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Summary

The current pandemic outlines the need for efficient and mass-produced vaccines to fight
infectious diseases. Group A Streptococcus is a human pathogen causing hundreds of
millions of infections every year and leading to over 500,000 deaths annually. Unfortunately,
there is still no efficient vaccine developed today. A novel class of vaccines that can
overcome some of the limitations of traditional vaccines are virus-like particles (VLPs) that
can induce strong and long-lasting immune responses. However, caused by lengthy and

complicated production routes they are also among the most expensive.

Microbially-expressed modular virus-like particles with inserted foreign antigens are a
promising platform technology for rapid and low-cost vaccines but their current purification
methods lack scale-ability and process performance. A main burden during processing is the
formation of soluble aggregates and poor performance during chromatographic purification.
Processing of viral capsomeres usually requires hard-to-scale unit operations and enzymatic
treatment to remove DNA. The first half of my project, therefore, investigated the cause of
the aggregate formation and investigated possible purification pathways. It was found that a
main source of soluble aggregates during processing is DNA-capsomere aggregates, caused
by the strong DNA affinity of viral capsomeres. This aggregation does not only lead to poor
product quality during viral assembly but is also responsible for poor chromatographic
performance as the large-size aggregates cannot enter the pores of the chromatographic resin
and hinder the efficient removal of DNA. It was furthermore shown, that these DNA-
capsomere interactions can be controlled by adjusting the ionic strength of the buffer system
and high salt buffers can suppress DNA-capsomere interactions. Controlling DNA-capsomere
interactions did not only lead to better product quality and improved DNA removal, but it
also enables efficient chromatographic processing at elevated salt concentrations using salt-

tolerant mixed-mode ion exchange resins.



The novel approach of processing viral capsomeres at elevated salt concentrations,
suppressing DNA-capsomere interactions, with novel salt-tolerant mixes mode ion exchange
resins led to the development of several integrated purification pathways, that were optimized
using high-throughput binding studies. The optimized purification pathways were
comparatively evaluated using a range of analytical techniques. After optimization, the
preferred integrated purification pathway was capable of producing highly pure virus-like
particles without any of the common hard-to-scale unit operations found in other described
methods and showed outstanding process performance. The finding of these two studies are
not only relevant for my specific virus-like particle but are also of high interest if other viral
proteins are processed as the underlying DNA binding sites are conserved within many
viruses. Furthermore, the finding can explain many challenges occurring during the

processing of virus-like particles and viral proteins, that are described in the literature.

The second part of my studies focuses on the transition of the batch process to a continuous
one. Continuous bioprocessing gains significant attention within the biopharmaceutical
industry in recent years, as it promises faster, cheaper, and more consistent production.

However, unlike other industries, continuous biomanufacturing is still in its infancy.

Research in this field mostly concentrates on antibody production and VVLPs are not
addressed yet. This project, therefore, aims to widen the research field of continuous
biomanufacturing to virus-like particles, and an automated, continuous production route was
developed. Based on the findings of the first part of my studies the first fully integrated and
continuous purification pathway for virus-like particle vaccines was developed. The process
showed a robust behaviour over a wide range of inlet stream concentrations and produced
Group A Streptococcus virus-like particle vaccines of constantly high quality over the

examined period.
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A novel key concept is the integration of a flow-through step with multi-modal cation
exchanger in a periodic counter-current chromatography (PCC) set-up, that allows seamless
integration of the two-unit operations without buffer adjustment in between. The process also
shows the possibility to remove the reducing agent DTT during column elution using
chromatography, eradicating an additional buffer exchange unit operation before in-line viral
assembly. A main challenge to solve was the development of a new control strategy for
continuous periodic counter-current chromatography subject to unstable/fluctuating inlet
stream concentrations. Current control strategies fail if the inlet stream concentration does not
remain constant during column loading. The developed approach was modelled in-silico,
using mechanistic models, and enables a more robust controlling of PCC processes than

common approaches.

Apart from describing the first continuous purification pathway for virus-like particle
vaccines, the described process might lay the fundamentals for continuous production for a
wide range of biopharmaceuticals. The process can be easily adapted to other
biopharmaceuticals as the process can be changed using different chromatographic resins and

is not constructed around a specific affinity chromatographic step.

This project outlines the development of a continuous manufacturing process for microbially
expressed VLP vaccines against Group A Streptococcus from scratch. It shows exemplarily
the development and optimization of a batch process and the subsequent transition to a
continuous and integrated process and therefore can serve as a blueprint for the development

of continuous processes for biopharmaceuticals other than VLPs.
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Chapter 1

Introduction

This chapter introduces the overall research project and gives an outline of the thesis

structure, content, aims, and objectives.



1.1 Background

Vaccination is one of the key tools to fight human infectious diseases and is an outstanding
achievement of biomedical research and public health [1-3]. Smallpox was declared
eradicated by the WHO in 1980 after global immunization [4]. Furthermore, the current
global pandemic of COVID-19 illustrates the importance of efficient vaccines in the fight
against infectious diseases. Traditional vaccines containing dead or inactivated viruses, or
single key proteins, have been successfully developed against a wide variety of diseases such
as measles, mumps, rubella, poliomyelitis diphtheria, tetanus, hepatitis A/B and can prevent
morbidity and mortality up to 100% [1,5]. Yet, in 2019 more than 10 million people died
globally because of communicable diseases outlining the threat of infectious diseases to

human health.

Group A Streptococcus (GAS) is responsible for over 500,000 deaths and infects hundreds of
millions every year, making it a major burden within our society [6]. Unfortunately, there is
no commercial vaccine available yet, and the high number of genotypes and possible cross-
reactions with the immune system challenges the development of efficient vaccines [7,8].
Due to lower access to healthcare mostly developing countries and low-income settings are
affected by GAS and therefore an ideal vaccine candidate is not only highly efficient but can

also be produced cheaply and at large scale.

Traditional vaccine production requires long culturing processes and complicated purification
pathways. This makes production of vaccines expensive and also limits a possible reaction to

sudden pandemic threats [9]. To overcome these problems of GAS vaccine development, new
highly efficient vaccines and advanced manufacturing technologies have to be developed to

provide cost-effective, highly efficient, and rapidly manufactured vaccines at a global scale.



Virus-like particles are a new and promising vaccine approach. They mimic the overall
structure of the underlying virus, yet lack genetic material and are therefore non-infectious
and safe to use. Caused by their native and highly repetitive structure they elicit a strong and
long-lasting immune response. VLPs can also be used as a platform to present foreign
antigens to the immune system, thus allowing the construction of vaccines against a wide
variety of pathogens [10]. However, currently VLPs are among the most expensive class of

vaccines due to their complicated and expensive production routine [11,12].

A possible low-cost platform technology for the production of VLP vaccines was developed
by Middelberg et al. [13]. Based on murine polyomavirus major capsid protein VP1 with
inserted antigen, immunogenic VLPs against different pathogens can be produced and a
promising candidate against GAS has been developed. A main advantage is that VP1 can be
rapidly expressed in E. coli making the production theoretically easy, rapid and cost-efficient.
However, to achieve the full potential of this technology the purification pathway requires
further development that allows full-scale ability. Additionally, further intensification of the
production can be achieved by changing from batch to continuous manufacturing. State-of-
the-art biomanufacturing is still heavily relying on batch-wise unit operations. Changing from
batch to continuous manufacturing can lead to significant reductions in operational and
investment costs and the field of continuous biomanufacturing gains increasing attention in

recent years [14].

Recent research on continuous bioprocessing mainly investigates the processing of
antibodies; other important biopharmaceuticals such as VLPs have been neglected. There is
currently no research published on the continuous production of virus-like particles and in
general integrated and continuous purification pathways for biopharmaceuticals are
minimally examined and seldom described. Therefore, this research project, tries to widen the

field of continuous biomanufacturing towards VLPs and explores continuous and integrated



production pathways for VLP vaccines based on murine polyomavirus major capsid protein

VP1 with a Group A Streptococcus vaccine as a model construct.

1.2 Aims and Objectives

The overall aim of this Ph.D. project is to develop a continuous downstream process for the
production of microbial-produced virus-like particle vaccines based on the murine
polyomavirus-like particle vaccine platform. The process shall be scale-able, automated,
integrated, and produce VLPs of high quality. Non-tagged VP1 capsomere with inserted J8
GAS antigen is used as a model construct to obtain VVLP vaccines against Group A
Streptococcus due to the significance of this pathogen. Although this project focuses on VLPs
this thesis shall also provide a blueprint for the development of continuous processes for

other biopharmaceuticals apart from antibodies.

As a first step, possible new purification pathways for non-affinity tagged VP1-J8 will be
explored and a new integrated batch process will be developed that is fully scale-able and
only utilizes unit operations that can be translated into continuous processes. Aggregation
during processing and low chromatographic performance will be investigated in detail.

Subsequently, this process will be further optimized using high-throughput approaches.

Once a suitable batch process is developed, this will be translated into a continuous and
integrated process. A control strategy for process automation will be developed that considers
concentration fluctuations during processing and the process robustness will be analyzed and

examined.

1.3 Thesis outline
The thesis is structured into eight chapters, of which Chapter 3, 4, 5, 6, and 7 are presented as

a publication. A short overview of each Chapter will be given in the following:



Chapter 1 Introduction. This chapter introduces the overall research project and gives an

outline of the thesis structure, content, aims, and objectives.

Chapter 2 Literature Review. This chapter reviews the current literature and aims to give the
reader a comprehensive overview of the topics relevant to this thesis. Virus-like particles,
Group A Streptococcus, and current purification strategies are discussed. Furthermore, the

murine polyomavirus-like particle vaccine platform is introduced.

Chapter 3 Continuous downstream bioprocessing for intensified manufacture of
biopharmaceuticals and antibodies. This chapter provides an extensive review on continuous
biomanufacturer and introduces different continuous concepts and completes the literature

review of Chapter 2.

Chapter 4 Influence of DNA-VP1 aggregates on downstream processing. In this chapter, it is
investigated how the control of DNA-VP1 interactions can influence the downstream
processing of viral capsomeres. Multi-modal cation exchange resin was identified as a novel
approach to process VP1 capsomeres at elevated salt concentrations, enabling the suppression
of DNA-VPL1 interactions and thus allowing for higher binding capacities. Furthermore, the
influence of DNA-VPL1 interactions on the formation of aggregates during assembly is

investigated.

Chapter 5 Comparative evaluation of integrated downstream processes. Based on the
findings of Chapter 4 several integrated downstream processes for VP1-J8 VLPs were
developed. Optimal process conditions were explored using high-throughput studies. The
processes were characterized in terms of purity and product quality and comparatively

evaluated.

Chapter 6 Control strategy for PCC processes subject to fluctuating inlet stream

concentrations. Integration of a flow-through chromatography step with a continuous PCC



process leads to fluctuating inlet stream concentrations, which hinders controlling of the PCC
process. In this chapter a novel control strategy for PCC processes with fluctuating inlet
stream concentrations is developed. The new approach was verified in-silico using

mechanistic modelling as well as experimentally.

Chapter 7 Continuous downstream process for the production of VLP vaccines. In this
chapter, a continuous, automated, and integrated downstream process for the production of
VLP vaccines against Group A Streptococcus was developed. The process integrates the
findings of the previous chapters. The robustness of the process was tested with different
initial lysate concentrations and the product quality was determined over several hours of

processing.

Chapter 8 Conclusion and future directions. This chapter sums up the findings of the
previous chapters and gives an outlook of possible future research questions that can be

addressed.
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Chapter 2

Literature Review

This chapter reviews the current literature and aims to give the reader a comprehensive
overview of the topics relevant to this thesis. Virus-like particles, Group A Streptococcus,
and current purification strategies are discussed. Furthermore, the murine polyomavirus-like

particle vaccine platform is introduced.



2.1 Virus-like Particle Based Vaccines

Virus-like particles are nano-sized structures mimicking the overall structure of their native
virus [1]. They are formed by one or several viral structural proteins which can be expressed
in various systems like bacteria, yeast or eukaryotic cell cultures. Although they are identical
or closely related to intact viruses, they lack genomic material and are therefore non-
infectious by design [2,3]. Due to their highly repetitive and native structure VLPs strongly
stimulate B cells and induce a vigorous and enduring antibody response [4,5]. VLPs can be
used as efficient vaccines against their underlying virus, and might even trigger stronger
immune responses than a natural infection [6]. Native VLPs are used as vaccines against

Human Papilloma Virus and commercialized under the name Cervarix® and Gardasil®.

VLPs can also be used as a platform to present covalent bound foreign antigens and thus form
a completely new class of vaccines. As the foreign antigens are presented in a more “natural”
virus pattern, a very strong immune response can be triggered without any adjuvant [7]. VLPs
presenting foreign antigens are called chimeric or modular VLPs and have been heavily
examined against pathogens such as HIV, HPV, poliovirus, Hepatitis, and others [8,9]. A
main disadvantage of VLPs as vaccines is their complicated and laborious production route.
Random aggregation, shear sensitivity, low recoveries, low binding capacities, the need for
nuclease treatment, and hard-to-scale unit operations such as size exclusion chromatography
and ultra-centrifugation make them comparably expensive [1,8]. A dose of HPV vaccine is
priced over 300 US-Dollars and even the not-for-profit price (Global Alliance for vaccines
and Immunization) of 4.50 US-Dollar is too high for the use in low-income countries [10—

12].

2.2 Murine Polyomavirus VLP based Vaccine platform
A VLP vaccine platform that was specially designed to meet the need for rapidly-produced

and low-cost VLP vaccines is the murine polyomavirus major capsid protein VP1 VLP

10



platform. Murine Polyomavirus-like particles are icosahedral formed particles, containing 72
major capsid protein VP1-pentamers, with an approximate size of 45 nm and a molecular
mass of 15 300 kDa. The VVP1-pentamers, called capsomeres, have a molecular mass of 212.5
kDa [13]. One main advantage of murine polyomavirus VLPs is that the capsomeres can be
expressed unassembled in microbial expression systems. These unassembled capsomeres can
then be purified and assembled into VLPs in a controlled environment in-vitro thereafter [14].
This paradigm follows other mass manufacturing approaches (e.g. for automobiles) where
components are made and subjected to quality control and are then assembled into a complex
structure. The capsomere as well as an assembled Murine Polyomavirus VLP are illustrated

in Figure 2-1.

Figure 2-1Murine Polyomavirus capsomere (PDB-ID 5CPU) and assembled VLP (PDB-1D

1SIE).

The assembly/disassembly reaction can be easily controlled by changing the buffer system.
While VLP assembly is triggered by Ca?* ions, capsomeres are stabilized in the presence of
chelating agents such as EDTA and a reducing environment [13-15]. Processing of
unassembled capsomeres followed by in-vitro assembly into VLPs provide several

advantages over simultaneous expression and assembly in-vivo. One point is that by

11



controlling the quality of the capsomeres before assembly and by controlling the assembly
process directly, a better overall quality of the VLPs can be achieved. Another important
point is, that this approach prevents the introduction of unknown and variable contaminants
inside the VLPs, so-called internal contaminants, that get trapped inside the VLPs during in-
vivo assembly. Removal of internal contaminants requires an additional dis- and re-assembly
step during processing which impacts the overall process economics yet is not required for

the murine polyomavirus VLP platform [14].

By fusing antigens with \VP1, chimeric or modular VLPs can be produced that present foreign
antigens in a highly immunogenic manner. A proof of concept was implemented for different
antigens including Influenza, GAS, and Rotavirus and it was shown that modular VP1 VLPs
induce strong immune responses [16-18]. Furthermore, the modular VVP1-antigen capsomeres
can be expressed and produced in microbial expression systems such as E. coli, and
expression levels of gram-per litre have been achieved [19]. This reveals another benefit of
this platform technology. Contrary to traditional egg or cell culture produced vaccines, which
need between 11 and 20 weeks production time, VLP vaccines produced in microbes can be
available within days, can be quickly modified to the circulating strain, and are furthermore
cheap to produce [17]. Estimated costs for vaccines based on this technology using process
economic tools are in the range of cents per dose for large-scale production, slashing the price

of conventional vaccines by several hundred times [20].

2.3 Group A Streptococcus and J8 antigen

Streptococcus pyogenes also known as Group A Streptococcus is a gram-positive human
pathogen, which can cause mild symptoms such as pharyngitis, but can also lead to serious
and potential life-threatening diseases such as necrotizing fasciitis, acute rheumatic fever
(ARF) and rheumatic heart disease (RHD). GAS is responsible for over 500,000 deaths and

several hundred million infections per year, mainly threatening developing countries and

12



indigenous communities [21-23]. Currently, there is no vaccine commercially available.
Thus, in 2015 not only the World Health Organization (WHO) decided to force the
development of a GAS vaccine but also the Australian government decided to invest 35

million dollars [24,25].

