells.

Under standard biological condition in vivo, the cellular and extracellular environment is tightly
regulated through a diverse range of homeostatic mechanisms (Vazquez-Rey and Lang, 2011, p.1495).
The regulation of factors such as pH, temperature, and ionic concentrations provides the basis for
creating a biologically stable environment for a range of biological activities, including the formation
and processing of proteins (Wang et al., 2007, p.2). As deviations in any of these parameters may render
proteins unstable or dysfunctional it is necessary to consider the effects of the environment when
formulating proteins ex vivo and in pharmaceutical or biomedical contexts.

One of the most concerning aspects of protein formulation is the potential for aggregation
(oligomerisation) of proteins, which was first described in the Lumry-Eyring model (1954). Aggregation
events are commonplace, although the underlying mechanisms for aggregation are not completely
understood in all drug manufacturing contexts. Adding to the complexity of understanding these
mechanisms is the differential classification of protein aggregates, including soluble/insoluble
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aggregates, covalent/non-covalent aggregates, native/denatured aggregates, and reversible/non-
reversible aggregates (Wang et al., 2007, p.6). It is beyond the scope of this paper to consider the aspects
of formulation associated with all of these aggregation definitions. However, it is apparent that
aggregation removal and/or control is essential to ensure the biological activity of the resulting proteins
(including mAbs) and to ensure no harmful effects occur in the recipient of the drug due to the effects
of aggregates (Vazquez-Rey and Lang, 2011, p.1497).

Aggregation during the production of mAbs may occur at multiple stages, providing a basis for
tight regulation of the formulation process throughout the production of mAbs. Aggregation can occur
during initial cell culture, both within the cell and following secretion of the protein in the cell culture
medium (Vazquez-Rey and Lang, 2011, p.1497). A large amount of aggregation also occurs during the
purification process of mAb production, whereby the environmental characteristics of the process have
a particularly important effect on aggregation potential (lacob et al., 2013, p.4316). Modulation and
control of the environment, including the addition of excipients to stabilise proteins again aggregation
and denaturation, is commonplace in biomedical manufacturing as a consequence (lacob et al., 2013,
p.4316).

The remainder of this section will consider the excipients used for protein stability and
formulation, with a specific focus on excipients relevant to mAb formulation. These excipients include:

pH and buffering agents, salts, sugars, amino acids, and surfactants.

1.3.2 Excipients in mAb formulation

1.3.2.1 pH and buffer characteristics

Buffer solutions are used throughout the process of mAb manufacturing and can have complex
effects on the stability of proteins (Cleland et al., 1993, p.307). Aggregation of mAbs has been
associated with interactions between the Fc domain of immunoglobulins (lgs), particularly 1gG (Wang
etal., 2007, p.7), while it has also been noted that some buffers have little or no effect on protein stability
(Daugherty and Mrsny, 2006, p.700). The purpose of buffers is to provide some regulation over the
solution pH, among other characteristics, as pH is considered an important determinant of protein
formulation, stability and ultimate function (Vazquez-Rey and Lang, 2011, p.1497).

The effect of pH influences the ionic features of the protein molecule, which can influence
protein-protein interactions, the three-dimensional conformation of the protein structure, and the
interaction of the protein with other molecules (Zheng and Janis, 2006, p.47). Carboxyl groups and
amino groups are ionisable and are particularly influenced by molecular pH of the solution and pH
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values close to the isoelectric point (pl) of the protein can lead to the formation of diploes (Wang et al.,
2007, p.14). The pl is achieved when the protein exhibits equal positive and negative charge in the
carboxyl and amino groups, which promotes the degree of interaction between proteins (Zheng and
Janis, 2006, p.49). Therefore, when the pH is close to the pl of the protein, aggregation is more likely
to occur. The formulation of mAbs is typically performed with pH values lower than the pl, leading to
disruption of the dipole state and the generation of a clear overall charge on the protein molecule (Liu
et al., 2008, p.2427). Consequently, protein monomers are more likely to repel each other (due to
identical electrostatic charges), making aggregation a less energetically favourable process (Wang et al.,
2007, p.15). Therefore, regulation of pH in order to reduce aggregation is an important aspect of mAb
production and can involve the use of buffering solutions such as histidine, phosphate, acetate and

Citrate.

1.3.2.2 Salts

As with the pH of a solution, the importance of buffer characteristics is also evident in
determining the effects of salts on protein stability (Shire et al., 2004, p.1392). Salt ions can interact
with proteins in a number of ways and to varying degrees, depending on the overall pH of the solution
and the types of salts present in the buffer/solution. Salts form a large amount of the ionic strength of
the solution and the use of polyvalent salts in particular has the potential to promote aggregation through
an increase in ionic strength of the solution (Ohtake et al., 2011, p.1055). When ionic strength of the
solution is increased due to the dissolution of salts with high valence, ionic accumulation adjacent to the
surface of proteins is common (Ohtake et al., 2011, p.1055). This leads to an increase in the potential
interactions between proteins and subsequent aggregation, due to presence of counter-charged salt ions
close to the protein surface. The use of trivalent, bivalent or monovalent salts may reduce the potential
for aggregation.

High concentrations of salts can also act to stabilise protein formulations through a mechanism
of preferential exclusion (Vazquez-Rey and Lang, 2011, p.1498). Preferential exclusion refers to the
deficiency of co-solvent molecules in the vicinity of the protein/mAb and is also termed preferential
hydration, as water molecules dominate the region around the protein molecule (Arakawa et al., 1991,
p.287). The result of preferential exclusion is that protein stability increases, and solubility decreases
due to the energetically unfavourable nature of salt-protein interactions and the stable conformation of
the protein as a consequence (Vazquez-Rey and Lang, 2011, p.1498). Different anions have a different
effect on precipitating out proteins and have been classified according to the Hofmeister series, which
is indicative of the stable hydration shells in anions and the stabilisation of interactions between salts
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and water molecules: citrate > phosphate > OAc-, F- > Cl- > Br- > |- > ClOs- (Kendrick et al., 2002,
p.65).

1.3.2.3 Sugars

Sugars may also be used to stabilise proteins, specifically sugars that are non-reducing, including
sucrose and trehalose (Wang, 1999, p.133). The use of reducing sugars is not considered suitable in
biomedical protein stabilisation due to the potential for the Maillard reaction (amino acid deprotonation)
(Wang, 1999, p.133). However, non-reducing sugars have been shown to reduce the activation energy
of protein unfolding, with stability in proteins induced through preferential exclusion (Daugherty and
Mrsny, 2006, p.688). For the stabilisation of mAb proteins during freeze-drying, sugars and polyols may
act by stabilising protein kinematics within a matrix or by acting as water substitutes, maintaining

thermodynamic stabilisation in the place of water molecules lost during the freeze-drying process.

1.3.2.4. Amino acids

The role of amino acids in the stabilisation of proteins has been recognised for many decades,
although the precise mechanism of this stabilising effect is a matter of on-going debate, while varying
to some extent between the use of different specific amino acids (Frokjaer and Otzen, 2005, p.298).
However, there is a general suggestion in the literature that amino acids stabilise protein formulations
by interfering with protein-water interactions and adjusting the thermodynamic properties of the
medium (Wang et al., 2007, p.14). The use of arginine (Arg) and glutamic acid/glutamate (Glu) is
common in the context of drug manufacturing and protein stabilisation for biomedical purposes
(Golovanov et al., 2004, p.8935). These amino acids have been shown to stabilise the thermodynamic
properties of protein-water interactions, reducing the potential for aggregation and enhancing stability
in solution (Frokjaer and Otzen, 2005, p.298). However, the precise mechanisms of these amino acids
will be considered later in this paper.

1.3.2.5 Surfactants

The use of surfactants in the stabilisation of proteins is also commonplace and is particularly
important where formulation involves stages such as mixing, shaking or repeated freeze-thaw cycles
(Kerwin, 2008, p.2924). Surfactants (e.g. polysorbate 80) reduce the tension in the air-water interface,

reducing the potential for mAbs to interact at this interface, which may be associated with protein
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unfolding and aggregation (Kerwin, 2008, p.2924). Surfactants may act in numerous ways to promote
mADb stability, including through competition with the protein at the air-water interface, shielding of
hydrophobic regions of the protein, or serving as a chaperone for protein folding (Wang et al., 2007,
p.17).

The following sections contain a brief introduction as to the rationale for each of the publications

discussed in this submission in more detail.

1.3.3 Paper 1: Kheddo P, Cliff MJ, Uddin S, van der Walle CF, Golovanov AP (2016) Characterizing monoclonal
antibody formulations in arginine glutamate solutions using 1H NMR spectroscopy, MAbs 8(7):1245-1245.
The characterisation of various mAb-based formulations, and the impact of the formulations on

the mAb, was undertaken by H! NMR as part of one of the publications submitted by the candidate for
consideration within this thesis submission (Kheddo, et al., 2016, p. 1245). The necessity of the research
described is supported by the fact that monoclonal antibodies are heavily utilised as biotherapeutics and
as reagents in a substantial number of clinical investigations. However, it was established that increasing
therapeutic concentrations of monoclonal antibodies increases self-association and aggregation of
proteins, thus promoting their instability. In addition to the outlined negative effects it is expected that
elevated therapeutic protein concentrations will result in the formation of soluble clusters that, in turn,
may have a negative impact on the viscosity of the corresponding formulations. The outlined negative
effects generally take place at protein concentrations >100 mg/ml and it was hypothesised that the
addition of excipients should be considered, and able, to minimise such undesired instability (Kheddo,
etal., 2016, p. 1245).

After analysing recent developments in the area of excipient formulations, it was established that
arginine glutamate was effective and safe for routine implementation in the design of new formulations
(Kheddo, et al., 2014, p. 127). Arginine has been shown to protect proteins against aggregation by
slowing protein-protein association reactions and protein folding (Baynes et al., 2005, p. 4919).
However, when combined with glutamate (glutamic acid), the Arg-Glu effect is synergistic and provides
a stronger reduction in intermolecular interactions and subsequent aggregation compared to Arg alone
(Vedadi et al., 2006: 15835). As a result of the study by Kheddo et al., (2014, p.127), it was expected
that new synergistically working excipients would and could be developed in order to improve stability
of novel monoclonal antibody-based reagents and drugs. However, in order to estimate mAb self-
association that may take place at elevated protein concentrations, novel orthogonal analytical
techniques are necessary. Currently, sample dilution is necessary to effectively carry out protein
characterisation by standard analysis methods (e.g. mass spectrometry, chromatography, dynamic light
scattering), thus orthogonal analytical techniques are required that allow the user to monitor changes in

physical parameters associated with alterations in the chemical nature of the tested product without
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sample dilution, at the formulated concentration and ambient temperature. Sample dilution results in
concentration changes that will alter protein-protein interactions, self-association and stability of the
molecule in question. Dilution of protein samples presents an intrinsic component of sample preparation
for NMR investigations. The potential primary impact of the sample preparation procedure is to avoid
slow protein precipitation, formation of a mixture containing both folded and unfolded proteins, reduce
aggregation problems and degradation. It is clear that with the aid of sample dilution it is possible to
produce uniform solutions, containing the same configurations of protein molecules (Cavanagh, et al.,
2006, p. 76). Kheddo and co-workers indicated that by investigating the corresponding protein-based
drugs at their target concentrations, it should be possible to establish the most effective stabilising agent
(Kheddo, et al., 2016, p. 1246).

Kheddo and co-workers demonstrated that NMR spectroscopy was a powerful but underutilised
approach in the analysis of mAb-based formulations (Kheddo, et al., 2016, p. 1246). It was suggested
that when NMR was applied to the analysis of proteins it was possible to quickly and efficiently monitor
signal changes as the result of functional group dynamics in solutions (Cavanagh, et al., 2006, p. 77).
Nevertheless, while applying NMR to solutions containing monoclonal antibodies, broad and
overlapping signals were observed. The indicated observation is associated with the large molecular
sizes of the investigated mAbs (approx. 145 kDa) and complex interactions between various molecular
groups. Further, traditional analysis techniques associated with NMR analysis, such as isotopic
labelling, could not be applied to these systems due to production difficulties in natural systems.
Nevertheless, characterisation was possible under elevated temperatures, which resulted in reduced
water viscosity, allowing formation of proton NMR spectrum with distinguishable signals,
corresponding to different function groups of the protein. Kheddo and co-workers show that common
NMR-detectable parameters including signal intensities, deuterium exchange rates, relaxation times as
well as rotational and translational diffusion were heavily depended on protein stability, aggregation
and self-association in the corresponding tested solution (Kheddo, et al., 2016, p. 1246). This reinforces
the need to be able to investigate formulations without diluting the samples beforehand to understand
their behaviour under the concentrations at which they will be formulated. The results of this study are

discussed in section 3.1 below.
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ABSTRACT

Assessing how excipients affect the self-association of monoclonal antibodies (mAbs) requires informative
and direct in situ measurements for highly concentrated solutions, without sample dilution or
perturbation. This study explores the application of solution nuclear magnetic resonance (NMR)
spectroscopy for characterization of typical mAb behavior in formulations containing arginine glutamate.
The data show that the analysis of signal intensities in 1D 'H NMR spectra, when compensated for
changes in buffer viscosity, is invaluable for identifying conditions where protein-protein interactions are
minimized. NMR-derived molecular translational diffusion rates for concentrated solutions are less useful
than transverse relaxation rates as parameters defining optimal formulation. Furthermore, NMR reports on
the solution viscosity and mAb aggregation during accelerated stability study assessment, generating data
consistent with that acquired by size-exclusion chromatography. The methodology developed here offers
NMR spectroscopy as a new tool providing complementary information useful to formulation
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development of mAbs and other large therapeutic proteins.

Introduction

Monoclonal antibodies (mAbs) are increasingly being approved
as therapeutics, and a substantial number are undergoing eval-
uation in clinical studies. '~* However, as proteins, mAbs suffer
from instabilities, such as aggregation and self-association, dur-
ing preparation, formulation and storage, especially at the
higher concentrations (>100 mg/ml) often needed to deliver a
therapeutic dose as a single injection.® Highly concentrated
proteins also may form soluble clusters,®” which may affect the
viscosity of solutions,® an important consideration for using
such solutions for injections. To minimize the unwanted insta-
bilities, mAbs are formulated in the presence of excipients.” '
New, safe and effective combinations of excipients working
synergistically, such as arginine glutamate (Arg-Glu), have been
recently described and validated,”** suggesting that new
excipient combinations even within the generally-regarded-as-
safe category can significantly improve the storage stability and
injectability properties of mAbs.*® To assess the suitability of
excipients, new orthogonal analytical techniques that are able
to report on mAb stability and self-association in situ at very
high concentrations are needed”” because many existing analyt-
ical techniques may suffer from observable signals out of scale,
thus requiring sample dilution (in turn distorting understand-
ing, e.g., self-association properties). Monitoring such mea-
sured physical parameters as a function of excipient type and
concentration in situ, at the target mAb concentration and tem-
perature (e.g., during accelerated stability studies), would be a

direct and undistorted way to choose the best excipients and
buffer conditions.

One of the analytical methods currently greatly underused
for the formulation characterization of mAbs is solution
nuclear magnetic resonance (NMR) spectroscopy. NMR is a
very powerful technique capable of observing and monitoring
signals from individual groups and types of atoms in a protein
molecule, and reporting on the structure and dynamics of pro-
teins in solution.*®*° The obvious difficulty of applying solu-
tion NMR spectroscopy to mAbs is their large molecular size
(ca 145 kDa), which generally leads to broad signals in the spec-
tra and significant signal overlap. Common strategies applied in
protein NMR, such as using deuteration or the introduction of
isotopic labels, are not generally applicable to full-length native
mAbs due to the difficulties with production of such labeled
material in the standard expression systems (typically, mam-
malian cells). The native mAbs solutions that can be character-
ized have 2 favorable properties: they are generally highly-
concentrated, and they allow for higher temperature to be used
during the experiments, where the viscosity of water is reduced
and molecular tumbling is faster, often leading to NMR spectra
of sufficiently good quality. Indeed, recent reports have sug-
gested use of proton NMR and natural-abundance 'H-'?
C-correlation spectra to fingerprint mAbs.*'*” Because the
NMR-observable parameters such as translational and rota-
tional diffusion, transverse relaxation times, deuterium
exchange rates and observed signal intensities™*** depend
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strongly on the self-association, aggregation and stability of
protein in solution, we explored how such measurable parame-
ters would depend on the concentration and state of a typical
industrially relevant IgG1 mAb (identified as “mAb2” in our
previous studies>*) in various solution conditions.

The two aims of the current study were: 1) exploration of the
applicability of NMR methodology for typical tasks in
protein formulation, and 2) identification of the optimal con-
centration of Arg-Glu that minimizes mAb self-association and
solution viscosity. Here, we used solution NMR spectroscopy
to measure a number of experimental parameters for mAb sol-
utions to explore their sensitivity to the changes in the solution
environment. The apparent viscosities of solutions derived
from NMR measurements were compared with macroscopic
solution viscosities measured using the m-VROC viscometer.
Accelerated stability studies were also conducted, with NMR
detection compared with conventional technique using size-
exclusion chromatography (SEC). We suggest a pragmatic
approach to interpreting the NMR measurables for optimal for-
mulation development.

Results

Using 1D "H NMR spectroscopy to assess mAb stability
upon addition of Arg-Glu

Proton NMR signals, which reflect the state of a protein in solu-
tion, can be characterized by a number of measurable

parameters. Signal integral is generally proportional to the con-
centration of soluble protein. Protein aggregation increases the
rate of transverse relaxation, causing signals to broaden and
intensity to decrease. Larger aggregates (e.g., solid sub-micron
protein particles) can lead to such a fast signal relaxation that
the signals from this sub-species of the sample will not be
observable. Therefore, in principle, measuring the intensities of
protein signals vs different solution environment is expected to
report on the aggregation state of protein in solution.

To assess the effect of solvent conditions on 1D 'H NMR
spectra of a chosen test mAb (called here mAb2 for consistency
with our previous study®), we first recorded 1D 'H spectra
(with identical experimental parameters) for 3 different protein
concentrations (40, 100 and 200 mg/ml) at pH 6 and 7, with
varying concentrations of Arg-Glu added (between 0 and
200 mM). Respectable spectral quality was achieved at 40°C
(see Fig. S1) due to increased molecular tumbling rate at this
higher temperature; this temperature is far below the first melt-
ing transition temperature for mAb2,>* ensuring that the mole-
cule is not significantly destabilized. Results of these
experiments are presented on Fig. 1. Several useful observations
can be made from looking at the trends (Fig. 1A): the self-asso-
ciation is low when protein is at low concentration (40 mg/ml),
and the signal intensities (both at pH 6 and 7,Fig 1A,B)
decrease marginally with increased concentrations of Arg-Glu
added. This decrease, however, is proportional to the increase
in the buffer viscosity (due to Arg-Glu, see below). When the
signal intensities are corrected for buffer viscosity (IS'), they
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Figure 1. Effect of Arg-Glu addition on NMR signal intensities of mAb2 in different solutions, as labeled. Panels A-G show overlays of selected high-field region of 'H NMR
spectra of mAb2, with concentrations of components as labeled. In (A)-(F) 10 mM CP buffer was present. Panel (G) includes spectra of 100 mg/ml mAb2 recorded in the
absence of any salt apart from Arg-Glu added as indicated. Dependences of viscosity-corrected normalized signal intensities I;':' measured for peak 1 upon increase in
Arg-Glu concentration are shown on correspondent right-hand panels (H)-(N). (Color version of this figure is available online)
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stay fairly flat when mAb?2 is at low concentration (Fig 1H, K).
For larger concentrations of mAb2 (e.g., 200 mg/ml), the signal
behaviors clearly change: despite the increase in buffer viscos-
ity, signal intensities increase with the addition of Arg-Glu
(Fig 1C, F). The values of viscosity-corrected normalized signal
intensities I"' increase even more and grow almost 3-fold and
6-fold at pH 6 (Fig 1J) and pH 7 (Fig 1H), respectively. At the
intermediate mAb2 concentration (100 mg/ml), I,I]\‘v show initial
faster growth followed by slower growth, with an overall
increase of around 1.5-fold when 200 mM Arg-Glu was added
(Fig 11, L). To check if such spectral effects depend on the type
and the ionic strength of the base buffer, a control experiment
was run for mAb2 dissolved at 100 mg/ml in only de-ionized
(Milli-Q) water, where the electrostatic repulsion between the
protein molecules is not screened by salt and hence should be
at its maximum.'® The NMR spectra clearly show that both
raw (Fig 1G) and viscosity-corrected normalized If)\' (Fig 1N)
signal intensities increase significantly upon addition of Arg--
Glu. The increase of signal intensities in NMR spectra recorded
under the identical experimental conditions can be unambigu-
ously interpreted as an increase in the population of mono-
meric or lower-oligomeric protein species and a decrease of
concentration-dependent protein self-association’ upon the
addition of Arg-Glu. Interestingly, addition of Arg-Glu also
caused concentration-dependent perturbations of well-resolved
high-field mAb2 signals (marked peak 2 and peak 3 on
Fig. 1D) from which the disassociation constant K, for this
interaction can be estimated as 90 mM (Fig. S2).

Similar analysis of 1D spectra acquired in the temperature-
dependent manner can be used, as well as relative normalized
integral parameter L‘,\,' that we suggest, to assess how excipients
or sample conditions affect the melting temperature and
amount of soluble mAbs (see Supplemental Information, and
Fig. S$3). Moreover, by recording the 1D spectra before and after
the brief sample exposure to elevated temperature, and using an
easily quantifiable NMR-derived parameter that we introduce, a
short-term storage stability factor F, it is possible to assess the
short-term sample stability in different formulations under
thermal stress (Supplemental Information, and Fig. S4). We
conclude that, as NMR signal intensities are very sensitive to
both protein self-association and solution viscosity, finding a
formulation that maximizes the signal intensity is expected to
coincide with the beneficial formulation leading to stable
monomeric mAb solution with minimum overall solution
viscosity.

Accelerated stability studies of mAb2 using NMR
and size-exclusion chromatography

Having established that proton NMR signals reflect the amount
of monomeric or lower-oligomeric protein remaining in solu-
tion, we further explored how NMR can be used to monitor
mAb2 physical degradation over time, with concentrated sam-
ples (300 mg/ml) stored at 40°C in 4 different formulations.
Additionally, to assess the relative exposure of amide groups to
the solvent by monitoring the deuterium exchange, NMR sam-
ples were formulated in *H,O. These long-term storage experi-
ments were also repeated, with the fraction of monomeric
protein remaining in solution F"*" assessed by SEC, a
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traditional method used in industry. The raw spectra for 4
different sample conditions are presented on Fig. 2A-D. The
reporter region chosen for monitoring the decrease in peak
intensity includes amide region 8-10.5 ppm (region addition-
ally affected by the exchange of protons for deuterons) and
region 6-8 ppm, which is mostly populated by the aromatic sig-
nals that are not prone to exchange, but with some contribution
from exchanging amide signals. These regions were chosen
because protein signals here are not obscured by strong signals
from the excipients and buffer components used for these for-
mulations. As can be seen from the spectra, with time the signal
intensities generally decrease, but the rate of the decrease varies
between the 4 chosen formulations. Fig. 2E-H presents the
fractions of the initial signal intensities of aromatic signals
(F*® and amide signals (F¥"), or of monomer present in solu-
tion derived using SEC analysis (F"""’), versus time, which all
reflect the rate of protein degradation due to sample aggrega-
tion and precipitation. It can be seen that monitoring the aro-
matic signal intensities over time slightly overestimates the rate
of apparent sample degradation: signals decrease their intensi-
ties with time faster than the monomer is lost in the solution
according to SEC analysis.

It should be noted that for the SEC analysis the protein sam-
ple needs to be diluted, which is expected to shift the solution
equilibrium for reversible self-association toward monomeric
species, thus probably overestimating the amount of mono-
meric protein in the original concentrated solution. This is
unlike NMR, which assesses aggregation in situ. The difference
in the degradation rate also can be explained by additional con-
tribution from deuterium exchange on intensities of amide sig-
nals overlapping in the aromatic region. As the rate of
deuterium exchange of labile groups (which indirectly reflect
on the increase protein dynamics and structure perturbation) is
strongly dependent on pH, and is inherently accelerated at
higher pH, it is not possible to compare the rates of decay at
different pH; however, it is possible to do that at an identical
pH. This comparison reveals that adding 200 mM of Arg-Glu
significantly increases storage stability at pH 6 (Fig. 2E,F) as
reported both by F"" and F**, with the rate of deuterium
exchange also reduced, as reported by F*"/, likely due to more
shielding from the solvent in a more stable folded structure. At
pH 7, the effect of Arg-Glu was compared with the effect of
Arg-HCI. Here, Arg-HCI apparently had more a stabilizing
effect than Arg-Glu according to F*® and F*, whereas accord-
ing to F"™"" there was not much difference in the long-term
stability (Fig. 2G,H). At this point, NMR analysis highlighted
the differences in stability between formulations that were not
evident from the SEC analysis.

In order to understand the reasons for faster decays of F**
compared to F"", the solution viscosity needs to be taken into
account because its increase (e.g., with time) can also lead to
signal decay and additional decrease in measured F**. To check
this hypothesis, the macroscopic viscosities of these 4 formula-
tions were also monitored with time using the m-VROC vis-
cometer (Fig. 3). The measurements reveal that the addition of
Arg-Glu leads to much lower mAb2 solution viscosity.
Although use of Arg-HClI lead to an apparently stable formula-
tion at pH 7 (Fig. 2H), the viscosity of this formulation was the
highest, ~3-4 times higher than the mAb2 viscosity with
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Figure 2. Assessing by NMR and SEC the long-term storage stability of mAb2 at 40°C in selected formulations. The 1D "H NMR spectral overlays (amide and aromatic
region) for 4 different formulations of 300 mg/ml mAb2 in 10 mM citrate-phosphate buffer are shown, as a function of time: at pH 6 in the absence of additives (A); in
the presence of 200 mM Arg-Glu (B); at pH 7 in the presence of 200 mM Arg-Glu (C); and in the presence of 200 mM Arg-HCI (D). Correspondent panels (E)-(H) show for
the same 4 formulations the time-dependence of relative fractions of aromatic (F**) and amide (F*) signals remaining in the spectra vs time, reporting on soluble protein

loss. Independently, the fraction of monomeric protein F"*"° was assessed using SEC and plotted. (Color version of this figure is available online)
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Figure 3. Assessing the macroscopic solution viscosity, using mVROC, during long-term accelerated mAb2 stability studies. mAb2 were formulated at 300 mg/ml in
10 mM citrate-phosphate buffer at pH 6 and further additives, as labeled, and stored at 40°C for prolonged period of time. (Color version of this figure is available online)

Arg-Glu added at pH 6. Interestingly, all formulations tested
here showed a tendency to increase in viscosity after prolonged
storage. The rate of this increase is not precisely mirrored by
the loss of monomer content F""’. The reason for this is
unclear, but may reflect the transient nature of reversible self-
association of protein oligomers. We suggest that it is this
increase in solution viscosity with time that is responsible for
the additional decay in F**, compared with the benchmark
F"*" values. As solution viscosity and aggregation are primary
considerations in developing mAb formulations, we suggest
that monitoring a simple NMR-measurable parameter such as
F*® with time can be a valuable orthogonal criterion for opti-
mizing such formulations. Minimizing the rate of F*® decay
over time should ensure that the maximum amount of soluble
un-aggregated protein remains in solution, and solution viscos-
ity is not increased during prolonged storage.

Assessing viscosity and aggregation state of mAb2
solutions using rheometry and translational self-diffusion
measured by SE-PFG NMR spectroscopy

20,21,23.24

This and previous studies suggest that addition of Arg:-
Glu reduces protein aggregation in a concentration-dependent
manner. To explore further the effect of Arg-Glu on the appar-
ent protein cluster size and solution viscosity, we employed
stimulated echo pulsed-field-gradient (SE-PFG) diffusion-
ordered NMR spectroscopy (DOSY)*”*' to measure the trans-
lational self-diffusion coefficients of both mAb2 and citrate,
which served as a small probe molecule in the buffer, at 3
mADb2 concentrations (40, 100 and 200 mg/ml) at pH 6 and 7,
in the presence of increasing concentrations of Arg-Glu added
up to 200 mM (Fig. S5). Measured diffusion coefficients D were
plotted as a function of Arg-Glu concentrations (Fig. 4A, B), or
for convenience, as a function of mAb2 concentration (Fig. 4C,
D). Apart from the observed significant decrease in the values
of D with increased protein concentration (which was expected

due to increased protein crowding, excluded volume effects
and protein self-association at higher concentration) the plots
of Fig. 4A, B reveal a marginal dependence of diffusion coeffi-
cients D on concentration of Arg-Glu added. As the transla-
tional molecular diffusion rate is dependent on solvent
viscosity, and the solvent viscosity inherently increases with the
addition of Arg-Glu, this effect needs to be taken into account
when interpreting the changes of D under different conditions.

The concentration-dependence of the apparent viscosity of
the buffer itself, as well as of mAb2 solutions, was measured by
following the diffusion of the small probe molecule inherently
present in the sample buffer, citric acid (see Materials and Meth-
ods). The ‘microscopic’ solution viscosities thus measured by
NMR (Fig. 5A, B) were compared to the ‘macroscopic’ solution
viscosities measured using the m-VROC viscometer (Fig. 5C, D;
due to limited sample availability, the macroscopic viscosity of
the 200 mg/ml mAb2 sample was not assessed). The graphs for
microscopic and macroscopic viscosities generally follow similar
trends, with microscopic viscosities measured for mAb2 solutions
by NMR being generally systematically smaller. The macroscopic
and microscopic viscosities of the buffer itself upon the addition
of Arg:Glu were, however, very similar, showing a steady
increase in viscosity (Fig. 5A, C). Despite this increase in the
underlying buffer viscosity, the addition of Arg-Glu noticeably
decreased the overall viscosity of mAb2 solutions, which was
particularly evident at higher protein concentrations (100 and
200 mg/ml), where the solution viscosity was initially very high,
with the largest effect observed with 100-150 mM Arg-Glu. This
relative decrease in the mAb2 solution viscosity upon addition of
Arg-Glu was detected by both NMR and viscometer. We con-
clude that addition of Arg-Glu to highly concentrated solutions
of mAbs can be used not only to increase their stability in stor-
age, but also to reduce viscosity of solutions.

To explore further the observed effect of Arg-Glu on NMR
signal intensities and protein viscosity, we used the Stokes-
Einstein Equation 4 (see Materials and Methods) to assess an
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apparent radius of protein clusters (R,) diffusing in solution,
knowing the translational diffusion coefficient D, and the mea-
sured viscosity of the buffer with Arg-Glu added. Although a
crude approximation, the values of R, may reflect on the appar-
ent changes in the effective cluster size of mAbs forming at
higher concentrations, which can be modulated by the addition
of Arg-Glu. The results are presented in Fig. 6A, B. At low
mADb2 concentration, when self-association of the protein is
minimal, the values of R, appear steady and only marginally
decrease upon addition of Arg-Glu, up to the value close to
4 nm expected for a typical monomeric mAb'™ (Fig. 64, B).
With increased mAb2 concentrations the apparent R, also
increases, but addition of Arg:-Glu in the region of 50-100 mM
(at pH 6) and 200 mM (at pH 7) caused R;, to drop signifi-
cantly. For convenience, the same data is presented in different
coordinates (Fig. 6C, D), showing more clearly the mAb2-
concentration-dependent increase in Ry, as well as a partial
negation of this effect by addition of Arg-Glu. The reduction in
the apparent size of the transient mAb2 clusters upon adding
Arg-Glu, revealed here from diffusion measurements, agrees
well with the viscosity-reducing effect of Arg-Glu, and matches
with the increase in signal intensities in 1D 'H spectra
described above.

Measuring the effect of Arg-Glu on proton transverse
relaxation rate R,

In addition to translational diffusion, proteins in solution
undergo molecular tumbling. The rate of molecular tumbling
depends on the size of the cluster, and therefore can report on
protein self-association state. The tumbling rate is generally
reflected in the value of transverse relaxation rates of the
protons R,: the larger the cluster, the faster the rate. However,
local polypeptide chain flexibility can reduce the values of R,

for particular signals. Increased relaxation rate R, makes NMR
signals appear broader and decreases signal intensity.

To explore in more detail the effect of Arg-Glu addition on
mADb2 signal intensities (Fig. 1), or on the apparent mAb2
radius R, (Fig. 6), the R, values were measured for 40 and
100 mg/ml mAb2 solutions at pH 6 and 7, upon addition of
increasing concentrations of Arg-Glu. Due to significant over-
lap between individual proton signals, possible effect of local
mobility on relaxation rates of individual protons, and difficulty
of tracking the same signals in a titration series, the relaxation
data was measured for multiple proton signals in the aliphatic
part of the spectra. Thus, the trends in the typical population
behavior of R, values upon addition of Arg-Glu to mAb2 for-
mulated at 40 and 100 mg/ml can be analyzed (Fig. 7A-D).
Generally, a significant shift of R, population was observed
toward lower values upon the addition of increasing concentra-
tions of Arg-Glu (Fig. 7A-D), with typical values decreasing
around 3-fold upon addition of 200 mM Arg-Glu. Such a
dramatic decrease in relaxation rates R, was unexpected, also
taking into account that the inherent increase in buffer viscosity
upon an addition of Arg-Glu should slow down molecular tum-
bling, and contribute toward an increase of R,. It is unlikely
that addition of Arg-Glu leads to structure destabilization and
increased polypeptide chain flexibility, as mAb2 is equally ther-
mally stable in the presence of Arg-Glu.** To help interpret the
significant decrease in transverse relaxation rates R,, we used
an empirical observation that, for protein molecules of this size
range, the values of R, are generally proportional to the molec-
ular mass and hence to the effective volume occupied by the
molecule or cluster of molecules, as well as to the viscosity of
the solution. Using this simple approximation, the averaged rel-
ative effective volume (aggregation number) of the mAb2 clus-
ter at each concentration of Arg-Glu was calculated, and these
are presented on Fig. 7E-H. The relative values give an estimate
of the required change in apparent aggregation number needed
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Figure 5. Viscosity of Arg-Glu solutions with and without mAb2 measured by NMR and m-VROC viscometer. Viscosity was measured from NMR-derived diffusion coeffi-
cients of citrate ions in solutions at pH 6 (A) and pH 7 (B) in the presence of mAb2 (concentrations as indicated) or buffer alone. Viscosities measured by m-VROC viscome-
ter used the same conditions at pH 6 (C) and pH 7 (D). The NMR data (E, F) and viscometer data (G,H) are re-drawn to highlight the solution viscosity dependence on

mAb2 concentration. (Color version of this figure is available online)

to achieve the observed reduction in the measured transverse
relaxation rate R, upon addition of Arg-Glu. We speculate that
the estimated typical 6-fold reduction in the apparent aggrega-
tion number may reflect the reduction in reversible self-

association of mAb2 oligomers, with a concomitant increase in
the overall molecular tumbling rate. It should be also noted
that the 6-fold reduction in cluster volume can be achieved by
only a 1.8-fold decrease in radius, approximating the change in
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Figure 6. Assessing the changes in the apparent hydrodynamic radius R, of mAb2 upon addition of Arg-Glu. The values of R, were assessed vs concentration of Arg-Glu
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R, estimated from the translational diffusion measurements
(Fig. 6A, B).

Discussion

It had been long established that the unwanted high viscosity of
some mAb formulations originate from reversible self-associa-
tion that becomes more prominent at higher concentrations.””
1627 Reversible self-association can also be a first step toward
formation of irreversible aggregates and particles. Therefore, it
is essential to monitor and assess the extent of such self-associa-
tion, and influence of the sample conditions (pH and exci-
pients), in situ, without sample dilution.”” Solution NMR
spectroscopy is a powerful analytical technique that is used rou-
tinely in structural biology, especially for smaller proteins that
can be labeled with stable isotopes, '°N, *C and *H. This tech-
nique is sensitive to even transient interactions between pro-
teins. Ironically, sample optimization to provide the best
spectral properties by fine-tuning sample conditions (pH, tem-
perature, additives) to minimize undesired protein aggregation
and increase monomeric content, has long been a first standard
step in setting up any protein NMR experiment.”” Protein
NMR typically uses quite high protein concentrations (above
mM range), with self-association, increased viscosity and long-
term instability of samples all causing problems. The quality,
stability and reproducibility of NMR spectra were always used
as a criteria for choosing the “best” buffer conditions for a given
protein (albeit, usually of small size).

In this study, we explored whether this ‘traditional’ NMR
approach can be useful for very large and unlabeled 145 kDa
proteins, mAbs, which are normally considered too complex
for proton NMR to resolve. We have described a pragmatic
approach to NMR data analysis and interpretation, using NMR

parameters as criteria for mAb formulation screening, and
shown that simply maximizing the signal intensity of the mAb
in 1D '"H NMR spectra ensures that the size of transient protein
clusters, as well as overall solution viscosity, is minimized. The
necessary experimental setup, placing mAb samples in NMR
tubes in different formulations and running the spectra,
followed by the analysis of signal intensities, can be easily auto-
mated. Although more high-throughput traditional assays may
be beneficial at the early stages of formulation screening, NMR
can play a role in later stages where detailed understanding of
solution behavior may be beneficial, as well as for orthogonal
validation of chosen formulations.

Apart from 1D signal intensities, other NMR measurables,
such as translational diffusion and relaxation rates, provide a
further insight into mAb behavior in different formulations;
analysis of these, however, may require more manual input
into the experimental setup and data analysis. We found that,
although parameters such as translational diffusion coefficients
and transverse relaxation rates may be difficult to interpret in
the absolute quantitative sense (as no theory currently ade-
quately addresses the self-interaction of proteins at very high
protein concentrations and molecular crowding), these param-
eters still enable the comparison of different formulation condi-
tions. The unique ability of NMR spectroscopy to provide
diverse information about the sample in situ and to report on
the quantities of monomeric and lower-oligomeric species in
solution, as well as their conformational state, is ideally comple-
mentary to existing methods such as light scattering and
chromatography.

The pragmatic approach taken in this work builds on long-
accepted assumptions and simplifications. First, the proton
transverse relaxation rate R, (and hence, signal linewidth) is
proportional to the apparent weight-averaged molecular
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Figure 7. Transverse relaxation rates R, of mAb2 protons are generally reduced upon addition of Arg-Glu, which can be interpreted as a relative reduction in the effective
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mass.**** Another implicit assumption, based on the current
practice and experience in the protein NMR field, is that
observed signal intensities for folded stable proteins in solution
are proportional to the concentration of monomeric and
lower-oligomeric species, signals from larger aggregates being

too broad and unobservable. The decrease in molecular tum-
bling rate, due to increased viscosity or even transient self-asso-
ciation, will increase transverse relaxation rate and cause signal
broadening with concomitant decrease in their intensity. One
widely used parameter, protein self-diffusion coefficient, is
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linked via the Stokes-Einstein equation (4) to the hydrody-
namic size of a molecule and solution viscosity. We found that
diffusion of small probe molecules, such as citrate present in
the buffer, was sensitive to the apparent viscosity of a solution,
even when it contained mAbs: correlation was found with the
macroscopic  solution viscosity. Protein self-diffusion in
crowded (concentrated) solutions is well-known to be strongly
affected and attenuated by inter-protein collisions during the
PGSE diffusion experiment.*” In highly-concentrated solutions,
this self-diffusion, however, becomes severely limited by the
excluded volume and ‘caging’ effect** wherein the diffusion of
protein molecules is limited by a high inter-molecular collision
rate, although data may still be useful in regard to the relative
behavior of comparable solutions.** The translational diffusion
may also be a poor reporter of protein association if it is
affected by factors such as long-distance electrostatic repul-
sion.*> This may limit the usefulness of protein diffusion coeffi-
cient D measured at high concentration as a criterion for
choosing the ‘best’ formulation condition.

Here, we found that D of mAb2 depended strongly on pro-
tein concentration, but the effect of Arg-Glu addition on D was
only marginal, although this excipient addition did have a
strong effect judging by the signal intensities and R, relaxation
rates. For interpretation of the changes in D (e.g., transforming
them into effective changes in radius of hydration R,), the
knowledge of solution viscosity is required, but for high-con-
centration mAbs solutions micro- and macro-viscosity may dif-
fer significantly, and adding excipient may further modulate
viscosity both directly (usually, increasing micro-viscosity of
the buffer) and indirectly (often, decreasing overall mAb solu-
tion viscosity). Taking into account that the validity of the
Stokes-Einstein equation will be limited for concentrated solu-
tions, deriving the reliable values of R, from D can be open to
interpretations and may not be straightforward. The situation
with rotational diffusion, which governs R,, is very different:
protein can tumble in crowded conditions with a tumbling
time 7. dependent on the species size (association state) and
transient interactions with neighboring molecules, all of which
are sensitive to addition of excipients. Mutual electrostatic
steering, which may manifest as transient clusters leading to
increased viscosity, would also lead to an increase in R, rate.*
Reduction in such steering by addition of excipients therefore
can also be detected.

It should be noted that mAb2 used in this study, which is the
same as mAb2 we presented previously,”* is an example of an
intrinsically stable and soluble antibody. Despite this, at a very
high mAb2 concentration the measurable NMR parameters
registered quite significant differences as solvent conditions
were varied, highlighting the inherent sensitivity of this NMR
technique. It can be anticipated that other, less stable mAbs,
which require more careful formulation to achieve satisfactory
solubility and stability profile, would show even greater varia-
tion in NMR measurables. This study also demonstrated that
in the NMR experiments it is possible to use significant concen-
trations (up to 200 mM) of non-deuterated excipients in the
samples, without causing noticeable problems with dynamic
range, or strong signal overlap. Use of modern NMR spectrom-
eter equipment allows the measurement of relatively weak
mAbs signals (with typical concentration 0.26 to 2.0 mM used

in this study) on the background of large signals from exci-
pients (e.g., 200 mM), without a necessity to selectively sup-
press these strong signals. Importantly, the general large
dispersion of protein signals allows signals to be picked for
analysis that are not obscured by the strong signals from the
excipients used. Any baseline distortion introduced can be sub-
tracted from each individual spectrum using the standard spec-
tral processing tools. Moreover, use of existing NMR
approaches, for example diffusion-based filtering of signals
originating from low-molecular weight excipients, may allow
further adaptation of pulse sequences for formulation studies
of these large proteins. Introducing the existing tools for auto-
mation of sample preparation, spectral acquisition and analysis
would allow streamlining of the process and adaptation of this
technique for medium-throughput screening environment.

Materials and methods
Monoclonal antibody and sample preparation

The monoclonal antibody, mAb2 (IgG1 with MW 145 kDa, pI
of 7.9-8.3) was supplied by Medimmune and was identical to
mAb2 described in our earlier paper.** Solutions of mAb2,
500 pl each, were prepared in 10 mM citrate-phosphate (CP)
buffer at pH 6 and 7 with final concentrations of 40, 100 and
200 mg/mL. To each sample, 5% D,O was added for NMR
lock. For NMR measurements, parts of these samples
(ca 180 pl) were temporarily transferred to 3 mm NMR tubes.
To achieve accurately defined addition of Arg-Glu (5-200 mM)
without sample dilution, pre-measured aliquots freeze-dried in
Eppendorf tubes were successively reconstituted with 500 ul
mAD2 solutions. The freeze-dried aliquots of Arg-Glu were pre-
pared from a 0.5 M stock solution containing equimolar
mixture of the free amino acids L-Arg (Analytical grade,
Sigma-Aldrich) and L-Glu (Analytical grade, Sigma-Aldrich)
in MilliQ water, with pH adjusted where necessary. For the
long-term stability studies, 4 formulations were prepared by
first dialyzing mAb2 in appropriately diluted formulations,
freeze-drying the formulations and then reconstituting them in
D0 in 8-times smaller volume in 180 ul, to achieve the final
300 mg/mL concentration of mAb2 and 10 mM CP buffer in
all of them, with additional 200 mM Arg-Glu at pH 6 or pH 7,
or 200 mM Arg-HCl at pH 7, or buffer alone at pH 6. Samples
were supplemented with 0.01% NaN; to prevent bacterial
growth, sealed in 3 mm NMR tubes and stored in a controlled
temperature incubator at 40°C for the duration of the study.
Final mAb2 concentrations were confirmed based on their
absorbance at 280 nm.** For SE-HPLC, mAbs were diluted to
10 mg/mL in the appropriate buffer, with the monomer content
quantified as described previously.**

General NMR experiments

All NMR experiments were run on Bruker 800 MHz Avance III
spectrometer equipped with 5 mm TCI cryoprobe with temper-
ature control unit, using standard pulse programs and parame-
ters from Bruker library, at 40 °C, unless stated otherwise.
Proton 1D spectra were recorded using p3919gp pulse program
using 16.0194 ppm spectral width and applying EM window
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function with typical 10 Hz broadening. Using one 90°-pulse
experiment with water presaturation lead to similar changes in
signal intensities upon excipient addition, but was not used for
quantitative measurements because of more prominent spectral
distortions. Spectra were processed and analyzed using Topspin
3.1 and Dynamics Center 2.2.4 (Bruker).

Analysis of viscosity-corrected signal intensities in 1D 'H
NMR spectra

To compensate for the increase in buffer viscosity upon addi-
tion of Arg-Glu, which slows down molecular tumbling and
reduces apparent spectral intensities, the viscosity-corrected
normalized signal intensities in NMR spectra IS’ were calcu-
lated as:

N lre g i

! Lpg—g) MrE=0]

where Iy and Ipz_ are signal intensities and 7y and
Nire—o are buffer viscosities in the presence and absence of
Arg-Glu, respectively. The buffer viscosity values were derived
from the diffusion coefficients of citrate ions measured using
PFG-NMR spectroscopy (see below). The flat dependencies of
If;" over [Arg-Glu] would show that the concentration of solu-
ble monomeric or lower-oligomeric protein species is not
affected by Arg-Glu addition.

Analysis of temperature dependence of NMR spectra and
short-term and long-term thermal stress studies

For these studies, mAb2 at 40 and 100 mg/mL were formulated
at pH 6 and 7 with and without 200 mM Arg-Glu, These were
subjected to increased temperatures T between 40-75 °C, incre-
mented in 5°C steps, with 10 min equilibration after each tem-
perature increase. A pair of 1D NMR spectra (p3919gp pulse
program) was then acquired at each temperature with 45 min
interval. To assess the dependence of concentration of mono-
meric or lower-oligomeric soluble species on the temperature
T, relative increase in viscosity upon addition of 200 mM Arg:-
Glu, if appropriate, were additionally taken into account. Tem-
perature-dependent normalized integral parameters L’: were

calculated as:

. LT g
Lt\z'(T)z 7i0 — : i &)
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where LT is the signal integral at a particular temperature T,
L?}?}z:o; is the integral measured at 40 °C in the absence of Arg:-
Glu, and Tini is the ratio of the buffer viscosity (with or
without ZOORrErlMo}Arg-Glu, as appropriate) to the viscosity with-
out Arg-Glu. Flat and level dependence of Lj\]J over T would
show that there is no temperature-dependent change in the
population of monomeric or lower-oligomeric species.
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The fraction of soluble protein F preserved in solution after
exposure to high temperature for time period ¢ were calculated as:

II
F= i ®3)

where I” and I' are the intensities of the same signal before and
after 45 min exposure at a high temperature. The value F is the
measure of short-term sample stability at increased temperature,
and shows the fraction loss of monomeric or lower-oligomeric
species in solution over an arbitrarily set time period
t (here, t = 45 min). For the long-term stability studies, the sam-
ples were stored at 40°C and 1D NMR spectra recorded at the
same temperature regularly over 10 weeks. The fraction of solu-
ble monomeric or lower-oligomeric protein preserved in solution
after time exposure was calculated using Equation (3) for a num-
ber of peaks integrated in the aromatic (F*®) and amide (F*)
regions (7 ppm and 9 ppm respectively), and presented as the
fractions of the initial values.

Measuring diffusion rates by pulsed field gradient (PFG)
NMR spectroscopy

Changes in the translational diffusion coefficient (D) were
monitored using SE-PFG (stimulated echo- pulsed-field gradi-
ent) with bipolar gradients pulses with water suppression
(Bruker’s standard pulse program stebpgpls19). The diffusion
time (A) and the gradient length (§) were set to 250 ms and
4.0 ms, respectively. The acquisition time and relaxation delay
were 640 ms and 2.0 s, respectively, with a gradient pulse of
45 G/cm. The diffusion spectra were recorded with 32 scans
over a spectral width of 16 ppm with 16 linear gradient steps,
10-98% gradient intensity. Each sample was allowed to equili-
brate within the NMR spectrometer for 5 minutes after the
completion of experimental setup. Translation diffusion coeffi-
cients D were derived using standard diffusion-ordered spec-
troscopy (DOSY) analysis offered in Topspin. The errors in
D were calculated based on the upper and lower error limits for
each DOSY peak. The gradients were calibrated to achieve the
tabulated values for dioxan diffusion in water,”” and then to
calibrate the diffusion of citrate ions present in the buffer.
Dioxan could not be used as a diffusion probe for buffers con-
taining Arg-Glu due to signal overlap. DOSY experiments
allowed to measure diffusion coefficients simultaneously of
both probe molecule, citrate, and mAb2, when present, upon
addition of Arg-Glu. Thus, measured diffusion coefficient
D was related to the apparent size of the molecule and apparent
viscosity using the Stokes-Einstein equation:

kT
6TRyn

4)

where T is the absolute temperature, k is the Boltzmann con-
stant; Ry, is the hydrodynamic radius and 7 is the viscosity.
Diffusion rates of citrate ions in CP buffer at 40°C measured by
DOSY without and with Arg-Glu added were used, together
with the Equation (4), to determine the values of buffer viscos-
ity in the presence of Arg-Glu, 15;. Parameters were calibrated
so that the measured 1 matched the dynamic viscosity of
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water at 40°C in the absence of Arg-Glu (0.65 mPa s). Using the
measured diffusion coefficients D of mAb2, and knowing buffer
viscosities, the apparent hydrodynamic radius (R;) of mAb2
was calculated using rearranged Equation (4).

Controlled temperature long-term storage stability studies
with HPLC-SEC analysis

Accelerated stability studies were set up at 40°C for 300 mg/mL
mADb2 formulated similarly as for NMR long-term stability
studies. The final mAb formulations were transferred to 3 ml
glass vials and stored for 16 weeks. The samples were tested by
SE-HPLC for percentage of mAb2 monomer remaining in solu-
tion every week for the first month and then monthly up to 4
months, using the methodology described previously.*

Viscosity measurements

The viscosity of the mAb solutions was determined using the
m-VROC viscometer (RheoSense Inc., San Ramon, CA, USA).
Solutions of mAb2 at concentrations 40 and 100 mg/ml were
measured with a B05-chip at a shear rate of 6000 1/s for 30 sec.
Viscosity of 300 mg/ml samples from long-term accelerated
stability series was measured using a D05-chip at a shear rate of
5000 1/s for 15 sec. Measurement temperature was set at 40°C
and was controlled by an external water bath. Samples were
filled in to a 1 ml syringe and triplicate measurements were
acquired where possible due to the limitation of sample vol-
umes. Between each measurements the system was washed
with 1% tergazyme followed by 1% aquet and then water each
with 750 pL/min flow rate for 60 sec (for B05-Chip) or
1000 4 L/min for 45 sec (D05-chip).

Measurement of transverse relaxation rates R,

Non-selective proton transverse relaxation rates R, were mea-
sured using a series of standard Carr-Purcell-Meiboom-Gill
(CPMG) experiments, with the number of echoes varied (pulse
program cpmgprld, Bruker). The relaxation delay was 5 sec,
and the majority of protein signal decay was occurring between
4 and 66 spin echoes applied (with corresponded times from
248 to 40.92 ms). The data was processed using the T1/T2
Relaxation analysis tool in Topspin 3.1 and/or Dynamics Cen-
ter 2.2.4 (Bruker) and fitted to the mono-exponential decay. To
track the changes in the characteristic R, population behavior
upon adding Arg-Glu, 12 prominent proton signals were
selected for analysis between —0.5 and 1 ppm and followed
throughout the titration. Assuming that R, of the signals (in
the absence of internal motions and chemical exchange) are
generally proportional to the rotational correlation time 7. ,*
which in turn is proportional to the effective spherical volume
V (or molecular weight) of the protein cluster™:

\%
RzO(l'C=k—’171 (5)

Further assuming that the lowest value R3', which was
observed at the lowest protein concentration 40 mg/ml in the
presence of 200 mM of Arg-Glu (with microscopic viscosity

n™), corresponds to the minimum cluster volume V™ (ie.,
mADb2 monomer), the apparent aggregation number N (i.e, the
effective number of mAb2 molecules in a cluster) in all other
conditions can be estimated from R, and known microscopic
viscosity 7 as:

oV R

ym - thﬂ n (6)

The value of aggregation number N gives an indication of
what should be the expected change in the apparent size of the
mADb2 cluster to explain the observed decrease in relaxation
rate R, for a rigid molecule.
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The importance of stabilising monoclonal antibodies-based formulations was outlined in a

further publication by Kheddo and co-workers (Kheddo, et al., 2016, p. 88). This study established that
the mAb product must have an adequate shelf-life under common shipping conditions and storage
temperatures. Currently, by changing pH and ionic strength of the mAb solution, it is possible to change
the necessary stability parameters, however more recently a particular focus has been placed on the
possibility of adding various excipients (Watts, et al., 2005, p. 521). These compounds were found to
substantially increase product stability through prevention of aggregation as well as enhanced protein
optimisation in the corresponding pharmaceutical products. Stabilising compounds include glycine,
histidine, arginine as well as other amino acids. In addition to the indicated excipients, sugars were also
found to provide a stabilising effect. A range of theories is suggested to explain the observed protein
stabilisation in the presence of these excipients. These theories include prevention of protein aggregation
through excluded volume as well as preferential interactions and hydration (Bye, et al., 2014, p. 869).
Selection of excipients in the industrial settings in carried out using biophysical assays where a range of
possible candidates is initially identified and screened to compare the impact of these on the product
stability.

When comparing the stabilising effects of various excipients, Arakawa and co-workers found
that arginine was particularly effective in supressing aggregation of proteins (Arakawa, et al., 2007, p.
2). The exact mechanism of action was not established, however it was determined that arginine was
able to form reversible bonds with protein side chains that was compensated by repulsion from other
chains and groups (Arakawa, et al., 2007, p. 3). The concentration of arginine determines the total
stabilisation effect and the difference between repulsion/attraction that is observed upon producing
arginine-stabilised products. Computer based simulations suggested that arginine cations produce
clusters at certain protein regions, rich with carboxylate and guanidinium side chains. It was also
established that stabilisation was substantially affected by the presence of ion-ion pairs as well as other
charged groups. Thus, it was found that arginine citrate, phosphate and sulphate were the most active
forms of arginine with the strongest aggregation suppression effect.

In addition to arginine and arginine-based salts, the possibility of using other amino acids in
protein stabilisation was explored. Thus, equimolar mixtures of arginine and glutamate were prepared,
and their stabilisation properties tested. The described amino acids are intrinsic components of cells,
they can be found in the diet of both humans and animals. For this reason, arginine and
arginine/glutamate-based excipients present a highly attractive stabilising component of monoclonal
antibody-based formulations. Kheddo and co-workers suggested that initial experiments on monoclonal
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antibody stabilisation with arginine-based excipients indicated that it was possible to achieve solution
stabilisation under elevated temperatures and broad pH range (Kheddo, et al., 2016, p. 89). The results
of this study are discussed in section 3.1 below.
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The effects of an equimolar mixture of -arginine and -glutamate {Arg-Glu) on cell viability and cellular siress
using in vitro cell culture systems are examined with reference to NaCl, in the context of monoclonal antibody
formulation. Cells relevant to subcutaneous administration were selected: the human monocyte cell line THP-
1, grown as a single cell suspension, and adherent human primary fibroblasts, For THP-1 cells, the mechanism
of cell death caused by relatively high salt concentrations was investigated and effects on cell activation/stress
assessed as a function of changes in membrane marker and cytokine (interleukin-8) expression. These studies

mghmt demonsirated that Arg-Clu does not have any further detrimental effects on THP-1 viability in comparison to
Excipdent MNaCl at equivalent osmolalities, and that both salts ar higher concentrations cause cell death by apoptosis;
Monoclonal antibody there was no significant effect on measures of THP-1 cellular stressfactivation. For adherent fibroblasts, both
Apoplosis salts caused significant toxicity at ~400 mOsmykg, although Arg: Glu caused a more preapitous subsequent de-
Membrane markers cline in viability than did MaCl. These data indicate that Arg-Glu is of equivalent toxicity to MaCl and that the
Inflammation mechanism of texicity is such that cell death is unlikely to trigger inflammation upon subrutaneous injection
in vivo,

© 2016 The Authors, Published by Elsevier Lid, This is an open access article under the OC BY license

[ hitp:/fcreativecommaons.orglicenses by 4.0/).

1. Introduction cytokine tumor necrosis factor (TNF)-w (adalimumab, infliximab and

Since the licencing by the US Food and Drug Administration (FDA) in
1986 of the first monoclonal antibody therapy, a murine IgG2a anti-CD3
antibody for the treatment of solid organ transplant rejection, the field
has expanded rapidly (Hooks et al, 1991; Singleton, 2014; Walsh,
2010). These targeted biological therapies are now used for the treat-
ment of a range of diseases induding rheumatoid arthritis, psoriasis, in-
flammatory bowel disease and cancer (Lynch et al, 2014; Sedger
and McDermott, 2014; Pandey and Mahadevan, 2014). Indeed, in
2012 three monoclonal antibodies that target the proinflammatory

Ahbrevimtions: T-AAD, T-aminoactinomycin [ ANOVA, one-way analysis of variance;
APC, allophycocyanin; Arg- Gl arginine ghitamaie; Arg: HO, arginine hydrochloride; BSA,
Iatwwime serum allaemin; DC, dendritic cell; FIMA, elhylenesdiaminsletracetic acid; ELISA,
enzyme-linked immunosorbant assay; FCS, fetal calf serum; FDW, Food and Drug
Administration; FITC, Muorescein isothiocyanate; FRC-H, forwarnd scatter; GRAS,
Generally Recognized as Safe; HLA-DR, human leukooyte antigen; 1050, the concentra-
tion,/osmolality required o cause & SO loss inoviability; 1ICAM-1, intercelhular adhesion
medecule 1; I, interleuking LPS, lipopolysaccharide; MPL, mean Toorescence intensity;
NatGhu, sodium glutamate; PES, phosphate bulfered saline; PI, propidiom iodide; S5C-H,
side scatter; TIR, toll-like receplor; THE, iumar necrosis Lacior,
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entanercept) were the world's top selling medicines in that year (Ho
and Chien, 2012).

The formulation process in the biopharmaceutical industry requires
the guantitative characterization of several potential degradation path-
ways, both covalent (eg mddation, deamidation, proteolysis) and non-
covalent (e.g. aggregation, unfolding-denaturation, phase separation)
(Razinkov et al,, 2015). The formulation that is selected must impart a
long term stability to the product, at least over the required shelf-life,
storage temperature and shipping conditions. It is the composition of
the aqueous environment (buffer pH, ionic strength, excipient, etc.)
that plays a critical role in maintaining the colloidal stability of an anti-
body in solution (Roberts et al, 2015). Varioos excipients {additives)
have been used to optimize protein stability of pharmaceutical products
and to minimize the extent of aggregation {Kamerzell et al., 2011).

These include amino acids, such as histidine, arginine, and ghycine

(Arakawa et al, 2007a), sugars, such as trehalose (Kaushik and Bhat,
2003), There are several mechanisms by which small molecule excipi-
ents are propased to stabilize proteins, induding preferential interac-
tion, preferential hydration and excluded volume (Bye et al,, 2014), It
is currently not possible to select excipients for a particular mAb formu-
lation a priori, although platform approaches in the industry may favour

OBA7-23330 2016 The Authors, Published by Elsevier Lid. This is an open acoess anticle under the CC BY license [ hitp:)/fcreativecommons. org/licenses/ by 4.0/).
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one particular solution condition. The identification of one or more ex-
cipients to be included n a buffer in order to stabilize the protein formu-
lation may be carried out by analysis of data generated by high
throughput biophysical assays (Cheng et al, 2012).

Arginine is of particular interest as an excipient vsed to suppress
protein aggregation, with several groups working on the elucidation of
its mechanism ol action, The weak interactions of arginine with the pro-
tein surface are due to its affinity for some amino acid side chains and
the peptide backbone, but this is balanced by repulsion from the protein
surface on account of an increase in the surface tension and volume ex-
clusion effects (a complete review is given by Arakawa et al. (2007b)).
The net effect of the preferential inclusion versus excusion of arginine
from the protein surface is dependent on its concentration, with an ap-
parent saturation of the protein surface at around 0.5 M, above which
arginine is considered to be excluded {Schneider and Trout, 2009). In
silico modelling suggests that arginine cations cluster at certain protein
surface patches via interaction with guanidinium and carboxylate
amino acid side chains (Vagenende et al, 2013). However, the salt
forms of excipients containing charged groups (or ion-ion pairs) are
also known to play an important role in determining the mechanism
of action in regard to protein stabilization. This is especially true for
vanous salt forms of arginine, whose ability to suppress protein aggre-
gation was shown to follow the empirical Hofmeister series; phosphate,
sulphate and citrate more strongly interacting with the arginine cation
and suppressing aggregation (Schneider et al, 2011}, Given the impor-
tance of the salt form of arginine, one such excipient currently being ex-
plored in the area of biopharmaceutics is an equimolar mixture of
amino acids L-arginine and 1-glutamate (Arg-Glu salt). This excipient
has been shown to increase protein solubility and stability and has
been used in the fields of structural biology and vaccine development
for some time (Blobel et al., 2011; Golovanov et al, 2004; Mistilis
et al, 2015; Vedadi et al, 2006). These amino acids are a natural constit-
uent of organisms and cells, they are part of human diet, and therefore
inherently are non-toxic. Initial experiments have indicated that
Arg-Ghu can suppress aggregation of monoclonal antibody preparations
induced by increased temperatures or pH and was also effective under
accelerated stability conditions at weakly acidic to neutral pH
(Kheddo et al,, 2014).

In practice, excipients used for patent-injected formulations, inchod-
ing 1-Arg and 1-Glu, are chosen from the Generally Recognized as Safe
(GRAS) category (US Food and Drugs Agency [FDAL 1982; Ogaji et al.,
2011; Pillfeni and Restani, 2003). However, the higher Ang-Ghu concen-
trations {e.g. =200 mM in the final formulation, Kheddo et al., 2014),
which may be necessary for optimal protein solubility, increase osmo-
lality and hence may affect cell viability in vitro or in vivo or cause cel-
lular stress (Vizguez-Rey and Lang, 2011). Indeed, the tolerability of
hypertonic injectables has been reviewed recently (Wang, 2015). For
drug products intended for subcutaneous injection, the main potential
adverse effects were identified as enhanced site pain, local irritation
and possible tissue damage and it was recommended that for drug
products intended for subcutaneous injection, the upper osmolality
limit should be 600 mOsm/kg (Wang, 2015). Changes to tissue osmolal-
ity may also cause activation of local dendritic cells (DC), sentinel cells of
the immune system, acting as a trigger for inflammation (Gallo and
Callucdi, 2013). These cells are activated by so-called “danger signals™
which may denive directly from pathogens or dying host cells and also
may be associated with perturbations of tissue/cell homeostasis such
as changes in osmolality. Hypotonicity has been shown to act as a dan-
ger signal (Compan et al, 2012) and there are also reports that osmotic
shock due to hypertonicity induced the production of the proinflamma-
tory cytokine interleukin (IL)-§ by human peripheral blood mononucle-
ar cells (Shapiro and Dinarello, 1997) and upregulation of macrophage
caspase-1 (Ip and Medzhitov, 2015).

The aim of the current investigations was to examine the effects of
increased concentrations of Arg-Glu on cell viability and cellular stress
using in vitro cell culture systems. Similar studies have been conducted

previously to investigate the impact of excipients within formulations
on cell viability (Gursoy et al., 2003; Lee et al,, 2013; Ménard et al.,
2012; Nogueira et al., 2011). Cells of relevance to the subcutaneous
route of administration have been selected (Kagan, 2014): the human
monocyte cell line THP-1 (a surmogate DC line; Megherbi et al., 2009),
grown as a single cell suspension, and human primary fibroblasts,
cultured as an adherent monolayer. Thus, the impact on cell viability
of increasing osmolalities of -Arg and 1-Glu solutions (together and
separately) has been examined in comparison with the reference stan-
dard MaCl. In addition, for THP-1 cells, the mechanism of cell death
which these different salis cause at relatively high concentrations has
been investigated by flow cytometry, allowing differentiation between
death by necrosis and death by apoptosis (otherwise known as pro-
grammed cell death) (Kabakov et al,, 2011), More subtle effects of the
presence of Arg- Glu on cell activation have been assessed as a function
of changes in membrane marker expression on activated THP-1 cells
{Megherbi et al, 2009).

2. Methods
2.1. Cell tline maintenance

The THP-1 human monocytic leukaemia cell line (Sigma-Aldrich
Chemical Co.; Poole, Dorset, UK.} was cultured in RPMI-1640 medium
(Sigma) supplemented with 400 pgfml streptomycin, 400 pg/mL
penicillin (both from Sigma), 2 mM -glutamine (GIBCO; Paisley,
Renfrewshire, UK) and 10% fetal calf serum (FCS; GE Healthcare,
Cambridge, UK). THP-1 cells were maintained in vented T75 flasks at
37 "Ciin an atmosphere of 5% COy and split every 3—4 days when conflu-
ent (=2 x 105 cells/mL). Primary fibroblasts from human explants
were cultured in DMEM medium (high glucose [4.5 g/L] with 2 mM
1-Glutamine; GIBCO) supplemented with 400 pg/ml streptomycin,
400 pg/ml penicillin, 2 mM GlutaMax (GIBCD), 025 pg/mlL
amphotericin B (Sigma) and 10% FCS. Fibroblasts were maintained in
10 em culture dishes at 37 *C/5% €04 and passaged every 3-4 days
when =80% confluent. Cell number was assessed by exclusion of 0.5%
trypan blue using a hemocytometer.

22 Salts used for generuiing changes in osmolakity

Stock solutions of cell culture grade arginine glutamate (Arg-Gla)
from equimolar mixtures of -Arg (CAS number 74-79-3) and (-Glu
(CAS number 142—-47-2), NaCl (CAS number 7647-14-5), i-arginine hy-
drochloride (Arg- HCL; CAS number 1119-34-2) amnd sodivm ghutamate
{MaGlu; CAS number 56-86-0) (all from Sigma-Aldrich) were prepared
at 2.24 M, 496 M, 4.32 M and 3.9 M, respectively, in RPMI-1640 medium
supplemented as described above without FCS. The salts of the amino
acids (rather than the free bases) were used to keep the pH of 1-Arg
and 1-Glu amino acid solutions within physiological range, whereas to
prepare Arg-Glu, free bases of these amino acids were mixed together.
Solutions were filtered using a 0.22 pm syringe filter and stored at 4 “C
until use.

2.3, Determination of osmolality of salt solutions

The osmolality of Arg-Glu, NaCl, Arg-HO and NaGlu solutions was
measured using an Osmomat 030-D Cryoscopic Osmometer {Gonotec
GmbH, Berlin, Germany) following standard operating procedures. A
1 M stock solution formulated in RPMI media was prepared for each
salt and final concentrations of 5, 100, 150 and 200 mM were prepared
for each compound for analysis and construction of a standard curve,

24, Cell treatments

Confluent THP-1 cells were harvested by cenirifugation at
room temperature (KT} (1000 g for 5 min) and re-suspended at
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1 x 10° cells/miL in RPMI- 1640 medium without FCS in flat-bottomed 24
well tissue culture plates. Salts were prepared in the same medium at
stock concentrations and added to cell cultures to achieve the required
osmolalities {280-680 mOsm/kg). Control cells were treated with me-
dium alone. In initial expeniments, dose responses were conducted. In
subsequent experiments, cells were treated with Arg-Glu, Nacl,
Arg-HCl or NaGlu to achieve the osmolality range (280-680 mOsm,/
ki) or the equivalent concentration range 50200 mb. In some exper-
iments, positive control cells were treated with 0.1 p/ml lipopolysac-
charide (LPS) from Escherichio coli 055:B5 (Sigma). Cells were
incubated for 4 h or for 24 h at 37 "Cin an atmosphere of 5% CO,_ Follow-
ing the incubation, the cells were spun at 1000 g at RT for 5 min and re-
suspended in 100 pl. phosphate buffered saline (PBS; Sigma) without
calcium and magnesium salts, for detenmination of cell viability. For
phenotypic marker expression the cells were re-suspended in 2% bovine
serum albumin { BSA; Sigma) in PBS. Supernatants and lysates were also
harvested for mitric oxide determination. Lysates were obtained by
Iyzing the cell pellets in 100 pd of 0.01% Triton X 100 (Sigma).

Confluent fibroblast cells were washed once with PBS and
trypsinized with 0.05% trypsin-ethylenediaminetetraacetic acid
(EDTA; Sigma) for 3-4 min at 37 “C until the cells detached from the
plate. Cells were re-suspended in complete DMEM medium and were
centrifuged at 1000 g RT for 5 min. Cells were re-suspended at 2 = 107
cells/mL in complete DMEM medium in flat-bottomed 24 well tissue
culture plates for 6 h at 37 "C/5% C0,. The cells were then washed
with PBS and treated with the salts formulated as described above but
in DMEM medium without FCS to achieve the required osmolalities
for 24 h. Following the incubation, the cells were trypsinized with
L.05% trypsin-EDTA and re-suspended in 5% FCS/PBS to determine cell
viahility,

2.5 Measuremnent of viability

Cell viability of both fibroblasts and THP-1 cells was routinely deter-
mined by staining of cells with 5 pg/mL propidium iodide {Pl) immedi-
ately prior to analysis. Cells {10*) were analyzed using a FACSCalibur
flow cytometer { Becton Dickinson, Mountain View, CA) and Flow]o soft-
ware (Tree Star Inc., Ashland, OR, USA). Dose response curves were
obtained and 1C50 values (the concentration/osmolality required to
cause a 50 loss in viability) cakculated using the inbuilt dose-response
fitting function with a nonlinear fit analysis in the OriginPro software
wversion 9.0,

2.6, Measurement of phenotypic marker expression by flow cytometry

Following treatment of THP-1 cells, phenotypic marker expression
was assessed. Cells were re-suspended in 2 BSA in PBS. Approximately
2 x 10° cells were transferred to individual wells in round bottomed 96
well tissue culture plates and incubated at 4 “C for 15 min. The cells
were washed at 1000 g for 5 min and incubated with the following
monoclonal antibodies at 4 *C for 30 min: anti-human leukocyte antigen
antibody { HLA-DR; DAKO, Glostrup, Denmark), anti-human (154 anti-
body and allophycocyanin (APC)-conjugated anti-human CD86 anti-
body (BD PharMingen, Oxford, UK) at a 1 in 50 dilution. Isotype
controls used were mouse IgG2ar for anti-human HLA-DR and 1gG 1k
(BD PharMingen) for anti-human CD54 antibody and anti-human
CD86 antibody. After incubation, cells were washed twice with PBS
(1000 g for 5 min} followed by a further 30 min incubation at 4 °C
with fluorescein isothiocyanate (FITC)-conjugated F{ab'); goat anti-
mouse IgG at a 1 in 50 dilution (DAKO) for anti-human CD54 and
anti-human HLA-DR antibody stained samples; cells stained with APC-
conjugated anti-human CD86 antibody were incubated with 2% BSA
in PBS. Cells were washed as previously described and finally re-
suspended in 5% FCS/PBS, and analyzed by FACSCalibur, Dead cells
were excluded from all analyses by staining with 5 pg/mlL Plimmediate-
Iy prior to analysis for cells stained for CD54 and HLA-DR; for CD86

staining dead cells were excluded following 5 min incubation with
2 pg/ml of 7-aminoactinomycin D (7-AAD; BD PharMingen). For each
sample, a total of 10° viable cells was analyzed.