The surface of GAS is coated with a major virulence factor called M-protein [26]. The M-
protein, firstly described in 1927, acts as the primary antigen and as a serological marker
[27,28]. Upon infection an individual produces type specific antibodies against the M-protein
and develops subsequent protection against this serotype [29]. Therefore, the M-protein is an
ideal target antigen for vaccine development and was extensively investigated as a target for
vaccine development. However, there are certain drawbacks associated with using M-protein
as a target antigen. First of all the M-protein has a hypervariable region on the N-terminus
and with more than 200 known serotypes and thus it is challenging to find a vaccine that is
effective against a broad range of GAS types [30]. Another even more important aspect
concerns possible cross-reactions upon vaccination with M-protein as it can raise antibodies
reacting with alpha-helical coiled human proteins, and an early study with partially purified
M-protein induced the development of ARF in some volunteers, which subsequently led to
the prohibition of GAS organisms and derivates for vaccines [31-33]. Although the decision
made by the FDA was revoked in 2006, the induction of possible cross-reactive antibodies

are a major concern that needs to be addressed during development of a GAS vaccines [34].

The M-protein consists of two polypeptide chains that form an alpha-helical coiled-coil
structure on the surface of GAS and consists mainly of blocks of repeated amino acid
sequences that can be split into four repeat regions A-D, as illustrated in figure 2-2 [35]. The
C-terminal end is highly conserved with the sequence differing by less than 2% between

different serotypes. At the N-terminus however, the M-protein becomes more variable with

13



an additional hypervariable nonhelical region of 11 amino acids adjunct to the A-repeat block

that defines the biological activity of the molecule [35].
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Figure 2-2 Schematic illustration of M-protein of Group A Streptococcus [36].

One approach to obtain a general vaccine against most serotypes is to induce antibodies
against the conserved part of the M-protein. A promising target within the highly conserved
C-terminus of the M-protein is epitope p145 having 20 amino acids length, as p145
antibodies were able to opsonize streptococci [37]. Hayman [38] has developed a chimeric
peptide called J8, containing the minimal epitope J8i (12 amino acids) of p145 that is fused
with flanking GCN4-peptides on each side to promote the native helical structure which is
essential for efficiency [17]. This chimeric J8 peptide was able to stimulate the production of

antibodies that opsonize GAS but do not induce potential human cross-reactions [38].
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Modular VLP vaccines against GAS based on the murine polyomavirus platform can be
obtained by fusing the chimeric peptide J8 with VVP1. J8 peptide was inserted with flanking
G4S linker at position 293 of VVP1 resulting in the chimeric construct VP1-J8. The flanking
linkers, allow for more space and promote the natural helical conformation of J8 [17]. After
assembly of the VP1-J8 capsomeres into VLPs, the antigen J8 is presented in a highly
repetitive manner on the surface of the VLP as shown in Figure 2-3. This modular GAS VLP
vaccine has proven to be efficient in inducing a strong systemic and mucosal immune system

response in mice, even without the addition of adjuvants [7,17].

Figure 2-3 Chimeric VP1 displaying Group A Streptococcus J8 peptide (J8-VP1). (A)
Structural prediction for a J8-VP1 capsomere and virus-like particle (J8-VP1 VLP). J8
peptides (red) are presented on the surfaces of chimeric VP1 capsomere (left), which
self-assemble into a VLP. (B) Transmission electron micrograph showing the self-assembly

of J8-VP1 capsomeres (left) into J8-VP1 VLPs (right). Scale bar is 100 nm. From [17].
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2.4 Expression and Purification of Murine Polyomavirus Derived VLP
Vaccines
The two main bioprocess manufacturing options for murine polyomavirus-based VLPs are
shown in Figure 2-4, namely the in-vivo pathway in eukaryotic, yeast, and insect cells and the
in-vitro pathway in prokaryotic cells. During the in-vivo pathway VP1 capsomeres assemble
into VLPs inside the host cell and can therefore incorporate cellular contaminants internalised
to their structure. Thus, a disassembly and reassembly step is essential during the purification
process to remove these internal contaminants. In contrast, during the in-vitro pathway, VP1
capsomeres remain unassembled inside the cell and the actual assembly process occurs after
the removal of impurities in a controlled environment. As the disassembly and reassembly

step is no longer required, the in-vitro pathway is in general more stable and efficient [14].
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Figure 2-4 Different bioprocess production options for VLPs. During the in-vivo pathway (a)
and (b) VLPs assemble inside of the cell, while in the prokaryotic expression system (c)

capsomeres remain unassembled and can be assembled after purification in vitro [14].

In literature, modular VVP1 protein such as VP1-J8 is expressed in a transformed E. coli
Rosetta (DE3) with the pGEX-4T-1 plasmid as a cloning vector. Expression levels described

in the literature are usually low but also gram-per-litre expression has been achieved, with the
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highest described value being 1.63 g I [39]. The optimal conditions for VP1 expression have
not been discovered yet as the results are contrary to each other; for example, Ladd Effio et
al. [39] measured the highest expression at 37 °C while Chuan et al. [40] at 26 °C. The
highest described value has been achieved at pH 6, 37 °C, and a relatively low shaker speed.
It is assumed that inducing stress during growth and expression, either by low pH or low

oxygen levels, has a positive influence on soluble product titres.

For a convenient purification process of the expressed VP1 capsomeres, a GST affinity tag is
usually inserted into the VP1-antigen sequence. After cell disruption and clarification, the
GST-tagged capsomeres are captured on a GSTrap HP column, after which GST is cleaved
with thrombin followed by size exclusion chromatography to remove aggregates and the
GST-tag [40]. This purification pathway is used in nearly all publications concerning VP1
[41-43], although some add further steps like anion exchange chromatography to remove
endotoxin and sterile filtration [17,41]. Endotoxins have been furthermore removed using
Triton X-114 and Tobacco Etch Virus protease (TEVp) has been used as an alternative to

thrombin for GST-tag cleavage [43,44].

Using affinity tags leads to several disadvantages during downstream processing such as
multimerization effects, low recovery, a costly and inefficient chromatographic step, and a
further enzymatic tag removal step. Still, GST-tag free purification procedures are rarely
described [44]. Alternative pathways without affinity purification include selective salting out
with sodium sulfate [45] or anion exchange chromatography followed by size exclusion
chromatography [39]. Another challenge during purification of VLPs and viral capsomeres is
the removal of DNA. Described protocols often remove DNA only incompletely and are
usually dependent on utilizing enzymatic nuclease treatment to remove DNA, adding another

layer of complexity and timely processing to the purification pathway [46,47].
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The large molecular size of VVP1, the need for conformational integrity, and the tendency to
aggregate, further challenge purification. Slow diffusion and low pore accessibility can lead

to low binding capacities and unfavourable buffer conditions can lead to instabilities [1,48].

Although purification of tagged and non-tagged VP1 capsomeres is possible with different
techniques, described methods lack process performance, suffer from low recoveries, and are
heavily dependent on hard-to-scale unit operations. Finding and integrating different unit
operations into a fast, efficient, scale-able, and reliable purification process without massive
product losses is the major current challenge in VLP/capsomeres purification; no efficient

process neither in batch, nor in continuous mode, is described for VVP1 capsomeres yet [1].

2.5 VP1 Process Development

To achieve the aim of this project and develop a continuous downstream process for VP1-J8
VLP vaccines against GAS, several challenges need to be solved. The current limitations for
non-tagged VP1 constructs, as outlined in Chapter 2.4, need to be addressed to develop an
efficient batch process first. Possible solutions for aggregation and low binding capacities can
involve stabilizing buffer conditions and new chromatographic resins with favourable
performance properties respectively. Another approach for process intensification is
switching from batch to continuous manufacturing. Counter-current chromatography can help
to overcome challenges with low binding capacities and solves the trade-off between resin
utilization and productivity [49]. Other possible benefits of continuous processing are higher
automatization, lower footprint, faster processing and thus less product degradation and less

batch-to-batch variations.

There are multiple possible options to transfer a process from batch to continuous, depending

on the required unit operations. Therefore, a detailed review of continuous biomanufacturing,
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possible unit operations and challenges during continuous processing is provided as Chapter

3 in the form of a published and incorporated paper.
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Chapter 3

Continuous Downstream Bioprocessing for Intensified

Manufacture of Biopharmaceuticals and Antibodies

This chapter provides an extensive review on continuous biomanufacturer and introduces

different continuous concepts and completes the literature review of Chapter 2.
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1. Introduction

With a predicted worldwide market of nearly 400 billion dollars
in 2024, the biopharmaceutical market is one of the largest indus-
trial sectors and has a tremendous positive impact on society
(Mordor Intelligence, 2019). For a long time, the biopharmaceutical
industry focused mainly on development of new and innovative
therapies, but now, the intensification of the production process
is becoming a focus of interest (Jacoby et al., 2015). Process inten-
sification is defined as any chemical engineering development that
leads to a substantially smaller, cleaner and more efficient technol-
ogy with the aim to reduce the overall production costs for a given
product (Stankiewicz and Moulijn, 2000). This shift is driven by
various factors. One main driver is the increase in therapeutic com-
petition due to expiring patents, with the introduction of bio-
similiars to the market and next generation medicines pressuring
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lower production costs by more efficient processes. Another con-
sideration is the requirement for more flexible production routes
and equipment that can be used for multiple products, as more
and more new, large-molecule drugs like vaccines, orphan drugs
and personalized medicine are developed, that require only small
volumes of product and a high flexibility of producers (Jacoby
et al,, 2015). Very recently Sanofi opened a new biologics manufac-
turing facility, in which continuous biologic production technology
will reportedly be used, highlighting a potential turning point in
this field (Sanofi, 2019).

Traditional large-scale manufacturing processes rely on large
stainless-steel vessels and a batch-wise production, as this was
the only way to achieve high productivity through large volumes
while ensuring process safety. However, stainless steel plants are
not only capital investment intensive, they also require long plan-
ning and construction times, and late modifications are costly,
resulting in an inflexible and risky investment (Xenopoulos,
2015; Frank, 2018; Hummel et al., 2019). Single-use equipment
was introduced as an alternative and is becoming universally
accepted in the industry. This disposal technology enables high
flexibility and lower investment cost, as it can be ordered on
demand and is delivered pre-sterilized, making cleaning and clean-
ing validation unnecessary (Frank, 2018). Arguably, this simplifica-
tion is achieved at the expense of sustainability at a time when
social license is increasingly directed toward the circular economy.

Shifting from batch-wise to continuous production intensified
other process industries and is a promising approach to shorten
the production cycle, reduce facility footprint, increase equipment
utilization, enable constant product quality, and therefore, lower
the overall cost of goods (Woodcock, 2014; Konstantinov and
Cooney, 2015; Hummel et al., 2019; Cataldo et al., 2020). This is
particularly pertinent for sensitive molecules that degrade over
time. One main source of degradation in bioprocessing is due to
long holding times between the purification steps, in which enzy-
matic reactions or reactions with other impurities, oxygen etc.
occur. Another source is long column residence times that can
affect some proteins. Integrated continuous processes, in which
holding times between the individual steps are eradicated and
the overall average residence time is dramatically lowered, offer
a pathway with less product loss (Vogel et al., 2012; Warikoo
et al., 2012; Konstantinov and Cooney, 2015; Fisher et al., 2019).

The modern development of continuous perfusion reactors has
increased productivity and product titres to a level where the
downstream process is now the bottleneck of the production pro-
cess (Kunert and Reinhart, 2016). As antibodies are by far the big-
gest market for biopharmaceuticals, recent research on continuous
purification processes has largely focused on costly capturing of
antibodies using protein A affinity chromatography, attempting
to integrate this process with perfusion reactors to prepare a highly
concentrated initial solution for further purification steps.

To obtain a fully integrated continuous process, and ultimately
reduce the footprint and intensify the process, however, possible
ways to integrate the individual unit operations as well as other
continuous unit operations have to be developed and examined.
Recent techniques made significant progress in enabling continu-
ous processes. For example, single pass tangential flow filtration
enables in-line buffer exchange and therefore a seamless integra-
tion of different unit operations. Alternative purification tech-
niques as a substitute for chromatographic processes, which are
inherently batch-wise and therefore usually semi continuous, like
crystallization, precipitation and membrane technologies, are con-
sistently becoming more advanced, opening up new purification
pathways and process design strategies for continuous processing.
Although there is a lack of research in this field, they are theoreti-
cally easier to transfer into a continuous process using tubular
reactors and other standard formats.

Chemical Engineering Science 231 (2021) 116272

A number of excellent reviews have been published on contin-
uous purification of biopharmaceuticals, though mostly focused on
specific aspects. A number of them address specific chromato-
graphic processes (Steinebach et al., 2016b; Vogg et al., 2018), or
only address antibodies (Somasundaram et al., 2018). Excellent
overviews are given by (Jungbauer, 2013) and (Zydney, 2016),
describing current and potential processes. As interest in this field
is growing and more research on continuous purification strategies
is being released, this review will provide an overview of the cur-
rent status of continuous downstream processing technologies
applied, not only using antibodies, but also other therapeutic pro-
teins. A focus is placed on continuous processes that have proved
the concept and highlight parameters such as productivity or pur-
ity to demonstrate the capabilities of these processes. A short and
necessarily incomplete overview of recent publications, the tar-
geted molecule and achieved process performances is given in
Table 1 and is elaborated in subsequent sections.

Table 1. Overview of different continuous purification processes
used for purification of biopharmaceuticals or proteins and some
process parameters where applicable.

2. Continuous chromatographic unit operations

Chromatography remains the workhorse in bioseparation as
commercial processes are heavily based on several chromato-
graphic steps. Because of the natural batch-like process with differ-
ent consecutive steps, transferring chromatography into a
continuous process is a challenge, and needs creative approaches,
often based on multi-column set-ups.

2.1. Periodic counter current chromatography

Periodic Counter Current (PCC) chromatography is so far the
most developed continuous chromatography technique, containing
of a minimum of 2 columns, for which several companies offer dif-
ferent commercial equipment set-ups. Besides the normal PCC
design, several special approaches exist, such as sequential
multi-column chromatography (SMCC) (Theoleyre, 2006; Ng
et al., 2014; Girard et al., 2015), StepSMB (Grabski et al., 2014),
CaptureSMB (Angarita et al.,, 2015) and BioSMB (Bisschops, 2014),
differing in number of columns and column switching format. An
overview of the current commercial available continuous chro-
matography systems has been recently provided (Somasundaram
et al., 2018). Steinebach et al. (2016b) gives an excellent overview
of different multi-column purification systems. Primarily used for
capturing of antibodies using protein A affinity resins, the basic
principle is relatively simple; a column is overloaded and the leak-
ing flow through is used to load a second column. If the first col-
umn is completely loaded, the feed is directed to the second
column and the leaking flow through is loaded on a third column.
During the loading of the second and third column, the first col-
umn can be eluted and regenerated (Godawat et al, 2012;
Mahajan et al., 2012). Multi-column PCC therefore usually outper-
forms batch-wise chromatography in terms of higher productivity
and capacity utilization (Heeter and Liapis, 1995; Baur et al,
2016b, 2018) but is also lower in buffer consumption, has higher
product concentration and requires smaller column volumes
(Godawat et al., 2012; Mahajan et al., 2012; Angarita et al., 2015).