Flow cytometry data were analyzed using Flowjo v10. Cell debris
was eliminated by gating on the forward scatter (FSC-H) and side scat-
ter (S5C-H) parameters and gates for marker expression were defined
on the basis of isotype control staining. The mean Muorescence intensity
{(MFA) and the percentage positive cells were both used as separate indi-
cators of the extent of surface marker expression.

2.7, Row cytometric analyses for apopiosis and cytofodcity

The levels of apoptosis/necrosis induced were investigated by stain-
ing of THP-1 cells for annexin V {TACS™ Annexin V-FITC Apoptosis De-
tection kits, R&D Systems Europe, Abingdon, UK), Following 4 h or 24 h
incubation at 37 °C, the cells were incubated with Pl and annexin V-FITC
as described in the manufacturer’s protocol and 10* cells were analyzed
by FACSCalibur and Flow]o. The combination of annexin V-FITC and P1
staining allows for the differentiation between early apoptotic cells
(annexin V' /P1 ), late apoptotic cells (annexin V' /P1* ), necrotic cells
{annexin V" /P1" ) and viable cells (annexin V' /P1 ) (Dearman et al.,
2008; Kabakov et al., 2011).

28, Analysis of nitric oxide relense by Griess assay

The nitrite concentration from supematants and lysates harvested at
24 h after initiation of THP-1 cell culture was measured by the Griess
assay (Tsikas, 2007) according to the manufacturer's instructions
[Promega, Southampton]). A 6-fold dilution series using the nitrite stan-
dard (1.56 vo 100 pM) was prepared and added to Maxisorb plastic mi-
croditer plates (Nunc, Copenhagen, Denmark). Supernatants and lysate
samples were added to the plate and 1% sulfanilamide in 5% phosphoric
acid was added to every well. This was incubated for 10 min in the dark.
M-1-napthylethylenediamine dihydrochloride (0.1%) in milliQ water
was then added to every well and incubated for a further 10 min
in the dark. Optical density at 550 nm was measured using an automat-
ed reader (Multiskan, Flow Laboratories, Irvine, Ayrshire, UK). The
nitrite concentrations were determined by plotting the nitrite standard
reference curve and using the associated computer software for
microplate-based assays (Genesis, Life Sciences International Lid.,
Basingstoke, UK).

29, Analysis of [L-8 secretion by enzyme-linked immunosorbant assay
(ELISA)

The IL-8 content of culture supematants harvested 24 h after initia-
tion of culture of THP-1 cells was measured by sandwich ELISA { Duoset
mouse IL-8 kit; R & D Systems, Abingdon, UK), Maxisorh plastic micro-
titer plates (Munc, Copenhagen, Denmark ) were used for these assays,
Briefly, 96-well plates were coated with (L1 pg/ml mouse anti-human
IL-8 antibedy and incubated overnight at 4 °C. 1% BSA in PES was
added to all wells to prevent nonspecific binding and the plates were
placed on an orbital shaker {300 rpm ) for 1 h at room temperature, Dou-
bling dilutions of recombinant human IL-8 standard {0,008 to 2 ng/mL)
were added to triplicate wells and supernatant samples diluted to vari-
ous extents were added in duplicate and plates were incubated for a fur-
ther 2 h with shaking. Goat anti-human IL-8 antibody (diluted 1 in
5000) was added to each well and the plates were incubated for 2 h.
Streptavidin-horseradish peroxidase (diluted 1 in 1000) was added to
each well and the plates incubated for 30 min in the dark. Between
each step, the plates were washed three times with 0.05% PBS/Tween-
20. Optical density at 450 nm was measured using an automated
reader {Multiskan ). A standand curve derived with murine recombinant
cytokine and associated computer software for microplate-based
assays (Genesis) were used to calculate the cytokine concentration in
supernatants.
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210, Stotistical analyses

The statistical significance of differences in chemical or LP5 induced
changes in membrane marker expression, cytokine secretion and cell vi-
ahility between experimental and control groups were calculated nsing
one-way analysis of variance (ANOVA) with a P-value of <0.05 being
considered significant.

3. Results

3.1. Bffect of Arg-Glu on THP-1 and primary fibroblast cell viability

In initial experiments, the ion-specific impact of changes in osmolal-
ity on viability of the THP-1 human monocyte cell line {grown as a cell
suspension) was investigated. The excipients Arg-Glu, NaCl, Arg-HCl
and NaGlu were used over a range of concentrations in order to achieve
solution osmolalities in the range of 280-525 mOsm/kg (Fig. 1E). In
these experiments the salts were added to the standard isotonic cell cul-
ture media, bringing the cumulative osmolality of solution into the hy-
pertonic range. Cell viability was determined using flow cytometry (P1
exclusion) and is illustrated as percentage viable cells for each treat-
ment with respect to both solution osmolality (Fig. 1A) and solution
concentration {(Fig. 1B). Baseline viability (in the presence of media
alone) for THP-1 cells was ~390%, Increasing the cumulative osmuolality
of the culture media with Arg-Glu, NaCl and NaGlu caused a decrease
in cell viability, with toxicity profiles that were virtually superimposable
with ~50% toxicity recorded at 450 mOsmykg, However, treatment with
Arg-HO caused a more marked loss in cell viability at much lower cu-
mulative osmolalities, with ~45% toxicity observed at 380 mOsm/kg.
To facilitate direct comparison of the relative amount of each ion re-
quired to cause significant toxicity, the same cytotoxicity data are
displayed also as a function of the concentrations of the individual
salts added to the sotonic media (Fig. 1B). This comparison shows
that on a mole per mole basis, the toxicity profiles of NaGlu and Arg- Clu
are superimposable, whereas Arg- HOl and NaCl cause losses in cell via-
bility at lower concentrations {~50% toxicity at 100 mM). In contrast,
the impact on cell viability of addition of Arg-Glu at concentrations
below 100 mM is minimal.

A somewhat different picture was seen when parallel experiments
were conducted with adherent primary human fibroblasts. Fibroblast
cells were cultured at 2 x 107 cells/mL with a range of osmolalities
(280-620 mOsmykg) of the various salts for 24 h and the cell viability
was determined by Pl staining using Mlow cytometry; data are illustrated
with respect to osmolality (Fig. 1C) and concentration (Fig. 10}, For all
salts there was a dose dependent decrease in cell viability (reaching sta-
tistical significance between 385 and 425 mOsm/kg) and for some salis
(Arg:Glu and NaCl) there was a residual population of -20% that
remained viable, With respect to osmolality changes, the cytotoxicity
profiles of Arg-Glu and Arg-HC showed a rapid decrease in viability
from 400 mOsm/kg and above, which was very similar to the dose re-
sponse observed for THP-1 cells. Fibroblasts were more resistant to
the effects of NaCl and NaGlu, where a slower dedline in viability was
observed until ~525 mOsmykg, which was followed by a very rapid
drop in viability {Fig. 1C). Howewver, on a molar concentration basis, all
salts with the exception of NaGlu displayed equivalent toxicity over
the range of concentrations examined (50-200 mM) (Fig. 1D). These
data indicate that for the adherent fibroblast cell line, Arg-Glu and
Arg-HCl have some effects on cell viability due to factors in addition to
osmolality.

An alternative way of representing these data for comparative pur-
poses is to calculate the concentration/osmolality that results in a 50%
loss of viability, an 1C50 value (Table 1) for each salt. For THP-1 cells,
the IC50 values confirmed that with respect to osmolality, Arg-Glu,
MNaCl, and NaGlu had similar effects on viability (values ranging
from 4491 and 474,3 mOsm/kg) whereas the IC50 value for Arg-HCl
was considerably lower (3606 mOsm/kg). With respect to molar

concentration, however, IC50 values for NaCl and Arg - HO were consid-
erably lower (<100 mM) than those recorded for NaGlu and Arg-Glu
For fibreblast cells, 1IC50 values for osmolality confirmed that these
cells were more susceptible to Arg-Glu and Arg-HCl than to NaCl and
HNaGlu. On a mole for mole basis, similar IC50 values (ranging from
119.1 1o 128.0 mM) were recorded for all of the salts with the exception
of NaGlu (171.1 mM).

Interestingly, as the independent osmolality measurements show
(Fig. 1E), in practice the increase in osmolality versus concentration of
salt added {Arg -Glu, NaCl, Arg-HC and NaGhu) is highly dependent on
the nature of the salt, likely due to differences in their degree of dissoci-
ation at equal concentrations. The NaCl salt results in the highest in-
crease in osmolality of the solution, and the Arg-HC salt the least, for
each given concentration of salt, Thus, considerably higher concentra-
tions of Arg-Glu, Arg-HCl and NaGlu are required to achieve osmolali-
ties equivalent to NaCl (Fig. 1E).

In summary, the key findings here were that the effects on cell via-
bility were largely consistent with changes in osmolality. However, for
Arg-Clu and Arg- HO with the adherent cells and for Arg- HOl with the
THP-1 cells, the effects were not solely attributable to osmolality chang-
3. In subsequent experiments, the focus was on THP-1 cells due to the
ahility of these cells to act as indicator cells and to respond to danger
signals (Gallo and Gallucdi, 2013; Megherbi et al,, 2009).

3.2 Toxicity of t-Arg salts for THP-1 cells is not due to mitric oxide
production

A potential mechanism for the additional impact of hypertonic
Arg-HCl on THP-1 cell viability, over and above the effects of changes
in osmolality, was explored. It was hypothesized that the more pro-
found cytotoxic effect of Arg-HCI could be due to the release of nitric
oxide by the cells in the presence of Arg- HCL, as arginine is a substrate
for the formation of nitric oxide (Chen et al., 2003; Chou et al., 20110
Pekarova et al,, 2013). Therefore, the effects of the addition of Arg-Clu,
MNaCl, Arg-HCl and NaGlu on nitric oxide production by THP-1 cells
were examined (Fig. 2). Cells were cultured for 24 h in the presence of
50 or 100 mM concentrations of the salts, the latter condition under
which Arg-HCl caused marked toxicity, and supernatants and cell
lysates analyzed for secreted and intracellular levels of nitric oxide, re-
spectively, by Greiss assay. Although the nitric oxide content of superna-
tants derived from cells following treatment with the various salts was
variable {~60% to 1406 of control values of 1 pM]), such differences were
not statistically significant. In contrast, statistically significant decreases
in the: nitric oxide content of lysates (intracellular nitric oxide content)
were recorded for all treatments (ranging from ~30% to 40% of control
values of 1.2 uM). However, the divergent cytotoxicity profile recorded
for Arg-HCl compared to the other salts could not be reconciled on the
basis of nitric oxide production.

3.3, Mechanism of cell death caused hy hypertonic addition of salts to THP-1
cells

In initial experiments (cf Fig. 1) cell viability was assessed using PI
staining which distinguishes dead { necrotic) cells from live cells. In
those experiments, Arg-Glu and NaGlu showed very similar toxicity
profiles with respect to solution osmolality and cell death to that
which was observed for the reference excipient, NaCl. However, to fur-
ther characterize the extent and pattern of cell death occurring, and to
confirm that the mechanism of cell death was indeed similar between
Arg-Glu and NaCl, a combination of PI and annexin V-FITC staining
was used, This combination allows for the distinction between early
apoptotic cells (annexin V-FTC positive), late apoptotic cells (annexin
V-FITC and PI positive), necrotic cells (M positive) and wviable cells
(unstained) (Kabakov et al, 2001). THP-1 cells were treated with
50-200 mM concentrations of the salts, or with medium alone, for 4 h
or 24 h, stained with annexin V-FITC and Pl and analyzed using a
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Fig. 1. Effect of changes in osmolality on THP-1 cell or fibroblast viability: comparisons of different salts THP-1 cells were seeded into 24-well plates at 10° cellsfmil in seram free REMI media (4,
B} or human primary fibroblasts were seeded at 2 < 107 cells/mi in complete DMEM medium in llal-bottomed 24 well plates for 6 haat 37 °C (€, D). Cells were cubtured in serums free media for
24 hat ¥7 °C weith varying coneenirations of MaC (O, Arg-Gha (@), Ang-HO) (0) and MaChi (A) spanming a range of csmodalities from 280 o 525 aOsaybg (A) or lom 280 1o 625 mOsmdkg
{C} and a range of concendrations from @ to 250 mM (E) or from O to 325 mM (). Control cells were culbured with mediom alone (280 mOsmykg). Follewing culiure, fibroblasis were
trypsinteed and THP-1 and lilrobalsts were harvested and cell viability v determined using PL Cells (10000) were analyoed by Dow optometny using a FACSCalibar (aow cylomeler o FI
staining (FL2 channel; viability) against forward scatter (FSC; size). Data are displayed as % cell wiability for noo 3-6 experiments (mican and SE) versus excipient with mespect o
cumulative osmolality (4, C) and the concentrations of each exdipient required to achieve the requined csmolality (B, D). The statistical significance of differences between cells culiured in
medium alone (istonicity) and cells treated with various concentrations of sills was assesed by one way ANOVA (p < 005, * = NaCl, # = frg:Glu, ¥ = Aag: HCL & = NaGlu ), For clarity
of presentation, only the first concentration of cach salt preparation at which there was a significant loss of oell viability is ilhestrated. The relationship between each individual salt
concentration as formmlaied in BRI media and cummilative osmoladity 2 measured wsing an osmomeder is ilhsiraied in (E).

FACSCalibur flow cytometer (Figs. 3 and 4). These time points were cho-
sen on the basis of preliminary kinetics expeniments that revealed that
Table 1 after 2 h incubation there was little impact on THP-1 cell viability or ap-

1050 values caboulabed additive concentrations and osmolalities requined o achieve 506 . . i
drop in viability Tor THP-1 cells or fibroblasts for each of the salts: raw data displayed in optosis, whereas after 4 h, significant effects were observed at concen

Fie 1. trations of =150 mM (data not shown). The 24 h time point was
— - - utilized to determine whether lower concentrations (<100 mM) of
Additives THP-1 cells Fibroblast salts that were without effect on cell viability as measured by Plexcli-
[Salt], mdd sl [Salt], mM milam/kg sion at this time point (cf Fig. 1) had more subtle effeds on apoptosis,
Arg:Glu 1411 4491 1191 4174 Representative quadrant plots are displayed in Fig. 3, illustrating the
Macl w6 2564 Ay a829 gating strategy and showing examples of predominantly viable cells
Arg-HCl M3 3605 1280 400.7 (Fig. 3A, 94.5% cells in lower left quadrant), populations of early and
Matlu 1586 o743 1711 ARYT

late apoptotic cells (Fig. 38; 33% and 42%, respectively, in the lower
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Culture of THP-1 cells with 50 or 100 mM of the salts for 4 h had little
impact on cell viability (Fig. 4A-D), although there was a significant loss
in viability for all 4 salts at concentrations of 150 mM and above. This
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Fig. 3. The gating strategy for the characterization of the mechanism of cell death (reg ative FACS h ) THP-1 cells were seeded into 24-well plates at 10% cells/ml. and
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annexin V + ve/Pl-ve (early apoptotic) cells, the upper right quadrant represents annexin V + ve/Pf + ve (late apoptotic) cells and the upper left quadrant represents annexin V-ve/
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Fig. 4. Characterization of the mechanism of cell death THP-1 cells were seaded inlo 24
well plates at 10% cells/mL in serum free RPMI miedia and wiere cultured for 4 b (A-D) or
F I (E-10) a 37 °C i ihe presence of 50-200 mb MaCl (O, Arg-Glu (@), Arg-HC) ()
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and pattern of induced cytotoxicity, cells were stained with Annexin V-FITC [FL-1
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between cells culiured in medium alone and cells treated with varions concentrations of
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i = NaGlu).

was generally paralleled by increased numbers of Late apoptotic and ne-
crotic cells, with the exception of NaGlu, which caused a more marked
loss in viability than did the other salts, and this was parallebed by anin-
creased frequency of early apoptotic cells (Fig. 4B). After 24 h in culture,
anly the 50 mM concentration of each of the salts was without signifi-
cant effects on cell viability, In each case at doses of 100 mM and
above there was a significant drop in the frequency of viable cells

which was reflected by a cormesponding significant increase in late apo-
ptotic cells, with no marked changes in early apoptotic or necrotic cells
(Fig. 4E-H). Consistent with the previous data (cf Fig. 1B) where viabil-
ity was assessed simply as a function of PI exclusion, for a given concen-
tration of salt, MaCl and Arg- HCl were considerably more cytotoxic than
MaGlu or Arg-Glu and this resulted in increased numbers of late apopto-
tic cells.

These data demonstrate that the mechanism of cell death is very
similar between NaCland Arg - Glu, with loss of viability being paralleled
in both cases by increased frequency of late apoptotic cells with kitle
evidence of early apoptotic or necrotic cells.

34, Impact of hypertonic concentrations of salts on markers of THP-1 cell
activation

It i clear from the experiments described thus far that high concen-
trations (=150 mM) of Arg-Clu and other ions impact markedly on cell
viahility over a 24 h culture period. In subsequent experiments, more
subtle effects on the activation status of the cells were explored under
conditions where the impact on cell viability was marginal. Changes in
membrane marker (CD54, HLA-DR and CDE6) expression were mea-
sured on resting THP-1 cells and cells stimulated with the toll-like re-
ceptor (TLR) 4 ligand LPS, a polyclonal activator of monocytes (Rossol
et al., 2011). Resting THP-1 cells were ~20% CD54 + ve, 60% HLA-
DR + ve and < 5% CDE6 -+ ve, Treatment with LPS increased significantly
the frequency of CD5S4 + ve cells (Lo ~90%) and also upregulated the
level of expression (increasing ME from ~60 au to 360 au) but was
without marked effect on levels of the other markers. The presence of
the various salts was also without impact on resting levels of HLA-DR
and CD86 (data not shown ). With respect to CD54 expression, 50 mh
of the salis were largely without effect on either the frequency of posi-
tive cells or the extent of expression, whereas 100 mM of each of the
salts tended to cause a small increase (to ~40%) in the proportion of
(D54 + cells and a slight increase in MA to - 120 au for NaCl. However,
none of these small changes reached statistical significance (Fig. 5A and
B). Finally, the impact of Arg- Glu and MaCl on production of the proin-
flammatory cytokine IL-8 was examined, Cells cultured with medium
alone did not secrete detectable levels of IL-8 {(<0.1 ng/mL) whereas cul-
ture in the presence of LP5 induced detectable cytokine expression
(~1 ng/mL) (Fig. 5C). There was some inter-experimental variation,
but treatment with a range of concentrations of Arg-Glu or NaCl did
not result in significant cytokine production,

4, Discussion

The impact of the excipient Arg - Glu and other related salts on cell vi-
ability and cellular stress using in vitro cell culture systems has been ex-
amined. These studies have demonstrated that Arg-Glu does not have
any further detrimental effects on viability of the monocyte (DC surro-
gate) THP-1 cell line in comparison to MaCl at equivalent osmolalities,
and that relatively high concentrations of both salts cause cell death
by apoptosis. In contrast, Arg-HCl was more toxic to this cell line at
equivalent psmolalities. For human primary fibroblasts that grow as
an adherent monolayer, all salts caused significant toxicity at 385 and
425 mOsm/kg, although Arg-Glu and Arg-HCl caused a more precipi-
tous subsequent decline in viability than did MaCl or NaGlu. These
data suggest that salts containing arginine have an impact on cell viabil-
ity of adherent cells that is in addition to effects due to hypertonicity and
that in the case of Arg- Clu can only be partially ameliorated by the pres-
ence of Glu. There was some indication that the arginine containing salts
affected cell adherence/morphology of the primary human fibroblasts
(data not shown]). Indeed there is some precedent for hypertonicity
impacting on the cytoskeleton, with adherent human monocytes and
macrophages showing changes in microtubule organisation upon hy-
pertonic siress {400 mOsmykg NaCl) (Nunes et al, 2013). Itis of interest
that the polysiyrene tissue culiure plates in which the primary human
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of LIPS was assessed by one way ANOVA (“p = 0.05).

fibroblasts are cultured are treated to increase hydrophilicity of the
polystyrene and ensure a negative charge, conditions which promote
cell adherence (Curtis et al,, 1983). It may be that the positively changed
arginine ion in the Arg- Gl and Arg - HCl preparations interfere with this
interaction through salt screening of the net surface charge,

It is of interest that in the nonadherent indicator cell line (THP-1},
Arg-HCl was more toxic than the other salts, for a given osmolality.
For the nonadherent cell line, the presence of Glu in the Argg- Glu prepa-
ration reduced this toxicity, One possible explanation for this increased
toxicity was that arginine was acting as a substrate for the formation of
nitric oxide {Chen et al, 201 3; Chou et al,, 2010; Pekarova et al,, 2013),
which interacts with superoxide radicals to form peroxynitrite, causing
oxidative damage to cells (Calcerrada et al, 2011). Clearly the THP-1
cells were able to secrete defectable nitric oxide (-1 pM was measured
in the supernatants, levels some 50-fold higher than that recorded in
the ahsence of cells), amounts similar to those recorded previously for
the same cell line under the same culture conditions (-2.5 M) (Garg
et al., 2005). Interestingly, there was no differential effect of arginine
on nitric oxide production, However, all salts caused a significant de-
crease in intracellular nitric oxide, even under conditions (50 mM)
where there was no effect on viability, suggesting that this may be
due to hypertonicity. Indeed, it has been reported previously in other
cell types (muscle cells and in cartilage) that exposure to hypertonic
concentrations of NaCl and sucrose or mannitol results in reduced levels
of nitric oxide and the enzyme inducible nitric axide synthase (Le et al,
2006; Pingle et al., 2003). Thus, hypertonicity per se may trigger de-
creases in expression of nitric oxide. It should be noted that the assay
utilized herein is an approximation of nitric oxide content, as it mea-
sures nitrite (NO? ) only, which is one of two primary, stable and non-
volatile breakdown products of nitric oxide, the other being nitrate

(NO* )(Tsikas, 2007). The mechanism by which Arg-HCl is more
toxic for the nonadherent cell line than the other salts is unclear at
present, however, the presence of Glu in the Arg-Glu mixture appears
to ameliorate this toxicity.

The experiments conducted herein have demonstrated that hyper-
tomic stress induced by all 4 salts tested resulted in cell death by apopto-
sis (with the majority of cells in the late apoptotic stage by 24 h) with
very little necrosis ocourring at any concentration. This is a key finding
given the fact that cells that die by necrosis expel their contents when
they lyse, including inflammatory cytokines that stimulate further
pro-inflammatory responses (Rock and Kono, 2008). In contrast, cells
that die by apoptosis are compacted into apoptotic bodies as a mecha-
nism o avoid immune activation and instead are phagocytosed
(Biermann et al., 2013). One of the earliest signs of apoptosis is the
translocation of the membrane phospholipid phosphatidylserine from
the inner to the outer leaflet of the plasma membrane. This molecule
is recognized by phagocytes, triggering phagocytosis and also the pro-
duction of anti-inflammatory cytokines, resulting in efficient remowval
of the dying cell without inflammation. In the flow cytometric analyses
of apoptosis, it 15 the expression of this cell surface phosphatidylsenne
that is detected by the binding of the fluorescently labelled ligand
annexin V (Kabakow et al, 2011). Although there have been suggestions
that late apoptotic cells more closely resemble necrotic cells, due to
their compromised cell membranes, in fact it has been shown that
both early and late apoptotic cells induce the differential signalling
pathways in macrophages compared with necrotic cells and that intra-
cellular contents released from late apoptotic cells are neutral and not
proinflammatory (Patel et al, 2006). The fact that all of the salts exam-
ined caused death by apoptosis is not simply a feature of the target THP-
1 cell, as it has been demonstrated previously that under the right
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conditions, such as stimulation with bacterial toxins, THP-1 cells do un-
dergo necrosis (Melehani et al,, 2015). It is of interest that all of the salts
caused cell death by the same mechanism and with similar kinetics, This
sugzests that induction of apoptosis is a common feature of hypertonic
insult which is consistent with previous studies in which hyperosmaotic
stress has been shown to induce apoptosis, particularly in kidney
cells (Alfieri and Petronind, 2007). There are fewer studies in which
monocyte or DC populations have been investigated, but here too the
mechanism of monocyte cell death induced by osmolytes such as NaCl
and mannitol at 500 mOsm/kg has been shown to be apoplosis
(Gastaldello et al, 2008). To our knowledge there have been no previ-
ous studies on the mechanism of Arg-Glu induced cytotoxicity. Thus,
all the salts incdluding Arg - Glu induce the THP-1 cells to undergo apo-
ptosis, in which case this is not expected to result in inflammation.
More subtle effects of the salts on the THP-1 indicator cell line
were explored; the impact on markers of cellular stress/cell maturation
such as changes in expression of the membrane marker CD54
(intercellular adhesion molecule-1; ICAM-1) and production of the
pro-inflammatory cytokine IL-8. ICAM-1 is an adhesion molecule that
is a member of the immunoglobulin superfamily with functions that
relate to its role in cell adhesion and migration {Simmons, 1995). s li-
gands include the matrix factor hyaluronan and lymphocyte function-
associated antigen-1 on T cells; interaction with its T cell ligand provides
costimulation and therefore activation of the adaptive immune re-
sponse (Simon et al, 1991). IL-8 is an inducible chemokine whose pro-
duction is stimulated in various cell types by other proinflammatory
cylokines such as IL-1 and TNF-tx, IL-8 plays a key role in acute inflam-
mation, being the main chemotactic factor for neutrophils, the most
important phagocytic cell in many different types of inflammatory reac-
tion and may also play a role in macrophage and fibroblast chemotaxis
(Harada et al, 1994), These two markers have been shown to be indic-
ative of the activation of DC-like cells such as the THP-1 cell line. Thus,
TLR ligands including TLR1, TLR2 and TLR4 each caused increased
ICAM-1 expression and IL-8 secretion by THP-1 cells (Lee et al, 2011;
Spachidou et al, 2007). Furthermore, less vigorous stimuli, such as
chemicals that have the ability to cause contact allergy, a T cell mediated
delayed type hypersensitivity in the skin, upregulate the same markers
on THP-1 cells in culture (Megherbi et al, 2009; Tuschl and Kovac,
2001). In the experiments described herein, consistent with the pub-
lished data, stimulation of THP-1 cells with the TLR4 ligand LPS resulted
in the expected up-regulation of these markers, with increases in both
the number of ICAM-1 positive cells and the amount expressed per
cell. In contrast, treatment with the salts was without marked effects
on expression of the membrane marker or cytokine expression; for
both Arg - Glu and NaCl there were similar, but variable, low level effects
on both markers that did not reach statistical significance. There is some
evidence with other cell lines that hyperosmaolality may impact on cyto-
kine expression, particularly for endothelial and epithelial cell lines.
Thus, hypertonic concentrations of MaCl and mannitol increased 11-8 ex-
pression by Caco-2 and HT-29 cells (human intestinal epithelial cell
lines) and by bronchial epithelial cells (NCl-Hzop) (Hashimoto et al.,
1999; Hubert et al, 2004; Németh et al, 2002). In both cell types, induc-
tion of IL-8 was via a p38 mitogen-activated protein kinase. Interesting-
ly, for the human intestinal epithelial cell lines, hypo-osmolality
(163 mOsm/L NaCl) was considerably more stimulatory than was
hyperosmolality (496 mOsmy/1. NaCl) with respect to cytokine indoction
(Hubert et al., 2004). It could be argued that for tissues such as the gas-
trointestinal tract, exposure to marked fluctuations in osmolarity is a
feature of normal physiology and as such these cells are required to
sense and respond to such changes (Brocker et al,, 2012). In contrast,
there are far fewer reports regarding the response of monocytes/
macrophages or DC to hyperosmotic stress (induced by either NaCl or
ghyceroljmannitol), and conflicting results have been generated. it has
been reported that hypertonicity had no impact on basal 1L-8 release
and inhibited LPS-induced expression of this cytokine by freshly isolat-
ed human blood monocytes {Brulez et al, 1999), whereas others report

that human peripheral blood mononuclear cells respond to NaCl by up-
regulating IL-8 and IL-1p, the latter at the level of message only (Shapiro
and Dinarello, 1997). Furthermore, it has been demonstrated that hypo-
tonicity, but not hypertonicity, activates macrophage and monocyte
caspase 1 (IL-1[ processing enzyme) and induces IL-1[5 release as a
result of cell swelling (Compan et al., 2012; Perregaux et al., 1996). Con-
Micting data have been reported, with hyper-osmotic stress upregulat-
ing caspase 1, but here macrophages were primed with LPS (Ip and
Medzhitow, 201 5). As such, the experiments reported herein confinrm
that in the absence of priming, hypertonicity caused by Arg-Glu or
MaCl fails to impact significantly on monocyte IL-8 production, over a
range of doses that spanned concentrations that impacted on cell viabil-
ity. In regard to excipient concentrations, it should be remembered that
immediately following subcutaneous injection the vehicle in which the
drug is formulated disperses, This exchange into a physiological medi-
um, with concomitant decrease in excipient concentration, may have
biophysical conseguences and the in vivo local cellular response is yet
to be determined {Kinnunen and Mrsny, 2014).

In conclusion, adherent and nonadherent cell lines exhibit very sim-
ilar toxicity profiles for Arg-Glu, and for the nonadherent cell line, the
data are consistent with the toxicity being due to changes in osmolality.
In common with hypertonic concentrations of NaCl, the mechanism of
cell death is via apoptosis and is thus not pro-inflammatory, which is
confirmed by the negative findings for markers of cellular stress or acti-
vation (membrane marker and proinflammatory cytokine expression ),
Taken together these data indicate that Arg- Ghu is of equivalent toxicity
to NaCl and that the use of Arg-Glu as an excipient for subcutaneous in-
jection is not expected to result in atypical inflammation.
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1.3.5 Paper 3: Hamrang, Z., Hussain, M., Tingey, K., Tracka, M., Casas-Finet, J. R., Uddin, S., et al. (2015).
Characterisation of stress-Induced aggregate size distributions and morphological changes of a Bi-Specific
antibody using orthogonal techniques. Journal of Pharmaceutical Sciences, 104(8): 2473-2481.

In addition to NMR based techniques, reports in the area suggest that orthogonal methods (e.g.

such as Dynamic Light Scattering (DLS), Micro-Flow Imaging (MFI), Raster Image Correlation
Spectroscopy (RICS)) could also be used for characterisation of monoclonal antibodies and the
corresponding mAb-based formulations (Hamrang, et al., 2015, p. 2473). As described in the sections
above, stabilisation of mAb drugs is of paramount importance to the development of safe and effective
formulations. Kheddo and co-workers indicated that protein self-association and aggregation may be
observed under physiological conditions, however in the work by Hamrang and co-workers it was
indicated that various stress (changes in temperature, pH, addition of buffers) conditions might result in
the formation of protein aggregates characterised by different formation mechanisms and morphologies
(Hamrang, et al., 2015, p. 2474). For instance, it was described that freeze-thaw can result in partial
protein unfolding as a result of changes in cryo-concentration of the tested solutes and pH changes,
observed as the result of buffer crystallisation. In addition to the described experimental conditions,
increased temperatures may also have a negative impact on conformational changes in the investigated
proteins. Thus, a gradual increase in temperature may result in protein unfolding which, in turn, may
trigger additional partial unfolding of different areas of the protein molecule. The outlined processes
mediate conformational changes, which promote aggregation as described in the manuscript (Hamrang,
et al., 2015, p. 2475). The results of this study are discussed in section 3.2 below.

Recent publications indicated that during particle characterisation more emphasis should be
placed on the determination of particles in the 0.5-5 um range, due to possible production of novel
pharmaceuticals. Aggregates in this size range can be classified as sub-visible and novel characterisation
methods should be developed to characterise particles in this size range. Currently, the majority of
experimental challenges encountered during the analysis of protein aggregates are associated with the
inability of the employed techniques to characterise a considerable range of particles sizes and
discriminate between foreign/protein-based particles (Hamrang, et al., 2015, p. 2476). Modern
analytical methods that are employed in the characterisation of various aggregates are graphically

represented in Figure 1.4 below.
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Figure 1.4: Modern analytical methods employed in particle characterisation and the range of sizes
over which these can be used to measure particles, adapted from (Hamrang, et al., 2015, p. 2474).
MALLS refers to multi-angle laser light scattering technique, FFF refers to field-flow fractionation,
AUC is analytical ultracentrifugation, CE-SDS is capillary electrophoresis-sodium dodecyl sulphate
and SEC is size exclusion chromatography (Hamrang, et al., 2015, p. 2474).

Figure 1.4 suggests that multiple methods can be applied to characterise protein particles of the
same size, however in all cases a lack of discrepancy of the methods to differentiate between protein-
based particles and foreign contaminants presents a considerable disadvantage. It can also be observed
that possible characterisation methods may fundamentally employ different characterisation principles,
but the outlined above disadvantages will be intrinsic to all of the applied techniques. In figure 1.4
above, analysis methods marked with an asterisk represent techniques that are unable to perform
quantification of particle size absolute distributions.

Taking into consideration the outlined above disadvantages associated with traditional analysis
techniques and the importance of preventing protein aggregation that was discussed in publications by
Kheddo and co-workers, the development and use of alternative analysis methods needs to be
investigated. In particular, Hamrang and co-workers suggested that implementation of RICS (Raster
Image Correlation Spectroscopy) can be highly effective in the analysis of particle morphology
(Hamrang, et al., 2015, p. 2475). The same research group also indicated that by combining RICS with
other analytical techniques, such as DLS (Dynamic light scattering) and MFI (micro-flow imaging) it
was possible to analyse particles across a considerable size range that were generated as the result of
freeze-thaw and thermal stresses. Literature sources indicate that RICS is a well-established analytical
tool, that has been employed in various situations to measure particle mobility and size through the

utilisation of diffusion coefficients and the Stokes-Einstein equation (Hamrang, et al., 2015, p. 2476).
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From a practical perspective, during the collection of confocal fluorescent images, intensity of
fluorescence gradually changes due to diffusion of the analysed molecules across the corresponding
confocal volume and subsequent recording of the produced raster scan. In turn, particle size and yield
information can be produced based on correlations between fluctuations of fluorescence intensities,
observed within confocal data. It is clear that the described methods can be employed in conjunction
with the technique developed by Kheddo and co-workers to investigate particle size distributions in
monoclonal antibody-based formulations (Kheddo, et al., 2016, p. 89).