One obvious advantage of this system is that very high column
loadings, approaching the static binding capacity limit, can be
achieved. Furthermore, the residence time of the protein on the
column can be decreased, leading to smaller required column sizes
and less burden for sensitive molecules (Warikoo et al., 2012;
Angarita et al, 2015). PCC can therefore overcome the dilemma
of batch chromatography giving higher resin utilization for a
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Table 1
Overview of different continuous purification processes used for purification of biopharmaceuticals or proteins and some process parameters where applicable.
Methods Technology Protein Purity Yield Productivity Reference
Extraction packed differential 1gG 84% 85% Rosa et al. (2012)
contractors
counter current mixer settler 1gG 99% 80% Rosa et al. (2013)
counter current mixer settler 1gG mAb 72% 95% Eggersgluess et al. (2014)
tubular separator whey protein 90% Vézquez-Villegas et al., 2011
magnetic nano particle A33 Fab 98% 70% Fischer et al. (2013)
Precipitation tubular reactor, TFF mAbs 97% 95% Burgstaller et al. (2019)
CFIR process impurities 90% 6-16 times Kateja et al. (2016)
from I1gG higher
Virus inactivation Flow through packed bed Sencar et al. (2020)
CFIR David et al. (2019)
Refolding CFIR GCSF 84% 15 times Sharma et al. (2016)
higher
4-Zone Simulated moving Eddie fusion protein 100% 4.7 mgflh Wellhoefer et al. (2014)
bed
Crystallization air bubbled tubular reactor lysozyme 68% 21g/lh (0.72 g/ Neugebauer and Khinast (2015)
h)
oscillatory flow reactor lysozyme 60% 3.8 g/lh Yang et al. (2019)
continuous stirred tank mAb 96% 93% 6.4 g/lh Hekmat et al. (2017)
Desalting/buffer counter current diafiltration  1gG 100% Jabra et al. (2019)
exchange flow through ScFV 99% 1.63 times Walch and Jungbauer (2017)
chromatography higher
Chromatography 8 column PCC (BIOSMB) mADs 50 g/lh Gjoka et al. (2017)
3 column CEX-PCC GCSF 7.4 times Kateja et al. (2017)
higher
3 column AEX-PCC Lipase B high 97% 12 g/lh Bramer et al., 2018
3 column IMAC-PCC patchoulol synthase 98% 68% 1.1 g/lh Bramer et al., 2019a
2 column PCC (CaptureSMB)  mAbs 95% 448 gflh Sun et al. (2020)
1 column continuous mADbs <55 ppm 34 g/lh Kamga et al. (2018)
HCP
pH gradient 3-Zone SMB single chain Ab 66% 91% 24 mg/lh Martinez Cristancho and Seidel-
(HisTrap) fragment Morgenstern, 2016
SEC-SMB influenca virus 3.8 times Krober et al., 2013
higher
4-Zone SEC-SMB refolding Eddie fusion protein 100% 4.7 mgflh Wellhoefer et al. (2014)
CCTC mADbs 96% 140 gflh Fedorenko et al., 2020

specific yield, which in single-column formats can only be achieved
by lowering the feed flow rate which itself reduces productivity
(Baur et al., 2016a; Steinebach et al., 2016a). As shown in Eq. (1),
the number of necessary columns N is based on the time needed
to complete the different chromatographic steps (loading, washing,
elution, regeneration, and equilibration) (Warikoo et al., 2012),

N>2+4+ -+ (1)
S

where Tz is the elution-recover-regeneration time for one column,
C; the target concentration in the feed, R; the target residence time
and Ks the static or actual binding capacity. Reducing the total num-
ber of columns is generally favourable as it simplifies the process
and also reduces the total number of valves, pumps, controlling
devices etc. Most critical is therefore the loading time in relation
to all other steps combined. In view of the fact that a small number
of columns is favourable, it can be concluded from Eq. (1) that a
long loading time, compared to the elution-recover-regeneration
time, is beneficial. This can be achieved by either high column
capacities or lower flow rates (Godawat et al, 2012; Angarita
et al., 2015). A deeper theoretical description of the PCC process
has been given elsewhere (Godawat et al., 2012).

While nearly all publications concerning PCC systems are
focused on protein A capturing of monoclonal antibodies with

reported productivities of 50mg,, o, Mh,h " (Gjoka et al,, 2017)
the process itself is not limited to protein A affinity chromatogra-
phy or affinity chromatography in general (Mahajan et al., 2012;

Godawat et al,, 2015; Gjoka et al., 2017; Somasundaram et al.,

2018; Chiang et al., 2019). Few PCC processes other than protein
A affinity chromatography have been described and reveal a high
increase in productivity compared to batch processes. For example,
Godawat et al. (2015) used a three column PCC with cation
exchange (CEX) membranes as an intermediate step for mAbs.
Recombinant proteins derived from E. coli have also been purified.
Granulocyte colony stimulating factor (GCSF) has been purified by
a 3-column CEX-PCC with 7.4-fold productivity increase (Kateja
et al, 2017). Candida antartica lipase B purification by a 3-
column AEX-PCC gave a 36% productivity increase (Bramer et al.,
2018), and patchoulol synthase purification by a 3-column immo-
bilized metal affinity PCC provided a 47% productivity increase
(Bramer et al,, 2019a). Productivity can be further increased by
using disposable membrane columns as shown by Brdamer et al.
(2019b) using Sartobind® Q in a 4-column setup. Another benefit
of the PCC system is that it can handle a constant feed flow if three
or more columns are used.

If a semi continuous feed flow is sufficient, designs with less
than 3 columns can be utilized, reducing investment costs. For
example, 2-column PCC processes are investigated by Morbidelli
et al. and commercially distributed by ChromaCon AG under the
name CaptureSMB (Angarita et al., 2015; Baur et al, 2016a,
2019; Steinebach et al., 2016a; Feidl et al., 2020). During the pro-
cess, the 2 columns are switched between an interconnected (IC)
step and a batch step. During the interconnected step, the first col-
umn is loaded and the flow through is loaded onto the second col-
umn, then the feed is stopped and the columns are washed to
remove impurities. Subsequently, during the batch step the first
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column is eluted and regenerated, while the second column is
loaded at a lower flow rate (Angarita et al., 2015). It has to be men-
tioned that the feed stream is processed semi-continuously as it is
interrupted during washing and uses different flow rates between
IC and batch step (Angarita et al., 2015). Another process with con-
tinuous and steady feed was developed with additional in-line feed
during the interconnected wash step (Steinebach et al, 2016a;
Karst et al., 2017). The process was used to purify antibodies from
clarified CHO cell broth and showed better performance than batch
production, e.g. 40% higher productivity (Baur et al., 2016a) and 2.5
times higher column capacity utilization (Steinebach et al., 2016a),
which can be coupled with a continuous perfusion reactor (Karst
et al, 2017). Reachable productivities are highly dependent on
the feed concentration and model assisted predictions for twin col-
umn systems report values between 14 and 47mg,, M, h |
(Sun et al., 2020). The superior process is hard to judge as it is
dependent on numerous variables such as resin utilization, pro-
ductivity, buffer consumption, investment costs etc., but numerical
simulations comparing the performance of batch, 2-/3- and 4-
column PCC systems for antibody capturing showed that the 2-
column PCC process is favourable for low (Creq < 0.5 mgml")
and high (Creq > 5 mgml 1) feed concentrations, while 3-column
PCC is favoured for medium feed concentrations
(1.5 mgml™' < Creed < 2.5 mgml™") (Baur et al., 2016b). In general,
using more columns in the loading zone lead to higher resin uti-
lization, thus lead to better process performances. But as this ben-
efit is also dependent on the feed concentration more columns are
not necessary the most cost effective (Pagkaliwangan et al., 2019).
Nonetheless, very few data are available to guide comparison of
the different PCC processes, while productivity and resin utiliza-
tion must also be accounted for, as well as investment costs, pro-
cess complexity and development. Therefore, further research is
required in this field to answer the question as to which process
is favourable under certain conditions.

An interesting approach is the use of only 1 column coupled
with a small hold tank to obtain a semi continuous capturing as
described by (Kamga et al., 2018), who coupled a perfusion reactor
with the developed one-column continuous chromatography
(OCC) for continuous therapeutic antibody capturing using a pro-
tein A column. They obtained a productivity of
34mg,pgue My, which is an increase of 72% compared to the

resin
productivity of 19.7mg,g,qMlpyh”' described by (Baur et al,
2016a) using the 2-column CaptureSMB process. By choosing very
low flow rates, a high dynamic binding capacity could be achieved
resulting in nearly 100% column capacity utilization. Another ben-
efit of this method, is that it can be implemented with standard
AKTAs and does not require investment in new equipment, which
makes it economically strategic, particularly for academic research
and smaller institutes with limited resources (Kamga et al., 2018).

2.2. Simulated moving bed chromatography

Simulated moving bed (SMB) is based on the fictional true mov-
ing bed (TMB) and imitates a counter current movement of the
solid and liquid phase by valve switching (Aniceto and Silva,
2015). Conventional SMB processes consist of 4 zones as shown
in Fig. 1, and are capable of splitting the feed stream in two elution
streams, one containing the weaker adsorbed component and
another the stronger adsorbed. The feed stream is applied between
Zone Il and 11T and loaded onto the column in Zone III. The stronger
adsorbed component remains in the column longer, while the
weaker adsorbed component travels faster through the column
and can be collected between Zones 11l and 1V, with another part
of the product stream also loaded onto Zone IV. If the stronger
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adsorbed component reaches the end of Zone III, the columns are
switched counter-clockwise and the former Zone Il becomes Zone
II. The eluent enters the system between Zone IV and I (opposite of
the feed), and elutes the stronger adsorbed product in Zone [ which
can be collected between Zones I and Il. However, new design
approaches have been developed enabling more difficult separa-
tions, better performance, step gradients and tertiary separations
(Beste and Arlt, 2002; Stréhlein et al., 2006; Wei et al., 2011;
Kim et al., 2017).

An interesting concept for continuous purification is the 3-zone
open loop SMB, which lacks Zone IV, comparing Fig. 1, and there-
fore does not recycle elution buffer but prevents cross contamina-
tion and enables new process designs with modulated solvent
properties, for example the use of affinity and ion exchange (IEX)
resins (Kessler et al., 2007; Martinez Cristancho and Seidel-
Morgenstern, 2016; Fischer et al., 2018). An overview of the recent
developments and process design is provided by Aniceto and Silva
(2015), Seidel-Morgenstern et al. (2008) and Kim et al. (2017).
However, SMB processes, particularly specially design configura-
tions are equipment intensive and complicated to construct and
therefore  rarely described for the purification of
biopharmaceuticals.

By modulating the solvent composition in different sections the
process performance can be increased. For example, to improve
IEX-SMB the salt concentration in Zones IIl and IV can be lowered
and in Zones I and II can be raised. This so called salt gradient IEX-
SMB was used to separate bovine serum albumin (BSA) and myo-
globin (Houwing et al, 2002), lactoglobuline A and B
(Wenkenborg et al., 2004) and IgG and lysozyme (Kessler et al.,
2007). By modulating the zone composition, new purification
strategies can be conducted as shown by Martinez Cristancho
and Seidel-Morgenstern (2016), who purified histidine tagged sin-
gle chain fragment antibodies from clarified cell broth using a
three-zone pH-gradient SMB (HisTrap™ HP columns) and obtained
11-times higher productivity (24mg,muclmsh™") (Martinez
Cristancho et al, 2013; Martinez Cristancho and Seidel-
Morgenstern, 2016). It was also shown that influenza A virus par-
ticles can be continuously purified from cell culture by anion
exchange monoliths with a 3-zone open loop SMB process, how-
ever, the productivity is nearly 50% lower compared to the batch
process (Fischer et al., 2018). Nonetheless, this approach is highly
interesting and should be further examined. The question arises,
if a three-zone open loop SMB process with a modulated desorp-
tion zone has any benefits relative to a 3-column PCC process, as
the processes are very similar, but the SMB process lacks the pos-
sibility to overload the first column and has therefore a lower resin
utilization and is also more complex to construct. Further research
should be done in this direction to establish the preferred
approach.

Simulated moving bed processes are so far the only way of
implementing Size Exclusion Chromatography (SEC) in a satisfac-
tory continuous way. As biopharmaceutical proteins are often large
molecules, or there is a need to separate aggregates or the need for
a desalting process, the separation process can be seen as a pseudo
binary mixture, for which size exclusion SMB is a suitable process.
Influenza viruses could be separated from contaminating proteins,
with a 3.8 times higher productivity in a three zone open loop SMB
compared to a regular batch process (Kréber et al., 2013). Also
plasmid DNA can be separated efficiently (Paredes et al.,, 2005). A
quasi continuous design process with interrupted feed stream
using only two size exclusion columns allowed the separation of
adenovirus particles from clarified and concentrated cell broth.
The process increased the productivity by six times and had a
higher yield than the compared batch process (Nestola et al,
2014, 2015). Also, continuous desalting can be achieved by
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Fig. 1. Design of 4-Zone and 3-Zone Simulated moving bed processes. The stronger adsorbing component (S) remains longer on the column while the weaker adsorbing
component (W) is travelling faster within the direction of the fluid flow. Zone IV is used to recycle the used buffer and is missing in the 3-Zone set up. The 3-Zone SMB process
thus therefore has a higher buffer consumption but allows a broader range of process designs. The ports are switched periodically so that former Zone 11l becomes Zone II,

former Zone Il becomes Zone I, and so on.

a 3-column SMB, which was shown by (Hashimoto et al., 1988)
who removed ammonium sulphate from a BSA solution. Simulated
moving bed processes offer many advantages for continuous bin-
ary separations and therefore should be further examined in the
production of biopharmaceuticals, especially the open loop three
zone SMB seems to be suitable for biopharmaceuticals as the open
loop design allow more separation techniques, no cross contami-
nation and an easier process design.

2.3. Continuous flow-through chromatography

The most straight forward approach to obtain continuous chro-
matography is flow through or negative chromatography. By
choosing appropriate conditions, the desired product shows no or
minor interaction with the chromatographic resin and flows
through the column, the impurities however are adsorbed to the
column. Flow through chromatography by columns or membranes
is widely used and described as a polishing step in different down-
stream processes (Godawat et al., 2015; Steinebach et al., 2017b).
In an alternating twin column design, the first column can be
washed and regenerated while the other one is used for the pro-
cess, enabling a continuous process with a constant feed stream
(Walch and Jungbauer, 2017). Transforming the process from batch
to continuous is easy, as only minor adjustments such as a suitable
column size and flow rate have to be made. Ichihara et al. (2018)
proposed that antibodies and other proteins do neither bind to
cation exchangers nor anion exchangers, and therefore can be puri-
fied by connected columns, if the pH and salt concentration are set
correctly. This approach was used for polishing of antibodies after
protein A capturing, obtaining high recoveries of more than 98%
and sufficient removal of impurities (host cell protein (HCP),
DNA, aggregates) (Ichihara et al., 2018; Yoshimoto et al., 2019).
The process can be further intensified by adding an activated car-
bon column, which helps to remove HCP and DNA and requires
no in-line pH adjustment or holding tanks (Ichihara et al., 2019).
Of special interest is the process in combination with new porous
resin materials that sterically hinder large molecules from access-
ing binding sites. Walch and Jungbauer (2017) showed a

continuous desalting after refolding by combining a nano-porous
cation and anion exchanger, which proteins could not access, and
therefore removed salts but not proteins. This principle could also
be used for the separation of very large biomolecules like virus like
particles (VLPs) as new porous-bead resins like Capto Core™ have
been developed. However, a satisfactory proof of concept has not
been done so far. Although few publications address flow through
chromatography only, it offers, especially in combination with new
resins, many opportunities in continuous polishing and needs to be
further evaluated. The straight forward process integration and
scalability are two of the main reasons why this approach needs
further attention.

Packed beds columns in flow through modus, are also a handy
solution whenever defined reaction times are needed, due to the
very narrow residence time distribution and fluid homogeneity
over a broad design space inside those columns (Sencar et al.,
2020b). Promising results were achieved for enzymatic digestion
of IgG and virus inactivation under different conditions (Martins
et al., 2019, 2020; Ulmer et al., 2019).

2.4. Further multi-column chromatographic concept designs

Besides the already mentioned processes, there are further con-
tinuous multi-column chromatographic processes, targeting spe-
cial problems that are worth mentioning. The continuous multi-
column counter current solvent gradient purification (MCSGP) pro-
cess, shown in Fig. 2, is a process that combines SMB with a linear
gradient elution, targeting the trade-off between purity and yield
for centre-cut separation with overlapping peaks. The process
adjusts the solvent conditions before every column in the tray by
additional pumps and therefore enables a linear or step gradient
over the process and furthermore enables internal recycling by
having a recycle loop. Mostly used for continuous polishing steps
on IEX resins, it can also be used as a capturing step (Miiller-
Spath et al,, 2010a). The system contains 2, 3 or 6 columns, can
be run continuously or semi-continuously, and the number of dif-
ferent molecules that can be separated depends on the number of
used columns (Aumann and Morbidelli, 2007, 2008; Krattli et al.,
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Fig. 2. Multicolumn counter current solvent gradient purification. In the open loop simulated moving bed process new solvent of different composition is added at every
stage and thus a step gradient can be achieved over the process. Internal recycling loops can be introduced into the system to further improve the separation of hard-to-

separate biomolecules.

2013; Steinebach et al., 2017a; Ulmer et al., 2019). Polishing of dif-
ferent charged isoforms of antibodies after protein A capture and
the separation of a mixture of 4 model proteins (o-
chymotrypsinogen, cytochrome ¢, lysozyme and avidin) were
explored (Krattli et al., 2013; Steinebach et al., 2017a). Although
higher yields and productivities for a given purity can be achieved,
the MCSGP process does not always outperform the corresponding
batch process in terms of productivity as finding the optimal pro-
cess parameters is challenging (Aumann and Morbidelli, 2007;
Miiller-Spath et al., 2010b; Steinebach et al., 2017a; Vogg et al.,
2019). As an example, for a given purity the purification of glucan-
gon using a continuous 2-column MCSGP system achieved a 23%
higher product recovery at a cost of 38% reduced productivity (de
Luca et al, 2020). The process is therefore particularly suitable
for polishing of high-value products, for which reducing product
loss is more important than high productivity. Another approach
is continuous counter-current tangential chromatography (CCTC)
in which the resin is pumped in the form of a slurry through static
mixers and hollow fibre membranes with a true counter current
staging, as shown in Fig. 3. Each chromatographic step is repre-
sented by a number of mixers and membrane modules, enabling
a counter-current flow. The process enables not only a continuous
feeding but also a steady outlet stream with a constant product
concentration which is unique compared to other multi column
systems and opens new options for continuous process design
(Napadensky et al., 2013; Dutta et al., 2015). Purification of anti-
bodies from clarified CHO cell culture using protein A resins was

shown with steady productivities of 140g, 4 lmh”' and

resin

productivities up to 190gpmdnc!’;1]vin proposed as possible with this
system. Also, post capture purification with mixed mode resins
was demonstrated, achieving a magnitude higher productivity,
showing that the process is capable of using different chromato-
graphic resins. However, the process requires much higher
amounts of buffer, nevertheless the buffer consumption is depen-
dent on the counter-current stages per chromatographic step and
can be decreased through further process design (Dutta et al.,
2016, 2017; Fedorenko et al., 2020).

3. Continuous non-chromatographic approaches

Although chromatography remains the workhorse of biophar-
maceutical purification, other approaches (e.g. extraction, precipi-
tation, filtration and crystallization) can also be used for
purification and are of high interest for integrated continuous pro-
cesses, as enabling technologies for connecting unit operations, or
as an alternative to chromatographic techniques if they are not
applicable.

3.1. Continuous liquid-liquid extraction

Liquid-liquid extraction is a commonly-used process to extract
and concentrate proteins or bioactive products (Oelmeier et al.,
2011). Aqueous, two phase systems (ATPs) are the most common
systems for liquid-liquid extraction, as organic solvent can dena-
ture the proteins and are therefore generally unsuitable for
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Fig. 3. Continuous counter-current tangential chromatography. The resin is recirculating as a slurry through the system. Every chromatographic step is represented by a
number of mixers and membrane modules enabling the buffers to constantly flow round the resin. With this approach a constant and steady product stream can be achieved

(Dutta et al., 2017).
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biopharmaceuticals (Jungbauer, 2013). Different devices that can
be separated into column contactors and mixer settle units are
available for continuous processing of ATPs, each with their own
advantages and disadvantages (Rosa et al., 2012; Espitia-Saloma
et al., 2014). While the low interfacial tension and density differ-
ence of the phases allows fast phase mixing, phase separation
remains the bottleneck for continuous ATPs extraction
(Eggersgluess et al., 2014). Rosa et al. (2012) examined the perfor-
mance of packed differential contractors for the continuous extrac-
tion of antibodies from a Chinese Hamster Ovary (CHO) cell
supernatant with polyethylene glycol (PEG)-salt systems. For the
construction of the process they chose the PEG rich phase as the
dispersed phase as smaller droplets could be achieved. Further-
more, the dispersed phase should interact as little as possible with
the packing surface to ensure an even flow. By determining the
wetting properties of different metals and plastics, it was shown
that plastics usually show a higher PEG rich phase interaction than
steel. Regular stainless steel interacted the least and thus should be
used as a packing material (Rosa et al., 2012). The same group
reported impurity removal up to 99% and a yield of 80% using a
3-step process comprising a multi-stage extraction, back-
extraction and washing for Immunoglobulin G (IgG) purification.
This process was run in a continuous manner for several hours
using standard counter-current mixer settler batteries (MSB) of
15 ml volume and flowrates of several hundred ml h !, which also
enables a recycling of the used buffers (Rosa et al., 2013). Another
study using only counter current extraction and no washing or
back extraction achieved a purity of 46% for antibodies with 10
stages of cross-current mixer settler (Eggersgluess et al., 2014).
High (78%) recovery of spiked IgG with cell supernatant was
achieved with a 3-stage continuous mixer-settler configuration
with recirculating loops (Espitia-Saloma et al, 2016). A further
approach was the use of a tubular separator after an in-line mixer
gaining product recovery up to 90% for whey protein extract as a
model protein mixture (Vazquez-Villegas et al., 2011).

A possible advantage of ATPs is direct capturing from the super-
natant or cell broth as ATPs are robust towards biomass, making a
clarification step unnecessary (Rito-Palomares, 2004; Rosa et al.,
2013). As an example C-phycocyanin was extracted continuously
from crude extract in a coiled flow inversion reactor (CFIR) (Ruiz-
Ruiz et al., 2019). However, as the physical principles of the parti-
tion behaviour remain unclear, the process development requires
high experimental effort (Oelmeier et al., 2011; Torres-Acosta
et al., 2019). Furthermore, sufficient purities can only be achieved
with complicated multi-stage extractions, back extraction and
washing, which negatively affects process economics. Thus, it is
unlikely that continuous ATPs extraction of biopharmaceuticals
will play an important role in the near future (Gonzalez-Valdez
et al.,, 2018). However, new developments in liquid-liquid extrac-
tion systems namely counter current chromatography (CCC) and
centrifugal partition chromatography (CPC) addressing these
issues and continuous separation modes have been developed,
called sequential centrifugal partition chromatography (sCPC).
Although these promising technologies are already used for plant
derived pharmaceuticals applicability for biopharmaceuticals has
yet to be examined (Hopmann et al., 2012; Oelmeier et al., 2012;
Bojczuk et al., 2017; Morley and Minceva, 2019; Roehrer and
Minceva, 2019).

Other extraction systems like three-phase-partition (TPP) sys-
tems and affinity enhanced ATPs have been developed in recent
years. In TPP systems, a mixture of an alcohol and an aqueous solu-
tion forms two liquid layers and an intermediate layer with the
desired precipitated product (Chew et al, 2019). Affinity-
enhanced ATPs are systems with chemical modified polymers or
alternative ligands, promising an increase and predictable selectiv-
ity of the systems (Azevedo et al, 2009). This opens up new
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possibilities for continuous separation as shown by Fischer et al.
(2013) using functionalized magnetic nanoparticles in an aqueous
micellar two-phase system to continuously separate antibody frag-
ments from E. coli extract with purities above 98%.

3.2. Continuous precipitation

Precipitation offers an interesting approach for capturing of bio-
pharmaceuticals, as it usually has a high yield of over 90% and is
able to reduce process volume significantly in a single step. In con-
trast to crystallization, the influence of reaction time on the pro-
cess outcome is insignificant (Hammerschmidt et al, 2014;
Neugebauer and Khinast, 2015; van Alstine et al, 2018;
Burgstaller et al., 2019). Hammerschmidt et al. (2014) examined
the possibilities of precipitation in a continuous manner for the
purification of antibodies and developed different processes. They
compared a continuous process for mAbs using four precipitation
steps (Caprylic acid, PEG, CaCl2 and cold ethanol) combined with
a flow-through anion exchange (AEX) step and a standard chro-
matographic purification, and showed that the continuous process
provides cost reduction at all scales. Continuous precipitation in a
tubular reactor filled with static mixers produced the same results
as a batch-wise precipitation in a stirred tank reactor
(Hammerschmidt et al., 2015). It was shown that using continuous
tangential flow filtration instead of centrifugation as a precipitate
capture leads to similar results and even increases re-solubility
(Hammerschmidt et al., 2016). Burgstaller et al. (2019) showed
that the combination of a tubular reactor and tangential flow filtra-
tion enables constant mass flow with a steady product concentra-
tion. Furthermore, a second stage to their process was added,
whereby the precipitate was washed with precipitation buffer con-
tinuously to further remove high-molecular-weight impurities,
reporting an antibody purity level of 97%, while recovering 95%
of the product. This combination of a tubular reactor linked to a
continuous TFF system was also used for continuous IgG precipita-
tion using ZnCl, instead of PEG as a precipitation agent. This
approach lead to a lower viscosity compared to PEG precipitation,
which positively affected filtration, and achieved yields of 70%
(Dutra et al., 2020). Instead of feed and bleed tangential flow filtra-
tion to separate precipitated product, hollow fibre membranes
were used in flow through mode to obtain an integrated continu-
ous process without intermediate feed pumps and intervening
hold steps, with mAb yields of 80% achieved (Li et al., 2019).

One major point that has to be considered when using tubular
reactors, is the flow behaviour inside the channel. As low flow rates
are usually used, a laminar flow regime can be assumed which
leads to insufficient mixing and a broad residence-time distribu-
tion (Danckwerts, 1953, 1958). One solution to this problem is
the use of static mixers inside the tubular reactor, which greatly
increases radial mixing and uniformity of the reactant. However,
it has been found that static mixers inside a tubular reactor trap
small flocks of precipitate and accumulate them over time, causing
insufficient mixing (Zelger et al., 2016). An alternative to a tubular
reactor filled with static mixers is the coiled flow inversion reactor
(CFIR). If a fluid flows through a helically-coiled tube the centrifu-
gal forces, caused by the curvature of the tube, induce a secondary
flow pattern, which forms Dean Vortices. These vortices induce
mixing of the fluid inside the tube. In the CFIR, helically-coiled
tubes are bent 90° several times, changing the direction of the cen-
trifugal force inside of the tube and therefore inverting the flow in
the tube. This inversion leads to a chaotic mixing of the liquid even
at low Reynolds numbers and efficiently narrows the residence
time distribution to be near plug flow (Saxena and Nigam, 1984;
Kumar and Nigam, 2005; Mridha and Nigam, 2008). Kateja et al.
(2016) showed a productivity increase of between 6 and 16 times,
depending on the process, using a continuous CFIR for the

35



L. Gerstweiler, J. Bi and Anton P.J. Middelberg

precipitation of process-related impurities from clarified cell cul-
ture supernatant containing monoclonal antibody (mAb). CFIR pre-
cipitation has also been integrated into a fully continuous process
together with a cation exchange and a multi modal chromatogra-
phy step to purify different antibodies from clarified CHO-cell
supernatant (Kateja et al., 2018). It has furthermore been shown
that CFIR reactors are suitable for other time-dependent reactions
such as low-pH viral inactivation with inclusion into integrated
continuous processes (David et al., 2019, 2020b, 2020a).

3.3. Continuous crystallization

Crystallization as a unit operation for biopharmaceuticals is
proposed in the literature as an innovative alternative to chro-
matography in intermediate and polishing steps, and has been
described for different products, such as therapeutic antibodies,
aprotinin and other recombinant proteins (Peters et al., 2005;
Takakura et al,, 2006; Hebel et al.,, 2013; Smejkal et al., 2013;
Hekmat et al., 2015). Protein crystals can be used as a way to store
biopharmaceuticals as it protects the product from degradation,
and is proposed as a better alternative in drug delivery (Basu
et al., 2004; Peters et al., 2005). Yields of more than 85% and puri-
ties over 98% were achieved by using optimised batch stirred tanks
(Hebel et al., 2013; Hekmat et al., 2015). The first continuous crys-
tallization of protein was accomplished using a tubular reactor and
lysozyme as a model protein (Neugebauer and Khinast, 2015). Air
bubbles were introduced into a tubular reactor periodically to
ensure a segmented flow, good mixing and a narrow residence
time distribution despite laminar flow, required to ensure low
shear forces. Three heating/cooling zones along the reactor were
used to control the crystallization process. Although well-defined
crystals with a narrow size distribution could be produced, there
were only low process yields of 68% due to the limited residence
time that could be achieved. Instead of using air bubbles to gener-
ate the desired flow behaviour, Yang et al. (2019a) used a continu-
ous oscillatory flow reactor, which may also be beneficial for
molecules that are sensitive to gas exposure. They suggested the
use of the Reynolds-number to determine the process conditions
for the scaling up from small scale batch shaking tube experiments
to a continuous oscillating flow system. The applicability of oscil-
lating reactors should be further examined, as they have well-
defined mixing characteristics, are scalable and showed compara-
ble results to stirred-tanks for refolding proteins (Smith, 2000;
Lee et al,, 2001). An alternative continuous reactor design was
developed based on a stirred tank reactor and tested not only for
lysozyme but also for full length monoclonal antibodies from a
pre-treated clarified CHO cell culture supernatant (Hekmat et al.,
2017). As shown in Fig. 4, the reactor is equipped with a cooled
recirculating bypass system allowing two zones with different
temperatures during the process to control the crystal formation.
By placing the product removal on the bottom of the stirred tank
reactor, only crystals reaching a certain size, and therefore sedi-
ment, are collected and discharged semi-continuously. It was
demonstrated that it is possible to control crystal size and mor-
phology in a continuous process with obtained yields of more than
90% and a doubled crystallization formation rate compared to
batch wise processes, not only for lysozyme but also for mono-
clonal antibodies (Hekmat et al., 2017).

Ability to control nucleation, crystal growth, and formation of
aggregates, coupled with a general lack of knowledge about pro-
tein crystallization, remain the major issues to be solved for the
development of reliable continuous crystallization process. Incom-
plete mixing of the reaction solution can be considered as one of
the main challenges that has to be addressed during the develop-
ment of a continuous crystallization step, especially as the low
shear forces of a laminar flow are desired. As the distribution of

Chemical Engineering Science 231 (2021) 116272

the molecules strongly affects the reaction kinetics, the agitation
and flow pattern in a continuous reactor has a strong influence
on crystallization processes and reliable strategies for up-scaling
have to be developed (Danckwerts, 1958). Higher productivity con-
tinuous reactors also offer advantages for the introduction of new
crystallization-promoting strategies including through the use of
lasers, microwaves, magnetic and electric fields. These new modal-
ities are conceivable as continuous reactors offer a larger surface-
to-volume ratio of flow channels compared to conventional batch
reactors (Li and Lakerveld, 2018).

3.4. Continuous protein refolding

Protein refolding is often a necessary step in bioprocessing for
biopharmaceuticals expressed using the highly productive host cell
Escherichia coli, if the product manifests as a solid inclusion body
(Middelberg, 2002). With the advent of continuous flow cell-
disruption systems (Tseng et al., 2019), continuous protein refold-
ing takes on new potential.

Like crystallization, protein refolding is a time-dependent reac-
tion. In tubular flow systems a well-mixed system with a narrow
residence time distribution is required for a predictable and consis-
tent continuous process (Danckwerts, 1958), while in batch chro-
matography systems there is some evidence that enhanced
dispersion may actually be beneficial (Ding et al., 2008). Addition-
ally, mixing in bulk liquid reactor systems strongly influences
yield, with some evidence that the initial dispersion step is quite
critical for both batch and oscillatory flow reactors (Lee et al.,
2002).

In contrast to precipitation and crystallization, no insoluble
material is desired to be formed during the process, and in fact
the objective is to minimise non-productive protein aggregation
(Buswell and Middelberg, 2002), allowing the use of a wide range
of packed beds, like size exclusion columns, to optimise the flow
systems and to achieve intensification also through matrix-
enhanced refolding (Jungbauer et al, 2004; Langenhof et al,
2005; Machold et al., 2005; Basu and Leong, 2012). In general, dur-
ing refolding the “correct” pathway competes with inter-molecular
aggregation (Doglia et al., 2008; Rys et al., 2015). In practical sys-
tems, one simple way to avoid adverse intermolecular interactions
during protein refolding is to keep protein concentration low dur-
ing the process, leading to large process volumes (Jungbauer and
Kaar, 2007). For these systems a continuous process would be very
beneficial in reducing the footprint and the overall cost of the pro-
cess (Ferré et al.,, 2005; Schlegl et al., 2005b).

One of the earliest demonstrations of continuous protein refold-
ing (Lanckriet and Middelberg, 2004) used a system known as
preparative continuous annular chromatography (P-CAC), which
relies on a mechanically moving bed. P-CAC was used to translate
a batch SEC refolding process into a continuous one. As P-CAC
shows a similar elution profile to batch, the translation is compa-
rably simple and the resin loading can be increased by an order
of magnitude, leading to lower buffer consumption and higher pro-
duct concentrations, compared to the batch process. It was further-
more shown, that the aggregated fraction in a P-CAC system can be
recycled to increase the yield significantly (Schlegl et al., 2005a).
However, as P-CAC relies on a mechanically-rotating bed it is sub-
ject to some complexity in both design and operation.

An alternative approach is the use of size exclusion columns in a
SMB set-up, which has been used for refolding of different proteins
(Jungbauer et al.,, 2004). It could be shown that the SMB refolding
process can be simulated with good agreement, from data obtained
from batch processes, and the continuous process leads to an over-
all lower sample dilution compared to the batch process with SEC
columns (Park et al., 2005; Saremirad et al., 2015). By using a 4-
column 4-zone open loop SMB, Freydell et al. (2010) reported a
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Fig. 4. Continuous stirred tank based crystallization reactor with cooled bypass to control the crystallization process. The temperature in the bypass and in the stir tank vessel
can be controlled separately and optimised to nucleons forming and crystallization. If the crystals reach a minimum size, they sediment to the bottom of the vessel and can be
harvested continuously. The minimum size of the crystals can be controlled by the agitation speed and geometrics of the stirred vessel (Hekmat et al., 2017).