& Mark E. Wellandl
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ABSTRACT: A critical step in monoclonal antibody (mAb) screening and formulation selection is the ability of the mAb to resist aggregation
following exposure to environmental stresses, Regulatory authorities welcome not only information on the presence of micron-sized
particles, but often any information on sub-visible particles in the size range obtained by orthogonal sizing techniques. The present study
demonstrates the power of combining established techniques such as dynamic light scattering (DLS) and micro-flow imaging (MF}, with
novel analyses such as raster image correlation spectroscopy (RICS) that offer to bridge existent particle sizing gaps in this area. The
influence of thermal and freeze-thaw stress treatments on particle size and morphology was assessed for a bi-specific antibody (mAb2).
Aggregation of mAb2 was confirmed to be concentration- and treatment-dependent following thermal stress and freeze-thaw cycling.
Particle size and count data show concentration- and treatment-dependent behaviour of aggregate counts, morphological descriptors and
particle size distributions. Complementarity in particle size output was observed between all approaches utilised, where RICS bridged the
analytical size gap (~0.5-5 pm) between DLS and ML Overall, this study highlights the potential of orthogonal image analyses such as
RICS (analytical size gap) and MFI (particle morphology) for formulation screening. © 2015 Wiley Periodicals, Inc. and the American

Pharmacists Association ) Pharm Sci 104:2473-2481, 2015

Keywords: protein aggregation; microscopy; fluorescence spectroscopy; image analysis; particle size

INTRODUCTION

The development of safe and potent monoclonal antibody
(mAb) therapeutics requires the design of rational processes
and formulations yielding products with sufficient physico-
chemical stability over the desired shelf life. During man-
ufacture and bioprocessing, a therapeutic protein will be
subjected to a range of potentially destabilising environmen-
tal conditions that could result in the loss of native pro-
tein structure and subsequent protein aggregation.' Extensive
loss of native structure and aggregation may lead to loss of
therapeutic efficacy and potentially adverse effects following
administration.?

Different stress types are recognised to give rise to distinct
aggregation mechanisms® and the formation of aggregates of
various sizes and morphologies. For example, freeze-thaw con-
ditions can lead to the partial unfolding of a protein* as a
consequence of cryo-concentration of solutes,! pH changes
arising from buffer crystallisation (e.g., phosphate buffers),®
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formation and subsequent exposure of the protein to ice-liquid
interfaces,® or adsorption to container walls.

In the case of exposure to elevated temperatures, several
sequential conformational changes may ensue (i.e., unfolding)
that trigger the formation of multiple partially unfolded inter-
mediates and eventually undergo irreversible conformational
changes that lead to aggregation.”

Experimental challenges associated with the analytical char-
acterisation of aggregates generated by various stresses relate
to the inability of a single approach to characterise a broad
particle size range (see Fig. 1) or lack of discrimination be-
tween foreign particulate contaminants and proteinaceous par-
ticles. Hence, multiple complementary orthogonal technologies
are often implemented. These technologies may be based on
different principles for size measurement or suffer from ex-
perimental artefacts during sample preparation that can fur-
ther complicate comparison of aggregate size data between
samples.®®

Recently, more emphasis has been placed on the character-
isation of sub-visible aggregates in the gap size range (i.e.,
0.5-5 pm) stimulating the need for development of novel tech-
nologies capable of size measurement overlapping with this
range.'?

Herein, the intention of the present case study is to assess
the capability of raster image correlation spectroscopy (RICS)
as a new particle metrology tool for the analysis of a broad
particle size range in combination with micro-flow imaging
(MFI), dynamic light scattering (DLS) and data visualisation

2473
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Figure 1. Schematic depicting the relative particle size ranges char-
acterised by several analytical techniques. Asterisk (*) denotes meth-
ods that are unable to quantify absolute particle size distributions.
SEC refers to size-exclusion chromatography, CE-SDS to capillary
electrophoresis-sodium dodecyl sulphate, AUC to analytical ultracen-
trifugation, FFF to field-flow fractionation and MALLS to multi-angle
laser light scattering. Adapted from Hamrang et al.,'° Singh et al.!?
and Zolls et al.'? with permission from Elsevier, John Wiley & Sons
and John Wiley & Sons, respectively.

(i.e., radar chart array) for analysis of aggregate size ranges
and concentrations generated by thermal and freeze-thaw
stresses.

Raster image correlation spectroscopy is an image analy-
sis tool originally developed by Digman et al.'* that enables
measurement of mobility (diffusion coefficients) and size
(through the application of the Stokes-Einstein equation).
During acquisition of fluorescent confocal images, fluores-
cence intensity fluctuations resulting from the diffusion of
fluorescently-labelled molecules across the confocal volume is
caplured through a raster scan. Subsequent correlation of in-
herent fluorescence intensity fluctuations within confocal im-
age time series can yield concentration and size information.
Spatial resolution offered at pixel level for raster-scanned im-
ages enables the determination of information contained in suc-
cessive pixels (microseconds), lines (milliseconds) and frames
(seconds), that for a high-resolution image can generate a sta-
tistically significant number of regions for analysis of particle
size distributions.

MATERIALS AND METHODS
Materials

A bi-specific antibody, hereafler referred to as mAb2, with a
theoretical molecular weight of 204 kDa (and experimentally
measured pJ of ~9.1) was provided by MedImmune (Cambridge,
UK). mAb2 was provided formulated in a 25-mM histidine and
235-mM sucrose buffer (pH 6.0) and filtered (0.2 pm pore-sized
filter) prior to sample preparation.

Histidine and sucrose were obtained from Sigma-Aldrich
UK (Dorset, UK) and were of analytical grade.

SYPRO® red (Molecular Probes, Oregon) was prepared as a
50x stock solution in pre-filtered histidine—sucrose buffer and
diluted to a final working concentration of 2.5x for fluores-
cence studies immediately prior to experimentation (all solu-
tions were prepared freshly).
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Methods

Sample Preparation
Thermal Stress Protocol

In order to generate aggregates formed by protein unfolding, a
series of thermal stress experiment were performed. Aliquots
(0.5 mL) of mAb2 (final concentration of 1 and 10 mg/mL)
were pre-filtered (0.2 pm syringe filter) and transferred into
1.5 mL low-binding polypropylene micro-centrifuge tubes (cat
no. E1415-2600; StarLab, Milton Keynes, Buckinghamshire,
UK) on a heat plate. Samples were incubated on the heat plate
at 58°C overnight (a temperature below the first melting point
of mAb2 as determined by calorimetry, see Supplementary In-
formation Fig. S1) to generate particulates. Following healing
experiments, samples were allowed to cool to room temperature
prior to characterisation of particle size and morphology.

Freeze-Thaw Protocols

1. Uncontrolled freeze-thaw (rapid): Pre-fillered aliquots
(0.5 mL) of mAb2 (final concentration 1 and 10 mg/mL)
were placed in micro-centrifuge tubes supported on an
open rack (lo prevent direct contact with surfaces), stored
in a —80°C freezer for 1 h and thawed for 30 min at 37°C
on a heat plate.

2. Controlled freeze-thaw protocol (slow): To represent re-
peated freeze—thaw effects on particle generation during
transportation, the following protocol was utilised; a Bio-
Cool® controlled-rate freezer (SP Scientific, Suffolk, UK)
was utilised for all controlled freeze—thaw experiments.
Cycles were programmed so that a 1°C/min reduction in
temperature up to —80°C, with subsequent ramping up
to 25°C and retention at this temperature for 30 min (the
process was repeated till three and five freeze-thaw cy-
cles were performed).

All samples were handled in a manner as to prevent contam-
ination with airborne particles.

Image Acquisition with Confocal Microscopy

A Zeiss 510 Confocor 2 confocal microscope with a LSM tube
lens and c-Apochromat 40x/1.2NA water-immersion objec-
tive lens was utilised for image acquisition. Samples (non-
covalently) labelled with SYPRO® red dye were excited with
a Helium-Neon laser at 543 nm and the emitted fluorescence
was collected using a Long pass filter set (LP585).

Confocal image time series of 1024 x 1024 pixel resolution
were captured over 100 frames with a corresponding pixel time
of 6.4 us for both stressed and non-treated samples that were
subjected to labelling with SYPRO® red using the aforemen-
tioned approach.

Analysis of Size Distributions with RICS

An in-house RICS software (ManICS) was used for the anal-
ysis of images acquired using confocal microscopy. A full de-
scription of the RICS algorithm has previously been described
elsewhere.'*'® Stressed samples of the aggregated (and la-
belled) bi-specific antibody were transferred to a 96-well plate.
Image time series (1024 x 1024 pixels) were sub-divided into
32 x 32 pixel sub-regions and the respective diffusion coeffi-
cients (D) generated as output for the entire image. All fits
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possessing a R? below 0.7 were discarded from the fit data prior
to the generation of particle size distributions.

Raster image correlation spectroscopy-derived diffusion co-
efficients were subsequently converted to particle diameter us-
ing the Stoke-Einstein equation (following the determination
of sample viscosity):

_ T

D_.’hpm

1

where D refers to the diffusion coefficient, ky refers to the
Boltzmann constant, 7" is the temperature at which the mea-
surements were performed, 1is solvent viscosity and a is the
hydrodynamic diameter. Particle size distributions were subse-
quently generated from this data and compared with MFI and
DLS.

Dynamic Light Scattering

Analysis of aggregate size distributions for non-treated and
stressed samples was performed using a Zetasizer Nano ZS
(Malvern Instruments Ltd., Malvern, Worcestershire, UK) for
mAb2 (1 and 10 mg/mL) samples. Samples were equilibrated
for 2 min at 20°C and all measurements performed in tripli-
cate. The number of runs was optimised for each sample prior
to the initiation of measurements (a minimum of 13 runs were
performed per measurement). The size distribution data for
mAb2 samples including Z-average, polydispersity and size
distributions were determined following correlation of data us-
ing the Dispersion Technology Software version 5.0 for pro-
tein characterisation (Malvern). Z-average values were deter-
mined through cumulant analysis of the correlation function
(Eq. (2)':

C(t)y=Aexp (-2t 4 pat® — ..) (2)

where C(7) represents the baseline-subtracted correlation func-
tion and t represents the delay time. Values A, p and I' are
determined by least squares fitting of the correlation func-
tion [C(z)]. The intensity-weighted average diffusion coeflicient
(Dy ) is determined from Dy ,.;.q% where q is the scattering
vector. Equation 1'7 is subsequently applied to determine Dy
to determine the intensity-weighted mean harmonic particle
size distribution.

Micro-Flow Imaging

All MFI experiments were performed using a Brightwell Micro-
Flow Imaging™ instrument (Brightwell Technologies, Ottawa,
Canada). The system model was a DPA4200 with a depth of
field of 100 pm, resolution of 0.25 pm and nominal size range
of 1-70 pm at a magnification of 14 x. Particle free buffer (i.e.,
5 mL) was purged through the system to remove any residual
particulates from previous measurements and reduce the base-
line prior to data acquisition for each sample. Millipore-filtered
pure water was used to check for any background particulates
and provide a clear baseline. Subsequently, the sample was
introduced (0.1 mL sample at a rate of 0.1 mL/min), the illu-
mination optimised and 0.5 mL of sample analysed at a corre-
sponding flow rate of 0.1 mL/min.

Brightfield images, morphometric (i.e., equivalent circle di-
ameter, aspect ratio and circularity) and particle data (e.g.,
transparency) obtained from the analysis of non-treated and
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stressed samples were subjected to analysis of particle concen-
tration, morphology and size distribution.

Data Analysis

Unless otherwise stated, a non-parametric paired sample
Wilcoxon signed rank test was performed to assess the influ-
ence of stress type on resultant size distribution. A calculated
probability (i.e., p value) equal or less than 0.05 was considered
to be statistically significant.

Radar charts of MFI data were constructed for each stress
type to aid visual assessment of the influence of stress treat-
ment on aggregate size, concentration and morphology.!™'® The
mean, mean 4 SD and mean — SD were determined for each
corresponding parameter to aid visualisation of data variabil-
ity following exposure to each stress. Corresponding data were
plotted in Microsofl Excel as a radar chart plot on a logarithmic
scale (for each of the five particle categories) for particle con-
centration charts and on a linear scale for aspect ratio, mean
intensity (i.e., mean intensity/1000) and intensity SD.

RESULTS

The Influence of Thermal Stress Treatment on Aggregate
Morphology, Concentration and Particle Size Distribution

Bi-specific antibody samples were stored at 58°C overnight to
assess the influence of thermal stress on aggregate size range,
particle concentration and morphology. Samples were subse-
quently subjected to analysis with RICS, MFI and DLS.

Dynamic Light Scaltering

Analysis of intensity-based light scattering data for ther-
mally stressed samples revealed the presence of predominantly
monomeric peaks (see Supplementary Information Fig. S2 and
Table S1). However, the presence of larger aggregates (i.e., mi-
cron sized) was confirmed within these samples.

Relative to non-treated mAb2 samples (i.e., 25°C), a signifi-
cant increase in Z-average from 14.6 + 0.74 and 10.7 + 0 nm
(mean + standard error for 1 and 10 mg/mL samples, respec-
tively) to 33.40 + 0.20 and 30.23 + 0.10 nm was observed fol-
lowing thermal stress treatment. For the non-treated samples,
although the particle size distributions indicated that mAb2 ex-
isted largely as the monomer or small soluble aggregates (peak
1), the presence of peaks at larger diameters (peaks 2 and 3)
confirmed the presence of micron-sized aggregates within the
samples.

The Influence of Thermal Stress on Particle Concentration

In order to determine the influence of thermal stress on the
generation of sub-visible particles, the concentration of parti-
cles in samples (i.e., counts per mL) were compared between
stressed and non-treated mAb2 at two different concentrations
(1 and 10 mg/mL). Representative particle images for each size
range and corresponding radar chart plots for particle counts
are presented in Figure 2.

Aggregate types detected by MFI were highly heterogeneous
in morphology, ranging from dense and compact small aggre-
gates to ribbon-shaped structures (Fig. 2, top).

Particle concentration data presented in Figure 2 gener-
ally show a lower count of detected particles in non-treated
mAb2 samples compared with samples that were stressed
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Figure 2. Typical particle images obtained from MFI measurements
of 1 and 10 mg/mL mAb2 samples subjected to thermal stress (top)
and corresponding radar chart plots of particle concentrations for ag-
gregates with an equivalent circle diameter in the 1-2 pm and greater
than 2, 10, 25 and 50 pm size range.

overnight at 58°C (across all particle size ranges) indicated
by a large grey surface in the radar plots (lower particle con-
centrations at outermost part of the radar chart). Following
treatment, mean particle concentration is observed to increase
at both concentrations with a higher incidence of particles in
the 1-10-pm size range and emergence of particles larger than
50 pm in size.

The Influence of Thermal Stress on Particle Size Distribution

Particle size distributions generated from RICS and MFI mea-
surements were compared to assess the influence of thermal
stress type and concentration of mAb2 on resultant size output
(Fig. 3).

Statistically significant differences (p < 0.05) were observed
between size distributions calculated from RICS analysis of
stressed 1 and 10 mg/mL samples (the cut-off minimum size
for MFI is 1 pm and hence no data points are reported below
this value).

It should be noted that the number of regions generated
following performance of RICS on image time series acquired
from labelled non-treated (control) samples generated insuffi-
cient numbers of fits to be incorporated. This was consistent
with an observed small number of fluorescently labelled aggre-
gates in the confocal micrographs,

Dynamic Light Scattering

In order to characterise particle size over a broad range (nm—
pm), DLS measurements were utilised to provide an insight
into aggregate size distributions formed as a consequence
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Figure 3. Aggregates from control and thermally-stressed mAb2
samples labelled with SYPRO red (top) and mAb2 aggregate size dis-
tributions obtained from RICS and MFI measurements represented by
a box plot for 1 and 10 mg/mL samples subjected to thermal stress at
58°C. Sample means are represented by +, outliers by ¢, medians by
horizontal lines, minima/maxima by asterisks, upper and lower range
by vertical lines.

Table 1. Z-Average (Mean + Standard Error) Data Obtained from
DLS Measurements Performed on 1 and 10 mg/mL Control and
Freeze-Thaw Stressed mAb2 Samples

Concentration (mg/mL) 1 10

Treatment Z-Average Diameter (nm)

NT 146 + 0.74 10.7 + 0.0
Controlled F-T

3x 56.2 4 6.00 106.0 1+ 26.98
Bx 118.8 + 447 1115 4+ 7848
Uncontrolled F-T

3x 11.30 4 0.29 11.44 4 0.13
Bx 24.71 + 534 19.86 + 577

of freeze-thaw stress and any inherent differences between
controlled and uncontrolled freeze—thaw of mAb2 samples
(Table 1). Data obtained from the DLS analysis of mAb2 sam-
ples subjected to freeze-thaw cycling indicate an increase in the
Z-average for both 1 and 10 mg/ml samples upon increasing
the number of freeze—thaw cycles. This was further supported
by the emergence of a second peak for the intensity-based
light scattering measurements that was observed at larger
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Figure 4. Typical particle i lmuges obunned from MFI measurements of 10 mg/mL mAb2 samples subjected to the controlled freeze—thaw (F-T)

stress protocol (top) and corresp lati

particle counts (mean and mean — SD) for aggregates of 1 and 10 mg/ml. mAb2 samples

subjected to controlled F-T stress w1th an equivalent circle diameter in the 1-2 pm, and greater than 2, 10, 25 and 50 pm size range (bottom).

particle sizes in the sub-visible size range (see Supplementary
Information Fig. S3 and Table S2). In the case of uncontrolled
freeze-thaw cycling smaller changes were observed in both
the Z-average diameter and the principle peak diameter size,
indicating predominant formation of small soluble aggregates
as opposed to sub-visible particles. The presence of micron-sized
particles that increased in size following five freeze—thaw cycles
was confirmed.

Characterisation of Particle Concentration as a Function of
Freeze-Thaw Treatment with MFI

Particle counts obtained from MFI analysis were compared
against all freeze-thaw treatments (controlled and uncon-
trolled versus non-treated mAb2 samples) that demonstrated
significant differences in the number of generated particles and
their corresponding size ranges.

Micro-flow imaging measurements of various particle size
ranges following the application of controlled freeze-thaw
stress revealed a consistent increase in particle counts
(per mL) from no freeze-thaw treatment (control) up to five
cycles (see Fig. 4).

Concentration-dependent behaviour was observed following
uncontrolled freeze-thaw stress, such that 1 mg/mL samples
consistently contained a higher particle count in comparison to
10 mg/mL mAb2 samples (except for particles =25 and =50 pm
after 5x freeze-thaw).

Concentration-dependent behaviour was observed following
uncontrolled freeze-thaw stress, such that 10 mg/mL samples
consistently contained a higher particle count in comparison to
1 mg/mL mAb2 samples (see Fig. 5).

Uncontrolled freeze-thaw of mAb2 samples led to the for-
mation of a significantly higher particle concentration in the

DOI 10.1002/ps. 24530

1-2-pm size range compared with controlled freeze-thaw
stress, in all cases except for the 1 mg/mL sample following
5x freeze—thaw.

MFI and RICS

Controlled and uncontrolled freeze-thaw stress treatments
were performed on mAb2 samples and subjected to analysis
with MFI and RICS in order to evaluate the influence of stress
type and complementarity in sizing between the approaches
utilised.

Performance of a paired sample Wilcoxon signed rank test
(p < 0.05) for each sample set revealed no statistically signif-
icant differences in size distributions obtained between subse-
quent freeze-thaw cycles for both controlled and uncontrolled
freeze—thaw treatments. Data presented in Figure 6 demon-
strates typical aggregates observed in a single confocal images
and overlap in the particle size ranges detected by MFI and
RICS analysis of samples subjected to freeze—thaw stress.

As aforementioned, control samples contained a small num-
ber of micron-sized aggregates labelled by SYPRO® red and
were omitted from representation of particle size data because
of a small sample size.

Assessment of Particle Morphology Changes following Stress
Treatments with MFI

Radar chart arrays were utilised to visualise the variation of
morphological descriptors (i.e., aspect ratio, mean intensity and
intensity SD) for the five particle size populations (i.e., 1-2, 2-5,
5-10, 10-25 and 25-50 pm) of non-treated and stressed mAb2
samples to enable comparison of stress treatment effects and
mAb2 sample concentration.
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Figure 5. Typical particle images obtained from MFI measurements of 10 mg/mL mAb2 samples subjected to the uncontrolled freeze thaw
{(F-T) stress protocol (top) and corresponding particle counts (mean, and mean — SD) for aggregates of 1 and 10 mg/mlL mAb2 samples subjected
to uncontrolled F-T stress with an equuvalent circle diameter in the 1-2 pm, and greater than 2, 10, 25 and 50 pm size range.
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Figure 6. Aggregates from control and freeze-thaw stressed 10 mg/mL mAb2 samples labelled with SYPRO red (left) and mAb2 aggregate
size distributions obtained from RICS and MFI measurements represented by a box plot for 1 mg/mL (a) and 10 mg/mL (b) samples subjected
to controlled freeze—thaw and 1 mg/mL (c) and 10 mg/mL (d) samples subjected to uncontrolled freeze—thaw stress (right). Sample means are
represented by «, outliers by 4, medians by horizontal lines, minima/maxima by asterisks, upper and lower range by vertical lines,
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Figure 7. Radar chart plots of morphological parameters obtained
from MFI data for mAb2 samples subjected to thermal stress at 58°C
overnight across the five particle size classes.

Representative images acquired from aggregates using MFI
consisted of particles of varying intensities and shapes. Corre-
sponding radar chart arrays of particle size (i.e., equivalent cir-
cle diameter) versus morphological descriptor were constructed
across all particle size ranges to aid visualisation of thermal
stress treatment effects on particle size and morphology (see
Fig. 7).

Radar chart plots presented for mAb2 sub-visible aggregates
generated from thermal stress indicated a lower mean intensity
for particles in the 10-25-pm size range, whereas mean inten-
sities (divided by 10) across all other size ranges were in the

Aspect ratio
WIFT Sx

-

T
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0.8-1-pm range. The mean aspect ratios of particles were found
to be consistently similar across all particle size classes for both
concentrations of mAb2 subjected to thermal stress, However,
significant variation in the mean intensity and the SD of the as-
pect ratio for each particle class was observed upon increasing
the initial mAb2 concentration (i.e., 1 and 10 mg/mL).

Sub-visible aggregates produced from freeze—thaw stress of
mAb2 samples were compared between the two protocols (con-
trolled and uncontrolled) utilised in this study (see Fig. 8).

Aspect ratios obtained from MFI measurements of sub-
visible aggregales oblained following controlled and uncon-
trolled freeze—thaw stress revealed higher aspect ratios for
smaller particle size classes that decreased for aggregates in
larger particle size subsets (10-25 and 25-50 pm). Consis-
tent with this observation, smaller particle sizes were found
to be more transparent than the longer filamentous particles
observed at larger size ranges (higher mean intensity) that ex-
hibited low mean intensities. Changes in aggregate morphology
were found to be more pronounced following controlled freeze—
thaw stress and upon increasing the number of freeze—thaw
cycles. Predominant formation of filamentous aggregates (as-
pect ratio <0.5) following uncontrolled freeze-thaw effects was
observed across all particle size ranges.

DISCUSSION

A current challenge in sizing aggregates in biopharmaceuticals
remains to be the diversity of analytical approaches available,
limitations associated with their approach and ability to resolve
aggregates over a broad size range.'" Recent research and regu-
latory attention is being drawn to a consideration of aggregate
concentrations across all size ranges that may be insightful
in eliciting the underlying mechanism of protein aggregation

Mean intensity/1000
xFT SxFT

Figure 8. Radar chart arrays of morphological parameters versus particle size for mAb2 sub-visible aggregates generated from controlled and

uncontrolled freeze—thaw stress treatment as measured by MFL
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and potential effects following administration. Limitations of
well-established sizing methodologies in this analytical gap re-
gion has prompted the recent commercialisation of technolo-
gies exemplified by nanoparticle tracking analysis (NTA)' and
resonant mass measurement? that offer superior differentia-
tion between non-proteinaceous (e.g., silicone oil droplets) and
proteinaceous particles.

Hence, the purpose of this study was to assess the feasibility
of RICS application for measuring aggregate size distributions
in the analytical gap region as an orthogonal tool in conjunc-
tion with MFI. Additionally, the influence of particular stress
types on resultant (sub-micron) aggregate size distributions,
morphologies and counts were examined through construction
of radar charts. Initial screening of aggregate presence with
DLS confirmed the formation of both soluble and larger sub-
visible aggregates upon thermal and freeze-thaw stress treat-
ment of mAb2.

Heat stress is recognised to contribute to the formation of
partially unfolded stable intermediates that are hydrophobic in
nature compared with the native (folded) protein. The extent
of aggregation following thermal stress treatment below the
melting temperature was assessed in this study. This has been
reported to be dependent on the stability of aggregate-prone in-
termediates to form aggregates, as opposed to the melting tem-
perature of the protein in previous reports of thermal stress ef-
focts on mAb aggregation.”?! Data generated by thermal stress
of mAb2 indicated the formation of predominantly small soluble
aggregates with DLS and the generation of sub-visible particles
with MFI and RICS data relative to non-treated samples. Parti-
cle counts measured by MFI confirmed a higher concentration
of particles in the 1-50 pm size range for samples heated to
58 °C and following freeze-thaw stress.

Freeze—thaw treatment is a complex and multi-stage pro-
cess combining stresses from surface denaturation, cryo-
concentration, phase separation, crystallisation of buffer com-
ponents and pH shifts that may contribute to the formation
of insoluble aggregates.'®** [n the present study, selection
of buffer components prevented the potential for aggregation
arising from pH shifls (i.e., the absence of phosphate). Freeze-
thaw effects have previously been correlated with the ice-liquid
area, therefore, dependent on the concentration of formulated
protein. At higher concentrations of protein, the ice-liquid area
is smaller and susceptibility to freeze—thaw effects reduced.!

Micro-flow imaging as a successful recent particle analysis
technology has been extensively applied to multi-parametric
characterisation of particles or applied as a custom filter
to differentiate between proteinaceous and foreign partic-
ulate contamination (data not presented here).® However,
challenges remain in the accurate differentiation of non-
proteinaceous particles from aggregates and the use of other
analytical technologies is often required for the detection
and quantification of sub-micron particles (nol discussed
here) 252

Particle counts, aggregate morphological descriptors and rel-
ative aggregate size distributions in response to various stress
treatments were measured using MFI. As aforementioned, in-
dividual micrographs from MFI measurements revealed the
formation of particles of various sizes and morphologies in-
duced by freeze—thaw and thermal stress. In all cases, the pres-
ence of sub-visible particles increased significantly relative to
non-treated samples consistent with previous reports of mAb
response to these treatment Lypes.
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To further aid qualitative comparison of variation in mor-
phology parameters as a function of particle size, radar chart
plots'® of sub-visible aggregate data were applied to data ac-
quired from stress treatments utilised in this study. Exposure
to various stress treatments in this study resulted in the forma-
tion of aggregates with various morphologies as represented by
radar chart plots. Application of radar chart plots in this con-
text provided a direct means of comparison for the influence of
stress types on aggregate formation. Hence, data visualisation
tools in this context can support selection of optimal storage
conditions and formulation compositions.

The increase in number of sub-visible particles detected by
MFI relative to the non-treated mAb2 samples and labelling
with extrinsic dyes confirmed both structural changes to the
protein and the generation of sub-visible aggregates for fur-
ther characterisation. Aggregates prepared in this study were
labelled with SYPRO red and visualised with confocal mi-
croscopy prior to RICS analysis. Comparison of particle size
distributions between methodologies revealed complementar-
ity between RICS (hydrodynamic diameter) and MFI (equiva-
lent circle diameter) in all cases with overlapping size ranges
(see Figs. 3 and 6) that depended on the resolution associated
with each technique (MFI is capable of detecting aggregates
>1 pm). In this case, RICS was able to characterise pro-
teinaceous aggregates over a broad size range (i.e., 10 nm to
~100 pm) as demonstrated for each stress type. However, fur-
ther investigation is required to assess the capability of RICS
for particle sizing in overcrowded and polydisperse systems.
Extrinsic labelling of stress-induced aggregates has not been
observed to further contribute to formation of aggregates in the
present study as demonstrated by micrographs of monomeric
and aggregated species, and particle size measurements of la-
belled and unlabelled stressed protein.

Compared with NTA, a particle sizing technique based on the
tracking of light scattered (intensity of light scattered in pro-
portional to the sixth power of particle diameter) from particles
undergoing Brownian motion, RICS correlates fluorescence in-
tensity fluctuations arising from fluorophore movement within
the confocal volume to generate particle size data. Therefore,
size data measured by RICS is not susceptible to the presence
of a small concentration of large aggregates and dust.'”

Where NTA relies on the Brownian motion trajectory to be
tracked over a sufficient number of frames to enable detection
and accurale particle sizing, RICS does not suffer from such
biasing, provided the pixel dwell time and frame size are opti-
mised during image acquisition (particles =1 pm can also be
detected and measured by RICS). %7

However, one of the challenges of sizing fluorescently la-
belled aggregates (with RICS) remains to be the optimisation
and selection of appropriate dyes that are sufficiently photo-
stable, and in a complex system do not label other components
(e.g., silicone oil)."»%

The majority of reports of aggregate characterisation with
microscopy have focused on the use of covalent fluorophores'®?®
to assess the loss of monomeric protein and the formation of
higher-order aggregates with limited reports focusing on the
quantitative measurement of aggregate sizes following extrin-
sic aggregate labelling (hydrophobic pocket binding dyes).”

To this end, we have demonstrated the applicability of RICS
to bridging the analytical size gap in the characterisation of
particle size distributions (in this case MFI). As a potential
screening tool, RICS may be applied during pre-formulation of
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protein-based therapeutics for the evaluation of stress effects
(e.g., formulation and environmental) on aggregates and their
corresponding size distributions.

CONCLUSIONS

In this study, complementarity was demonstrated between ag-
gregate size ranges measured by various particle sizing tech-
niques through overlapping size ranges observed between im-
plemented methods. Particle size data generated by RICS was
not biased to a specific particle size range, demonstrating its
worth in sizing proteinaceous aggregates. Confocal analysis of
aggregates permits direct and selective microscopic examina-
tion of changes induced by various stresses.

Techniques such as RICS may be insightful as a tool for the
characterisation of aggregate size distributions over a broad
size range during pre-clinical formulation studies as require-
ments for the characterisation of aggregates over broad size
ranges become ever-increasingly emphasised by regulatory
bodies.

In this study, SYPRO red was successfully utilised as an ex-
trinsic aggregate labelling fluorophore. Further refinement of
RICS as a novel particle metrology tool and optimisation of ex-
trinsic aggregate labelling could provide scope for the assess-
ment of stress effects on aggregation during pre-formulation
and formulation development studies in more complex
specimens.,
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1.3.6 Paper 4: Gongalves, A. D., Alexander, C., Roberts, C. J,, Spain, S. G., Uddin, S., & Allen, S. (2016). The effect
of protein concentration on the viscosity of a recombinant albumin solution formulation. RSC Advances, 6(18):
15143-15154.

Recent publications describe a range of theories that have been developed to describe processes

taking place in solutions with increases in macromolecular content (Goncalves, et al., 2013, p. 1). For
instance, a range of theories are based on a presumption that protein molecules behave as hard spherical
repulsive particles, however instances of successful applications are limited. Thus, it was determined
that in addition to molecular shapes and volumes, additional properties such as association kinetics and
charge distribution must be taken into consideration in order to accurately predict behaviour of proteins
in solutions and estimate viscosity. In addition to the above factors, introduction of additives as well as
changes in the pH of the solution and its ionic strength was found to affect production of oligomeric
species. This issue is of paramount importance because it was established that viscosity of protein-based
formulations  substantially —affected the biopharmaceutical industry in general and
manufacturing/administration of pharmaceutical products in particular. In a considerable number of
cases production of protein-based drugs involves generation of highly concentrated protein
formulations. The necessity of these procedures is determined by cost reduction requirements and the
need to deliver high concentrations of the active component using low volumes of the generated
pharmaceutical product. However, elevated concentrations of bio-macromolecules in many cases are
associated with poor processing of the material, caused by elevated viscosity and lack of adequate flow
abilities (Goncalves, et al., 2013, p. 2).

Loveday and co-workers extensively described the correlation between solution viscosity and
protein concentration (Loveday, et al., 2007, p. R101). When the concentration of proteins is low it is
possible to study protein viscosity in solutions using models that are focused on the hydrodynamic
behaviour of the studied protein. In addition to hydrodynamic based theories a range of other concepts
were implemented to describe the behaviour of proteins in solutions and predict changes in viscosity
using protein concentration. However, regardless of the implemented model it is assumed that proteins
in solutions are hard macromolecular spheres and an increase in concentration correlates with an
increase in viscosity.

The number of studies covering a broad range of protein concentrations as well as possible
correlations between high protein quantities and viscosity is however, limited. Publications in the area
describe changes in viscosity of protein solutions through the perspective of intrinsic viscosity. Intrinsic
viscosity presents a hydrodynamic parameter that is dependent on the size of the molecule and its
conformation. This parameter also presents the effective molecular volume under the specific analysed
conditions. The hydrodynamic parameter can be calculated by using the Ross-Minton’s approach or
with the aid of the Krieger-Dougherty model (Minton, 2012, p. 9310). Regardless of the employed
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model it is assumed that all changes in the protein composition in the analysed solution are negligible.
A considerable disadvantage of the employed models is the fact that protein species in solutions are
assumed to be uniform with specific size and shape. In order to address this disadvantage binary
mixtures were employed, containing proteins of various sizes. With the aid of the developed models it
became possible to more accurately predict the behaviour of protein molecules in solutions. Further,
recent publications suggest that it was highly effective to estimate the behaviour of protein species in
solutions by using controlled quantities of binary protein mixtures in solutions and determination of the
resulting viscosity (Goncalves, et al., 2013, p. 3).

Goncalves and co-workers explored the effects that changes in protein concentration had on
viscosity in various formulations of recombinant albumin. The conducted study investigated changes in
the human serum albumin concentrations from 0.1 to 500 mg/mL. The corresponding human albumin
solutions were prepared in a salt-based buffer. Human serum albumin is the most abundant protein that
can be found in the human blood. Its concentration is approximately 40 mg/mL and the function of the
protein is to transport active pharmaceutical compounds and unesterified fatty acids. The research group
showed that by taking into consideration specific biophysical characteristics of the analysed protein,
such as shape and size, it was possible to estimate aggregation patterns of protein species and viscosity
of the overall solution. It was also showed that viscosity of protein solutions could be predicted at both
high and low protein concentrations. Thus, correlations between protein structure, its concentration in
solution and viscosity could subsequently be employed in the development of new pharmaceutical

products (Goncalves, et al., 2013, p. 3). The results of this study are discussed in section 3.4 below.
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The effect of protein concentration on solution viscosity in & commercially available biopharmaceutical formulation of

wawrscorgl

recombinant albumin [ralbumin) was studied. The level of protein zseregation with concentration =nd its impact on

solution viscosity was investigated. Theorstical models predicting viscosity with concentration were applied to these data,
and a model that accounts for multiple protein species in solution provided the best fit. The results highlight the ne=sd to
account for heterogeneity in the level of aggregation when addressing the increase of wiscosity observed at high
concentration of protein solutions, & significant izsus for the manufacture and wse of protein-based therspeutics.

Introduction

The viscosity of protein formulations is an impertant issue for
the biopharmaceutical industry due to its practical implications
in medicine manufacture and administration.*
Biopharmaceutical liquid formulations are freguently created
with high protein concentration, due to the need for high mass
delivery to overcome low potency; low volumes are also
desirable to allow patient self-administration in cost effective
devices.™* Howewver, when biomacromeolecules reach high
solution concentrations, problems such as high wiscosity and
poor flow properties, as well as stability issues, can occur.
Thearies from collcidal science have been used to model
the observed increases in sclution wiscosities with increased
macromelecular content.” A number of these are based on
approximaticns to hard spherical repulsive particles, and have
been applied with some success.®” However, there are more
molecular properties, such as shapes, charge distribution®** or
kinetics of assoc‘latiunu_u, which need to be considered for
more accurate predictions of protein solution wviscosity.
Maoreover, such properties depend on factors including pH,
temperature, ionic strength and the presence of additives in
solution, and therefore these and their impact on the
formation of higher order oligomeric bicmeolecular species
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and/or aggregates need also to be considered.