53 times higher volumetric productivity with 90% less buffer con-
sumption and a 4.5 times higher product concentration for refold-
ing a protein expressed as inclusion bodies. If the SMB process is
operated under isocratic conditions and the extraction phase con-
tains the product of interest, the refolding/desorption buffer can be
recycled by filtering it through a tangential flow filtration unit. This
concept was shown by Wellhoefer et al. (2014) who combined two
4-Zoneclosed loop SMB, the first closed loop SMB for continuous
refolding of inclusion bodies and the second for further purification
of the auto-cleaved protein. High refolding buffer recycle of 99%
was achieved and the overall combined process had a 180-fold
higher productivity.

In other approaches a tubular reactor or a CFIR has been used.
Both showed an increase in volumetric productivity over batch
processes and the high volume to surface area also enabled accu-
rate temperature control in large scale production (Pan et al,
2014; Sharma et al., 2016). Also, a continuous stirred tank reactor
in combination with a tangential flow filtration was used to refold
proteins in a continuous manner, however this set-up requires
large and costly equipment (Schlegl et al., 2005b). Nevertheless,
refolding by dialysis with ultrafiltration in some cases enables
higher product concentration during refolding and is therefore par-
ticularly interesting (West et al., 1998; Yoshii et al., 2000; Zhao
et al., 2014; Rys et al., 2015). As new techniques for continuous fil-
tration, described in Section 3.5 are developed, continuous refold-
ing by ultrafiltration might be better enabled and should be further
exploited.

Research on continuous refolding of therapeutic proteins seems
to be under-represented in the literature, which might be because
most complex therapeutic proteins are expressed in a soluble form.

Two major design approaches have been studied. SEC-SMB sys-
tems show better process economics, while tubular reactors and
CFIRs have a distinctively less-complex process design. Another
possible reactor that has yet to be examined in detail for continu-
ous refolding is the continuous oscillating reactor, although it has
shown good performance for batch refolding (Lee et al., 2001). As
continuous refolding could be an enabling technology for cheap
E. coli derived biopharmaceuticals, especially as generics rise in
importance, the capabilities of these systems and possible integra-
tion into continuous purification processes should be further
explored.

3.5. Continuous filtration

As filtration enables separation based on molecular particle
size, it is an important unit operation in the purification process
of biopharmaceuticals and can be used for several different pur-
poses. While microfiltration can be used to remove precipitates
and other solids, protein solutions can be concentrated with ultra-
filtration as a pre-treatment for further purification steps. Diafiltra-
tion is commonly used for buffer exchange between
chromatographic steps, or to provide sufficient conditions for
virus-like particle assembly, and as a formulation step while
nanofiltration is used as a virus clearance step (Liew et al., 2012;
Jungbauer, 2013; Rivera-Hernandez et al., 2013; Hekmat et al.,
2017).

There are different ways to implement filter systems in a con-
tinuous manner within a process; an overview of different design
strategies for filter systems is given by Jungbauer (2013). Dead-
end filters can be easily integrated into the process in a parallel
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manner, if one filter is blocked, the system switches to the next one
and the blocked filter can be changed or washed, this however has
no additional benefit despite a constant mass flow in the system.
For insufficient separation or yield, several filter units can be con-
nected into a cascade enabling higher purities and less buffer con-
sumption due to a possible counter current flow. Cascades of filters
can furthermore be used to separate complex mixtures into three
product streams, each of them rich in another product of interest.
So far, this has been applied to mixtures of oligosaccharides and
insulin, but not for therapeutic proteins (Siew et al., 2013; Patil
et al., 2015; Rizki et al., 2019). Burgstaller et al. (2019) used a stan-
dard tangential flow microfiltration with a recirculation loop to
separate precipitated antibodies from cell broth, obtaining a con-
stant mass flow. This was achieved using a constant feed rate
and removal rate from the retention vessel, termed feed-and-
bleed configuration. After 10 h of operating a steady state, constant
mass flow was achieved. A very straight forward and promising
method to implement continuous filtration is single pass tangen-
tial flow filtration (SPTFF). By increasing the filter area and contact
time, the desired filtration can be achieved by only one passage,
which also spares sensitive molecules as it requires only one pump
pass and lower flow rates are used. In contrast to conventional tan-
gential flow filtration (TFF), the product concentration and there-
fore the sieving coefficient change throughout the filter length
(Arunkumar et al, 2018). SPTFF modules can be used as an in-
line concentrator, achieving concentration factors (CF) for bovine
IgG solutions up to 25 times and product recoveries over 95%
(Casey et al,, 2011). This is of particular practical interest as it
not only further reduces column loading times, but also to concen-
trates low titre cell culture harvest, avoiding large storage vessels
(Arunkumar et al., 2017). Arunkumar et al. (2018) examined the
retention and concentration behaviour of partially retained (lyso-
zyme) and fully retained (mAb) proteins in SPTFF and compared
it to normal TFF. The results indicate that the retention behaviour
in SPTFF is complicated and cannot be described with models
developed for TFF. Furthermore, an increase in pore size through-
out the filter length leads to an increase in concentration beha-
viour. Several single pass tangential flow filtration modules can
be combined with interim dilutions into a continuous single pass
diafiltration (SPDF) process. The final concentration of a given com-
ponent i can be described as

4 =d(3) @

where ¢} is the final concentration of component i, ¢ is the initial
concentration,X is the dilution factor and n the number of stages.
A process is therefore always a trade-off between system complex-
ity (number of stages) and buffer consumption. Rucker-Pezzini et al.
(2018) showed that a 3-stage SPDF can achieved buffer exchanges
greater than 99.75% applied as a final step in a continuous mAb pro-
duction, but with the trade-off of a distinctly higher buffer con-
sumption compared to batch diafiltration. By installing a counter-
current system as shown in Fig. 5, the buffer consumption could
be reduced significantly and impurity removal up to 99.9% was be
achieved (Jabra et al., 2019). SPTFF seems to be a promising filtra-
tion technique for continuous downstream processing, especially
due to its reduced process times and single pump pass, for large
and sensitive biomolecules. In contrast to TFF with a recirculation
loop, it does not require a minimal process volume and is therefore
suitable for small-scale processes. But, there are still many ques-
tions to be answered, for example, retention and fouling behaviour
has to be further examined and models must be developed, not only
for mADb, but also for other biomolecules. Furthermore, the proposed
positive influence on structural integrity must be proven and opti-
mised, while a wider variety of filter membranes need to be
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developed (Jabra et al., 2019). In recent years an increasing number
of functionalized membranes have been developed, combining clas-
sic chromatographic approaches like ion exchange chromatography
with a convective flow pattern in a filter membrane, which ulti-
mately leads to very high dynamic binding capacities.

Besides intensifying chromatography, functionalized mem-
branes with a molecular weight cut-off open completely new
design strategies. The unique combination of defined pore sizes
and controllable surface properties enable the purification of bio-
molecules based on molecular size and charge selectivity in one
step and external electric fields can further improve selectivity.
As an alternative to a pressure-driven processes also electrodialysis
cells can be used, called electrodialysis with filtration membranes
(EDFM). Further research has to be done is this exciting new field
which could lead filtration from a technique mostly used for buffer
exchange and concentration to the key process during downstream
processing. The simultaneous removal of aggregates and endotox-
ins in a polishing step or the direct processing of cell lysates are
topics that could be addressed as well as continuous filter cascades
for large scale purification systems. However, research in this area
is still in its infancy and research on membrane design, purification
capabilities and integration into continuous systems has to
expand. Functionalized membranes with defined molecular weight
cut-off can open a complete new research field and are as yet com-
mercially unavailable (Bazinet and Firdaous, 2013; Henaux et al.,
2019; Kadel et al., 2019).

4. Fully integrated processes and design considerations

The main objectives of continuous downstream processing are
clearly an intensification of the process as well as a steady product
quality for extended periods of time, with minimal product hold-
up in process. The full potential of continuity, however, can only
be released if the full production is integrated into one robust
and optimised continuous process. Only production lines in which
all unit operations are integrated into one full continuous process
offer the full advantages, such as: a completely closed process,
which as a result does not require any special clean room housing
for the machine; a short production time; no, or only small storage
vessels and therefore a lower capital footprint, and; an extended
operation duration and a reduced labour force. However, fully inte-
grated processes are rarely described and usually use stirred tanks
as holding vessels with buffer adjustments between the unit oper-
ations and are therefore not seamlessly integrated. The first pub-
lished fully continuous production of recombinant antibodies
was developed by Godawat et al. (2015) coupling a perfusion reac-
tor with alternating tangential flow filtration (ATF) and two 4-
column PCC processes (protein A capturing and CEX polishing) plus
an AEX flow-through membrane, to obtain unformulated purified
monoclonal antibody. They could achieve a steady product quality
for more than 30 days operation and significantly decreased the
equipment footprint and achieved more than 6 times higher pro-
ductivity compared to batch processes. A similar set up was used
by Gjoka et al. (2017) using two Cadence™ BioSMB (Sartorius) sys-
tems. They adapted a batch mAb purification platform for continu-
ous operation and reported a several-folds increased productivity
for protein A capturing, as well as for mixed-mode cation exchange
chromatography, a 95% reduced resin volume and 44% less buffer
consumption than the equivalent batch process (Gjoka et al.,
2017). A reduction of the number of columns was shown by
Steinebach et al. (2017b) by integrating a two column CaptureSMB
process, a twin column MCSGP and a one-column flow-through
polishing step into a fully integrated antibody production process,
which results in a total of only 5 columns. The same group
described a similar process in which a perfusion reactor was
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Fig. 5. Flow scheme of counter current single pass tangential flow diafiltration according to Jabra et al., (2019). In every stage a single pass tangential flow filtration occurs
and the filtrate is recycled in the prior step by adding it to the feed stream in a counter-current manner. This set up does therefore only needs one inlet of fresh diafiltration

buffer at the last stage and the buffer consumption can be reduced significantly.

coupled with a CaptureSMB process for continuous harvesting, fol-
lowed by virus inactivation and a frontal analysis/flow through
unit for final polishing (Feidl et al., 2020). A different process was
used by Arnold et al. (2019), combining a 5-protein A column
PCC capturing with a series of filters, membrane absorbers, a SPTFF
and a SPDF to purify an antibody. Analysis of the cost of goods
(COG) showed a cost reduction of 15% compared to commercial
fed-batch facilities. In a fully continuous and automated down-
stream process run over 40 h it was recently shown that continu-
ous production, compared to batch-wise production, does not
affect the product quality negatively (David et al., 2020a).

It can be seen that a continuous downstream process can dra-
matically intensify the overall process, however it is a very chal-
lenging task to design such a process. The main advantage is
thereby the integration of the different unit operations into one
process and addressing the different buffer requirements during
it. Often, downstream processes are developed from one step to
the next one, until a working system is achieved and improve-
ments are subsequently made by optimising each step, e.g. finding
optimal binding conditions, flow rates etc. (Wheelwright, 1987).
Design of experiment approaches using batch mode experiments
can be used to develop efficient multi column chromatography
processes (Utturkar et al., 2019). However, in order to design an
optimal continuous process, a developed batch process cannot just
be transferred by connecting the different continuous unit opera-
tions. Instead of focusing on optimal individual steps, the whole
process must be seen as one; and efficiency of an individual step
may be sacrificed for an overall better and easier process. Also,
the slowest step will determine the throughput of the whole pro-
cess. While the six classic heuristics for protein purification pro-
posed by Scott Wheelwright e.g. ‘the biggest step first’, ‘the most
expensive step last’ or ‘keep it simple’ are also true, specific char-
acteristics have to be kept in mind (Wheelwright, 1987).

Chromatographic steps are challenging to integrate and are
usually only semi-continuous. Therefore, alternative purification
steps like crystallization, precipitation and filtration should be con-
sidered as a substitute. Buffer adjustments like pH and salt concen-
tration should be always avoided between steps, ideally the outlet
stream of one-unit operation can be directly used as a feed stream
for the next unit operation. Flow through chromatography is a very
straightforward and easy technique and by combining different
resins in one train, high removals of impurities can be achieved
as shown by Ichihara et al. (2018). A buffer can easily be changed
during a chromatographic elution step and this can be used to

prepare for the consecutive step. If an additional chromatographic
step is required, instead of a salt gradient a pH shift might be suit-
able, or additives for crystallization and other reactions can be
added (Schmidt et al., 2014).

A good example is the process developed by Kateja et al. (2017,
2018), used to purify antibodies and GCSF, consisting of a CFIR, that
can be used for precipitation or protein refolding, followed by IEX-
PCC and parallel IEX chromatography. The outlet streams are used
as a feed stream of the consecutive step without any buffer adjust-
ments and therefore the whole process was designed as an inten-
sified process system, from the concept point onwards.

Finding an optimal process design, is however extremely chal-
lenging and time consuming and a trial-and-error approach might
not find the optimal solution. Combining several unit operations
and finding the overall best process conditions, keeping in mind
the need for integration, might be impossible with only experi-
mental methods. Model assisted process design will therefore play
a crucial role in future, as it showed to accelerate and optimise
development in the chemical industry and is widely used for smal-
ler molecules. Mechanistic models, that are based on the physical
fundamentals, are, in opposite to black-box models, predictive,
even outside of their calibration range, do not require large amount
of training data, and can be set up using small scale experiments.
Therefore, they are ideally models for reliable process develop-
ment. Such models have been developed for most unit operations,
however, due to the complexity of some biologics grey-box models
that combines data analytics and process understanding improve
the accuracy (Hong et al., 2018). After characterizing different unit
operations, digital twins can be created to predict different set-ups
and find an overall optimal process in-silico, as shown by Nfor et al.
(2013) for the optimization of batch chromatographic purification.
Modelling all possible process designs with mechanistic models
might be too complex to be practical, especially if many unit oper-
ations are considered. Speed-enhancing artificial neural networks
coupled with mechanistic models has been shown able to optimise
a multistep chromatographic purification and integrated pro-
cesses. This is a very promising approach to find global optimums
in processes with multiple unit operations, as is dramatically
reduces the computational time (Pirrung et al,, 2017, 2019). How-
ever, model based methods and total process descriptions are still
seldom applied in the biopharmaceutical industry and in research,
and further research has to be done as to how existing approaches
can be adapted for continuous systems (Hong et al., 2018; Zobel-
Roos et al., 2019).
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5. Process analytical technology (PAT)

The FDA supports the implementation of continuous manufac-
turing processes which are defined as an integrated process of
two or more unit operations, having a continuous inlet and outlet
stream. Continuous systems are dynamic therefore critical process
parameters must be controlled and kept in defined ranges (FDA,
2019). This is in particular challenging for bioprocessing as the
inlet streams are often inconsistent and may vary over time. Also,
resins can alter over extended run times, influencing overall pro-
cess performance. Handling these inconsistencies requires
advanced PAT and control strategies and can be considered as
one of the main challenges that has to be solved to enable indus-
trial implementation (Farid et al., 2014; Feidl et al., 2020). A deep
understanding of the integrated process as well as of each unit
operation is required to meet quality by design principles and to
develop robust risk assessments (Elliott et al., 2013; FDA, 2019).
Recently a possibility to model the residence time and mass flows
inside an integrated continuous process was shown (Sencar et al.,
2020a). Online monitoring of complex biological feed streams is
complicated and the subject of current research. Deeper literature
on this topic can be found elsewhere as complete discourse is
beyond the scope of this current review (Read et al., 2010a,
2010b; Glassey et al., 2011; Rathore and Kapoor, 2015; Simon
et al,, 2015; Rudt et al., 2017b; Holzberg et al., 2018). As continu-
ous techniques evolve and further unit operations such as precip-
itation and crystallization are examined, appropriate PAT to
monitor these systems has to be examined, and some recent devel-
opment will be outlined.

Online spectroscopy such as UV-, near infrared-, and Raman
spectroscopy has many advantages, as it enables real time moni-
toring, is non-destructive and comparably affordable (Esmonde-
White et al., 2017; Kornecki and Strube, 2018). An overview of
spectroscopy as a PAT technology in advanced downstream pro-
cessing was published by Riidt et al. (2017b). UV is widely used
to determine protein concentration and can be used to dynamically
control PCC systems by measuring the absorbance difference
between column inlet and outlet. However, as impurities influence
the absorbance this method is somewhat limited in complex and
variant feed streams (Chmielowski et al., 2017). This limitation
can be overcome by multi wavelength analysis combined with
multivariate data analysis as shown by Riidt et al. (2017a). As an
alternative with better accuracy than UV, near infrared spec-
troscopy (NIR) was used to determine mAb concentrations and to
control PCC capturing (Thakur et al,, 2020). Raman spectroscopy
can be used to monitor polymorphic transformation and was used
to monitor continuous crystallization of carbamazepine and hence
can be a powerful tool for biopharmaceuticals (Acevedo et al.,
2018).

More information, such as product titre, charged variants and
total protein content can be obtained by high-performance liquid
chromatography (HPLC) within minutes (Fahrner and Blank,
1999; Escriba-Gelonch et al., 2018). At-line HPLC (Protein A, SEC)
has been shown to be feasible to determine product titres, total
protein concentration as well aggregate content before and after
CaptureSMB processes. The data obtained was successfully used
for model based control of the capturing process and to monitor
performance during the process (Karst et al., 2017; Feidl et al.,
2020). Continuous monitoring of charged variants at different
stages of an integrated process by on-line HPLC was furthermore
demonstrated (Patel et al., 2017). On-line HPLC is a very powerful
tool, due to its easy implementation, commercial availability and a
wide range of possible assays, however this comes at the cost of
expensive equipment, data that is not truly provided in real time
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due to HPLC process time, and comparable high error-prone
(Rudt et al., 2017a).

Different in-line controlling of continuous precipitation has
been examined, showing that conductivity sensors are more sensi-
tive to monitoring buffer changes than pH sensors, mainly because
of the possible buffering capacities (Zelger et al., 2016). They also
compared in-line turbidity measurement and image processing
and found that turbidity measurement is not a robust monitoring
system due to high fluctuation of the signal and no quantitative
resolution. Image processing on the other hand can characterize
the precipitate into three different parameters (area, size and
count) and can therefore be used to confirm the quality of the pre-
cipitate and is thus a possible monitoring system for future process
control (Zelger et al., 2016). As image processing rapidly develops,
this approach might also be applicable for continuous crystalliza-
tion and suitability for batch crystallization has been proven
(Borsos et al., 2017). Direct measurement of critical process param-
eters is often not possible, in this case soft sensors, that combine
different available data to estimate process parameters, are a pow-
erful way to obtain process data (Kornecki and Strube, 2018).

With many different tools available, the challenge is to identify
the critical process parameter and control points, that have to be
monitored within the integrated process. Another major challenge
is how to use the obtained data to control the complex processes,
taking into consideration feed variations and equipment altering.
Digital twins and other model based control strategies will be
the way to control these processes, as shown in some recent pub-
lications, but further research must be done in reliable and robust
control strategies that take into account the many possible varia-
tions that can occur during the process (Nargund et al,, 2019;
Zobel-Roos et al., 2019; Feidl et al., 2020).

6. Conclusion and future outlook

More and more, research has been done on continuous down-
stream processing in recent years, addressing not only continuous
affinity chromatography, but also other unit operations such as
crystallization, precipitation and chromatographic polishing, incor-
porating the fact that every biopharmaceutical is different, and
needs a unique purification process. Continuous production pro-
mises not only an overall cost reduction, but also faster production,
higher productivity, less buffer consumption, a stable product
quality and a lower footprint, while also offering greater flexibility
for small-scale production. With a wider range of possible unit
operations, it is now time for developing continuous processes
for a variety of biopharmaceuticals and test different design strate-
gies to find general platform technologies and design considera-
tions. With integration as a key design criterion, we feel this
process-system led approach to continuous biopharmaceutical
processing will be a driver for future breakthroughs in advanced
biomanufacturing. With new developed continuous processes
research needs to focus on key challenges that hinder a broader
application. Key areas that need to be addressed are process con-
trol and how to cope with unsteady product streams. Product titres
may change over time and chromatographic unit operations pro-
duce product streams varying in concentration, which might influ-
ence subsequent unit operations and therefore require a
continuous adaption. How can such a process be controlled?
How to find the design space for a robust process? How can a con-
tinuous process line be validated and characterized? Which are
critical control points that needs to be monitored and especially
how can they be monitored? As there are only a few recent publi-
cations addressing these areas there is a big gap in knowledge
(Feidl et al., 2020; Sencar et al., 2020a). Solving these problems will

40



L. Gerstweiler, J. Bi and Anton P.J. Middelberg

require a deeper understanding of the underlying processes and is
crucial to meet regulatory requirements, which can be considered
as another major current challenge. Another big gap that needs to
be addressed is the possibility to model continuous processes at
different complexities. Reliable and easy to use models are
required to analysis cost of goods at different scales. Deeper eco-
nomic analysis is crucial for a broader acceptance in industry and
only a few published works are available (Yang et al., 2019b;
Cataldo et al., 2020). While simplified process models would help
to set up and design continuous processes, more complex models
of unit operations will help to find optimal design spaces, reduce
start-up time to achieve steady-state, find strategies to scale-up,
and may answer the question as to which combination of tech-
niques is superior to any other. Model based approaches are partic-
ularly important as experiments are somewhat impractical due to
the large number of possible process combinations and reaching
even a pseudo steady state may take several hours. Model based
approaches will also play a crucial role in future not only for pro-
cess design, but also especially in process control. In-line data cou-
pled with model predictive advanced control strategies are a
possibility to implement quality by design and are necessary for
reliable continuous processing. Those advanced control strategies
and in-line sensors are yet to be developed. Nowadays a wide tool-
box of mechanistic modelling, machine learning and grey-box
models is available to cope with the complexity of biopharmaceu-
ticals (Hong et al., 2018). For example, automated image and data
processing coupled with a fluid dynamic description, could play a
crucial role in the characterization of crystallization and precipita-
tion processes.

Another area that should be tackled is the enormous process
complexity that many of continuous processes have. Experts are
rare and a wide acceptance can only be achieved if the processes
are easy to set up and use, i.e. simple and robust. Despite a more
user friendly experience less complex process-systems are often
not only easier to control but also more robust. Keeping it simple
and robust, with system design in mind from conception onwards,
will be increasingly important for the future success and uptake of
continuous bioprocessing.
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Chapter 4

Virus-like Particle Preparation is Improved by Control over
Capsomere-DNA Interactions During Chromatographic

Purification

In this chapter, it is investigated how the control of DNA-VP1 interactions can influence the
downstream processing of viral capsomeres. Multi-modal cation exchange resin was
identified as a novel approach to process VP1 capsomeres at elevated salt concentrations,
enabling the suppression of DNA-VP1 interactions and thus allowing for higher binding
capacities. Furthermore, the influence of DNA-VPL1 interactions on the formation of

aggregates during assembly is investigated.
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1 | INTRODUCTION

Abstract

Expression of viral capsomeres in bacterial systems and subsequent in vitro as-
sembly into virus-like particles is a possible pathway for affordable future vaccines.
However, purification is challenging as viral capsomeres show poor binding to
chromatography media. In this study, the behavior of capsomeres in unfractionated
bacterial lysate was compared with that for purified capsomeres, with or without
added microbial DNA, to better understand reasons for poor bioprocess behavior.
We show that aggregates or complexes form through the interaction between viral
capsomeres and DNA, especially in bacterial lysates rich in contaminating DNA. The
formation of these complexes prevents the target protein capsomeres from ac-
cessing the pores of chromatography media. We find that protein-DNA interactions
can be modulated by controlling the ionic strength of the buffer and that at elevated
ionic strengths the protein-DNA complexes dissociate. Capsomeres thus released
show enhanced bind-elute behavior on salt-tolerant chromatography media. DNA
could therefore be efficiently removed. We believe this is the first report of the use
of an optimized salt concentration that dissociates capsomere-DNA complexes yet
enables binding to salt-tolerant media. Post purification, assembly experiments
indicate that DNA-protein interactions can play a negative role during in vitro
assembly, as DNA-protein complexes could not be assembled into virus-like parti-
cles, but formed worm-like structures. This study reveals that the control over
DNA-protein interaction is a critical consideration during downstream process
development for viral vaccines.

KEYWORDS

aggregation, DNA-protein interaction, downstream processing, modular virus-like particles,
multimodal chromatography

making them promising candidates as vaccines (Al-Barwani et al., 2014;
Bright et al., 2007; Donaldson et al., 2018; Effio & Hubbuch, 2015; Hume

Virus-like-particles (VLPs) are self-assembled ensembles of viral et al., 2019). Vaccines based on VLPs are commercially available against
structural proteins, having the same size and shape as the native virus. Hepatitis B (HBV), Hepatitis E (HEV), and human papillomavirus (HPV).
However, as they lack viral nucleic acids, they cannot replicate and are VLPs are currently investigated as vaccines against a variety of viruses
therefore noninfectious. VLPs are able to trigger a strong immune re- such as Influenza A (IAV), human Norovirus (HuNV), and Chikungunya
sponse, due to their highly repetitive immunogenic and native structure, virus (Donaldson et al., 2018; Frazer, 2004; VBI Vaccines Inc, 2018).

1688 © 2021 Wiley Periodicals LLC wileyonlinelibrary.com/journal/bit Biotechnology and Bioengineering. 2021;118:1688-1701.
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By manipulating the amino acid sequence of the structural
proteins, VLPs can be modified to present foreign antigens. In this
way, they can trigger immune responses against others than the
underlying virus. These so called modular VLPs do expand the
possible applications of VLPs. Through synthetic biology, unrelated
antigens can be presented in an immunogenic context, allowing
multivalent, and cross protective vaccines to be generated against all
kind of targets. As computer-based simulation is developing, these
three dimensional structures can be precisely modeled to predict and
obtain the desired immunogenicity and stability of the modular VLP
(Carter et al., 2016; Hume et al,, 2019; Mobini et al., 2020; Zhang
et al, 2015). Modular VLPs are examined as vaccines against
pathogens like Group A Streptococcus (Seth et al., 2016), Influenza
(Anggraeni et al., 2013), rotavirus (Tekewe et al, 2017), human
papillomavirus (Zhai et al., 2017), and also against malaria (Pattinson
et al., 2019), toxoplasmosis (Guo et al., 2019), cancer (Donaldson
et al., 2017), diabetes (Cavelti-Weder et al., 2016), nicotine addiction
(Cornuz et al., 2008), and others.

Although VLPs are extremely promising as next-generation
vaccines, large scale production is still a challenge (Hume et al., 2019;
Pattenden et al., 2005). Virus-like-particles can be produced by ex-
pressing viral structural protein in different host systems ranging
from eukaryotics such as mammalian cells, yeast, and insect cells to
prokaryotic cell systems. Despite the usual pros and cons of these
systems, namely posttranslational modifications versus expression
level and cost, the in vivo VLP self-assembly pathway always bears
the risk of internal contaminations, like host cell DNA, RNA, and host
cell protein (HCP) that co-assemble together with VLPs. Internal
contaminations are hard to remove and can lead to batch to batch
variations (Lua et al., 2014; Pattenden et al., 2005; Teunissen et al.,
2013; Wu et al.,, 2010). The removal of internal contaminations re-
quires an additional disassembling-reassembling step, including for
the commercial HPV vaccine, making the overall process inefficient.
Another pathway is the expression and purification of unassembled
structural viral protein and a subsequent controlled in vitro assem-
bly, eradicating the presence of internal contaminations and pro-
viding for enhanced process and product quality control (Pattenden
et al., 2005).

Group A Streptococcus (GAS) is a human pathogen responsible
for several million infections and more than 500,000 deaths every
year (Carapetis et al., 2005). An efficient vaccine has yet not been
developed and only two candidates are being evaluated in human
trials (Vekemans et al., 2019). As GAS is mainly a severe health pro-
blem in developing countries, an ideal future vaccine does not only
have to be efficacious but also should be very affordable, as still more
than 700 million people worldwide are living in extreme poverty
(The World Bank, 2018; Wibowo et al., 2013). In this study, a possible
low-cost, future vaccine candidate, based on a modular polyoma virus-
like-particle, was studied, that displays the J8 antigen from the GAS
M-protein (Middelberg et al., 2011; Rivera-Hernandez et al., 2013).

The use of modified murine polyomavirus major capsid protein
VP1 is a promising platform technology for fast, cheap, and efficient
modular VLP vaccines. It can be expressed in gram-per-litre levels in

Escherichia coli, and produced within days, rather than months as
most vaccines nowadays, enabling possible costs of cents per dose
and potential for a fast reaction on pandemic outbreaks (Chuan et al.,
2014; Liew et al, 2010; Middelberg et al, 2011). VP1 and VP1-
derived proteins are highly examined to study self-assembling pro-
cesses and the use of VLPs as drug carriers and vaccines (Chuan
et al, 2010; Li et al., 2003; Ou et al., 1999; Zhou et al., 2019). Like
other viral proteins, the purification of VP1 capsomeres and VLPs
presents challenges and no industrial scale process has yet been
described (Buch et al,, 2015; Gillock et al., 1997; Johne & Miiller,
2004; Pattinson et al., 2019).

The main challenges during the purification of VP1 capsomeres
and VLPs are low recoveries using chromatographic techniques
(<40% on GSTrap™ HP affinity chromatography resins, 54% on
CIMmultus™ QA monolith chromatography) and the formation of
soluble aggregates during processing and assembling (Lipin et al.,
2008; Zaveckas et al., 2018). Purification requires additional hard-to-
scale unit operations, including size exclusion chromatography,
enzymatic affinity tag removal or costly monoliths and membrane
adsorbers (Ladd Effio, Hahn, et al., 2016; Lipin et al., 2008; Zaveckas
et al., 2018). Also, DNA removal often requires additional enzymatic
treatment (Simon et al., 2013). Aggregation and low recovery can
influence each other as shown by Lipin et al. (2008), where low
recovery on affinity chromatographic media could be attributed to
the existence of aggregates unable to enter the pores of chromato-
graphic resins. Several mechanisms are proposed in the literature to
cause aggregation, such as polymerization by the used GST-tag, hy-
drophobic interactions, formation of disulfide bonds, and a compe-
titive pathway during assembly. Furthermore, the stability is highly
dependent on the inserted antigen (Abidin et al., 2015; Ding et al.,
2010; Lipin et al., 2009; Tekewe et al., 2016). It could be shown that
capsomere stability can be increased by the addition of non-ionic
detergents, sorbitol, and polysorbate 20, and high-throughput
methods have been developed to optimize buffer composition
(Abidin et al., 2015; Mohr et al., 2013; Tekewe et al., 2015).

Although the strong DNA binding properties of VP1 are a well-
known fact and described decades ago (Chang et al., 1993; Moreland
et al., 1991), the influence on aggregation and chromatographic
purification has never been examined in detail. This study therefore
explores the influence of VP1's DNA affinity on aggregation, chro-
matographic purification, protein stability, and assembly. It is shown
that VP1 aggregation (or complex formation), which hinders VP1
from accessing chromatography pores leading to poor binding ca-
pacities, can be caused by nonspecific DNA-protein complexation,
which can be eliminated by increasing salt concentration. Also, effi-
cient strategies for chromatographic capture and the removal of
nucleic acids are developed to overcome the bottleneck of producing
VP1 based virus-like-particles. Furthermore, it was shown, that
VP1-DNA complexes cannot be assembled into VLPs as they form
worm like structures during assembly. The findings in this study are
of high importance for the production of VP1 based virus-like-
particles and will help to develop cheap and reliable industrial pur-
ification protocols.
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2 | MATERIALS AND METHODS

IOENGINEERIN

2.1 | Chemicals and buffers

Cultivation was done with terrific broth (TB) medium containing 12gL™*
tryptone (Thermo Fisher Scientific), 24gL™! yeast extract (Thermo
Fisher Scientific), 5gL™" glycerol (Chem-Supply), 2.31gL™" potassium
dihydrogen phosphate (Chem-Supply), and 125gL™! dipotassium
hydrogen phosphate (Chem-Supply). Chloramphenicol (Thermo Fisher
Scientific) and ampicillin (Thermo Fisher Scientific) were added to final
concentrations of 35pgml™* and 100 pgml™, respectively. Isopropyl
B-D-1-thiogalactopyranoside (IPTG) for induction was obtained from
Thermo Fisher Scientific. Saline for cell resuspension consisted of 9 g =%
sodium chloride (Chem-Supply). Ultra-pure water was obtained with a
Milli Q water (MQW) system and used for all experiments.

Lysis buffer comprised 40mM Tris buffer, 2mM EDTA,
5% w w ! glycerol and 5mM dithiothreitol (DTT) (all Chem-Supply)
at pH 8. Lysis buffer without DTT was prepared as a five times stock
and prior use was filtered (0.22 pm), vacuum degassed for 5 min and
DTT was added. For chromatographic experiments, lysis buffer
containing different concentrations of NaCl were used. VLP assem-
bling buffer consisted of 0.5 M ammonium sulfate, 20 mM Tris, 1 mM
calcium chloride, and 5% w w™* glycerol (all Chem-Supply, Australia)
at pH 7.4. Elution buffer at pH 12 was 40 mM Sodium hydrogen
orthophosphate, 2mM EDTA, 5% w w ! glycerol, and 5mM DTT.
Lysis buffer with added NaCl (0-0.5M NaCl) was used as running
buffer for size exclusion experiments and polishing.