The effect of protein concentration on sclution wviscosity
has been discussed ;:|-re1.ric:ushu'.m'm_ﬂc'| At dilute concentrations,
protein solution viscosity has been studied using models that
account for the hydrodynamic behaviour of proteins in a
fluid.” Other theories that account for inter-protein
interaction potential and excluded volume have been applied
with relative success in predicting the increase of viscosity with
protein concentration.™ In general, all these models assume
that (globular) proteins are hard spherical or guasispherical
macromolecules and, to some extent, are able to explain the
increase of wviscosity with concentration and allow a
comparison with the behaviour of colleidal dispersions. 5o far,
however, there has not been a theecretical model that is
capable of predicting the wviscosity of protein solutions in a
range from dilute to highly concentrated (=200 mg/mL).

Intrinsic viscosity ([n]) is 2 hydrodynamic parameter that is
related to the conformation and size of @ melecule in dilute
solution and represents the effective moelecular volume at
these conditions™. It is defined in terms of concentration {c, in
mg/mL) by the following equation:

. )
o = im0 (T2)
where 1 is the solution viscosity and no is the viscosity of the
solvent. One of the hard [guasi)-spherical models relating
protein viscosity and concentration, is the modified Mooney
equation™" as per Ross-Minton's appreach™ | defined by:

[
ma= =et S g

where relative viscosity (n/mo) is an exponential function of
concentration (c), [n], a crowding effect factor (k) and Simha's
shape factor [mr].15 As the crowding effect is a conseguence of
the excluded wvolume when the preotein concentration
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increases, the model predicts solution viscosity accounting for
the protein's shape and its excluded volume.

From collcidal rhealogy, the Krieger-Dougherty model (eq.
3

3k

e == (1- %%x)_%’m] (3)

was originally applied to describe infinite dilutions of hard
spherical particles. In the case of random close packing of
spheres at low deformations“u, the intrinsic viscosity ([n]) in
equation 3 is fixed to 2.5 and is dimensionless, since it is
defined as a function of volume fraction (g), with a maximum
packing fraction {@m..) of 0.64. 5till assuming the spherical
shape, this maximum packing fraction has been discussed to
be around 0.71, when the particles are exposed to higher
shear rates.*

The Russel-Saville-5chowalter rewvision of Batchelor's
Equatian“ {eq. 4), is a model which predicts the increase of
viscosity of hard spherical particles, while taking into account
interparticle interactions based on the effective distance
between particles.

Trat = % =1+25¢ & 302 + 0(3%) @)

where the coefficient 5 of the guadratic term is defined by,

3 fderry”
s=25+= (T" (5)
and is dependent on the effective interparticle distance, dep,
and the radius of particle, a. The factor d.y is dependent on
both the hydrodynamic contributions of the particle as well as
the interaction potential, relevant to the dispersion conditions.
Batchelor showed that for 2 concentrated dispersion of hard
spherical repulsive particles, the value of 5 is egual to 6.2,
where dee = 2a. =

The models described abowve assume that any change in
composition of protein species in soclution is negligible.
Parameters in these models typically account for only one
species of & specific shape and size. Scme authors have
addressad the problem for binary mixtures of different sized
particles, to predict the impact of this on the solution
Lriscosity_"za"”. In recent reports, binary blends of proteins
have been studied by controlling the content of each protein in
solution and understanding the effect of this on the cwverall
solution wisu:-::nsit!,r.1“""E

Galush et al.*f presented a study on the viscosity of mixed
protein solutions, using mixtures of different monoclonal
antibodies (mAbs) and of one mAb with B5A. Their conclusions
derived from measuring the viscosity of both the individual
protein solutions and blends. They proposed that the viscosity
of protein blends could be predicted by an additive function of
the wviscosity of each individual protein multiplied by its
respective known weight fraction (eg. 6).

In piwesn f2) = (1 — f2) Inmy(weged + o Innz(wege) (6)

where 1, and 1; are the viscosities of pure protein 1 and 2,
respectively, f; and f; are the weight fractions corresponding

2 | 4. Neme., 2012, 00, 1-3
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to the protein 1 and 2 present in the blend and we. is the total
weight/volume concentration of the pratein mixture.

Minton™ has contributed with the generalisation of
equation 2 and eguation 3 and application to predicting the
viscosity of globular protein sclutions containing only one
protein, but with relatively well-known fractions of its
monomeric and higher order associative species. The
generalised models of Ross-Minton (e2g. 7) and Krieger-
Dougherty (2q. &) medels, as proposed by Minton, are as
follows:

n_ IRl Wene
P exp [Tw::—;] {7}

Weer =[Mlhw™
w=0-% " @

Mote that the Krieger-Dougherty equation has been
modified to allow the use of weight/volume concentrations
[Waae, 0 [mg/mL]), rather than wvolume fractions. Both
equations 7 and 8 are now represented as functions of Wi,
[M]w and w*. The parameter [n],, is weight-averaged intrinsic
viscosity (in [mg/mL]), described in equation 9. The parameter
w* represents an estimated protein concentration abowve
which the scluticn cannot flow, referred to as jamming
concentration %

[l = B (s

Here a recombinant human albumin (rA&lbumin) soluticn
formulated in a buffer containing salt and a surfactant was
studied. The rAlbumin studied is expressed in Saccharomyces
cerevisiae and has an identical amino acid seguence to human
serum albumin [HSA}_Z’ HSA is the most abundant protein in
the blood at @ concentration of ~40 mg/mL. It is the major
transport protein for unesterified fatty acids, having the
capacity to bind numerous metabolites, active pharmaceutical
ingredients as well as other crganic molecules *

Qur study investigated the rheclogical characteristics of
HE4 samples with concentrations ranging from 0.1 mg/mL to
approximately 500 mg/mL, using steady shear rheclogy with a
torsicnal rheometer. A detailed bicphysical characterisation of
these samples was performed to account for the lewel of
aggregation, size and shape of protein species, within higher
concentrations of rAlbumin, to probe relaticnships between
aggregation and sclution viscosity. The ultimate goal was to
predict the viscosity of highly concentrated globular protein
solutions, using the zbovementioned models to enhance the
efficacy of formulated bicpharmaceuticals.

Materials and Methods

Materials

Recombinant human albumin (rAlbumin) was donated by
Movozymes Biopharma UK Lwd. (Nottingham, UK) in the form
of Recombumin® Prime (batches: 1104 and 1101). The product
is @ liquid formulation of concentration 200 mg/mL, stored at
2-8 "C. All other reagents were obtained from Sigma-Aldrich,

Thisz journal is © The Royal Socisty of Chemistry 20xx
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UK and were of analytical grade. The formulation buffer of
Recombumin® Prime is composed of Nall (145 mM),
polysorbate-80 (15 mg/L) and sodium octanoate (32 mi) in
ultrapure water (pH = 7.0 £ 0.3 at room temperature). Another
buffer was prepared containing only MNaCl (145 mM) in
ultrapure water (pH =7.0 £ 0.3).

Centrifugal concentrators (Vivaspin 20 — 5 kDa molecular
weight cut-off with polyethersulfone membrane; Sartorius
Stedimn, Ltd., UK) were used to concentrate rAlbumin samples
to higher concentrations than the starting material (200
mg/mL). The procedure recommended by the manufacturer
was followed, using a fixed 452 rotor centrifuge (Hermle 2400,
Lzbertechnik GmbH, Germany). After centrifugation, samples
were collected, mixed and checked for their concentration
using UV-Visible spectroscopy. All samples and the respective
buffers were stored at 2-8 2C.

Methods

Quantification of protein concentration by UV-Visible
Spectroscopy

An Agilent 8453 UV-Vis spectrophotometer {model G1103,
Agilent Technologies, Germany) was used to quantify protein
concentration via absorbance at 280 nm. A quartz cuvette with
1 cm path length (Hellma, Germany) was used for all
Measurements.

For all protein solutions at concentrations higher than 50
mg/mL, 2 double dilution scheme was followed to allow a
measurement of sample diluted to 0.5 mg/mL. Each second
dilution was produced in triplicate so that the absorbance
measurement (and posterior concentration calculation) was
reported as an average of 3 measurements.

For the determination of concentration of rAlbumin
solutions, the percent extinction coefficient at 280 nm {A’iﬁ’ﬁm]
used was 5.8 %%

Rheology

The rheometers used were Anton-Paar (Graz, Austria) MCR
models 3201 and 501. Cone-and-plate geometries used
throughout this study were stainless steel CPS0-1 (diameter =
&0 mm; cone angle = 1° and CP40-0.3 (diameter = 40 mm; cone
angle = 0.3%). To prevent evaporation of sample and to
maintain a constant temperature of 20 °C £ 0.1 *C throughout
the measurements, an evaporation blocking system eguipped
with a peltier unit was used. Prior to measurements, all
samples were allowed to equilibrate to room temperature |~
23 *C) for at least 40 minutes.

Rotational tests (flow curves and wiscosity curves) were
performed by controlling the shear rate typically from 0.01 to
1000 s'i, and measuring torgue, shear viscosity and shear
stress. To increase data validity and sensitivity of the method,
each shear rate step had a 60 second duration time during
which the instrument was averaging over the collected data.
Two shear-rate sweeps (ramping down and up) were
performed per sample, without waiting time between sweeps.
The tests were always started after a 10 minute waiting time
after loading the sample.
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Micro-viscometer/rheometer on-a-chip (mVROC)

The mVROC, by Rheosense, Inc. {3an Ramon, Czalifornia, USA)
was used for measurement of air-water interface-free bulk
viscosity at high shear rates. The m\VROC is a microfluidics slit
rhecmeter where the microfluidics chip is composed of a
microchannel (rectangular slit) made of borosilicate glass
mounted on a gold-coated silicon base. Viscosity is measured
as a functicn of pressure drop as the fluid flows in the
microchannel (width = 3.02 mm; depth depends on the chip
used). In a typical experiment, the flow rate, 4, is varied using
a syringe pump and Hamilton gastight glass syringes (Reno,
Mevada, USA). The mVROC device outputs the pressure drop
as a function of flow rate, which is used to calculate the
nominal or apparent viscosity via (¥ ) = rwﬁnw.m The true
shear rate and true shear viscosities are then calculated,
respectively, using the Woeissenberg-Rabinowitsch-Mooney
|3quati|:m.3°'31

Samples analysed were rAlbumin solutions at 200 and 500
mg/mL. For these measurements, the ADS and D05 chips were
used and the temperature was kept constant at 20 °C £ 0.1 °C
using a water circulation system (ThermoCube, 55 cocling
systemns, USA).

High performance size exclusion chromatography (HPSEC)
Determinaotion of level af protein aggregotion

rAlbumin samples were analysed for their level of aggregation
on HPSEC. The high performance liguid chromatography
{HPLC) system used was from Agilent Technologies 1200 series
(Germany) with the following components: degasser, binary
purmp with a 100 pl injection loop, an autocsampler,
thermostatted sample tray (at 5 °C), a thermostatted (at room
temperature) column holder and a UV detector. The software
used for this  system  was Chemstation for  liguid
chrematography systems, by Agilent Technologies. A Tosch
Biosciences, LLC (USA), medel TSK gel G30005Wx| calumn was
used (7.8 mm (I1D) x 30 cm (L)}, composed of silica gel particles
with mean particle size of 5 um and pore size of 250 An guard
column (silica particles of 7 um, 6 mm (1D} x 4 cm (L)) was also
used with the analytical column.

The mobile phase was an agueous buffer of 0.1 M sodium
sulfate (Nas50;) and 0.1 M dibasic sodium phosphate
anhydrous {MagHPO,), titrated to pH 6.8 with 6M HCI. This
buffer was filtered with 0.22 pum pore size vacuum-driven filter
units (PES membrane, EMD Millipore, USA).

All protein samples were diluted to 10 mg/mL, and
injection volume was 25 pl. Run time was 20 minutes at a flow
rate of 1 mL/min. Each sample was injected three times.
Formulation buffers respective to the protein samples were
also injectad as blanks.

Bio-Rad gel filtration protein  standards  (Bio-rad
Laboratories, Inc., USA) were used for this method's system
suitability test. These were prepared according to the
manufacturer's instructions and 25 pl were injected once at
the beginning and end of 20 sample injections.

All samples, buffers and Bio-Rad protein standards were
filtered through 045 pm centrifugal filters (Ultrafree-MC
PVDF, EMD Millipore, USA). The cbtained chromatograms
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followed integration and peak symmetry and resolution were
calculated via the method analysis used on the software.

Analysis with muitiple getectors for determinotion of molecwar
weight and intrinsic viscosity af rdibumin solutions

To calculate bulk molecular weight and intrinsic viscosity, the
chrematography system used was a Polymer Labs GPC 50 Plus
(Agilent Technologies, USA) gel permeation wnit that
comprised an autcsampler, a fixed volume injection loop (20
pL), thermostatted column holder, and the following
detectors: a 902 light scattering detector, a refractive index
detector, and a differential pressure viscometer. Calibration of
the system was made with polyethylene oxide (Polymer Labs,
UK) solutions in phosphate buffer saline (Lonza, Inc.).

The method details chosen for these experiments were
similar to the previcus section with exception that samples
were diluted to 15 mg/mL, thus injecting 300 ug of total
protein. Systemn suitability was still performed with Bio-Rad
protein standards and the same buffer was used as mobile
phase. Each rAlbumin sample was injected three times, with
buffers injected at least once. dn/dc used for protein analysis
was 0.185 mL/g.*

Dynamic light scattering (DLS)

Sizing measurements were performed using the Zetasizer
ManoZ5 dynamic light scattering instrument  (Malvern
Instruments, UK). Samples were illuminated by a 633 nm laser
and light scattering was detected at 173" by an avalanche
photodiode. DLS results were obtained and analysed using the
Zetasizer software wersion 7.01. Protein samples were
measured at 1 mg/mL diluted in sample buffer, to reduce non-
linearity effects on measurements by increased viscosity of
solvent with higher concentrations.

Measurement settings for rAlbumin size readings were at a
constant temperature of 20 °C, performing 15 runs of 10
seconds each. An equilibration time of at least 5 minutes was
set before the measurement started. Size measurements were
made in triplicate with fresh aliquots for each reading.

Results

The rheology of formulated recombinant human albumin
solutions

The data in Fig. 1A and 1B show that rAlbumin solutions
displayed constant shear viscosities for the increasing shear
rates applied (0.01 to 1000 s'i}. Fig. 1C shows 2 linear increase
of shear stress with the increasing applied shear rates. For the
higher concentration materials (400 - 500 mg/mL) the shear
viscosities were from ~1 5™ onwards, while showing slight non-
linear increase of viscosities when <1 5™ However, in general,
throughout the range of concentrations of rAlbumin presented
and the applied shear rates, it was considersd that these
solutions exhibited a Mewtonian-like behaviour. Each sample
was measured using two consecutive shear rate sweeps,
ramping down and up (Fig. 1A and 1B). Hysteresis effects were
not observed, in agreement with the literature, which suggests
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that the protein molecules diffuse rapidly in the fluid once
shearis s'coppvad.T‘a""a"L

For comparison between the concentration of samples and
the cbtzined shear viscosities, the viscosity values at 1000 s
were taken from three separate readings per sample and are
reported in Fig. 2 as an average with the respective standard
deviation. The viscosity values reported here are those at high
shear viscosity (n=), since the viscosities of these samples were
overall shear-rate independent.? In Fig. 2 the average viscosity
values are reported against the average actual concentrations
measured for each sample. It was noted that as the targeted
protein concentrations were increasingly higher, it was more
difficult to achieve such targets (e.g. 2 300 mg/mlL; see Table
5I-1 from ESl). For clarity within this manuscript therefare,
sample concentrations are referred to as the corresponding
target concentration.

From Fig. 24, the viscosity values were similar for lower
protein concentrations. An increase of viscosity with increasing
concentration was seen, in agreement to what has been
reported throughout the literature with regards to serum
albumin solutions. ™™ Mast importantly, the exponential
trend observed from the data in Fig. 2A is also reported for
other globular proteins, such as in'||mum:glc.'nt:ulins_“_:"a'acI

Characterisation of protein species present in recombinant human
albumin solutions

Cur aim was to correlate the observed increase in viscosities
with the level of aggregation present in the increasing
concentrations of rAlbumin  samples. Therefore, the
identification, relative quantification and size characterisaticn
of the monocmeric and oligomeric species present in soluticn
was performed using HPSEC, DLS and microfluidic SD5-PAGE
{shown in the ESI).

High-performance size exclusion chromatography (HPSEC)
HPSEC retention times for the protein species typically present
were ~7.9, 8.7 and 9.8 minutes, corresponding to trimer, dimer
and monomers, respectively (see Fig. 5-1 from ESI). This
method of analysis produced good resolution between the
different identified species and these were comparable to
literature values using a similar setup_as Mo higher molecular
weight species other than dimers and trimers were found in
any of the solutions analysed. This reflected the high purity of
the recombinant albumin materizl due to its manufacturing
process generating cnly a small percentage of trimers and
dimers”, with the monomer showing the highest relative
percentage with a peak area of =90 %. Samples from 50 to 200
mg/mL had similar peak areas for all protein species. Only
when concentrations reached approximately 250 mg/mL and
over, a trend could be detected on the increase of dimers and
trimers with a corresponding decrease of monomer (Fig. 2B).
Size exclusion chromatography required sample dilution
for analysis when concentrations were > 10 mg/mL. Dilution is
a limitation of this method since it can influence the material's
content in relative percentage of each species, as it can be a
factor for some aggregates to disassociate, and therefore be
considered reversible.™** It was important to understand if
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this was the case with rAlbumin sclutions. By comparing
injections of proteins at 50 mgfmL and 10 mg/mL
concentrations, their respective peak areas were different by
factors of < 1 %% (see Fig. 51-2 from ESI). Such low differences
indicated that dissociation upon dilution of trimers and dimers
into monomers was negligible. Maoreaver, this is in agreement
with the irreversibility observed of associated dimer and
trimer species reported in prior literature

Triple-detection HPSEC was used to experimentally
determine the intrinsic viscosity and moelecular weight {MW)
for each of the protein species present in rAlbumin samples:
monomer, dimer and trimer. This determinaticn allowed for
subsequent analysis discussed ahead in this study.

The results were relative to the two peaks detected
corresponding to monomer and dimer, since the differential
pressure viscometer could not detect the low percentage of
trimers present in solution (see Fig. 51-2 from ESl). Analysis of
peak areas per sample showed a trend of increasing rAlbumin
dimers, similar to what was observed previously for
conventional HPSEC (Table 1).

Dynamic light scattering

The hydrodynamic size analysis of rAlbumin solutions by
dynamic light scattering (DLS) was performed for the entire
range of solutions after dilution to 1 mg/mL. All solutions were
analysed without prior filtration to assess if aggregates were
present within the detection limit of DLS (up to 1 pm of
hydrodynamic diameter). In all cases, the samples did not
show presence of aggregates. For all the analysed samples, the
measured average hydrodynamic radii from the size
distributions by intensity ranged between 3.8 - 45 nm
corresponding to walues reported in literature® for a
recomBinant  human  albumin  selution  (Fig. 3). The
hydrodynamic size distribution by wvelume resulted in one
peak, with its mean peak value skewed towards lower sizes,
closer to the monomer size.

Surface tension effects on rheology measurements — control
experiments

To ensure that the rheological measurements were taken as
accurately as possible and were free of artefacts related to the
method and the technical specifications of the rheometer,
additional experiments were carried out.

The influence of surface tension at the air-water interface
of protein solutions in surfactant-free buffers has been shown
to present apparent high-viscosities at low shear rates. The use
of a conventicnal rheometer with cone-and-plate geometry
has been suggested as not being the most appropriate
instrumentation for these types of samples as it is not an air-
water interface-free tEu:hnl'rc]ue.T Therefore, a ralbumin
solution at 200 mg/ml (from the original formulation) was
analysed with the micro viscometer/rheometer-on-a-chip
[mVROL) method, which provides rheocmetry measurements
free of air-water interface. When superimpeosing the cone-and-
plate (CP) rhecmeter data with mVROC data, the sample at
200 mg/mL showed no difference in its viscosity values. As an
example, at shear rate = 1000 s'i, the average viscosities
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measured with each instrument were Nz = 3.5 mPas and
Nimmog = 3.4 mPas (Fig. 4). This clearly showed that the
rheometer data were maost likely free of air-water interfacial
artefacts.

In further experiments, samples were prepared by diluting
in an aguecus surfactant-free solution of MaCl 145 mi.
ralbumin solutions at 5, 10, 50 and 100 mg/mL were measured
on the rheometer and their level of aggregation was assessed
by HPSEC and DLS. HPSEC and DLS data were similar to those
of formulated rAlbumin. However, while samples at 5, 10 and
50 mg/mL in NaCl 145 mi showed an increase of viscosities
towards low shear rates; only the sample at 100 mg/mL of
rAlbumin in Mall 145 mM presented constant viscosities
throughout a similar shear rate range (Fig. 5). 5amples at 5 and
10 mg/mL showed a slightly increased high shear viscosity (1o
at = 1000 s-1), when compared to the data collected from
formulated samples.

Additionally, a test was done to assess if the method of
concentrating the protein solution would also concentrate the
surfactant (see SI-7). The original sample at 200 mg/mL and
the concentrated sample to match 200 mg/mL both presented
matching viscosity profiles and values. Therefore, to address
the analysis made in this work, the simplest case was
considered, where the surfactant would have diffused through
the concentrator's membrane during centrifugation for all
concentrated samples (> 200 mg/mL).

Effect of high protein concentration on solution viscosity

The intrinsic viscosity of human serum albumin has been
reported to be of 4.73x10° + 1.2x107° ml/mg, for similar
solution conditions to these presented here (temperature at
20 2C, pH I-".II'.i].B Values of intrinsic viscosity for bovine serum
albumin, have been reported to be 3.7x107 mL/mg™ or similar
values 2™ Although the albumin here used is fatty-acid
bound, it is expected that the presence of fatty acid in serum
albumin does not influence the value of intrinsic l.ris-crc:nsit!,r.‘2
Intrinsic viscosity values in literature for HSA® and for bevine
serum albumin {BSA]"" were used to fit the rheometry data
{Fig. B) using Ross-Minton’s hard {guasi)-sgherical eguations
relating protein viscosity and concentration (eq. 2).

Our rheclogy data was fitted to eguation 2, with the
intrinsic viscosity ([n]) constrained and the x/v factor freely
floating (Fig. & — blue and crange ling). The computed values
for /v respective to the fixed intrinsic viscosities chosen from
literature were: kfv = 0.31, using [Mpenses; 8nd kv = 0,42,
using [Mlrenrora- These wvalues were comparable to values
reported for other globular proteins, such as 1gG (k/fv =0.37 1o
0.49) and hemoglobin (kv = 0.40) ***

The Ross Minten model was fitted to the data allowing free
parameters. The best fit computed was using experimental
data up to ~350 mg/mL (Fig. 6 — green ling). Both the [n]
[{4.21:107 mL/mg) and k/v (0.45) values were in agreement to
the walues reported in literature. ™ This fitted intrinsic
viscosity walue was similar to the intrinsic viscosity wvalue
calculated with triple detection HPSEC for the monomer peak
of rAlbumin (Table 1). However, the Ross-Minton model did
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not predict sclution viscosity for the highest concentrations (=
350 mg/mL).

The rheclogy data was fitted to the cother hard-sphere
model, the Krieger-Dougherty equation {2q. 3). First, the
intrinsic viscosity ([n]) was fixed to 2.5, defined for spheres,
and setting the maximum packing fraction (¢m.) to 0.64.
Then, the data was fitted defining the maximum packing
fraction to 0.71, while still assuming the protein species were
spherical {[n] = 2.5). In both cases, fixing intrinsic viscosity to
25 and ¢ could only predict the data up to 100 mg/mlL,
which is in agreement with the literature’ {Fig. 74 — orange
and magenta lines).

Conversion of weight/volume concentration to volume
fraction was calculated via the polymer chemistry equation for
volume fraction (@ = NyVec/MWh), taking inte account the
hydrated molecular weight of the protein - MW, (eq. 10). The
hydrated protein molecular weight was calculated from MW, =
MW_(1 + &), where MW, is the molecular weight of the protein
and & is the amount of water associated with the
macremelecule in g/g. 5"

6= WLR(NAV+ m:"s} {10)

where ¢ is the concentration in mgfml, M, is Avogadro's
number, V is the protein's hydrodynamic volume (113.4 nms]l,
and p is the density of water at 20 °C (998.2x10° mg/mL) and &
=0.379°

The data was fitted to this model with free parameters,
allowing a prediction of wviscosity applied to non-spherical
particles (Fig. 7A — blue line). The parameters which were best
fits using data up to 350 mg/mL, were [n] = 6.94 + 0.14 and
Prmee = 0.298 £ 0.002 (with r* = 0.8996 and x° = 0.26). In this
case, the fitted intrinsic viscosity showed a higher value than
that corresponding to spheres, indicating that particle aspect
ratio had increased and the @ ... decreased respectively. These
values suggest good physical significance, since their product is
still within their usual range 1.4 < [N]/Pme < 4.°° The fitted
intrinsic viscosity wvalue of ~6.9 agreed with the reported
aspect ratic of albumin, known to be a prolate ellipsoid.m'w
Altogether, these observations along with those previously
made from the Ross-Minton medel, point to a difficulty in
prediction of solution viscosity of concentrations > 350 mg/mL
[s2e Fig. & (green line) and 7A (blue ling)).

The Russel-Saville-Schowalter Equation" (eq. 4), was used
to fit our data since it takes into account the interparticle
interaction. To fit the data to this model, s, the term which is
defined by the effective distance between particles, was
initially chosen to be equal to 6.2, as per Batchelor's proposal
applied to repulsive hard 5pheres.“ However, Sharma et al’”
showed that the data of concentrated BSA solutions up to 250
mg/mL could fit with this model (with data up to ~250 mg/mL)
using a value s = 10. The authors suggested that this value
would correspond to an interaction potential corresponding to
a d.y = 2.5a, reflecting BSA's repulsive net negative charge in a
saline buffer at pH ~7 10. The comparability between rAlbumin
[or HEA) and BSA can be made since these two albumin
variants share >75% of their primary structure and many
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physical properties (e.g. surface hydrophobicity), having
however, slight differences with regards to its thermal
stability, electrophoretic behaviour and binding properties.
44,45

This medel could not predict the wviscosity of our
experimental data at concentrations higher than ~150 mg/mL
(¢ = 0.11), even when fixing s = 10 (Fig. 7B). Since this model
fixes the intrinsic viscosity at 2.5 for hard spheres, while it has
been previously discussed that rAlbumin (and BSA) are not
spherical but prolate ellipscids, it may well not be the most
appropriate albeit the only eguation that includes surface
charge as determinant to the wviscosity of globular protein
solutions.

The rheclogy data was further analysed using the
generalised equations of Minton and Krieger-Dougherty for
protein viscosity (eq. 7 and 8, respectively), which account for
the presence of multiple species of protein in solution. By
fitting these two generalised models to the experimental
rheclogy data, it was found that the best fits would be
achieved if the concentration rangs would not include either
the last three (for eq. 8) or two data points (for eg. 7) (Fig. 8).
The fitted weight-averaged intrinsic viscosity and w* wvalues
suggest conformity between both generalised models. By
using these generalised models it is still not possible to predict
the higher concentrations abowe ~350 mg/mL. When fitting
the experimental data using all the data points available, the
fitted parameters wusually presented poor statistical
correlations (r2 < 0.9, fbh- 1) as well as higher values for [n]w
with no physical significance.

In the study by Galush et al.zﬁ, the protein mixtures were
always prepared to a known total weight/volume
concentration and known weight fractions of each of the
proteins in the mixture. In our case, the presented HPSEC
results (Fig. 2B) showed that the monomer, dimer and trimer
composition  was changing with sample concentration.
Therefore, a weight-averaged intrinsic viscosity was calculated
per sample [eg. 9), instead of being assumed to remain
constant (Table 2), using the data obtained by triple detection
HPSEC (Table 1). The weight-averaged intrinsic viscosity values
were slightly affected.

Using the calculated weight-averaged intrinsic viscosity,
and assuming the different w* wvalues based on the fitted
parameters obtained above, the viscosities were computed for
the studied concentrations (Fig. 9A and 9B) for both
generalised models. When choosing w*™ of higher walues
{derived from fits using all data points), the viscosities were
typically underestimated. On the other hand, using w* values
that were derived from the best fits, 569 mg/mL for the
generalised Ross-Minton model (eq. 7), or 389 mg/mL for the
generalised Krieger-Dougherty model (eg. B), the viscosities
were correctly predicted for the higher concentrations up to,
and including, 450 mg/mL and 350 mg/mL, respectively.

Discussion

The biophysical characterisation reported here aimed at
providing a clear characterisation of the rheological behaviour,
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and the protein species content, of dilute to highly
concentrated sclutions of rAlbumin. From the steady shear
rheclogy of these solutions, it was concluded that they showed
@ Mewtonian-like behawviour. This is in clear contrast to
previous studies of the rheclegy of globular pro‘beinsua'““
where an apparent vyield-behaviour has been reported,
particularly at lower shear rates (< 10 s"}. The reason for this
purely viscous Newtonian-like behaviour is likely due to the
presence of polysorbate-80, a well-known surfactant used in
biopharmaceutical formulations. This is proposed to negate
the effect on rheological properties of surface tension that can
occur due to farmation of a protein film at the air-water
interface.” Similar rheological behaviour has been reported for
globular protein selutions in a buffer also containing a
polysorbate surfactant. %

Fig. 2A clearly shows the wiscosity increase with protein
concentration. From the data in the figure, it is clear that a
larger increase in wiscosity occurred between concentraticns
~250 and ~500 mg/mL. The ~300 mg/mL sample reached a
high shear rate viscosity of ~10 000 times larger than that of
water (1.0015 mPa.s at 20 2C, as defined by MIST). Although
biopharmaceutical formulations are not typically formulated at
more than 200 mg/ml, the literature has discussed similar
increases of \.risl:-::tsit\,u'.“"‘le“xi Therefore, analysing the viscosity
increase  with concentraticn of rAlbumin solutions as a
biopharmaceutical formulation model will help understand
what factors govern this exponential rise in viscosity.

To correlate this increase in viscosity with the increase in
protein concentration and its level of aggregation, further
characterisation with HPSEC was needed. From Fig. 2B it is
clear that there is an increase in dimer and trimer content for
samples > 250 mg/mL.

Triple-detection HPSEC allowed determination of the
intrinsic viscosity and MW of each protein species detected in
the conditions used here. Experimentally calculated molecular
weight walues for monomers and dimers agreed well with the
values reported in literature for human serum and bovine
serum albumin.®® The values for intrinsic viscosity detected
were however, guantitatively different to those in the
literature, possibly due to differences in experimental
conditions (e.g. temperature, mobile phase buffer and flow
rate), which can affect the working conditicns of the
differential viscometer. Howewver, our results for intrinsic
viscosities were still statistically different (p<0.05, cne-way
ANOWA) between monomer and dimer at every concentration
studied. No variation with concentration was chserved for the
intrinsic viscosity wvalues within specific molecular weight
ranges.

The results obtained by DLS were similar to those
described in literature™® — only one peak was detected, with
radii  between 38 - 45 nm corresponding to the
hydrodynamic radius of monomeric recombinant human
albumin (Fig. 3). The hydrodynamic size distribution by volume
showed a slight skew towards monomer size. This reflects the
higher relative contribution of monomer in comparison to low
relative guantity of dimers and trimers in solution. Data from
microfluidic SD5-PAGE (Fig. 51-3) confirmed the presence of
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monomers and dimers in the diluted solutions of samples from
200 — 500 mg/mL, and that no other higher molecular weight
agegregates were present. This information was in agreement
with our data from HPSEC characterisation.

Finzlly, the rheclogy results reported in Fig. 4 and Fig. &
(recorded with mVROC) show that the rheology data of
rAlbumin solutions recorded with a cone and plate rheometer,
were free from surface-tension effects. When, samples were
diluted with surfactant-free buffer it was clear that there were
differences in the measured wiscosities at high shear,
compared to formulated protein solution. These differences
are proposed be related to the lower concentration of
polysorbate-80 present in the 5 and 10 mg/mL samples, and to
some extent those at 50 mg/mL. Polysorbate-80 is present in
the formulation to prevent the macromolecule reaching the
airfwater and solid/water interface.® In these samples, as the
surfactant was diluted during sample preparation to below its
effective concentration, it likely ceased to be sufficient in
preventing the protein from reaching the air-water interface
present when using the cone-plate geometry. As meanticned
before, such surface tension effects have been proposed to
influence torgue measurements at low shear rates, leading to
an apparent yield-behaviour observed as a pronounced
increase in the slope of the viscosity funct'lcn-", where the
sample is no longer Newtonian. Other authors also cbserved
similar differences when adding surfactants to globular protein
solutions. *™*% By studying the rheclogy of protein samples
prepared in surfactant-containing buffer, it is proposed that
the values of viscosity and shear stress measured and are
similar toc a measurement performed with an air-water
interface-free instrumentation, such as the mVROC.

The results discussed so far showed that the rAlbumin
solutions studied were constituted mainly of monomeric
species with a small percentage of dimers and trimers, which
increases, at the expense of monomers present in sclution,
when the solution is concentrated > 250 mg/mL. Since this was
also the concentration at which an increase in selution
viscosity was noticed, it was important to analyse cur rheclogy
data with models that should predict the increase of viscosity
with concentration.

In summary, our analysiz suggested that concentrations
above ~350 mg/mlL have a solution viscosity that depends on
factors other than those taken into account by the models
explored here. These models have been developed based on
their application to low concentrations of particle suspensions,
where each particle would be far apart from ancther encugh
ta not influence its flow.™ Therefore, it is not surprising that
these eguations always apply well to lower concentrations of
albumin.

Although the models presented here are based on hard
quasi-spherical repulsive particles and their excluded volume,
the predicted data typically suggest that @ maximum packing
fraction of rAlbumin (based on the best fits) will always be
lower than  the highest  concentrations  achieved
experimentally (~450 - 500 mg/mLl). In addition, wviscosity
prediction, according to pure hard-sphere particle models,
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clearly underestimates the viscosity walues for concentrations
higher than ~100 - 150 mg/mL.

One possible suggestion to explain such deviation from
predictions at high concentration is that the maximum packing
concentration could be dependent on solution composition
e.g. the relative guantity of monomers and cligomeric species
such as dimers and trimers. It is kEnown that suspensions
composed of binary sized spherical particles yield a maximum
packing fraction approximately larger than the random close
packing for 2 hemogenous susp-ension_"&z:' Howewver, albumin
iz a prolate ellipsoid that has been shown to influence the
maximum packing fraction. It has been predicted that for
globular protein solutions up to approximately 250 mg/mL
with the protein having a 5:1 aspect ratio, the increase of
jamming limit would not be s'lgniﬁcant.” The models
employed so far assume that associative species remain with
the same globular shape, which is clearly not the case.