Sodium dodecy! sulfate (SDS) gel electrophoresis used 12% w v *
self-casted acrylamide gels (per 10 ml: 2ml MQW, 4ml 30% w v'*
acrylamid/bis solution, 3.8 ml 1M Tris pH 8.8, 0.1 ml 10% w w!SDSs,
0.1ml 10% w w™* ammonium persulphate, 0.04 ml TEMED (all except
Tris from BIO RAD Laboratories) with a 4% w v'* stacking layer (per
2ml: 1.4 ml MQW, 0.33ml 30% w v acrylamid/bis solution, 0.25 ml
1M Tris pH 6.8, 0.02ml 10% w w™* SDS, 0.02 ml 10% w w™* ammo-
nium persulphate, 0.002 ml TEMED), using 5x loading buffer composed
of 1.9 ml MQW, 0.6 ml 1M Tris pH 6.8, 5 ml 50% w w* glycerol, 10 mg
bromphenol blue (BIO RAD Laboratories), 2ml 10% w w™* SDS, 0.5 ml
beta-mercaptoethanol (BIO RAD Laboratories), and 10x running buffer
consisting of 30gL™" Tris, 144g1™ glycine (Chem-Supply, Australia),
10gL* SDS, pH 8.3. Coomassie Brilliant Blue R-250 staining solution
was obtained from BIO RAD Laboratories. A solution of 80% v v*
MWQ, 10% v v™* ethanol (Chem-Supply) and 10% v v"* acetic acid
(Chem-Supply, Australia) was used for destaining.

PEG-6000 was obtained by Chem-Supply, Australia. Lyophilized
Unsheared E. coli DNA was obtained from Sigma (D4889) and dis-
solved in MQW.

2.2 | Instrumentation

A 5920R centrifuge (Eppendorf, Germany) was used for solid-liquid
separation of cell harvest, removal of cell debris, and separation of
precipitate. Cell disruption was done using a Scientz-IID Ultrasonic

homogenizer (Ningbo Scientz Biotechnology) with a 6 mm diameter
horn. Dynamic light scattering was conducted with a Zetasizer NanoZS
(Malvern Panalytical/Spectric). Chromatographic experiments were
done using an AKTApure® system equipped with a F9-R fraction col-
lector (GE Healthcare Life Science). Superose™ 6 Increase, Capto™ Q,
and Capto™ MMC columns were obtained from GE Healthcare Life
Science. Absorbance at 595 nm for Bradford protein assay was mea-
sured on an ELx808 microplate absorbance reader (BioTek Instru-
ments), UV spectrophotometry for DNA quantification was done on a
2300 Victor X5 multilabel reader (PerkinElmer). SDS Gels were run in a
Mini-PROTEAN tetra cell (BIO RAD Laboratories).

2.3 | Plasmid construction, transformation, and
host strain

The plasmid was constructed by the Protein Expression Facility of
the University of Queensland. Group A Streptococcus antigen
GCN4-J8 was inserted into Murine polyomavirus VP1 sequence
(M34958) with flanking G4S linkers. The obtained gene VP1 GCN4
J8 was cloned into pETDuet-1 at multiple cloning site 2 (MCS2) at
Ndel and Pacl restriction site. The complete sequence was MAPKRK
SGVSKCETKCTKACPRPAPVPKLLIKGGMEVLDLVTGPDSVTEIEAFLNPRM
GQPPTPESLTEGGQYYGWSRGINLATSDTEDSPGNNTLPTWSMAKLQLPM
LNEDLTCDTLQMWEAVSVKTEVVGSGSLLDVHGFNKPTDTVNTKGISTPV
EGSQYHVFAVGGEPLDLQGLVTDARTKYKEEGVVTIKTITKKDMVNKDQV
LNPISKAKLDKDGMYPVEIWHPDPAKNENTRYFGNYTGGTTTPPVLQFTN
TLTTVLLDENGVGPLCKGEGLYLSCVDIMGWRVTRGGGGSSQAEDKVKQS
REAKKQVEKALKQLEDKVQAGGGGSYDVHHWRGLPRYFKITLRKRWVK
NPYPMASLISSLFNNMLPQVQGQPMEGENTQVEEVRVYDGTEPVPGDPD
MTRYVDRFGKTKTVFPGN* which was inserted in the plasmid as fol-
lowing: pT7-lacOp - pT7 - lacOp - VP1 - G4S linker - GCN4 J8 -
G4S linker.

The sequence was verified using Abi BigDye Terminator 3.1.
Sequencing, which was conducted by the Australian Genome Re-
search Facility (AGRF).

VP1-J8 was transformed into Rosetta™ 2(DE3) Singles™ competent
cells (Merck KGaA) via heat shock transformation using standard pro-
cedure. Plasmid DNA was mixed with the competent cells, incubated on
ice for 5 min, heat shocked for 30's at 42°C, followed by 2 min cooling on
ice. Cells were then mixed with TOC medium and selected on agar plates
containing 100pgml™* ampicillin and 35pgml™  chloramphenicol.
A single colony was picked, grown on 50 ml TB medium in a 250 ml shake
flask at 37°C. After an optical density OD4o of 0.5 AU was reached the
cell suspension was mixed with glycerol to a total concentration of 25%

w ! and stored in 100 ul aliquots at -80°C till further use.

24 | Protein expression

One 100 pl aliquot of transferred cells was thawed and poured into
50 ml of TB medium containing antibiotics, in a 250 ml shake flask,
and grown overnight at 37°C at 200 rpm. Next morning 5 ml of the
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overnight culture was transferred into 200 ml fresh TB medium in a
1L shake flask and grown at 37°C and 200 rpm. After the optical
density ODgqo reached 0.5 AU product expression was started by
adding IPTG to a final concentration of 0.1 mmolL™* and lowering
the temperature to 27°C. Product expression lasted 16 h, after which
cells were harvested by centrifugation at 3200 g for 10 min at 4°C.
The pellet was resuspended in 0.9% w w™? saline and divided into
50 ml aliquots and centrifuged for 10 min at 20,130 g at 4°C to ob-
tain 1g pellets. The supernatant was withdrawn and the pellets
where then stored at -80°C until further use.

2.5 | Purification of VP1-J8 protein

A 1g pellet of E. coli was resuspended in 50 ml lysis buffer and soni-
cated for 15 min on ice, using 10 s bursts at 400 W followed by 40s
cool down phase. After sonication, the sample was centrifuged at
20,130 g for 30 min at 4°C to obtain clarified supernatant. The VP1-J8
was then precipitated using 3.5 g (7% w w™?) PEG 6000 and 1.45 g NaCl
(0.5 M final concentration). Suspension was gently mixed until the PEG
and NaCl were dissolved and incubated on ice for 10min to form
precipitates. After centrifugation at 20,130 g at 4°C for 2 min, the su-
pernatant was discharged and the pellet was gently washed three times
with 5 ml MQW to remove all residual supernatant. The pellet was then
resuspended in 20 ml running buffer containing 0.4 M NaCl. The solu-
tion was further purified by an anion exchange step (Capto™ Q) in flow
through mode using a running buffer with 0.4 M NaCl at pH 8. A final
polishing was achieved using size exclusion chromatography loading
0.5 ml sample on a Superose™ 6 increase column, collecting the peak
eluting at 15ml. If not stated otherwise, running buffer containing
0.4M NaCl at pH 8 was used with a flowrate of 0.6 ml min™™. Desalting
was conducted using a 5 ml HiTrap™ Desalting column (GE Healtcare).
All buffers and samples were cooled on ice throughout the whole
process. The starting material used in the in following described
experiments, are summarized in Table 1. SDS-PAGE analysis of the
different purification steps are provided in the supplementary data.

2.6 | Cation exchange experiments on Capto™ MMC

Capto™ MMC was chosen as a cation exchanger as it provides, in
contrast to Capto™ S, high binding over a broad range of salt con-
centrations. Elution is therefore usually done by pH shift. Samples
were pre-purified by PEG precipitation as described, and the pellet

TABLE 1 Starting material used for

_ i Experiment
the different experiments

2.6 Cation exchange
2.7 Anion exchange
2.8 Assembly

2.11 SEC

2.12 Light Scattering

after precipitation was dissolved in lysis buffer containing O M NaCl,
at a protein concentration of 1.96 mgml™%. NaCl was added to a final
concentration of 0.5M NaCl to half of the sample. Lysis buffer
containing either 0M NaCl or 0.5M NaCl was used as a running
buffer and for equilibration. Sample was injected into a 2 ml sample
loop and loaded to a 1 ml Capto™ MMC prepacked column at a flow
rate of 0.33 mlmin"™. The elution was conducted using a 1M NaCl
sodium hydrogen orthophosphate buffer adjusted with NaOH to pH
12. Recovery was estimated by integrating the chromatograms at an
absorbance of 280 nm and comparing peak areas of the flow through
during loading and of elution peaks containing VP1-J8.

2.7 | Anion exchanger experiments on Capto™ Q
Sample pellets pre-purified by PEG precipitation as described were
re-dissolved in lysis buffer at pH 8 either with 0.1 M NaCl or 0.4 M
NaCl. Final protein concentration was adjusted to 0.54mgml™’.
Sample was used to fill a 100 pl sample loop. The pre packed 1 ml
Capto™ Q column was equilibrated with the corresponding buffer
and loaded at 0.33mlmin~%, followed by a 1M NaCl step elution,
pH 8, at a flow rate of 1 mImin~*

2.8 | Assembling of virus-like particles

Purified VP1-J8 capsomeres as described were assembled into virus-like-
particles by dialysis against assembling buffer for 24 h at 4°C as de-
scribed previously (Middelberg et al, 2011). Capsomeres purified by
multimodal cation exchange chromatography (Capto™ MMC) followed
by SEC chromatography instead of anion exchange chromatography
were also assembled into VLP's. The influence of DNA on assembly was
examined by preparing VP1-J8 solutions with and without DNA before
assembly. Host cell DNA free VP1-J8 obtained by AEX and SEC as de-
scribed in Section 2.5 was desalted into lysis buffer pH 8 with 0.1 M NaCl
or with 0.5M NaCl and the concentration of VP1-J8 was adjusted to
0.2 mg mi~%. DNA stock solution to a final concentration of 5 pg ml~* was
added to half of the sample. Obtained VLP's were examined by TEM.

2.9 | Protein analysis and SDS-PAGE

Protein concentration was measured using the Bradford Protein
Assay (Bradford, 1976), following the standard protocol provided by

Starting material Host cell DNA DNA spiking
Resolubilized PEG precipitate Yes No
Resolubilized PEG precipitate Yes No
Purified VP1-J8 (PEG + AEX + SEC) No Yes
Clarified lysate Yes No
Purified VP1-J8 (PEG + AEX + SEC) No Yes
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BioRad in 200l 96 well plates, with bovine serum albumin as a
standard. BSA standard was prepared at different concentrations
(0.05mgml™, 0.1mgml™", 0.2mgml™* and, 0.4mgml™") and the
concentration was verified measuring the A,go absorbance on a
NanoDrop. All samples were measured in triplicates.

Self-casted gels as described were used for analysis. If not stated
otherwise, 10 pl of sample was mixed with 2 pl of 5x loading buffer
and heated at 100°C for 10 min before loading. A running buffer was
used as described with a 200V fixed current for the entire run. The
gel was stained for 1 h with shaking, followed by 4 h destaining using
an ethanol/acetic acid destaining buffer as described. Pictures were
obtained on a ChemicDoc imaging system using standard config-
uration for Comassie Blue gels. Under reducing and denaturing
conditions VP1-J8 is expected to be visible at a size of 46.4 kDa.

2.10 | DNA analysis

DNA quantification was conducted using Quant-iT™ High-Sensitivity
dsDNA Assay Kit in a 96 well plate, following the manual. Fluores-
cence was measured at 485/530 nm and all samples were measured
in duplicate. Preliminary tests showed that VP1-DNA interactions
and aggregates had no influence on the result of the assay.

211 | Size-exclusion chromatography of VP1-J8
clarified supernatant at different NaCl
concentrations by Superose™ 6 increase

SEC experiments were conducted to measure the elution volume of
VP1-J8 capsomeres in crude clarified supernatant at different NaCl
concentrations. The larger the molecule, the faster it elutes, there-
fore aggregates of VP1-J8 capsomeres can be measured in the su-
pernatant. Crude clarified supernatant after cell disruption was
obtained as described. The supernatant was split into 6 ml samples
and NaCl was added to obtain final concentrations of 0 M, 0.1 M,
0.2M,0.3M, 0.4 M, and 0.5 M. After gentle shaking until the salt was
dissolved, the samples were stored on ice. A Superose™ 6 Increase
10/300 GL column was equilibrated for two column volumes with
running buffer having the same NaCl concentration as the sample
being examined. Samples were filtered (0.22 pm) and loaded into a
0.5 ml sample loop. Flow rate was 0.6 ml min~*, samples were taken
every 0.5 ml using the autosampler. Samples (10 ul) were then used
for SDS-PAGE analysis.

212 | Dynamic light scattering of VP1-J8
capsomeres and VP1-J8-DNA complexes

To test whether the aggregation of VP1-J8 capsomeres was due to
salt-induced precipitation or because of an affinity towards DNA, the
hydrodynamic particle size of purified VP1-J8 was measured using
dynamic light scattering as this technique allows determination of

the hydrodynamic particle diameter at various controlled buffer
compositions and is in particular sensitive towards aggregates. SEC
could not be easily used because purified VP1-J8 capsomeres did
bind to Superose™ 6 Increase and TSKgel® 3000/4000 size exclu-
sion columns at low salt concentrations.

To assess the influences of DNA and NaCl on aggregation, VP1
capsomeres were purified as described. Running buffer for SEC
polishing had a NaCl concentration of 0.5M. The protein con-
centration of the purified sample was adjusted to 0.01 mgml™* and
no residual DNA could be measured in the sample. The size dis-
tribution was measured using dynamic light scattering after which
the sample was desalted into 0.1 M NaCl buffer. After desalting the
DNA concentration increased to 0.09 ng ul~* which might be residual
DNA in the desalting column, contaminating the sample, or may not
be a significant measurement noting the assay sensitivity is
0.2 ng pl™ . The desalted sample was measured and to 1 ml of sample
100 pl of unsheared E. coli DNA solution (concentration 180 ng/ul)
was added. After measurement of the light scattering NaCl was ad-
ded to a final concentration of 1 M and the sample was incubated for
10 min before a subsequent measurements. As a reference, 100 pl of
unsheared E. coli DNA solution in 1 ml of MQW was measured.

Samples were stored on ice until measurement. 1 ml of sample
was equilibrated for 5 min to 20°C before starting the measurement.
Each reported measurement is an average of 100 individual mea-
surements. Analysis was done using the Zetasizer software by Mal-
vern Technologies.

213 | Transmission electron microscope analysis

Samples measured via dynamic light scattering were also examined
in a transmission electron microscope. Carbon coated square meshed
grids (ProSciTec, standard A) were plasma cleaned for 15s right
before sample application. About 5 pl sample, diluted 1:10 with the
corresponding buffer, was pipetted on the mesh and incubated for
5 min. After gently removing excess liquid with a tissue, the grid was
washed twice with a drop of MQW to reduce salt crystals. The
sample was subsequently stained for 2 min by negative staining using
2% w v'! uranyl acetate. Transmission electron microscope (TEM)
images were taken on a FEl Tecnai G2 Spirit equipped with an
Olympus-SIS Veleta CCD camera at 120 kV voltage.

3 | RESULTS

3.1 | Molecular size distribution of VP1-J8
capsomeres in clarified supernatant at different salt
concentrations using size exclusion chromatography

Purified VP1 capsomeres elute at a volume of 15 ml on a Superose™
6 Increase 10/300 GL column (Ladd Effio, Baumann, et al,, 2016).
VP1-J8 capsomeres have a similar size to VP1 capsomeres (232 kDa
vs. 212.3 kDa) and are therefore expected to elute at approximately
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FIGURE 1 Size exclusion chromatogram of clarified supernatant

containing VP1-J8 capsomeres at different NaCl concentrations of
the sample. Running buffer had the same composition as the sample.
Vertical line indicates the volume (15 ml) at which the capsomeres
are expected to elute. (- - -) 0.1 M NaCl, (- - -) 0.2M NaCl, (- - --) 0.3 M
NaCl, (—) 0.4 M NaCl

the same volume. Comparing the elution profile of clarified super-
natant at different salt concentrations (Figure 1) no dedicated peak
at 15 ml elution volume could be observed at salt concentrations of
less than 0.3 M NaCl. However, using a salt concentration of 0.4 M
NaCl a peak at 15 ml appeared, which was confirmed to be VP1-J8
by SDS-PAGE (Figure 2).