Apart from shape, it is unlikely that rAlbumin could
resemble a hard particle, as its homologue HSA has been
reported to exhibit a drop in intrinsic  viscosity  with
temperature im:rease‘!, and its marmmalian variant BSA has
been shown to have an intrinsic wviscosity which is pH-
dependent.“ These studies, along with others from protein
hydrodynamic analysis “"D, point towards the influence of
protein conformation in wviscosity studies, via a change in
intrinsic wiscosity depending on the solution conditions.
Therefore, as the protein is further concentrated, changes in
protein conformation could be a factor to account for the slow
increase of wiscosity compared to hard sphere model
predictions. In addition, this slow increase could also be due to
the repulsive nature of inter-protein interactions, which is a
phenomenon that has been cbserved for sterically stabilised
colleids.*

The dewviation from models seen at higher concentrations
[= 350 mg/mL) could be related to a glass transition similar to
that which occurs with coelleidal hard spheres. In this case,
accounting for repulsive excluded wvolume, suspensions are
expected to approach a glass transition at volume fractions ¢
= (.58 before approaching the random close packing fraction
(b = 0.54}_22 When the concentration approaches a glassy
state, the particle is caged by the presence of neighbouring
particles, thus slowing down its flow and leading to increased
viscosities. In the case of rAlbumin, an analogous glass
transition behaviour could be taking place at the
concentrations between ~400 to ~500 mg/mL based on similar
results seen with highly concentrated solutions of BSA.™ This
would suggest that these concentraticns are approaching the
jamming limit but doss not explain why viscosities cannot be
predicted in conventional models. Finally, it is precisely the
sample range between 350 mg/mL and 500 mg/mL that
showed an increase in the relative guantity of dimers {with a
respective decrease of monomers). Therefore, it does suggest
that the change of composition and the increase of viscosity
with increase of concentration are connected and needs to be
addressed in these models.
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Conclusions

In this work a range of ralbumin solutions, in a formulation
buffer containing NaCl and a surfactant, were analysed for
their rheclogical behaviour with the aim of understanding the
effects of high concentration on solution viscesity. Rheological
measurements showed that the solutions behawved as purely
viscous fluids in the range of the applied shear rates. It was
observed that as the protein concentration increased in
solution, the samples presented an increase of wviscosity. All
samples showed the same oligomeric species were present in
solution; monomers, dimers and trimers of rAlbumin. As
concentration increased to ~500 mg/mL, the relative quantity
of dimers and trimers increased along with a corresponding
decrease of monomer. By DLS and microfluidic SD3-PAGE
analysis, the solutions showed no other signs of impurities
such as other higher order aggregates or protein fragments.
Throughout this study several experiments proved that
concentrating the rAlbumin = 200 mg/mL did not seem to have
any other effect besides the increase of solution viscosity and
the change in relative composition of protein species.

& comprehensive theoretical analysis of the rheoclogical
experimental data was performed using different models that
are commonly applied to predict protein solution viscosity. The
Ross-Minton  and  Krieger-Dougherty  eguations  were
demonstrated to predict our experimental data up to 350
mg/mL When considering the protein inter-distance and thus
the effect of interaction potential upon viscosity, the soluticn
viscosity couldn't be predicted for concentrations = 150
mg/mL.

Generalised versions of the Ross-Minton and Krieger-
Dougherty equations were also studied and the results showed
that the former could successfully fit when using experimental
data up to ~400 mg/mL of rAlbumin. Although these models
assume that the protein species are hard particles throughout
all conditions observed, the equations account for
multiplefoligomer species, which determines a weighted
approach to intrinsic viscosity suggesting a variation in these
species as protein concentration increases. The fact that our
analysis produced better fits using these generalised equations
further highlights the importance of considering the variaticn
in composition within a protein solution, thus justifying the
complete characterisation of cligomeric species present. It is
important 1o note that no other analysis typically accounts for
this variation using a sample composed of cne protein only.
We however suggest that other factors related to highly
concentrated solutions may still also need to be considered,
particularly since those concentrations not fitted were the
most concentrated (> 400 mgfmL), where crowding effects
should be more accentuated.

In conclusion, the example of rAlbumin explored here
highlights that knowledge of how the protein oligomeric
species composition varies between samples of increasing
concentration, is a key factor for predicting the viscosity of
protein soclutions. Application of this knowledge to liguid
formulations of therapeutic macromeolecules (such as mAbs)
would be important to further understand further its solution
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Fig. 1 Experimental stzady shear rheclogy of ralbumin salutions obtained with cone-plate 50 mm, 1%, or cone-plate 40 mm, 0.3%, 3t 20°C. 14 and 1B - Viscosity values are
shown for ramping down (dosed dcircles) and ramping wp (lines] shear rates. A - Samples from 0.1 to 100 mg/mL. B - Samples from 10 to 500 mg/mlL. € - Flow curves for
=xpariments| staady shear rhaclogy of rAlbumin solutions from 10 to 500 mg/mL. Shear stress values are shown only fior ramping down shear rates.
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Fig- 2 & Viscosity of rAlbumin solutions ranging from 0.1 mgfmlL to 500 mg/ml [target concentrations). Wiscositizs are taken at high shear (v = 1000 5-1) at 20 °C. Viscasity values
are represanted as an average and standard deviation (error bars) of 3 separate measwrements for 2ach sample. Concentrations are represented as average of 3 measurements
and error bars are standard deviation. B HPSEC corwentional methed for determining lzvel of aggregation of rAlbumin sclutions showing relative peak areas in %. Dat in squares
represent an average of 3 readings per sample. Enror bars are standard deviation per sample for peak area % (y-axis) and for concentration {x-zwxis]. &l samples were diluted to 10
mgfmL prior to analysis when necessany.

Table 1 HPSEC triple detection valuas of peak area, bulk molecular weight [MW) and bulk intrinsic viscosity (IV] for monomers and dimars detected in rAlbumin solutions. Averags
and standard deviations are reported for 3 szparate measurements per sample.

Sample lMonomer Dimer
(mg/mL) Feak Arez (%) MW (kDa) ] (mLimg) Peak Area (3] N [kDa) i
g, ] (mLimg]
50 56.11 £0.03 4588 £ 297 0.00403 £ 0.00004 3231002 121239+1171 0.00482 £0.00014
100 5597 £0.10 665443 +533 0.00402 + 0.00017 403 +0.10 143044 £12515 0.00446 *+ 0.00083
200 5571+ 0,01 £4656 + 580 0.00408 + 0.00006 423+ 0.01 120356 + 1563 0.00477 + 0.00044
250 55.68 £0.01 64791 +745 0.00405 £ 0.00006 4321001 132466 + 5446 0.00505 £ 0.00072
350 5465 +0.24 66090 1730 0.00412 + 0.00005 531+0.24 138341 + 8136 0.00441 + 0.00101
400 S4.46 £0.02 5290 +135 0.00410 £ 0.00002 5541002 132674 £ 3636 0.00485 £ 0.00050
450 5433 £0.01 65358 +184 0.00408 + 0.00004 Se7t0.01 121580 + 3836 0.00462 + 0.00047
500 5380 +0.01 EG066 +242 0.00412 + 0.00006 610+ 0.01 132140+ 4754 0.00467 +0.00056
12 | ). Nome., 2012, 00, 1-2 Thisz journal is © The Royal Socisty of Chemistry 20xx
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Fig. 6 Experimental cone-and-plate rheometry data [squares) fitted to Ross-Minton’s eguation [=q. Z). Relative viscosity was obtained by dividing =ach of the samples high shear
wiscosity ["“1[!]]:": by the sveraged buffer viscosity 1.038 T 0.013 mPa.s. Fits were caloulated by fixing [n] and b=aving the parameter kv fre= and are as fallows: blue line, [v] =
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=quation to sxperimental data using free par Fit was leaving Bath (1] and wfv frae: [q] = £.20010° £ 1.5%00°%; wiv = 0.45 * 0.024; ¢ = 0.959 and y* = 0.40.
Experimental data used for this fit was only up to 350 mg/mL
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viscosity. Howewer, in this case, protein structure could also
play an important role, where protein-protein interactions
between protein domains have been shown to also influence
solution viscosit‘,r."'u

The relevance of this study to pharmaceutical sciences is
that it wultimately shows the importance of better
understanding the underlying factors leading to the high
wviscosity of highly concentrated biopharmaceutical liquid
formulations. By using improved models, prediction of protein
solution wiscosity could eventuzlly bring advantage to early
phase development studies, and ultimately help develop
better highly concentrated biopharmaceutical foermulaticns,
allowing painless sub-cutaneous administration to patients.
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Using peptides as therapeutic agents are undergoing research with expectations to discover a

new drug that has enhanced levels of efficacy and safety. Peptides full capabilities and potentials will
only be understood only if their physiochemical and pharmacokinetics are clearly understood. The
research paper is on how a self-assembly strategy for peptides can be used to control and even prolong
the bioactivity of another natural peptide hormone in vivo. Having high potency and specificity and also
safety structure, peptides are unique and have the potential for the development of therapeutic agents. It
is, however challenging as the number of peptides in the market has low solubility, aggregation
propensity, chemical instability, little stability against high clearance and short duration of in vivo
activity. There are several ways of improving peptide bioavailability with one being engineering peptide
analogs that contain unnatural amino acids and conjugate them to polymers, fatty acids, or other
abundant proteins. Since the subcutaneous injection is one of the most common ways through which
most peptides are administered, there is need to reduce a frequency of dose, have accurate deliver and
achieve consistency while applying and these requirements are vital in and needs to be adhered to during
treatment where one wants to make and manage chronic diseases effectively. Another different way of
approaching the drawbacks, as stated above, would be employing processes that occur naturally like
supramolecular self-assembly. The means are solely based on the idea that polypeptide chains align
themselves into o f-sheet abundant amyloid-like fibrils.

The Oxi (oxyntomodulin) peptide hormone has been tested as a treatment of obesity by reducing
the amount of food ingested increasing energy used in both humans and rodents. Local Oxm is capable
of achieving weight loss and glucose control simultaneously, thereby being a suitable agent for the
treatment of both diabetes and obesity. Oxfam has a short elimination half-life of 12 minutes in humans,
a drawback currently being foreseen by engineers.

Based on this inference, the wide utilization of self-assembling nanofibrils still requires evidence
of inclination of natural peptides to be formulated as self-assembling nanostructures (reversibly).

Oxm is capable of self-assembly into nanofibrils since it has 29amino acid glucagon sequence
under serene conditions into nanofibrils which dissociate releasing active peptide under physiological
states. It is also evident that Oxm administration in mice produces the pharmacological glucose-lowering
effect. With these studies, it is an apparent reduction of dose frequency via reversible self-assembly
plays a vital role in the treatment of chronic diseases like diabetes and obesity.

Oxi under high yield and mild state can be converted into fibrillary nanostructures estimated at

99% under some optimum conditions depicting amyloid-like properties.
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Oxm nanofibrils when incubated under five different media dissociated releasing intact
peptide. Electrostatic interactions proved to have a significant impact on the stability of fibrillar Oxm.
The different states on equilibrium are hence attained concerning the countries of the solution such as
pH, peptide concentration and the various salts available. The full dissociation of glucagon fibrils
given time, happen under high dilution.

From the results obtained, it is evident that self-assembled peptide has the capability of
releasing helical conformation like peptides which is a crucial fundamental element necessary for cell
receptor activation.

DPI (dual polarization interferometry), a technique employed in the dissociation profile of
Oxm nanofibrils, was used in the characterization of the dissociation process of the nanostructures in
conditions emulating the s.c. Compartment. However, contrary to amyloid-like fibrils known for their
stability under several solution conditions, Oxm nanofibrils (under physiological conditions in PBS)
dissociate.

The chemically-stable peptide released is found to be active and nontoxic in vitro. In
physiological conditions, Oxm can be used as a reservoir where active peptides are kept stored and
released with dissociation of nanofibrils. This proves that fibrils in their maturity stage are nontoxic
reservoirs of polypeptides and non-fibrillar oligomeric assemblies being toxic.

Oxm nanofibrils, when laced in vivo, produced an effect that lowered glucose level.
Furthermore, Oxm when dosed in vivo presented prolonged serum bioactivity. With our study, it is
evident that peptide hormones like the Oxm self-assemble in a reverse manner. The data acquired had
an inference that Oxm formulation of nanofibril produces an effect of lowering the glucose level. With
this data, we are provided with a fundamental basis under which we can create a more in-depth
understanding of the possible merits of nanofibril formulation. To improve on the serum stability of
the peptide, there would have to be binding of self-assembling nanostructures discretely.

The balance between monomeric and fibrillary states can be managed by enhancing self-
assembly conditions to give a more precise fibril structure and peptide confirmation with the
corresponding improvement in vivo performance of fibril formulation. The study makes it possible for
a concise assessment of the clinical application of self-assembling (reversible) Nano fibrils.

Finally, we can employ this strategy to other peptides to self-assemble into nanostructures,

provided that fibrillar condition is exploited to store peptides by the secretory cells.
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Controlling the bioactivity of a peptide hormone
in vivo by reversible self-assembly

Myriam M. Ouberai', Ana L. Gomes Dos SantosZ, Sonja Kinna', Shimona Madalli?, David C. Hornigold?,
David Baker?, Jacqueline Naylor®, Laura Sheldrake®, Dominic J. Corkill®, John Hood®, Paalo Vicini®,
Shahid Uddin?, Steven Bishop’, Paul G. Varley? & Mark E. Welland'

The use of peptides as therapeutic agents is undergoing a renaissance with the expectation of
new drugs with enhanced levels of efficacy and safety, Their clinical potential will be only fully
realised once their physicochemical and pharmacokinetic properties have been precisely
controlled. Here we demonstrate a reversible peptide self-assembly strategy to control and
prolong the bioactivity of a native peptide hormone in vivo. We show that oxyntomadulin, a
peptide with potential to treat obesity and diabetes, self-assembles into a stable nanofibril
formulation which subsequently dissociates to release active peptide and produces a phar-
macological effect in vivo. The subcutaneous administration of the nanofibrils in rats results
in greatly prolonged exposure, with a constant oxyntomodulin bioactivity detectable in serum
for at least 5 days as compared to free oxyntomodulin which is undetectable after only 4 b
Such an approach is simple, cost-eficient and generic in addressing the limitations of peptide
therapeutics.
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of therapeutic agents owing 1o their high polency and spe-

cilficity and their excellent safety profile. In 2013, dinical trials
ol 128 peplides demonstraled their ability 1o treal a broad range of
conditions, including cancer, auloimmune, cardiovascular, and
metabolic diseases™ %, Although there are a number of peptides on
the market their full potential as therapeutic agents remains a sig-
nificant challenge due to their low solubility, chemical instability,
aggregation propensity, low stability against proteases, high cear-
ance, and short duration of in vivo activity™ ¥. Strategies to che-
mically modify peptides are therefore being developed from native
peptide sequences to optimize peptide stability and residence time
in serum. One of the common ways of improving peptide bioa-
vailability is to engineer peptide analogs containing unnatural
amino acids and conjugate them to fatty acids, polymers, or large
proteins® 5, Considering that subcutancous (s.c.) injection is the
most common administration route for peptides, reducing the
injection frequency and achieving consistent and accurate delivery
arc requirements for treatment adherence and patient comfort—
especially in the effective management of chronic diseases. To this
end, the pharmacokinetic properties of peplide analogs can be
optimized for long-term controlled release using polymer-hased
formulations (eg., the marketed formulations Bydureon®, Zola-
dex®, and Lupron Depot®)7.

A very different strategy of addressing the limitations above is
to use naturally occurring processes such as supramolecular self-
assembly, by which many polypeptides form highly ordered and
stable nanostructures® '*, This remarkable generic process, which
is exploited by living systems, is based on the intrinsic propensity
of polypeptide chains to self-assemble into [-sheet rich amyloid-
like fibrils via a hydrogen bond network'. For instance, various
peptide hormones including glucagon are stored in the form of
amyloid-like nanofibrils in secretory cells'?, and the concept of an
amyloid depot has been applied to the design of an analog of the
gonadotropin-releasing hormone degarelix available in the mar-
ket as Fimlagnn"ls. Upon s.c. administration in both rodents and
humans, degarclix forms a depot attributed to the formation of
amyloid-like fibrils from which the peptide is released into the
systemic circulation® 17 Yet, in spile of this very particular
example, based on a short (10 amino acids) and chemically
maodified peptide sequence lacking secondary structure, the broad
application of seli-assembling nanofibrils as a strategy 1o address
the limitations of peptide therapeutics still needs evidence of the
propensity of native peptides to be formulated as reversibly self-
assembling nanostructures; the release of active peptide from the
nanofibrils which recovers its initial conformation and produces a
pharmacological effect; the sufficient in vivo release of active
peptide from the nanofibrils to achieve the desired pharmacoki-
netic profile.

P eplides have unique potential as a basis for the development

In this study, we investigate a native peptide, oxyntomeodulin
(Oxm), which is a 37-amino-acid proglucagon-derived peptide
hormone with sequence homology to both glucagon and
glucagon-like peptide-1 (GLP-1)"®. As a dual agonist of both
glucagon and GLP-1 receptors, Oxm has been shown 1o be a
promising pharmacological agent in the treatment of obesity as it
suppresses food intake and increases energy expenditure in both
rodents and humans' **. Native Oxm has the advantageous
property of simultaneously achieving glucose control and weight
loss and consequently is an attractive therapeutic agent to treat
both diabetes and obesity™. However, the clinical impact of Oxm
is currently limited due to its short elimination half-life of 12 min
in humans, a limitation which is currently being addressed by
complex engineering of analogs. For instance, substantial mod-
ification of the Oxm primary sequence is necessary to reduce
proteolytic degradation and increase in vivo circulation time?*%7,
This complicated approach to engincer the native peptide
sequence in order to both retain activation of glucagon and GLP-
1 receptors together with a prolonged residence time in serum is
challenging. For example, the recent finding that Oxm analogs
increased food intake in rals, exactly the opposite of what is being
targeted, illustrates the complexity of achieving the desired
therapeutic effect based on peptide sequence modification®,

We take a much simpler approach. As Oxm contains the
29-amino acid seq” nce of glocagon we expected it to self-assemble
into nanofibrils'® **, Here we show that Oxm readily self-assembles
under mild conditions into nanofibrils having intrinsic long-term
stability, which can be controlled to subsequently dissociate to
release intact and active peptide under physiological conditions. We
characterize the reversible self-assembly process using a unique
suite of complementary techniques and assays, and describe the
in vitro and in vivo bioactivities of fibrillar and released peptides, as
well as the pharmacology and pharmacokinetic profile of fibrillar
Oxm. After s.c. administration of the nanofibrils in rats, Oxm
bivactivity in serum is significantly prolonged with the equivalent of
1 nM Oxm present in serum for at least 5 days after a single sc.
injection of 10 mg kg !, Following administration of the same dose
of free Oxm, serum Oxm bioactivity is undetectable after 4h. We
also show thal s.c. administration of fibrillar Oxim in mice produces
a pharmacological effect on glucose lowering, These studies
demonstrate the potential of reversible self-assembly to reduce dose
frequency while maintaining efficacy for peplide therapeutics used
to treat chronic diseases such as obesity and diabetes.

Results

Oxm self-assembles into fibrillar nanostroctures. Self-assembly
of Oxm was carried out at a concentration of 10 mgmL ™" in
water at an incubation pH of between 7.0 and 7.3 and at a low

Fig. 1 Seli-assembly of Oxm. a-c Photographs, schematic representations and AFM images of freshly prepared peptide at 10 mg mL 7 in 0.09% saline a, alter
5 days of incubation with orbital shaking b and after incubation of 0.1mgmL 7 fibrils with 3 10mgmL ! free peptide solution in water e Scale bar, 1jm
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Fig. 2 Structural properlies of free and fibrillar Oxm. a-d Free (black) and
fibillar (biued Oxmn at Tmg mL 7 in 0.09% saline. Far-UV CD a, ATR-FT-IR,
b and ThT emission spectra € and DLS analysis (Error bars represent
standard dewviations oblained from eight measurements of the same
sample} d

ionic strength (0.09% saline), in order lo screen the posilive
charge (approx. 3+) of the peptide. In order to further promote
sell-assembly, the solution was incubated at 37 °C and agitated by
orbital shaking The freshly prepared solution was clear, and
atomic force microscopy (AFM) analysis showed a homogeneous
and smooth layer of peptide that was deposited onto mica
(Fig. la). No noticeable aggregates were visnalized. After incu-
bation for 5 days, the solution turned turbid due to the formation
of a suspension of aggregates (Fig. 1b). AFM analysis showed the
presence of fibrils with ~10 nm diameter and up to 1 pm length,
grouped into bundles. The conversion yield of the self-assembly
of Oxm into fibrillar nanostructures was estimated to be 99%
under these conditions.

The nanofibrils were next uwsed to seed a solution of free
peptide at 10mgmL™" in water. The solution was incubated
without agitation for 1 weck and then diluted to | mgmL™! in
0.09% saline for another 2-9 days of incubation at 37 °C and then
9 days at room temperature. Most of the free peptide in the
solution was converted into nanofibrils with a conversion rate of
94%. The solution took on a gel-like consistency, and the AFM
analysis showed a metwork of nanofibrils with diameters of
~10nm and lengths between 2 and 9 pm (Fig. 1c).

Structural analysis of free and fibrillar Oxm was performed
using far-UV circular dichroism (CD) (Fig. 2a and Supplemen-
tary Fig. 1). Free peptides were mainly arranged in an a-helical
conformation (36% o-helical and 12% [)-sheet content). In
contrast, the far-UV spectrum of fibrillar Oxm showed a
significant change in the secondary structure, with 57% f[-sheet
and 14% wa-helical content.

A conformational change of the peptide was also assessed
by attenuated total reflection (ATR) Fourier transform infrared
(FT-IR) spectroscopy (Fig. 2b). The analysis of the ATR-FT-IR
data suggests that free Oxm is composed of disordered and a-helix
structures as indicated by the band at 1650-1655 cm 130. 31 By
contrast, fibrillar Oxm displays a maximum at 1624 cm™' as well
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as a prominent shoulder at 1641 cm ™, which indicate that peptide
conformation is composed of fi-sheet structure. The presence of a
band at 1662 cm ™! can indicate the presence of fi-turn or 3,4-helix
structures*™ 1,

When the probe thioflavin T (ThT) was applied to fibrillar
Oxm, a characteristic fluorescence emission at 480 nm confirmed
that the peptide had adopted a cross-f-sheet conformation
(Fig. 2602, As expecled, no emission was observed in the presence
of freshly prepared Oxm, Finally, dynamic light scaltering analysis
of free and fibrillar Oxm showed a significant shifi in the size of
species present in solution (Fig, 2d). For the free peptide solution,
the size distribution shows a major sub-population of species with
a mean diameter of 3.6 nm. In contrast, the fibrillar Oxm sample
contained significantly larger species, with a mean diameter of
225 nm. Altogether, we show that Oxm can be converted, under
mild conditions and with a high yield, into fibrillar nanostructures
displaying amyloid-like features.

Oxm nanofibrils dissociate to release intact peptide. To assess
the stability of fibrillar Oxm, 1mgml™" nanofibrils were
incubated in five media: phosphate buffer (25 mM, pH 7.5),
Tris-HCl buffer (25 mM, pH 7.5), 0.09% saline, water and aqu-
eous HCI (10 mM, pH 2). After 48 h in 0.09% saline, fibrillar Oxm
was stable and no release of peptide was detected from the fibrils
(Supplementary Table 1). As the stability of hormone fibrils has
been described to depend on the presence of salts of monoprotic
or polyprotic acids®, the stability of fibrillar Oxm was assessed in
phosphate and Tris-HC| buffers. In both buffers, fibrillar Oxm
was stable with less than 1.5% of released peptide detected after
48 h. By contrast, in water 37% of peptide was released after 4 h
incubation, and 53% was released by 48h (Supplementary
Table 1). Moreover, in aqueous HCL, a 77% release was observed
after only 4h. This shows that electrostatic interactions play a
major role in the stability of fibrillar Oxm—ithe positive charge
of the peptide at both acidic and neutral conditions induced
an electrostatic repulsion between peptide molecules, which
rendered the fibrillar state unstable. The presence of salts such
as NaCl, Fhmphale or Tris-HCI stabilizes the fibrillar state at
I mgmlL". We therefore anticipate that different equilibrium
states are reached depending on the solution conditions, such as
the peptide concentration, the presence of various salts and pH.
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Investigations to forther characterize the equilibrium properties
of the system under various conditions are ongoing.

The AFM images of released peptide in water show a smooth
layer of peptide spread onto mica (Fig. 3a, b). As measured by
mass spectrometry, the peptide remained chemically intact after
release from the nanofibrils ([M +H[*=44509, Fig. 3a, c).
Furthermore, the far-UV CD spectrum of released Oxm in water
shows that the peptide recovered its initial conformation, which is
characierized by helical and disordered structures in proportions
similar to free peptides (Fig. 3a, d and Supplementary Fig. 2).
These results highlight the ability of self-assembled peptide
nanofibrils to release intact peplides that can fold from a cross-i-
sheet structure back to their initial helical conformation, which is
a key structural element for the activation of cell receptors™,

A surface-based technique, dual polarization interferometry
(DPI), was used to assess the dissociation profile of Oxm
nanofibrils under conditions mimicking physiological pH, ionic
strength and temperature, with the fibrils in interaction with one
main component of the s.c. space, and with peptide cleared upon
release from the fibrils. DPI is one of the most powerful label-free
biosensing techniques available; it can be used to monitor the
real-time phase changes resulting from the variation in thickness
and refractive index of layers deposited on the top of a
sensor®™ 8, In this study, DPI was used to characterize the
dissociation process of fibrillar nanostructures in conditions
mimicking the s.c. compartment (with continuous flow to clear
released peptide wpon fibril dissociation and fibrils deposited onto
a collagen layer: Fig. 4a)*”. A decrease in phase changes as a
function of time is observed under these conditions, indicating
the removal of material from the surface, with a sharper decrease
during the first 4 h in waler than in phosphate-bufiered saline pH
74 (PBS; Fig. 4b). AFM images of the surface before (Fig. 4c)
treatment, and after ﬂrrwing with PBS {Fig, 4d) or waler {Fig, 4¢)
for 20 h, show that the removal of materials corresponded to
a dissociation of the nanofibrils. This result is indicated
visually by less fibril coverage on the surface of the sensor, with
only a few residual short fibrils imaged after incubation in water.
Quantification of the change in thickness, density and mass after
4h incubation shows that 42% of the deposited material was
removed from the surface in water, whereas only 10% was

4 NATURE COMMUNICATIONS |8 1026

removed in PBS (Supplementary Table 2 and Supplementary
Fig. 3). Therefore, under physiological conditions in PBS, Oxm
nanofibrils dissociate with a sustained release profile. This finding
contrasts with the trend observed for amyloid-like fibrils, which
are known to be stable under various solution conditions.
For instance, glucagon fibrils are generally stable even under
the harsh conditions of thermal and chemical denaturation,
but their stability appears to be related to the structure of fibrils
and self-assembly conditions (salts, peptide concentration and
temperature)’®, In those experiments, the trend observed implied
that complete dissociation of glucagon fibrils can ocour upon high
dilution, given time.

The released peptide is active and nontoxic in vitro. Having
shown the chemical stability of the released Oxm, we assessed
its functional potency in comparison to that of free and fibrillar
Oxm. Agonist potency determination for all samples was
performed using cAMP accumulation assays in Chinese hamster
ovary (CHO) cells expressing recombinant human GLP-1 (hGLP-
1R} or glucagon (hGCGR) receptors (Fig. 5a, b). Free, released and
fibrillar Oxm all acted as full agonists in hGLP-1R- and hGCGR-
expressing cells, compared to the maximum effects of GLP-1 or
glucagon peptides in GLP-1R and GCGR assays, respectively.

Released and free Oxm had comparable potencies against hGLP-
IR, with ECs, values of 96,6 + 31.0 (geometric mean =+ s.em.) and
724 4 179 pM, respectively, whereas fibrillar Oxm was approxi-
mately 40-fold less potent with an ECsy of 29383 +655.7 pM
{Supplementary Table 3). In the hGOGR-cxpressing line released
and free Oxm also showed similar potencies, with ECsy values of
260+ 52 and 18.2+42pM, respectively, whereas fibrillar Oxm
was ~62-fold less potent, FCsy 112005 43022 pM (Supplementary
Table 3). Formation of nanofibrillar structures is expected 1o
preclude pharmacological activity of the peptide, therefore any
measured in vitro activity of the fibrillar material is likely to be due
to release of small amounts of non-fibrillated peptide in the assay
conditions.

To assess the in vitro cytotoxicity of Oxm species, a cell
viability assay was performed in the presence of free, released, and
fibrillar Oxm. Metabolic bicactivity of living cells was measured
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through bioreduction of a resazurin-based dye (Fig. 5¢). None of
the forms of Oxm were cytotoxic at concentrations up to 1000-
fold above the ECy, value in the CHO-hGLP-1R cell line. Two
positive control cytotoxic agents, Ro-318220 and staurosporine,
both protein kinase C inhibitors, showed the expected curves of
concentration vs. loss of cell viability. These studies show that the
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fibrillar state of Oxm is not acutely cytotoxic at the concentrations
tested and can be used as a reservoir in which active and nontoxic
peptides can be stored and released upon dissociation of the
nanofibrils under physiological conditions. Our result is in
agreement with studies describing mature fibrils as harmless
reservoirs of polypeptides with the toxic species being the non-
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Dynamic light scattering analysks. The intensity distribution profiles of freshly
prepared and fibrillar Oxm (1 mgmL ") in 0.09% saline al 25 °C were delermined
by DLS using a Fetasiver Mano 25 (Malvern Instruments, UK) al a back-scattering

angle of 173",

Stability studles. Solutions of fibrillar Oxm at 1 rrlgml.'I in phosphate bulffer
(25 mM, pH 7.5}, Tris-HC| buffer (25 mM, pll 7.5), water (pH 55-6.2), 0.09%
saline (pH 5.9-6.2) and aqueous HCI {10 mM, pH 2) were incubated for 4 and 48 h
undder guiescent conclitions at 37 *C. The samples were lirst centrifuged a1 16,200xg
for 30 min. The collected supernatant was then fillered through a 50 kDa melecalar
weight cotedl membrane. The concentration of peptide was measured in the filtrate
and compared o the initial peplide concentration o assess the perceniage release.
Rebeased peptides in water were used for further studies. Mass ‘tra were
obtained by matriz-assisted laser desorption ionization (MALDI) on a Bruker
ultrafleXireme mass speciromeier. The net charge of the peplide va. pH was
calculated vsing GPMAW 9522 software.

Dissociation study of fibrillar Oxm using DPIL A dual polarization interferometer
(Parficld Analight 4D, Biolin Scientific AB) was used to aptically characterize the
dissociation prodile of fbrillar Oxm deposited onto collagen-coated sensor chips.
Deetails of the insirumentation has been described previously™. Human collagen,
dilued i l'i.lm;ml.'] in waler, was first deposited onto the unmodified oxynitride
sensor chip and left 1o dry al room temperature before being briefly rinsed with
waler. Then, fibrillar Oum {1 mgm].". HrpL) in 009% saline was deposited onto
the collagen layer and left o dry at room temperature without rinsing. Water or
PBS solutions were continuously flowed over the deposited fibrillar (¥am layer at a
rate of 20l min Tat 37°C. After incubation, aquesus 10mM HOL{pH 2) and 2%
Hellmanex in waler were injected o remove any residual materials (including the
collagen layer) before proceeding to the chip calibration using 80% (w/w) ethanol
i water. Data were analyzed vsing the Analight Bxplorer 1.6.0.27583 (Farficld-
Biodin Scieniific AB, Sweden) to calculaie the layer refractive index, density,
thickness, and mass>L. Variations in the layer properties were calculated from
the maximum values at the stant of incubation. As blood is almost phosphate
free, the dissociation of fbrillar Oxm was also monilored in a Tris-buffered saline
(TBS) and compared 1o waler (Supplementary Fig. 3). Similarly to PBS, dower
dissociation was ohserved in TES compared (o water. Finally, removal of materials
from a collagen layer was assessed in waler and PBS (Supplementary Fig. 3).

A negligible amount of collagen was removed from the surface in water. [n PBS, the
phase change stabilized after an initial decrease.

Potency assay. In vitro agonist podencies of free, released, and fibrillated Oxm
were determined in cAMP accumulation assays in CHO cells that were stably
transiecied with human GLPLR or human GUGR receplor™*%, In briel, peplide
samphes were incobated with cells plated at 500 cells per well in 384-well black
shallow microtiter plates (Corning, USA) for 30 min prior to lysis and detection
using the HTRF cAMP dynamic 2 assay kit (Cishio, France). Plates were then
incubated for 1 h prior o reading on an Envision plate reader (Perkin Elmes, USA).
Hleven-paint duplicate concentration-resg CUrves were g ed for thres
independent experiments, and data were represented as the percent activation of
the maximum reference ligand. Curves were filled wsing nonlincar regression
analysis in GraphPad Prism software 6.03 {GraphPad, USA).

Cell viability assay. CHO-hGLP-1TR cells in EJ'“W‘IM mediom (DMEM, 1%FES
Sigma-Aldrich) were plated at 10,000 cells per well in %6-well black dear-batiom
poly-p-lysine-coated microditer plates (Corning, USA). Cells were pretreated with
O or cytotoxic standards (staurosporine, Ro-318220 Signa-Aldrich) for 48 b,
followed by incubation for 5 h with reszurin dye (in vitro toxicological asay kit,
Sigma-Aldrich) at 37 °C in a 5% ({}, aimosphere. Fluorescence emission was
measured al 590 am (560 nm excitation).

Pharmacodynamic studies. All in vivo procedures were conducied under the
authority of a UK Praject license which had been reviewed and approved by an
Animal Wellare and Ethical Review Body (AWERE) in compliance with EU
Directive 2000063/EU before amy work was carried oul. Mice were housed under
standard conditions with a 12 h light/dark cycle and ad libitum access 1o food and
waler. Thirty-nine C57BLAG wild-type mice were sourced from MEC Harwell,
Ouford, UK and randomized into five groups based on body weighl {average body
welght 338 g). Free and fbrillar Oxm were formulated a1 Imgm[." stock in QU0
saline. Food was remowed from animals at 8 AM, at a time when all animals had a
blood ghicose measurement made from a drop of bload obizined from a tail prick
sample al haseline, 45 min, 2, 4, and & h using a hand-held glucometer (Contour
NXT, Bayer). Group 1 (n="7) received vehicle 0.09% saline, Group 2 (r=4)
received positive control liraglotide 0.03 mglkg ! (4 h later, such that the first
injection was 2 h prior 1o the glucose tolerance test), Group 5 (0 = 8) received
free Chxm al 10 m_gkg" {Imnl.l.g"]. Group 4 (1= 8) received fibrillar Oxm

10 mg kg~ (10 ml kg "), and Group 5 (n = B) received fibrillar Oxm at 20 mg kg ™!
(20 ml kg ™'} via s.c. injection. After 6 b, animals were injected with glacose ip at
Eglcg" and glucose measured at 15, 30, 45, 60, 9, and 120 min post-injection. All
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data are mean + s.em. Significances were determined using two-sided, unpaired
Hudeni's -lesl vs. wehicle.

Pharmacokinetic studles. All in vivo procedures were condocted under the
anthority of a UK Praject license which had been reviewed and approved by an
Animeal Welfare and Ethical Review Body (AWERE) in compliance with EL
Drirective 2000/63/EL) before any work was carried ool. Lean male CD rats (Charles
River Sprague Dawley substrain rats™) weighing 200-250 g at the start of the study
(Charles River, UK) were housed under siandard conditions with a 12 h light/dark
cyde and ad libitum access 1o food and water. Free and Obrillar Oxm were
Fosrmulated ad lmugml.'I stock in (L% saline. Groups of three animals were
injected with either free Oxm at Smgkg ! iv. (Sml kg ), free Oxm al 5 or
10mg kg s (5 or 10mL kg ') or fibrillar Oxm at 5 or 10mg kg s.c (5 or
'll'hml.kg"]. Serum samples were collected from Lv-injected animals at 5, 10, 15,
20, 30, 45 min and 1, 2, 4, &, and 24 h and from s.c.-injected animals at 5, 10, 15, 3,
45 mim, 1, 2, 4, &, and 24h and 2, 3, and 5 days. Blood samples were taken into
serum collecting tubes containing DPPA inhildtor (Millipore, UK), allowed 1o clol
for 30 min and then spun to obtain serum, which was stored al —80°C until the
assays were performed. Serum peplide content was delermined as apparent
concentration measured by ex vivo boactivity in serwm using an o vitro cell-based
cAMP bioassay (Cisbio, Prance) for determining agonist bicactivity at human
GLPIR and human glucagon receplor as described in potency assay abowe™: >,
In brief, CHO K1 cells stably transfected with cither human GLPLR or human
plucagon receplor were used Lo determine peptide concentralions in serum by
comparing the degree of cAMP accamulation in ssrum samples from treated
animals against a standard curve generated by spiking peptide into naive pooled
miale ral serum (Seralabs, Wesl Sussex, UK) using acoustic dispensing. Bioactivity
data were analyred using nonlinear regression analysis in GraphPad Prism. SAAM
Il software (The Epsilon Group, Charlotiesville, ¥ A; version 2.1) was used lor the
pharmacekinectic analysis. Maive pooling and moded-based weights were used for
nonlinesr regression. The final model s shown in Supplementary Fig. 6.

Data availability. All dala supporting the findings of this study are available within
the article and Supplementary Information file, or available from the authors upon
reiuest,
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Fig. 7 Fharmacokinetic profiles following administration of free and fibrillar
Crerme Oz hioactivity in rat serum determined using in vitro cell-based
cAMP bioassay for determining GLP-1 a and GCG b receptor agonist
binactivity after administration of 5 mg kg ' of free Oxm iv. (magenta), s.c.
(black), and fibrillar Oxm s.c. (blue) and 10 mg kg ' of free Oxm s.c. (gray)
and fibrillar Oxm s.c. (violet). The data correspond to the average
measurements from 3 rals +s.d

fibrillar oligomeric assemblies™ 4!, Nonetheless, peptide oligo-
merization can also be beneficial to extent the half-life of peptide
therapeutics as described for Liraglutide (Victoza)*?. Potential
immunogenicity of protein aggregates is a subject of intense
research, and it appears that some self-assembled peptides elicit a
wide range of immune response from no detectable to strong
antibody respanses“'“. Even if the molecular determinants have
yet to be established, it has been reported that immunogenicity of
self-assemnbled  peptide can be  significantly attenuated by
maodulating the peptide sequence recognized by T cells*®, There-
fore, further studies will be required to fully characterize in vivo
loxicity and immunogenicity profiles of fibrillar Oxm.

Oxm nanofibrils produce a pharmacological effect in vive.
To understand if fibrillar Oxm can act as a pharmacological
depol, we followed glucose levels in wild-type C57BLI6 mice
following administration of either 0.09% saline vehicle, free Oxm
(10mg kg ! <), or fibrillar Oxm (10 and 20 mg kg 1 se). Blood
glucose was measured in blood samples taken from tail prick
using a hand-held glucometer at either baseline, 45 min, 4 or 6 h
post-dose. Area under the curve (AUC) analysis for this 6 h time
period showed that both doses of fibrillar Oxm as well as free
Oxm had a significant glucose lowering effect vs. vehicle (Fig. 6a).
Indeed at 6 h, vehicle blood glucose concentration was 7.8 mM,
whereas free Oxm, fibrillar Oxm 10 mgkg", and fibrillar Oxm
20 mg kg ! were 5.2, 6.3, and 6 mM respectively, all of which were
significantly lower thanm wehicle 6h after the subcutaneous
administration (Fig. 6b). Six hours after administration, an
intraperitoneal glucose tolerance test (GTT) was conducted and
showed that glucose levels during the test were significantly lower
in the fibrillar Oxm group at 20mgkg " vs. vehicle at times
45 and 60min, demonstrating improved glicose tolerance
(Fig, 6(:) The AUC's calculated during the GTT showed that
there was a significant difference vs. vehide in free and fibrillar
groups at both doses (Fig, 6d). The GLP-1 agonist Liraglutide at
0.03 mg kg " was used as a positive control. These data provide
an early insight that nanofibrils of Oxm when dosed in vivo can
produce a glucose lowering pharmacodynamic effect, therefore
warranting further investigation and optimization as to the
therapentic potential of such formulations.

Oxm nanofibrils prolong peptide serum bisactivity in vivo. To
investigate the application of fibrillar Oxm as a reservoir from
which peptide can be released in vivo, we administered the
nanofibrils at 5 and 10 mgkg ™! s.c. in CD rats and took serum
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samples for up to 5 days post-injection. Serum Oxm content was
determined as in vitro l)ioacl.ivil],r using cell-based hGLP-1R and
hGOCGR cAMP bioassays, and compared wilh free Oxm dosed at
5and 10 mg kg ! s.c. and at 5 mg kg " iv. (Fig. 7a, b). At 10 min,
Oxm serum concentrations showed an initial peak of 134 and
1.85nM for 5 and 10mgke ! of the nanofibrils, respectively,
(hGLP-1R cAMP assay), probably due to the presence of free
Qxm in the fibrillar sample. This was followed by a steady-state
with a constant bicactivity equivalent of 1nM for 5 days.
The hGLP-1R cAMP assay revealed Oxm bioactivity in serum
even at 5 days, the final time point we a.na.lxzed, at .48 nM (after
smgkg '} and L16nM (after 10mgkg™'; Fig. 7a). Similarly,
using the hGCGR cAMP assay, Oxm concentration in serum
was 091 and 1.19nM at 5 days after a single injection of 5 and
10 mgkg ', respectively (Fig. 7b). Overall, with an equivalent of
1 nM Oxm bioactivity detected for 5 days, this study shows a
sustained release of Oxm from the nanofibrils in vive that is
characterized by a significantly longer bioactivity than free Oxm,
Indeed, Oxm bioactivity is not detected after 2 h post-injection of
5my free peptide kg™ (iv.) or 4 h post-injection of 5 and 10 mg
free peplide kg ise) (Fig. 7a, b).

The prolongation of Oxm bioactivity is remarkable when
considering that no modification has been performed such as
engineerin?i fol ethylene glycol)- and lipid-modified Oxm
analogs® 6: 45 The activity of Oxm is limited in vivo by
both excretion (i.e., clearance through the kidneys) and enzymatic
inactivation through the activity of for example, dipeptidyl
peptidase 4 (DPP4)*®. Recently, enhanced proteolytic stability
was achieved by synthesizing crosslinked Oxm analogs™. Even
though these analogs showed higher serum stability, their half-life
was only prolonged from 0.6 h for the native sequence to 1.9 h for
the analogs after s.c. injection.

To further characterize the pharmacokinetic profiles of free
and fibrillar Oxm in our rats, a two-compartment model was
initially fitted to the iv. free Oxm hGLP-IR data (5mgkg™!;
Supplementary Fig. 4). Pharmacokinetic parameter estimates
{Supplementary Table 4) suggest an climination half-life of
~13min_for free Oxm, similar to what has been reported in
humans®®. Subsequently, hGLP-IR data for free Oxm following
sc administration (5 and 10mgkg™") were fitted to an
absorption model incuding two parallel routes of absorption,
with and without a dclay (lag tirme; ‘Sup}:ulcl'm:nlaqI Fig, 5),
Parameters for the i.v. phase were fixed from the previous analysis
of iv. data. Parameter estimates using the hGLP-1R assay data
(Supplementary Table 5) suggested that the bioavailability of free
O is ~34% (21% wsing hGCGR data), and the absorption half-
lives of the parallel routes, with and without a lag time, calculated
as the ratio of In (2) and the rate constants, were 3.29 (6.78 using
hGCGR assay data) and 1.57 (0.86 using hGCGR assay data) h,
respectively. These estimates support the notion that free Oxm is
absorbed at a slower rate than it is eliminated.

hGLP-1R data from fibrillar Oxm administration (5 and
10 mg kg™') were fitted to an expanded model that accounts for
an additional absorption phase and fibril dissociation, also with
two parallel routes with and without a lag time (Supplementary
Fig. 6). The possibility of free Oxm being immediately available in
the central compartment was also considered, 1o account for the
rapid appearance of a peak of bioactivity in serum (Supplemen-
tary Fig. 7). Parameter estimates (Supplementary Table 6) suggest
thal the absorption phase of fibrillar Oxm was even more rale
limiting, with absorption half-lives of up to several days. Given
the length of the experiment (5 days), these numerical estimates
need to be considered in light of the duration of the experiment,
which was shorter than the estimated half-life, but point to a
significantly prolonged bioactivity. Interestingly, the data could
only be fitted if the central volume of distribution (V) was
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1.3.8 Paper 6: Zapadka, K. L., Becher, F. J., Uddin, S., Varley, P. G., Bishop, S., Gomes dos Santos, A. L., & Jackson,
S. E. (2016). A pH-induced switch in human glucagon-like peptide-1 aggregation kinetics. Journal of the
American Chemical Society, 138(50): 16259-16265.

As discussed above, protein aggregation is a potentially widespread phenomenon with a range

of implications in various pharmaceutical and biomedical applications. Consequently, by better
understanding the exact mechanism of aggregation it may be possible to develop new, more stable
protein based-drugs with higher therapeutic activities. Zapadka and co-workers indicated that in addition
to aggregation, formation of amyloid fibril was also an important factor that contributed to structural
changes and loss of properties of peptide-based formulations (Zapadka, et al., 2016, p. 1). The research
group indicated that the aggregation of proteins and peptides into amyloid fibrils rich with beta-sheets
was a common transformation process that could be observed in peptide containing solutions. The
formation of these structures substantially reduced the effectiveness of various pharmaceutical products
and contributed to yield reduction in the development of new drugs. A considerable number of research
efforts were focused on better understanding of the underlying mechanisms resulting in the formation
of such amyloid fibrils for specific proteins, however the overall level of understanding remains low.
Nevertheless, it was established that agglomeration of proteins as well as formation of amyloid-fibrils
proceeded via sigmoidal-like kinetics characterised by a nucleation-polymerisation mechanism. The
process was also characterised by the presence of a lag phase during which formation of nucleating
species was observed. This lag phase was subsequently followed by a phase of rapid growth with the
formation of a plateau in cases where the system reaches equilibrium. Chiti and Dobson indicated that
formation of oligomers at low concentrations was also possible along with the formation of fibrils (Chiti
& Dobson, 2006, p. 333). A considerable amount of progress was made in describing factors that affect
system aggregation. Key factors included internal parameters such as molecular volume, ionic strength,
pH, concentration and conformation of monomer and rate of nucleation. Other highly important factors
included agitation and changes in temperature. The number of factors that affect formation of oligomers
is not limited to those outlined above which highlights the necessity of additional investigations in the
area (Zapadka, et al., 2016, p. 2).

Zapadka and co-workers have described how human glucagon-like peptide-1 or GLP-1 is an
important biopharmaceutical product. This peptide has found a range of applications in the drug industry
in the development of type-2 diabetes drugs. Buell, Dobson and Knowles suggest that formation of
GLP-1 based aggregates with the formation of amyloid fibrils occurs at acidic pH and physiological
conditions (Buell, et al., 2014, p. 11). From a structural perspective, GLP-1 presents a hormone peptide,
containing 31 amino acid residues. The peptide regulates glucose levels in blood through glucose-
dependent secretion of insulin. In turn, structural changes in the peptide as well as the impact that pH
changes have on these changes can be established using various analytical techniques including far-Uv
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CD (far-UV circular dichroism), SEC (size-exclusion chromatography), DLS (Dynamic light
scattering), MALS (Multiangle light scattering detector) and analytical ultracentrifugation (AUC).
Changes in the protein structure as well as its stability and fibrils morphology may be confirmed by
using other instrumental techniques including TEM (Transmission Electron Microscopy) and AFM
(Atomic Force Microscopy) (Zapadka, et al., 2016, p. 2).

Aggregation kinetics of GLP-1 at various pH were described in the publication by Zapadka and
co-workers (Zapadka, et al., 2016, p. 2). The report explains how experimental data could be obtained
by using thioflavin T based monitoring of fluorescence. This reagent was shown to increase its
fluorescence levels upon forming bonds with beta-sheets of amyloid fibrils. Analysis of the resulting
experimental data was focused on the determination of the apparent growth rate as well as lag time that
was associated with different concentrations of the peptide and pH. During the conducted experiments
it was established that pH had a considerable impact on the overall aggregation kinetics. The research
group indicated that the observed results did not correlate with other kinetics patterns, established in the
case of similar proteins (Zapadka, et al., 2016, p. 2). Thus, it was established that at pH 8.5 the observed
aggregation kinetics could be explained with the aid of a nucleation/polymerisation fibril formation
mechanism, however at pH 7.5 it was observed that increases in the peptide concentration were
associated with increase in the lag time of aggregation. The obtained results can be explained by the
formation of additional intermediary species and oligomers through slow uni-molecular pathways. Both
the structure and stability of the corresponding intermediary formations as well as the initial point of the
aggregation process can be established using the indicated methods of analysis. Comparing the obtained
findings with the previously discussed publications, a range of factors influence the behaviour of
proteins in solutions and the impact of each factor is dependent on the structure of the analysed protein
or peptide. The process of aggregation involves formation of various intermediary species what may
reduce the area of potential applications of the analysed peptides (Zapadka, et al., 2016, p. 3). The results
of this study are discussed in section 3.5 below.
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ABSTRACT: Aggregation and amyloid fibril formation of peptides and = pHTS
proteins is a widespread phenomenon. It has serious implications in a range of & HT7 % E |I {
areas from biotechnological and pharmaceutical applications to medical gl @ o2 3
disorders. The aim of this study was to develop a better understanding of the = + M Qon Fibril
mecbani.sm of aggregation an.d am]rl_cnid fibrillation of an impo:tant pha:_ma- T . g, t 3 \
ceutical, human glucagon-like peptide-1 (GLP-1). GLP-1 is a 31-residue = —= &
hormone peptide that plays an important role regulating blood glucose levels, Qorr

analogues of which are used for treatment of type 2 diabetes. Amyloid fibril

GLP-1 concentration

formation of GLP-1 was monitored using thioflavin T fluorescence as a func-

tion of peptide concentration between pH 7.5 and 8.2. Results from these studies establish that there is a highly unusoal
pH-induced switch in GLP-1 aggregation kinetics. At pH 82, the kinetics are consistent with a nucleation—polymerization
mechanism for fibril formation. However, at pH 7.5, highly unusual kinetics are observed, where the lag time increases with
increasing, peptide concentration, We attribute this result to the formation of off-pathway species together with an initial slow,
unimolecolar step where monomer converts to a different monomeric form that forms on-pathway oligomers and ultimately
fibrils, Estimation of the pK, values of all the ionizable groups in GLP-1 suggest it is the protonation/deprotonation of the
N-terminus that is responsible for the switch with pH. In addition, a range of biophysical techniques were used to characterize
(1) the start point of the aggregation reaction and (2) the structure and stability of the fibrils formed. These results show that the
off-pathway species form under conditions where GLP-1 is most prone to form oligomers.

B INTRODUCTION

The aggregation of peptides and proteins into f-sheet rich
amyloid fibrils is a common process increasingly associated with
problems in drug development and pharmacentical applica-
tions, as well as many disease states.” Although significant pro-
gress has been made over the past 15 years in elucidating
the structure” and morphology® of amyloid fibrils and their
mechanism of fomal‘.ion,"" our current understanding of how
peptides and proteins aggregate into fibrils remains incomplete.
It has been shown that amyloid fibrils are commonly formed
through a nucleation—polymertzation (N—P) mechanism with
characteristic sigmoidal-like kinetics. There is an initial lag
phase, during which critical nucleating species are formed,
which is followed by a rapid growth phase, and then a plateau as
cither the system reaches equilibrium or the monomer levels
are completely depleted.*®

Oligomers have often been observed to form during fibril
formation, albeit at sometimes very low concentrations.””
However, many aspects of the relationship between oligomers
and the mechanism of fibril formation are not yet fully under-
stood.” Considerable progress has been made in understanding
some of the factors affecting the aggregation propensity of a
system, which has been shown to depend wpon sequence,

\ 4 ACS Publications & 16 American Chemical Society

monomer conformation, nucleation rate, effective monomer
concentration, pH, ionic strength, small molecules, and external
factors such as temperature or agitatim.“"’""

In this work, we focus on the human glucagon-like peptide-1,
GLP-1(7-37), which is a 31-residue hormone peptide.”" GLP-1
plays an important role in our body regulating blood glucose
levels through regulation of glucose-dependent insulin secretion,
inhibition of glucagon secretion, and gastric emptying together
with reduction of food intake.'" Tt is an important pharmaceutical
molecule, analogues of which are used for the treatment of type 2
diabetes.""""” Tt has previously been reported that GLP-1 aggre-
gates into amyloid fibrils under physiological conditions™ and
at pH 58

Here, we present the results of a detailed study of the
pH dependence of the aggregation kinetics of GLP-1. Ag-
gregation kinetics were monitored by thioflavin T (ThT),
which increases its fluorescence upon binding to f-sheet
rich amyloid fibrils.® Kinetic data from these experiments
were analyzed to obtain the apparent growth rate, , 5, and
lag time at different peptide concentrations and pH values.
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We report an unusual pH-induced switch in GLP-1 aggregation
kinetics,

In order to understand the complex, pH-dependent aggre-
gation kinetics obtained, a detailed characterization of freshly
prepared samples of GLP-1 was undertaken using a range
of biophysical techniques to obtain information on the size,
structure, and oligomeric state of species present. This included
analytical ultracentrifugation (AUC), asymmetric flow field-flow
fractionation (AF4) with multiangle light scattering detector
(MALS), dynamic light scattering (DLS), size-exclusion
chromatography (SEC), far-UV circular dichroism (far-UV
CD), and ANS-binding assays. In all cases, fibrils formed were
confirmed using atomic force microscopy (AFM) and trans-
mission electron microscopy (TEM) providing information on
the structure, stability, and morphology of the fibrils and how
this depends upon pH.

B EXPERIMENTAL SECTION

Materials, The 31-residue GLP-1{7-37) (HAEGTFTSDVSSYLE-
GQAAKEFIAWLVEGRG) was purchased from Bachem (98.5%
pure), with a molecular weight of 336 kDa and used without further
purification. GLP-1 powder was dissolved in buffer (25 mM sodium
phosphate at pH 7.5 or 25 mM Tris-HCI at pH 8.0 or 85) to a final
concentration of 298 pM, The solution was filtered (022 pm filter)
prior to use, and the concentration was determined spectrophoto-
metrically using a NanoDrop spectrophotometer (ND 2000, Thermo
Scientific) and a theoretical extinction coefficient of 6990 M~ cm™
280 nm. All ather chemicals were of analytical grade.

Kinetics of Aggregation: Thioflavin T Binding Assays. For
kinetic experiments, a stock solution of 298 gM GLP-1 in buffer was
prepared, as described above. Final concentrations of GLP-1 were 25,
50, 75, 100, and 150 uM, and the samples were incubated with 50 uM
THT and 0.01% NaN, (added to prevent bacterial growth), The
50 M concentration for ThT was chosen as the aggregation kinetics
were shown to be independent of ThT concentration between 10 and
80 M ThT, Figure §1. The peptide/THT samples (120 pL} were
pipetted into a2 96-well half-area plate made of black polystyrene with
a clear bottom and a nonbinding surface (Corning 3881, USA),
A sealing tape (Costar Thermowell) was used to protect samples from
evaporation. Fluorescence measurements were carried out on a Fluo-
rostar Optima Microplate Reader (BMG Labtech, Offenburg, Germany),
which was thermostated at 37 “C. ThT binding to fibrils was moni-
tored by using an excitation filter at 440 nm and recording the
HNuorescence emission al 480 nm. Boltom reading of the plate every
30 min with 5 min of shaking prior 1o each measurement was perfor-
med. Each cycle was executed with the orbital shaker at 350 rpm,
5 flashes per well, and fluorescence measurements were made at a gain
of 1000,

Each individual ThT data set was fit to eq 1,

¥yt AL+ exp(—k{(t — 1)) + bt (1)

where y, is the starting fuorescence, A is the amplitude of the
transition, &, is the half-time, which is defined as the time at which
the ThT fluorescence has reached 50% of its final baseline value, k is
the apparent growth rate, and b is the slope of the final baseline. Note
in many other studies, data are normalized prior to fitting such that the
inclusion of this addilional term is not needed. The lag l:mr wils
calculated from the kinetic parameters obtained using eq 2,150

figg = iy — 2k (2)

All measurements were made in triplicate for each peptide
concentration in a single 96-well plate, and each experiment was
repeated at least three times on different days with freshly prepared
samples.

Analytical Ultracentrifugation (AUC) Sedimentation Velocdity
Experiment. Sedimentation velocity measurements were performed
at 20 °C, 60000 rpm using a Beckman Optima XL-1 analysis

ultracentrifuge equipped with an An-60Ti rotor. The instrument was
equipped with a UV—visible absorbance detector. GLP-1 {150 pM)
was prepared in buffer and incubated at room temperature for 2 h
before the start of the experiment, The sample (400 pl.) was loaded
into the AUC cell. The SEDFIT program was used to correct the
sedimentation coefficient distributions Lo standard conditions, and
the efs) method was implemented (www.analyticalultracentrifogation.
com/defanlt.htm).

Asymmetric Flow Field-Flow Fractionation with Multiangle
Light Scattering (AF4-MALS). AP4MALS was used to separate and
estimate the size of species in a 1500 yM solution of freshly prepared
GLP-1 sample in buffer using an Felipse (Wyatt Technology Europe
GmbH, Dembach, Germ: n% The AF4 was controlled by a high
performance liquid chromatography system (HPLC, Agilent)
equipped with UV/vis and MALS detectors (Wyatt Technology
Eorope GmbH, Dembach, Germany), A 1 kDDa cutoff poly(ether
sulfone) (PES) membrane was used in the Eclipse SC channel for
optimal separation of species (Pall, New York, USA). Buffer was used
as the mobile phase, and the system was equilibrated overnight prior to
the experiment, The channel flow was maintained at 1 mL min ', and
the cross-flow was varied: 4.5 mL min™ from 0 to 2 min, 25 mL
min~" from 2 to S min, 4.5 mL min "' from 5 1o 15 min, 4 mL min '
from 15 to 20 min then 1 mL min"" from 20 to 30 min. Detection was
accomplished using UV absorbance at 280 nm and multiangle light
scattering. Data from MALS were analyzed by ASTRA (Wyatt
Technology Europe GmbH, Dernbach, Germany). The detectors were
calibrated using BSA standards (Thermo Scientific). The calibration
was validated by separation of 25 gL of 2 mg mL ™" BSA in an
appropriate mobile phase.

Dynamic Light Scattering (DLS). The intensity-weighted mean
hydrodynamic diameter distribution and the number size distribution
of freshly prepared GLP-1 (1500 aM) and fibrillar GLP-1 (1500 M)
in buffer at room temperature (20—25 °C) were determined by DLS
using a Zetasizer Nano Z8 (Malvern Instruments, Malvern, UK.).
A Zen 2112 cuvette and a scattering angle of 173% were used.
‘The average values of the polydispersity index (PdI) were obtained
from the cumulants analysis of the intensity autocorrelation fonction
thal was performed by the Zelasizer Software provided by the manu.
facturer. Reported parameters were determined from an average of at
least three measurements,

Atomic Force Microscopy (AFM). GLP-1, from either (i) a
Ireshly prepared solution o (1) mature fbrils, was spread onto freshly
cleaved mica (SP1 supplies, West Chester, PA). The samples were then
incubated for 20 min, followed by washing with 200 uL of deionized
water, and dried under a stream of nitrogen. Images were acquired in
air at room temperature (2025 "C) with a PicoPlos AFM instrument
with a PicoSPM 11 controller from Molecular Tmaging (Agilent
Technologies, USA} in AC mode, equipped with a MikoMasch
NSC26/No Al cantilever, between 65 and 130 Hz frequency, force
constant varying from 0.6 to 20 N m™! {Innovative Solutions Bulgaria
Ltd,, Sofia, Bulgaria). The images were amlraeli with the open sonrce
software Gwyddin (http://gwyddion.net/)."

B RESULTS AND DISCUSSION

Aggregation Kinetics. The aggregation kinetics of amyloid
fibril formation were measured starting from freshly prepared
samples of GLP-1 at three different pH values using ThT
fluorescence. The aggregation was monitored over a range of
peptide concentrations from 25 to 150 uM. Typical results are
shown in Figore 1. Kinetic parameters were determined by
fitting the data to eq 1, and a lag time was then calculated for
each data set wsing eq 2. Standard sigmoidal curves were
obtained for GLP-1 aggregation under all the conditions used;
however, the kinetic parameters obtained from the fitting varied
with pH and peptide concentration, Figure 1. See 512, Table 51,
for forther details.

At higher pH (28.2), the &,y is found to decrease with
increasing peptide concentration characteristic of a process
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Figore 1. Aggregation kinetics of GLP-1 as a function of peptide
concentralion al different pHs. GLP-1 aggregation kinelics st pH 7.5
(AB), pH 7.7 (C,D), and pH 82 (EF). Panels A, C, and E show
typical traces for the fibrillation of GLP-1 followed by THT fluo-
rescence at different GLP-1 concentrations. Each peptide concen-
tration was run in triplicate. Panels [, E, and F show the dependence
of the t;;, on the concentration of GLP-1, The error bars shown in
panels A, C, and E are the standard deviation from the mean for a
single experiment in which cach peptide concentration was run in
triplicate, In panels B, D and F, the error bars correspond to the
standard deviations of the kinetic parameters determined from three
independent experiments each of which was run in triplicate.

following a nucleation—polymerization mechanism for fibril
formation, Fignre 1F. Surprisingly at lower pH values there is
either very little dependence on peptide concentration or the
t 3 increases with increasing peptide concentration, Figure 1D,B,
These results were very reproducible. The highly unusual kinetics
were observed for GLP-1 aggregation at pH 7.5 where the f,
increases with increasing peptide concentration (the opposite
of what is expected for a N—P model) suggesting that other
processes come into play, Figore 1B, These unusual results
have, to the best of our knowledge, been observed for just two
other systems: ribosomal protein 56 (where a model involving
an off-pathway oligomerization process was proposed)'” and
immunoglobulin light chain (where an increase in concen-
tration leads to a monotonic decrease in fibrillation propensity,
wh.lc;l“!ms been related to dimer formation in the native
state ).

In order to assess the degree to which GLP-1 monomer is
converted into amyloid fibrils in the ThT assays, monomer
depletion experiments were also undertaken, S13. Using UPLC
methods (ultrapressure liquid chromatography), the loss in
signal corresponding to monomeric or small soluble oligomers
of GLP-1 was monitored with time, Figure 52, After 120 h at
pH 7.7 at 37 °C, a solution of 75 uM GLP-1 was almost com-
pletely converted into high molecular weight species, Figure 53,

Characterization of Freshly Prepared Samples of GLP-1
in Buffer, at the Starting Point of the Kinetic Assays, at
Different pH Values. A wide range of biophysical techniques
were used to fully characterize the structure and properties of

freshly prepared samples of GLP-1 at pH 7.5, 8.0, and 85.
The structure of species in solution was probed using far-UV
CD, and the hydrophobic surface area was probed using
ANS-binding assays, while the size of species in solution was
investigated using SEC, AF4, AUC, DLS, AFM, and TEM; see
the following sections.

Characterization of the Structure and Hydrophobicity of
Freshly Prepared GLP-1 Samples. The far-UV CD spectra of
freshly prepared samples of GLP-1 show that there is no change
in the secondary structure with pH, Figure S4. The average
secondary structure is predicted to be approximately 30%
a-helix, 20% f-strand, 20% tums, and 30% disordered between
pH 7.5 and 85 ANS binding was also used to probe the
exposed hydrophobic surface area.”” ANS binding to freshly
prepared samples of GLP-1 at different pH values was assessed
using fluorescence measurements over a range of peptide
concentrations, see 515 Figure S5. The data clearly indicate that
GLP-1 is more highly prone to form oligomers with exposed
hydrophobic surface area at pH 7.5 relative to pH 8.0 or 8.5,

Characterization of the Size Distribution of Species in
Freshly Prepared GLP-1 Samples. The size distribution of
species in freshly prepared samples of GLP-1 was performed
using a range of biophysical techniques from pH 7.5 to 85.
Although standard size-exclusion chromatography was useful to
give an initial assessment of the size of the major species in
solution for GLP-1 at different pH values (see S16, Figure $6),
this method was unable to detect small populations of larger
species. To do this, more sophisticated methods of analysis
were required. Using AF4, we were successfully able to detect
and separate monomeric GLP-1 from small oligomers present
in the samples at both pH 80 and 8.5 (Figure 2C and E).

I
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Figure 2. Size distribution of species in freshly prepared GLP-1
samples at different pHs determined using AP4 and AUC: (AB) pH
7.5, (C,D) pH 80, and (EF) pH 8.5. The lefi-hand column shows the
AF4 results (A, C, and E) along with the M, of monomers and small
aligomers estimated using MALS (see section 517, Figure 87, for more
detail). The righthand column shows the results of the AUC
sedimentation velocty analysis of the GLP-1 samples illustrating the
size distribution of sedimenting species obtained by c(s) analysis.

At pH 8.0 and 8.5, the distinct peaks observed likely correspond
to a monomer and trimer with molecular weights of, 3.3 and
9.1 kDa at pH 8.0 and 3.3 and 11 kDa at pH 8.5, However, at pH
7.5, a single broad peak was observed suggesting a high level of
heterogeneity of species in solution at this pH compared with the
higher pHs, Figure 2A. See S17, Figure 57, for further detail
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Analytical centrifugation measurements of sedimentation velo-
cities were also performed, and as with the AF4 data, similar
velocity profiles were obtained at pH 8.0 and 8.5, (Figure 2D,F).
In these cases, the samples are mainly monomeric; however,
small populations of both small and larger oligomers are pres-
ent, Figure 2DF, inset figures, and Table 1. Interestingly, the

Table 1. Percentage of D]igumzric Species Present in
Freshly Prepared GLP-1 Samples”

percentage of the species present (%)
pH mdnommer small oligomers larger oligomers
75 i3 36 b
&0 T 215 L5
&S 90 a7 0.3

“For more information, see section S110, Table 54, PNot observed.

sedimentation velocity profile at pH 7.5 shows mainly monomer,
Figure 1B; however, the _I;amph: is much more pnh.fdlsperse in
comparison to the results at higher pH values. At pH 7.5, larger
oligomers are not present, Table 1 and Figure 2B. Molecular
masses corresponding to a trimer determined using AUC were
12 kDa at pH 8.5 and 10 kDa at pH 80. At 7.5, oligomeric
species ranged from 6.9 to 1.6 kDa corresponding to a mix of
dimer, trimer, and tetramer, Figure 2. See 517, Figure §7, for
further detail

Dynamic light scattering (DLS), a technique that is sensitive
to large particles in solution, was also used to probe whether
larger oligomeric species not detectable by AF4 or AUC are
present in solution. The DLS results (Figure 3) confirmed that

301 A 124 B
20 N ) .
10 4 '
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<0 F 0 -
E 304 c > 124 D
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Z 104 =
3.
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304 E 124 F
204 91
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Figure 3. Dynamic light scattering results of freshly prepared GLP-1 at
three different pHs: (AB) pH 7.5, (C,D) pH 80, and (EF) pH 85.
The left-hand column shows the size distribution by number (A, C,
and E), and the right-hand column shows the size distribution by
intensity (B, D, and F). See section 518, Figure 58, for more detail

the main pnpuhtinn has a small hydnu:’f}mamic radius that |||cc|}'
corresponds to GLP-1 monomer and the small oligomers detected
by AF4 and AUC, Figure 2. However, larger particles were also
found to be present under all conditions, Figure 3, These were
also observed in both AFM and TEM images (see 519, Figure 59).

Fibril Structure and Morphology. The structure of the
fibrils formed at the end of the ThT assays was |nvv_-ih'gabe|:l l'uy

far-UV CD, Figure 54C. Although the spectra recorded at the
three pH values are slightly different, they all show a broad min-
ima around 218 nm characteristic of amyloid fibrils, Figure 54C.,
AFM was also used to verify and characterize the fibrils formed
under different conditions, Figure 4. In these cases, 150 uM

Figure 4. Atomic force microscopy images of typical GLP-1 fibrils
formed under different conditions; (A,B) pH 7.5, (C,1D) pH 8.0, and
(EF) pH 8.5. The left-hand column shows AFM images of samples
of 150 gM GLP-1 aggregated for 200 h at 37 °C. The right-hand
column shows AFM images of the fibrils diluted 100 times into
deionized water prior to imaging (see section S111, Figure §10, for
more details).

GLP-1 samples at pH 7.5, 7.7, and 82 were allowed to
aggregate at 37 "C for 200 h in the presence of 50 uM ThT and
0.01% NaN,. Fibrils were then retrieved and imaged using
AFM, Figure 4.

Fibrils formed at 37 °C, pH 7.7 and 8.2, are stable and
typicn"y 1=3 pm in |¢ngt|1 and 10—15 nm in |'|+:|E|'|t, and have a
twist (Figure 4 and SI11, Figure 510). In contrast, the fibrils
formed at pH 7.5 are short, thin, sticky, and considerably more
heterogeneous, Figure 4. In addition, at pH 7.5, fbrils are
unstable and dissociate after dilation (100-fold) either in water
or buffer, Figure 4B (see SI11, Figure S10, for more detail).
After dilution spherical-like morphologies are observed with
diameters ranging from 0.1 to 0.4 pm and heights ranging
between 10 and 60 nm, Figure 4B,

A Model for GLP-1 Aggregation under Different
Conditions. The concentration of peptide™' and the
presence of on-pathway oligomers™ are both known to be
important in the formation of amyloid fibrils. Increasing
peptide concentration usually leads to an increase in the rate
of fibrillation as observed by a reduction in lag time,”™" a fea-
ture that is L':,lplca] of a nudc:thnn—Pnhrmem_atinn mecha-
nism.” For GLP-1 at pH values over 8.0, an inverse relation-
ship between lag time and peptide concentration is observed,
and in this case, a simple nucleation—polymerization mechanism
can be proposed where monomer (M) first associates into
oligomers (Q,,) that are on-pathway to fibril formation, Figure 5,
For GLP-1, under these conditions, this is a slow nucleated
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Figure 5. Proposed mechanism for GLP-1 fibril formation. There are
two pathways, one in which the monomer (M) assodates to form on-
pathway oligomers (Oyyy), which can convert directly into fibrils, On the
second pathway, monomess can form a different oligomeric state (Oy:),
which is not on the direct pathway to fibril formation. The on- and off-
pathway oligomers may be able to interconvert; however, the energy
barriers to inlerconversion are likely high and the kinetics slow.

' Monomer

process, which leads to the specific formation of stable fibrils,
which are long, stable, and twisted, Figure 4.

However, the simple nucleation—polymerization model does
not explain the unusual kinetic data obtained at pH 7.5, Under
these conditions, we propose a more complex model in which
there is competition between the formation of on-pathway
oligomers leading to fibrils and the formation of a different
form of oligomer, which has to be off-pathway, Figure 5.
Powers and Powers have elegantly modeled such a mechanism
mathematically.” They have shown that, under specific kinetic
conditions where a set of assumptions can be applied, a positive
slope is obtained for a plot of ¢, versus the concentration of
monomer,” They propose that this is an essential picce of
evidence consistent with their off-pathway model™ This is
what we observe for GLP-1 at pH 7.5, Figure 1B.

We are not the first to observe such dependence experi-
mentally and propose a kinetic scheme in which off-pathway as
well as on-pathway oligomeric species form. This has also been
observed in the fibrillation of immunoglobulin light chain
LEN'" and $6 ribosomal protein.'” In both these cases, the
polypeptide starts as a globular folded protein rather than a
relatively unstructured and dynamic short peptide such as GLP-1,
Here, we present strong evidence that off-pathway oligomers
are also populated during the fibrillation of GLP-1 at pH 7.5,
highlighting this as a more general phenomenon and putting the
concept proposed some years ago on firm experimental ground.

Kinetic Modeling of On- and Off-Pathway Oligomer
Models. In order to verify that an off-pathway species would
give rise to the difference in aggregation kinetics observed,
three models for the fibrillation of GLP-1 were created within
the program KinTek (see S112 for further details). In the first
model (model 1), we used a simple model of nucleation—
polymerization and demonstrated that the kinetic parameter
t, decreases with increasing peptide concentration as expec-
ted, Figure SI1A,C. We then added an off-pathway reaction
where monomer converts through monomer addition to create
a series of off-pathway oligomers and added this to our starting
nucleation-polymerization model to generate model 2. This
model also shows a decrease in #,;, with increasing peptide
concentration, Figure S11B,D. However, addition of the off-
pathway oligomers to the reaction scheme in model 1 resulted

in a delay in f,, as shown in Figure SI1EF, which shows the
amount of fibrl formation (in terms of monomer concen-
tration) with time at 25 and 150 uM monomer starting
concentrations. The value of {;;, increased on addition of the
off-pathway species, from 53 to 94 h at 25 uM and from 8.6 to
16 h at 150 M monomer, These results confirm that the
presence of off-pathway species results in an increase in the
length of time it takes for sulficient nuclei to be formed;
however, model 2 does not fully explain the results obtained for
GLP-1. A third model, model 3, which was essentially the same
as model 2 except an additional unimolecular step was included
where monomers M interconvert with a different form of
monomer, M*, and only M* forms the on-pathway oligomers
required for fibril formation, was created. In this case, the
dependence of the #,;; on initill monomer concentration
switches such that it increases with increasing starting con-
centration, Figure 511H, as we observe experimentally for GLP-1
at pH 7.5,

Thus, our results on GLP-1 at pH 7.5 are consistent with
the presence of off-pathway oligomeric species as well as a
unimolecular step on-pathway to fibril formation.

Stodies on rat and human isoforms of the amyloidogenic
protein IAPP, associated with diabetes in humans, have recently
established that various oligomeric species can be found under
conditions where human IAPP forms amyloid fibrils.” In this
case, a detailed analysis of the structure and properties of the
different oligomers revealed that only the globally flexible, low-
order oligomers, which did not bind ANS nor have extensive
fl-sheet secondary structure, were toxic to cells™ These results
raise the interesting question of whether the on- and ofl-
pathway oligomers that we have shown form at different pH
values for GLP-1 may also have different properties including
potentially different cell toxicity,

Origin of the pH-Induced Switch in Mechanism for
GLP-1 Aggregation. Net Charge on the Peptide in Its
Monomeric State. Tt is well established that the total charge on
a peptide or protein can play an lrn<portam role in determining
its propensity toward aggregation.”"* Normally, the closer the
net charge is to zero the higher propensity to aggregate, as there
are little or no unfavorable electrostatic interactions to over-
come to form oligomeric species and noclei. ™

In order to better understand our results, we used PropKa in
the Schrodinger Suite to calculate the pK, values and therefore
the charge on each ionizable group in GLP-1 as a function of
pH, SI13. Two structures were used as starting points: 1DOR,
which is an ensemble of structures calcolated from NMR experi-
ments performed in trifluoroethanol (TFE), Figure S12A,B, and
3101, the structure of GLP-1 bound to its receptor. In both
cases, GLP-1 is highly helical with more residues involved in
a-helix formation than our far-UV CD data in aqueous buffer
suggest, Figure $4. However, as no unbound structure for GLP-1
in water is available, these structures were used. Both structures
gave very similar results, 5113, Figures 512 and S13. The charge
on each ionizable group and the overall net charge on the
peptide are shown in Figure 51201, respectively. The results
show that there are two ionizable groups that change jonization
state between pH 7.5 and 8.5: the N-terminus and the side chain
of Hisl, The pK, of Hisl is <7, while that of the N-terminus is
approximately 8. The pK, of the N-terminus is affected by the
fact that it can form hydrogen bonds with backbone amide
groups as observed in the ensemble of structures generated from
the NMR data, Figure S12B. On the basis of these results, we
propose that the protonation state of the N-terminus plays a

DOk 10002 facs SH05005
A Am, Chem, Sec 2006, 136, 1625916365

100




Joumnal of the American Chemical Society

critical role in the formation of off-pathway oligomers. When
positively charged, that is, at pH wvalues below its pK, of
approximately 8, off-pathway oligomers are favored over
on-pathway oligomers. In contrast, at pH values above its
pK,, when it is uncharged, on-pathway oligomers are favored,
Thus, analogs of GLP-1 that are N-terminally acetylated may
well not show this unusual behavior.

Do the aggregation kinetics of GLP-1 follow the general rule
that aggregation propensity increases the lower the net charge
on the peptide?™* The pK, calculations suggest that GLP-1
has no overall net charge at approximately pH 5.5, Figure 512D
and §13B. However, aggregation kinetics cannot be measured
at this pH due to solubility problems. The net charge is
predicted to increase between pH 7.5 and 85 due to the
deprotonation of the N-terminus (from an overall net charge
of approximately —1/-2 to —2/-3, Figure §12D and S13B).
Experimentally, we observe an increase in the propensity of
GLP-1 to form fibrils, counter to what rnight be Expectad. How-
ever, one can argue that there is an increase in the aggregation
propensity of GLP-1 as its overall charge reduces, i.e, moving
toward pH 5.5, but that it is an increased tendency to form
oll-pathway oligomers not on-pathway oligomers that would
lead to amyloid fibril formation. In this regard, it is important to
define specifically the aggregation state, as many such states
(on- and off-pathway oligomers, fibrils, etc.) may exist.

Net Charge on the Peptide in the Oligomers, The
discussion above relates to the net charge and pK; values of
ionizable groups in a highly helical, monomeric form of GLP-1.
We cannot rule out that it is not the net charge of the monomer
that is important, but the net charge and pK,, values of ionizable
groups in the different oligomeric species that play the domi-
nant role in the pH effects observed. Our results suggest that
differences in the size and structure of the on- and off-pathway
oligomers may lead to different responses to changes in pH
over the range studied. In particular, the stability or the kinetics
of formation/dissociation of the two oligomeric species may
have different pH dependencies.

B CONCLUSIONS

In conclusion, we have presented unusual aggregation kinetic
data for GLP-1 at pH 7.5, where the lag time increases with
increasing peptide concentration. These results indicate the
likely existence of off-pathway oligomeric species, which we
believe form rapidly relative to the on-pathway oligomers and
which therefore act as a sink of monomers. These off-pathway
oligomers will slowly dissociate and can therefore, in time,
form on-pathway oligomers and ultimately fibrils. However, in
addition there has to be an initial unimolecular conversion of
the monomer to a different monomeric species, which can form
on-pathway oligomers and ultimately fibrils, At pH 7.5, the
fibrils formed by GLP-1 are short and unstable. At slightly
higher pH values, pH > 8.2, the aggregation kinetics of GLP-1
revert back to the simple and frequently observed nucleation—
polymerization mechanism where only on-pathway oligomers
are formed to any extent.

Using a number of biophysical techniques, we were success-
fully able to detect a range of small oligomers present in GLP-1
samples at all the pH values studied, establishing that mono-
meric GLP-1 is in equilibrium with either a dimer or a trimer,
as well as and other slightly larger oligomeric species even in
freshly prepared samples of very pure peptide. The results
demonstrate that at pH 7.5, GLP-1 has a higher propensity

to form oligomeric species, consistent with our proposed

mechanism under these conditions where there is a rapid
and nonspecific aggregation of GLP-1 into oligomers that are
off-pathway,

It is also of interest to note that, under conditions where
GLP-1 is very prone to forming oligomers (pH 7.5), the fibrils
that it forms are short and relatively unstable. In contrast,
increasing the pH by as little as 0.5 has a dramatic effect.
Slightly higher pH values, where the monomeric form is more
stable and therefore small oligomers much less prevalent at the
beginning of the reaction, favors the formation of on-pathway
aligomers and ultimately the formation of much more stable
fibrils, which are long and twisted.
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3.0 Results

The key results from each publication submitted for consideration under this thesis are described

below.

3.1 Application of NMR spectroscopy in characterisation of monoclonal antibodies

Kheddo and co-workers applied the methods described in the previous sections based on proton
NMR spectroscopy to characterise formulations containing monoclonal antibodies in arginine
glutamate-based solutions (Kheddo, et al., 2014, p. 1246). Thus, in the first section of the experimental
work it was required to use one dimensional proton NMR spectroscopy to establish stability of
monoclonal antibodies with the addition of arginine glutamate. The results obtained by the research

group are summarised on the figure 3.1 below:
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Figure 3.1: Correlation between the addition of arginine glutamate and NMR signals of monoclonal
antibodies, adapted from (Kheddo, et al., 2016, p. 1246).

In figure 3.1 above, slides A-G represent selected regions of proton NMR spectra of monoclonal
antibodies at tow pH values with corresponding concentrations of components. In cases A-F CP (10
mM) buffer was used to produce the corresponding solutions. For comparison purposes, panel G
included spectral data of 100 mg/mL monoclonal antibodies, obtained with no addition of arginine
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glutamate. Dependencies between intensities of the recorded peaks and corresponding viscosity of the
tested solutions are represented in figures H-N, figure 3.1. Trends represented in figure 3.1 indicated
that at protein concentrations below 40 mg/mL self-association of the tested protein samples was low.
In turn, intensities of the signals marginally decreased with increasing concentrations of arginine
glutamate. The observed decrease was proportional to increasing viscosity of the solution.

During a second set of experiments, Kheddo and co-workers aimed to carry out stability
investigations on monoclonal antibodies by combining proton NMR with size-exclusion
chromatography. The corresponding investigations suggest, that with the aid of proton NMR, it was
possible to quantify the amounts of both monomeric and low oligomeric protein concentrations that
remain in the solution. As the result it was decided to employ the same method of analysis to monitor
possible changes with monoclonal antibodies as well as the corresponding degradation with time in
various formulations. The obtained results are summarised in figure 3.2 and 3.3.

A pHE B pH6+200 mM Arg*Glu
T=0weeks L !

T=3weeks
T=5weeks M\
T=7weeks

T=10 weeks

T=11weeks

11 10 9 8 7 [ppm] 44 10 9 8 7 [ppm]

Figure 3.2: Representation of NMR long-term data, describing changes in monoclonal antibodies in
the analysed formulations, adapted from (Kheddo, et al., 2016, p. 1248).
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Figure 3.3: Representation of NMR long-term data, describing changes in monoclonal antibodies in
the analysed formulations, adapted from (Kheddo, et al., 2016, p. 1248).

Figures 3.2 and 3.3 above show alterations in the analysed monoclonal antibody formulations in
various arginine glutamate concentrations with time. In the figures 3.3, F represented changes in stability
over time. As indicated by the observed trends addition of 200 mM of arginine glutamate substantially
increased storage stability but only at pH 6, Figures 3.3E and F. As evident from the figures 3.3G and
H at pH 7 introduction of arginine glutamate was similar to the addition of arginine hydrochloride. Long
term stability was outlined on the figures 3.3G and F. It can be stated that arginine glutamate was not as
effective as arginine hydrochloride in providing long-term protein stabilisation.

In addition to the assessment above of formulation stability, proton NMR was employed to
measure translational self-diffusion and rheometry. The results generated by Kheddo and co-workers
indicated that protein aggregation could be reduced with the addition of arginine-glutamate to
concentration dependent formulations (Kheddo, et al., 2016, p. 1249). The obtained stabilisation trends
were supported by other publications (Golovanov, et al., 2004, p. 8933) (Hautbergue & Golovanov,
2008, p. 336).

3.2 Application of orthogonal techniques in Characterisation of stress-induced antibody aggregates
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The work described by Hamrang and co-workers on the application of orthogonal techniques for
the analysis of stress-induced distributions and morphological changes in protein aggregates
complement the work described by Kheddo and co-workers (Hamrang, et al., 2015, p. 2473) and
discussed previously. In the work by Hamrang and co-workers it was suggested that physical methods
of analysis could be used to determine correlations between thermal stress, particle concentration,
aggregate morphology and distribution of particle sizes. In order to establish if there is any effect of
thermal stress on concentration of sub-visible particles the research used two different concentrations
of monoclonal antibodies, 1 and 10 mg/ml, in both treated and non-treated (temperature changes,
changes in pH and buffer addition) monoclonal antibodies. Dynamic light scattering data showed lower
number of detected protein particles in non-treated samples of monoclonal antibodies, compared with
the corresponding samples that were stressed overnight at approximately 60°C.

Hamrang et al then further investigated the correlation between distribution of particles and
thermal stress. The corresponding particle size distributions were obtained using both MFI and RICS
methods based on monoclonal antibodies. Subsequent statistical analysis of the data suggested that there
were statistically significant differences between size distributions in the analysed particles, suggesting
that thermal stress had an effect on the distribution of the thermally treated protein particles as expected.
Finally, Hamrang and co-workers carried out a series of experiments aiming to characterise particle
concentrations in terms of freeze-thaw treatment. Particle counts generated from the corresponding MFI
analysis were compared with the generated freeze-thaw treatments that manifested substantial
differences in sizes of the generated particles and their number. A considerable concentration dependent
correlation was observed in the case of applying uncontrolled freeze-thaw stress. Thus, it was observed
that in the case of 10 mg/mL protein samples a higher number of particles was observed when compared
to the corresponding monoclonal antibody 1 mg/mL samples. The results obtained by Hamrang and co-
workers complement previously discussed publication by Kheddo and co-workers in terms of
monoclonal antibody stability at various conditions (Hamrang, et al., 2015, p. 2477).

By applying the analysis techniques outlined in the methodology section, it was possible to
establish the culture viability effect that introduction of arginine glutamate has on both cell lines as well
as primary fibroblast cells. This study indicated that it was necessary to investigate specific correlation
between osmolality and viability of cell lines (Kheddo, et al., 2016, p. 91). In order to produce
osmolalities ranging from 280 to 525 mOsm/kg, various excipients, such as arginine glutamate, sodium
chloride, arginine chloride and sodium glutamate were employed. These salts were added to the
corresponding cell containing solutions and results were obtained in the form of percentages of surviving

cells. The results are summarised in Figure 3.4 below:



107

100 100

g (A) (B)

801 80
S eof g 60
@ =
3 -]
T @
< 40t S 40+

20 - ..i 201

J 1
5 ¢
Ly } L L L 1 %_{. i
250 300 350 400 450 0 550 600 0 50 100 1 200 250 300
Cumulative osmolality (mOsm/kg) Concentration (mM)
100 100
: 3 : (D)
I = o

80 80k
£ -
3 60 8 so | \
@ @ \
o - \':
o @
S 40+ S 40F
2 = ¥

201 20F

'—0-\_'
_{ ! A A A é A A J 'l L I k = L
300 350 400 450 500 550 600 650 0 50 100 150 200 250 300
Cumulative esmolality (mOsm/kg) Concentration (mM)

300p
(E)

200F

100

Concentration (mM)

1 ' 1 1 J
300 350 400 450 500 550

Cumulative osmolality (mOsmvkg)
Figure 3.4: The correlations between percentages of surviving cells and osmolality of the tested
solutions (Kheddo, et al., 2016, p. 91) Trends were presented as correlations between percentage of
viable cells versus cumulative osmolality (A, C) or solution concentration (B, D). The correlation
between the tested salt concentrations and cumulative osmolality was represented on the figure E. In
figure 3.4 above, the corresponding correlation between concentration of the introduced salts and the
observed osmolality levels are outlined in plot E. In turn, culture viability was established with the aid
of a flow cytometer and is presented in the format of the proportion of cells that survive. Correlations
between the percentage of surviving cells and osmolality are outlined in figure 3.4A, while the effect

of solution concentration on culture viability is represented in figure 3.4B.

While assessing culture viability as represented in figure 3.4, the baseline level of viability was
established as 90% of surviving cells. Looking at the data in figure 3.4, from the trends presented it was

observed that osmolarity increases with the addition of arginine glutamate, sodium chloride and sodium
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glutamate and results in a reduction in culture viability to approximately 50% and rising osmolarity to
a level of 450 mOsm/kg. In turn, implementation of arginine hydrochloride to change osmolality had a
much more negative effect on culture viability with a reduction to 45% at osmolality levels of
approximately 380 mOsm/kg.

Trends presented in figure 3.4B suggest that during the assessment on a mole of salt per mole
basis it is possible to superimpose the cytotoxicity profiles of arginine glutamate and sodium glutamate,
while addition of sodium chloride and arginine hydrochloride resulted in the highest impact on culture
viability with reduction of viable cells below 50% at a concentration of 100 mM. Finally, the data
presented in figure 3.4 suggested that arginine glutamate had the lowest impact on viability of culture.
Nevertheless, a different pattern was observed in the case when human fibroblasts were cultured in the
presence of arginine glutamate and the described above salts. For instance, according to the data
presented in figure 3.4C and 3.4D, introduction of higher doses of reagents had a negative effect on
culture viability (Kheddo, et al., 2016, p. 91).

3.3 Investigation of dynamical allostery effects in mutated scFV antibody fragments and
stabilising/destabilising effects

In the study reported by Ramaprasad and co-workers, various computational methods were
employed to investigate dynamical allostery observed in mutated scFv antibody fragments as well as
the corresponding stabilising and destabilising effects that influence the integrity of the analysed protein
(Ramaprasad et al., 2017, p. 2). Previous reports in the area have identified that, in many cases, mutated
scFv antibodies shared similar activity (Miller, et al., 2010, p. 550). From a structural perspective the
corresponding mutants contained a heavy and a light domain, connected through a flexible linker
composed of 116-132 amino acid residues. As indicated and discussed in the previous sections of this
thesis, dynamical allostery may be established through MSF changes, associated with external
perturbations with subsequent comparison of response/perturbation profiles (Miller, et al., 2010, p. 550).

3.4. Oxm self-assembles into fibrillar nanostructures
Immediately after thioflavin was applied to Oxm, there was a characteristic fluruoscece

emmited at 480 nm confirming adoption of of crosspsheet conformation as in the figure below.
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Structural property of free and fibrillar Oxm, Adapted from (Ouberai et al., 2017, P. 3).

Structural properties of free and fibrillar Oxm. a—d Free (black) and fibrillar (blue) Oxm at 1 mg
mL—1 in 0.09% saline. Far-UV CD a, ATR-FT-IR, b and ThT emission spectra ¢, and DLS analysis
(Error bars represent standard deviations obtained from eight measurements of the same sample) d

However, there was no omission observed in the presence of a freshly prepared Oxm. In contrast,
the fibrillar Oxm sample contained significantly larger species, with a mean diameter of 825 nm. The
group tends to show that Oxm can as well be converted, under very mild conditions and with a high
yield, into fibrillar nanostructures displaying amyloid-like features. In figure 2c abover, there was a

clear shift in of the size of species present in the solution.

3.5. Protein concentration effects on albumin solution viscosity
Perturbations in proteins (particularly mutations of specific residues) resulting in stabilising and
destabilising effects are also expected to change rheology of the corresponding protein solutions. Thus,

Goncalves and co-workers subsequently showed that the rheology of human albumin solutions was
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substantially affected by concentration of the protein in solution. The results describing solution

rheology experimentation are summarised in figure 3.6 below.
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Figure 3.6: Rheology data of human recombinant albumin solutions, adapted from (Goncalves, et al.,
2013, p. 10)

In figure 3.6A above, rheology investigations on recombinant albumin samples were carried out
at protein concentrations ranging from 0.1 to 100 mg/mL. In turn, in figure 3.6B protein concentrations
ranging from 10 mg/mL to 500 mg/mL were used. In figure 3.6C, flow curves describing the rheology
of albumin solutions with concentrations ranging from 10 mg/mL to 500 mg/mL are shown (Goncalves,
etal., 2013, p. 10).

Based on the data represented in figure 3.6, it can be seen that solutions of recombinant alboumin
manifest constant sheer viscosities at shear rates rising from 0.01 to 1000 s. In turn, a linear increase
in the shear stress was observed with the application of higher shear rates as may be expected.
Additionally, increases in viscosity were observed with increasing concentrations of the tested protein
solution. Correlations between protein concentrations and viscosity of the corresponding solutions as
well as correlations between protein concentrations and peak areas were therefore investigated and these

data are outlined in figure 3.7 below.
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Figure 3.7: Correlation plots between protein concentration, viscosity and peak area, adapted from
(Goncalves, et al., 2013, p. 10).

In figure 3.7 above it can be seen that viscosity of protein solutions increased with increase in
the concentration of the tested protein as expected. Thus, chromatography experiments suggested that
higher aggregation levels were detected at higher protein concentrations (Goncalves, et al., 2013, p. 10)

in agreement with other studies.

3.5 Aggregation kinetics of a pH-induced switch of human glucagon-like peptide 1

In addition to aggregation due to increases in protein concentration, work by Zapadka and co-
workers indicated that aggregation kinetics were affected by changes in pH of the corresponding protein
solutions (Zapadka, et al., 2016, p. 2). By application of the experimental procedures outlined in the
methods section, it was possible to describe aggregation kinetics of GLP-1 and present the findings as
correlations between peptide concentrations at various pH levels. Zapadka and co-workers were also
able to describe size distributions of the analysed species in the prepared protein samples (Zapadka, et

al., 2016, p. 2). The obtained results are summarised in figure 3.8 below.
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Figure 3.8: GLP-1 aggregation Kinetics represented as a function between various pH levels and

protein concentrations, adapted from (Zapadka, et al., 2016, p. 3)

In figure 3.8 above, aggregation kinetics of GLP-1 at pH 7.5 are presented in figure 3.8A and
3.8B, at pH 7.7 in figures 3.8C and 3.8D, and at pH 8.2 in figures 3.8E and 3.8F. Figures 3.8A, C and
E represent fibrillation traces of GLP-1 that was followed by fluorescence of the obtained samples at
various concentrations of GLP-1. In all concentrations triplet runs describing the behaviour of the
analysed samples were obtained. Finally, in figures 3.8D, E and F the corresponding correlation between
GLP-1 concentration and aggregation half-time (t12) is described. Standard deviations that corresponded
to the established aggregation kinetics parameters were outlined in the form of errors bars (Zapadka, et
al., 2016, p. 3).
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Figure 3.9: Representation of size distributions of protein samples at various pH levels, adapted from
(Zapadka, et al., 2016, p. 3)

In figure 3.9 above, size distributions were assessed at various pH values, including 7.5 (figure
3.9A and B), 8.0 (figure 3.9C and D) and 8.5 (figure 3.9E and F). The right-hand column represents the
sedimentation results obtained by using AUC analysis of sedimentation velocity while the left-hand
column outlines size distribution data based on AF4 results (Zapadka, et al., 2016, p. 3).
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4.0 General Discussion
Monoclonal antibody-based drugs have been established as novel and highly effective type of

modern pharmaceutical product that have the potential to substantially increase the efficiency of the
available treatment methods and develop novel methods of treatment for a variety of diseases.
Publications, discussed in the work presented here, as well as the corresponding experimental findings
outlined in these publications, indicate that various instrumental methods of analysis could be employed
to characterise monoclonal antibody-based formulations, investigate interactions of individual proteins
and draw conclusions regarding possible agglomeration as the result of changes in concentration,
temperature and pH of the analysed solution (Kheddo, et al., 2016, p. 1246) (Kheddo, et al., 2016, p.
88) (Zapadka, et al., 2016, p. 2) (ScienceDirect, 2018).

Proton NMR spectroscopy was found to be highly effective in the characterisation of protein
interactions in monoclonal antibody-based formulations containing various concentrations of arginine
glutamate and arginine hydrochloride (Kheddo, et al., 2016, p. 1257) (Kheddo, et al., 2016, p. 88). In
addition to the application to proton NMR for the characterisation of monoclonal antibody formulations,
literature sources (Hamrang, et al., 2015, p. 2475) suggest that characterisation of the corresponding
stress-induced protein aggregates along with determination of size distributions and description of
morphological changes may be conducted with the aid of orthogonal analysis techniques, including
combinations of thermal stress protocols, freeze-thaw protocols, confocal microscopy and application
of dynamic light scattering (Hamrang, et al., 2015, p. 2475). Kheddo and co-workers showed that
introduction of arginine glutamate (section 2.3) as well as arginine-based salts had a positive effect on
the stabilisation of the corresponding monoclonal antibody-based formulations (Kheddo, et al., 2016, p.
1257) (Kheddo, et al., 2016, p. 88). However, when considering the established effects of arginine
glutamate as well as sodium chloride on viability of cells (i.e. addition during cell culture, not just during
final formulation of the product) it was determined that with the introduction of higher concentrations
of these additives, culture viability was reduced. In turn, analysis of the observed viability reduction
indicated that the reduced culture viability was primarily associated with osmolality changes with no
cell mortality due to inflammation. These findings, as well as the corresponding techniques employed
during the assessment of culture viability, may subsequently be extrapolated to other analytical studies
(Kheddo, et al., 2016, p. 88) (Kheddo, et al., 2016, p. 1257).

The work by Kheddo and co-workers and that describe by Hamrang and co-workers were
focused on the application of different methods of instrumental analysis in the assessment of culture
viability as well as characterisation of physical processes placed upon monoclonal antibodies during
their formulation and introduction into biological systems (Kheddo, et al., 2016, p. 88) (Kheddo, et al.,
2016, p. 1257) (Hamrang, et al., 2015, p. 2473). The experimental finding presented here also suggest



115

that protein stabilising and destabilising effects were of paramount importance to the assessment of
dynamical allostery processes taking place in mutated scFv antibody fragments (Ramaprasad et al.,
2017, p. 1). Thus, Hamrang and co-workers showed that even minor alterations in the analysed antibody
fragments had a considerable effect on the resulting agglomeration of proteins in the respective
formulations. Similarly, as outlined in the work by Kheddo and co-workers and of Hamrang and co-
workers, it was determined that physical methods of analysis were highly effective in monitoring and
undertaking stability assessments as well as determination of conformational changes to provide an
indication of the most significant factors affecting stabilisation of monoclonal antibody formulations
(Kheddo, et al., 2014, p. 127) (Kheddo, et al., 2016, p. 88) (Kheddo, et al., 2014, p. 127) (Ramaprasad
etal., 2017, p. 3) (Hamrang, et al., 2015, p. 2473).

The remaining publications presented and analysed in this thesis were focused on the
determination of the effects that changes in concentration of proteins had on viscosity of albumin
formulations and investigations of the effects that changes in pH had on protein agglomeration and
stability. Both publications presented are fundamentally important as they explore and describe the
behaviour of proteins under various physiological conditions and formulations relevant to the
biopharmaceutical industry. The corresponding findings may subsequently be extrapolated to
monoclonal antibody-based formulations with the possibility of developing novel, more stable and more
potent drugs (Goncalves, et al., 2013, p. 1) (Zapadka, et al., 2016, p. 2). Considering the effect that
protein concentration had on alteration in viscosity of the final protein solution, Goncalves and co-
workers indicated that the biophysical characteristics and correlations could be expanded to the
description of the rheological behaviour as well as the content of protein species in both dilute, as well
as highly concentrated, aloumin solutions (Goncalves, et al., 2013, p. 2). This is particularly important
as in most cases biotherapeutic proteins are formulated at high concentrations but many measurements
on aggregation of such formulations are undertaken on diluted samples that can result in a changing of
the aggregates present. Thus, approaches such as NMR and rheology that can study the protein solutions
in the final formulation and concentration are likely to unravel and reveal insights into the behaviour of
such proteins that is not revealed when analysing these in diluted samples.

Analysis of the shear rheology results suggests that the observed patterns followed a Newtonian
behaviour. The observed trends and correlations can be explained by the presence of polysorbate-80 in
the protein solutions. Introduction of this surfactant is common in pharmaceutical practice and its
addition results in negation of rheological properties as well as surfactant tension that is expected with
the addition of water and formation of protein films on the interface between air and water (Goncalves,
etal.,, 2013, p. 2).
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The results obtained in the study by Goncalves and co-workers clearly demonstrated that protein
concentration had an effect on the viscosity which increased with protein concentration (Goncalves, et
al., 2013, p. 2). In particular, this study established that the highest viscosity increase was detected in
cases when protein concentration was increased from 250 to 500 mg/mL. At the concentration of
approximately 500 mg/ml, the highest sample viscosity was observed. As mentioned in the previous
sections, the indicated patterns could be employed in the design of monoclonal antibody-based
formulations and design more stable and more concentrated biopharmaceutical formulations but that
can ensure that viscosity does not become problematic or ‘too high’ (Goncalves, et al., 2013, p. 3). The
findings are further supported by the corresponding data obtained using high pressure size exclusion
chromatography. It was initially presumed that increases in viscosity were associated with protein
agglomeration through protein-protein interactions. Whilst this may indeed be the case, the observed
viscosity was affected by additional environmental factors including temperature of the solution, flow
rate and nature of the mobile phase buffer (Goncalves, et al., 2013, p. 3).

The work reported by Goncalves and co-workers is of importance to the development of modern
biopharmaceutical products because principles applied to the analysis of albumin formulations can be
expanded to monoclonal antibody-based formulations and other types of pharmaceutical products where
protein agglomeration is observed (Goncalves, et al., 2013, p. 3). In summarising the experimental data
that were obtained from this research, it should be indicated that at high protein concentrations, in
addition to protein-protein interactions, additional formulation and storage/environmental specific
factors should be taken into consideration during the assessment of correlations between viscosity and
protein concentration. Consequently, during the development of monoclonal antibody-based drugs,
factors such as possible interaction areas in the globular structure of proteins and their volume should
be considered (Goncalves, et al., 2013, p. 3).

Looking at specific cases of developing monoclonal antibody formulations, Kheddo and co-
workers indicated that undesired high viscosity in various mAb formulations may considerably promote
reversible self-association of the corresponding proteins which may result in irreversible structural
changes at high concentrations (Kheddo, et al., 2016, p. 1252). Irreversible agglomeration may
considerably reduce the activity of the formulations and for this reason implementation of analytical
monitoring and analysis techniques is essential in order to maintain the initial product activity and
prevent agglomeration. Nuclear magnetic resonance spectroscopy was found to be a highly potent and
versatile analytical technique that may be employed in various cases when speed and precision are
required. Kheddo and co-workers showed that this technique was highly sensitive towards analysis of
monoclonal antibodies and determination of possible formation of agglomerates (Kheddo, et al., 2016,

p. 1252). Nevertheless, sample preparation conditions and considerations need to be followed in order
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to obtain data of adequate accuracy. These conditions include specific pH of the sample, temperature of
the media and possible presence of additives. It was shown that proton NMR was highly effective during
the analysis and characterisation of unlabelled and large monoclonal antibody proteins. The research
indicated that the corresponding production of NMR data may be carried out automatically and
conclusions on possible formation of agglomerates could be drawn based on maximisation of the signal
intensity. It should also be noted that the application of traditional assays (e.g. testing of new drugs
determined based on qualitative structure-activity relationships) may be highly beneficial at early stages
of the analysis of monoclonal antibody-based formulations and the implementation of NMR techniques
may be beneficial at later stages when detailed understanding of protein-protein and protein-solvent
interactions are required (Kheddo, et al., 2016, p. 1252).

In addition to the 1D NMR signals, Kheddo and co-workers suggested that NMR long-range
data was also important in the assessment of formulation stabilities and optimisation of formulations.
The NMR spectroscopy approach may be employed to determine various NMR measurements,
including relaxation rates and translational diffusion data. The work in the publication by Kheddo and
co-workers complements previously reported literature findings on correlations between viscosity of
protein and concentration. The unique feature of NMR spectroscopy was to provide highly diverse
information, covering in situ sample behaviour. Also, the discussed analytical technique can be
employed to characterise conformational states of the analysed proteins, quantities of both monomeric
and oligomeric protein species in the solution as well as complement corresponding chromatography
data and light scattering. The data describe in the here highlights the importance of investigation into
the possibility of using other instrumental methods of analysis in the characterisation of monoclonal
antibodies (Kheddo, et al., 2014, p. 129) (Kheddo, et al., 2016, p. 89) (Kheddo, et al., 2014, p. 127)
(Hamrang, et al., 2015, p. 2473) (Ramaprasad et al., 2017, p. 3).
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5.0 Conclusions
In analysing the data and papers presented here it is important to note that the formulation of

antibodies for use in the clinic is the last step between production of the drug and administration into
humans. Being able to stabilise an antibody and provide it in a suitable form for delivery is therefore an
important part of the whole manufacturing of such drugs. A range of physical and chemical methods
can be employed to study conformational changes in the corresponding monoclonal antibody-based
formulations and how changes to formulations impact on various attributes indicative of antibody
stability (e.g. aggregation, fragmentation, activity). The outlined work detailed here suggests that
characterisation of monoclonal antibody-based formulations could effectively be enhanced with the aid
of proton NMR spectroscopy. It can also be suggested that in addition to the discussed stable monoclonal
antibodies, the corresponding NMR techniques may also be expanded to other less stable materials to
aid in formulation development.

In addition to proton NMR spectroscopy, the work described here has shown that various
analytical techniques may also be used to complement analysis of monoclonal antibodies and determine
aggregate size ranges in response to the application of various external factors. For example, by applying
the RICS technique to the generation of particle size data it is possible to obtain information not biased
to specific range of particle sizes, which highlights the importance of the corresponding technique in
sizing of protein-based aggregates. From the data presented it can also be concluded that sizing
characterisation of monoclonal antibody-based formulations is of paramount importance for adequate
description of various novel and highly perspective pro-drugs.

In addition to investigating the impact of excipients on the final formulation of antibodies, the
work presented here investigated the ability of excipients to maintain the stability of a monoclonal
antibody whilst in culture in the cell culture media and the impact on the culture viability and protein
product stability. Assessing the behaviour of both adherent and non-adherent cell lines the findings of
this work indicated that in all cases similar toxicity patterns were observed upon introduction of arginine
glutamate. Thus, it can be concluded that changes in toxicity were primarily dictated by osmolarity
changes. The data also suggests that non-inflammatory processes dictate cellular death upon
introduction of sodium chloride. Comparing the activity of arginine glutamate with sodium chloride it
was found that both compounds manifest similar cellular toxicity but at different concentrations.
Introduction of both osmolarity-forming compounds is not expected to result in inflammations. Analysis
of the stabilising and destabilising effects in both normal and mutated ScFv antibodies suggested that
the corresponding responses were based on the nature of the perturbations taking place in the analysed

formations. Locations of specific perturbations are expected to vary from protein to protein, however
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stabilisation of individual fragments is expected to take place as the result of interaction with solute
molecules.

The studies on human recombinant albumin highlight the importance of protein-protein
interactions during formulation of the corresponding pharmaceutical product. The results of studies that
were carried out on recombinant human albumin and the corresponding correlations between protein
concentration, viscosity and agglomeration can potentially be expanded to monoclonal antibodies
during the development of mAb-based formulations. Finally, analysis of the kinetics of GLP-1
aggregation was monitored at pH 7.5. It was observed that the lag time increased with increases in the
peptide concentration. For this reason, it can be concluded that formation of unexpected and
uncharacterised oligomeric species took place at the indicated pH level, which promoted further
agglomeration of monomers. Development of the described agglomeration and aggregation pathway
may lead to the transformation of the initial off-pathway oligomers into the corresponding on-pathway
oligomers with subsequent development of fibrils. It is clear that due to intrinsic structural features of
GLP-1, fibrils that are formed at pH=7.5 are unstable and short. Subsequent increase in the pH level
results in the disruption of the formed bonds and development of aggregation pathways proceeding
according to traditional nucleation mechanisms.

Collectively, the discussed papers and work presented here reinforces the fact that the
development of monoclonal antibody-based drugs is a highly challenging, but perspective field of the
modern pharmaceutical industry. Thus, implementation of monoclonal antibodies in the treatment of
diseases has the potential to considerably increase the effectiveness of the employed treatment and

reduce costs.
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