To measure the size distribution of VP1-J8 capsomeres and to
verify the formation of aggregates, samples at different elution
volumes from Superose™ 6 Increase were analyzed by SDS-PAGE
(Figure 2). At salt concentrations lower than 0.3M NaCl, the
majority of VP1-J8 capsomeres were eluted at 9 ml (Figure 2a,0 M
NaCl), at 11 ml and 12 ml (Figure 2b, 0.1 M NaCl, and Figure 2c,
0.2M NaCl), at 11 ml, 12ml, and 14 ml (Figure 2d, 0.3 M NaCl).
This result indicates the formation of VP1 complexes of several
MDa size. In contrast, at salt concentrations above 0.3 M NacCl,
capsomeres elute at the expected retention volume of ca. 15ml
(Figures 2ef), indicating no or only minor extents of VP1
complexation.

3.2 | Particle size distribution of purified VP1-J8
capsomeres and VP1-J8-DNA complexes measured
by dynamic light scattering (DLS)

Particle size distributions obtained by dynamic light scattering are
shown in Figures 3 and 4. The particle size of purified VP1-J8 cap-
someres in 0.5 M NaCl and 0.1 M NaCl buffer is nearly the same, at
ca. 10 nm. At 0.1 M NaCl, a small amount of particles ( < 5%) show a
diameter of 20 nm. This is believed to be due to residual DNA in the
desalting column that contaminated the sample, as verified by DNA
content after desalting increasing from zero to 0.09 ngul™®. By
adding unsheared DNA to VP1-J8 capsomeres, the signal changed
drastically and particle diameters larger than 70 nm up to 1000 nm
were measured. Unsheared E. coli DNA solution at 0 M NaCl, mea-
sured as a reference, showed a signal at around 20 nm diameter.

The effect could also be reversed as shown in Figure 4. By adding
sodium chloride to a final concentration of 1 M NaCl the aggregates
broke up and the measured particle size of VP1-J8 plus DNA chan-
ged from > 90 nm to < 20 nm.

3.3 | TEM analysis of purified VP1-J8 capsomeres
and VP1-J8-DNA complexes

Samples measured by DLS were also examined by TEM to confirm
the DLS results. Purified VP1-J8 capsomeres are stable in 0.1 M NaCl
and do not form aggregates (Figure 5a). After the addition of un-
sheared E. coli DNA irregular aggregates of different sizes are
formed, as can been seen in Figure 5b. After subsequent addition of
NaCl to a final concentration of 1M, no aggregates could be ob-
served, however very few spherical particles of 40-50 nm diameter
could be seen (Figure 5c).

3.4 | Multimodal cation exchange
chromatography on Capto™ MMC

Figure 6a shows the absorbance signal of the flow-through during
loading. It can be seen, that loading resolubilized VP1-J8 (after PEG
precipitation) in a lysis buffer containing 0.5 M NaCl leads to a sig-
nificantly lower flow through signal (P1), indicating more VP1-J8 is
binding on the column, compared with loading at 0 M NaCl (P2). The
peak area of the flow through peak decreased from 5366.4 mAu s™*
when loaded at OM NaCl (P2) to 4791.7 mAu s™* when loaded at
0.5M NaCl (P1). The elution profile in Figure 6b shows two small
elution peaks (P3.1 and P3.2), when loading was at 0 M NaCl, and
only one large peak (P4), when loading was done at 0.5M NaCl.
Analyzing the peak areas of the elution peaks containing VP1-J8
showed a peak area of 527.8 mAu s™! if loaded at 0.5M NaCl (P4)
and only 52.6 mAu s~ if loaded at 0 M NaCl (P3.2). The elution peak
area of 527.8 mAu s~ approximates the difference in absorbance
signals during loading (574.7 mAu s %) reasonably well, indicating,
that the loaded material eluted completely at the chosen conditions
and no material was permanently bound to the column. Therefore, it
can be concluded that the binding on Capto™ MMC strongly in-
creased and the recovery increased about 10 times.

The SDS-PAGE analysis of the process (Figure 7) revealed, that if
loading was done at 0 M NaCl the majority of VP1-J8 did not bind to
the column and remained in the flow through. In contrast, if loading
was done at 0.5M NaCl the majority of VP1-J8 did bind to the
column. The first elution peak (P3.1), if loaded at 0 M NaCl, contained
only trace amounts of protein, but did also contain DNA. Measured
DNA concentration was 3 ng ul~%. The second peak (P3.2) did contain
some VP1-J8 at low concentrations and had a DNA content of
0.34ng ul™%. On the other hand, the whole elution peak after loading
at 0.5 M NaCl (P4) did contain high amounts of VP1-J8 and low levels
of DNA (0.46 ngul™?). The DNA concentration of the pre-purified
sample was 110.6 ngpl ™%,
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FIGURE 2 SDS-PAGE analysis of size exclusion fractions of clarified supernatant containing VP1-J8 at different salt concentrations
and pH 8. (a) OM NaCl, (b) 0.1 M NaCl, (c) 0.2 M NaCl, (d) 0.3M NaCl, (e) 0.4 M NaCl, (f) 0.5M NaCl. SDS-PAGE, sodium dodecy!
sulfate-polyacrylamide gel electrophoresis
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FIGURE 4 Size distribution of VP1-J8 capsomeres containing
DNA, measured by dynamic light scattering, in 0.1 M NaCl (—) and
after adding NaCl to a final concentration of 1 M NaCl (- - -)

3.5 | Anion exchange chromatography on
Capto™ Q

Figure 8a,b shows chromatograms obtained for loading Capto™ Q at
0.1 M NaCl and 0.5M NaCl, respectively. At low salt concentrations
VP1-J8 binds to Capto™ Q, however the capacity is extremely low
(<0.2mgml™ ., at 2 min column residence time, data not shown).

BIOENGINEERING

High overloading of the column does not result in significant increase
of bound VP1-J8. Interestingly, elution experiments with a linear
gradient reveal that the majority of VP1-J8 was eluted at the same
salt concentration as it lost its affinity towards DNA (ca. 0.3 M NaCl)
(chromatogram in supplementary data). If the loading was conducted
at salt concentrations above 0.3 M NaCl, VP1-J8 remains in the flow
through and DNA can be efficiently removed as it remains bound to
the matrix. The DNA content of the pre-purified sample was 75 ngul™*
and after flow through purification at 0.5 M NaCl loading condition,
the DNA content was below the sensitivity of the DNA assay, with a
measured value of 0.017 ng pl™%. A comparison of the binding behavior
on the two chromatographic matrixes is summarized in Table 2.

3.6 | Assembling of virus-like-particles

Both capsomeres obtained by anion exchanger and by multimodal
cation exchanger could be assembled into virus-like-particles
(determined by TEM, data not shown). Therefore, it can be as-
sumed that the purification pathways do not alter protein integrity.

To test the influence of the presence of DNA on the assembling
host cell DNA free VP1-J8 got spiked with DNA as described in
Section 2.8 to obtain four samples (VP1-J8 with and without DNA in
lysis buffer pH 8, at low and at high salt concentrations) were dia-
lyzed against assembling buffer. TEM results are shown in Figure 9.

At initial NaCl concentrations of 0.5M NaCl both samples
without (Figure 9a) or with DNA (Figure 9b) assembled pre-
dominately into uniform capsid like structures around 45nm in
diameter. Also some smaller particles formed. The capsid like
structures assembled without DNA showed a stronger internal
staining compared with the one with DNA.

At low initial NaCl concentrations the protein-DNA complexes
could not be assembled into capsid like structures (Figure 9c).
Instead worm like structures of different sizes formed as well as
small spherical particles less than 20 nm. On the other hand, if no
DNA was present at low NaCl concentrations (Figure 9d), capsid like
structures formed as well as smaller spherical particles of different
size. Compared with the samples with higher initial NaCl, the
samples with lower NaCl concentrations were less uniform.

FIGURE 5

(a) Transmission electron microscope image of purified VP1-J8 capsomeres in 0.1 M NaCl buffer pH 8, containing no DNA.

(b) Purified VP1-J8 capsomeres plus unsheared E. coli DNA in 0.1 M NaCl buffer pH 8. (c) The same sample as in (b) after the addition of NaCl to
a final concentration of 1 M. The scale bar corresponds to 100 nm distance
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(a) Column loading. Absorbance at 280 nm obtained from the flowthrough while loading 2 ml of resolubilized VP1-J8 (after

PEG precipitation) at NaCl concentrations of 0.5M (—) or OM (- --) at pH = 8 onto a 1 m| multimodal weak cation exchanger (Capto™ MMC),
loading started at O ml (b) Column eluting. Elution profile after loading resolubilized VP1-J8 (after PEG precipitation) at NaCl concentrations
of 0.5M (=) or OM (- - -) at pH =8 onto a 1 ml multimodal weak cation exchanger (Capto™ MMC). Elution was obtained by applying a

step gradient of 1 M NaCl phosphate buffer at pH 12 starting at 13.5 ml. The elution buffer had a different absorbance compared to the binding
buffer, caused by the instability of DTT, resulting in a baseline shift towards the end of the chromatogram
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FIGURE 7 SDS-PAGE analysis of the bind and elute experiments
of VP1-J8 onto Capto™ MMC (Figure 6é). Lanes (1) and (4)
correspond to the starting material used for loading at 0.5 M NaCl
(lane 1) and O M NaCl (lane 4). (2) Flow through of loading at 0.5 M
NacCl, (3) Elution after loading at 0.5 M NaCl, (5) Flow through of
loading at O M NaCl, (6) First elution peak after loading at 0 M NaCl,
(7) Second elution peak after loading at 0 M NaCl. SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis

4 | DISCUSSION

One of the major issues of purifying viral capsomeres and viral
structures, either as a wild type or presenting a foreign antigen, is
the poor binding onto chromatographic media and hence low re-
covery yields. That VP1 capsomeres in crude lysate form soluble
aggregates of different size, is an observation that has already been
made (Lipin et al., 2008). Different mechanisms have been suggested,
for example polymerization because of the used GST tag or ag-
gregation because of inserted hydrophobic antigens (Abidin et al.,
2015; Lipin et al., 2008). These size exclusion experiments on GST-
free nonpurified proteins show that nonpurified VP1-J8 forms

aggregates below a NaCl concentration of 0.3 M. This can have
various reasons, like salt dependent solubility, intermolecular at-
tractions or the interaction with other molecules such as DNA.
Polymerization because of affinity tags however, can be excluded as
no affinity tag is used in these experiments.

Light scattering experiments of purified VP1-J8 revealed that
purified VP1-J8 capsomeres are indeed stable at low salt con-
centrations and aggregates are formed due to an interaction with
DNA. It could also be shown that this is a reversible interaction, as
the aggregates disassociate if the salt concentration is raised, in-
dicating that the DNA VP1-J8 interaction is a nonspecific electro-
static interaction. The slight increase of the measured hydrodynamic
size of dissociated capsomeres compared to the starting material
before the addition of DNA might be a result of overlapping signals
of DNA and capsomeres, as dynamic light scattering is not capable of
resolving multiple narrow species. However, as this technique is in
particular sensitive towards larger particles it can be assumed no
aggregates were present. The results were verified by TEM showing
no aggregated VP1-J8 at low salt concentrations in the absence of
DNA, and irregular shaped aggregates after the addition of DNA and
the formed aggregates could be dissociated by applying a high salt
concentration. Why some large, capsid-like aggregates could be ob-
served at the TEM of capsomeres in high salt (Figure 5¢) can only be
speculated as there was no calcium in the solution, which is con-
sidered to be mandatory for self-assembling of VP1 capsomeres into
well-formed virus-like-particles (Chuan et al., 2010; Schmidt et al.,
2000). Maybe an increase of the hydrophobic attraction due to the
high salt concentration and depleted DTT due to long exposure
during processing, lead to a degree of capsomeres self-assembly, an
effect that has also been observed in the past (Salunke et al., 1986).
This process might be also mediated by “right sized” DNA fragments
in the solution, supporting assembly, as a similar mechanism was
proposed (Ou et al., 1999; Van Rosmalen et al., 2018).

To measure the influence of these aggregates on chromato-
graphic purification, experiments with cation and anion exchangers
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(a) Anion exchange chromatography elution of resolubilized VP1-J8 (after PEG precipitation) loaded on a 1 ml Capto™ Q column

at 0.1 M NaCl, pH8. Only a minimal flow through can be observed and most of the protein, including VP1-J8 did bind to the column. VP1-J8
does elute in a first peak at 5ml, followed by a peak of mostly impurities. (—) Absorbance A280, (- - -) Conductivity. (b) Anion exchange
chromatography elution of resolubilized VP1-J8 (after PEG precipitation) loaded on a 1 ml Capto™ Q column at 0.5 M NaCl, pH8. VP1-J8 is not
binding to the column and remains in the flow through that elutes at 0.5 ml. (—) Absorbance A280, (- - -) Conductivity

TABLE 2 Binding behavior of resolubilized (after PEG
precipitation) VP1-J8 and DNA to a multimodal cation exchanger
(Capto™ MMC) and a strong anion exchanger (Capto™ Q) at pH 8

Capto™ MMC Capto™ Q

VP1-J8 DNA VP1-J8 DNA
Loading buffer bindi hinds hindi .
pH 8 ¢c(NaCl)<0.3M  Very low Low Very low  High
pH 8 ¢(NaCl) >0.3M  High None None High

Note: At salt concentrations < 0.3 M NaCl VP1-J8 is binding to DNA and
forming complexes.

were conducted. The assumption was that, in an aggregated form,
the capsomeres cannot access the pores of chromatographic resin
which typically have a diameter of roughly 40-80 nm, and therefore
can only bind to the outer surface, leading to very low binding ca-
pacitates (J. Avallin et al., 2016). This assumption was proven as only
minor amounts of VP1-J8 bound on multimodal cation exchanger
columns (Capto™ MMC) when loaded at low salt concentrations.
A pure cation exchanger like Capto™ S showed comparable low
binding capacities at low salt concentrations (data not shown). Using
a salt-tolerant cation exchanger (Capto™ MMC), which keeps a high
binding capacity over a broad range of salt concentrations, it could
be shown that the binding increased dramatically, and the majority of

VP1-J8 protein was captured, if a salt concentration above the dis-
sociation concentration was used. The enhanced binding leads to an
increased recovery during the chromatographic purification. This can
be explained by the fact that now non-aggregated capsomeres,
having a size of 10-15nm, could access the pores in the resin.

Another phenomenon was observed, namely that at low salt
concentrations not only the capsomeres bound to a cation exchanger
column, but also DNA. As DNA usually does not bind to a cation
exchanger at pH 8, it likely bound to the capsomeres that were
captured on the column, suggesting again the existence of
DNA-protein complexes.

A purification method for viral capsomeres and viral capsids,
proposed in the literature, is the use of strong anion-exchange
membrane columns in bind and elute mode (Ladd Effio, Baumann,
et al.,, 2016). Interestingly the capsomeres do bind to Capto Q resins,
a strong anion exchanger, at the same pH value (pH 8) as they do
bind to cation exchangers (Capto™ S, POROS™ HS, and Capto™
MMC). These experiments show that at low salt concentrations VP1-
J8 binds to the column, however the capacity is extremely low, which
again can be explained by poor accessibility to matrix pores, because
of formed DNA-protein aggregates. The formation of aggregates
also explains the comparably high reported capacities on membrane
columns (Ladd Effio, Hahn, et al., 2016). Another interesting fact is
that the capsomeres elute from anion exchangers at the same salt

FIGURE 9 Assembly products of VP1 with and without DNA at different initial NaCl concentrations. Scale bar represents 100 nm. (a) 0.5 M
NaCl no DNA. (b) 0.5 M NaCl plus DNA. (c) 0.1 M NaCl plus DNA. (d) 0.1 M NaCl no DNA
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concentration as the DNA-protein aggregates dissociate, opening
the question of the binding mechanism. Instead of actually binding
onto the column proper, the VP1 capsomeres might actually bind to
DNA, which then binds to the anion exchanger in a layer-by-layer
process. This might be an explanation for the strange binding iso-
therms described for Sf9 insect cell-derived virus-like-particles, as
the binding capacity would be dependent on the protein-DNA ratio
(Ladd Effio, Hahn, et al., 2016).

Some DNA interactions with VP1 capsomere have been pre-
viously described. Early research found that VP1 capsomeres show a
high affinity towards DNA, that this affinity is not sequence specific,
and that VP1 capsomeres do elute from a DNA-cellulose column at
salt concentrations between 0.3 and 0.4 M NaCl (Chang et al., 1993;
Moreland et al., 1991). This is congruent with the observation that
DNA-VP1-J8 complexes dissociate at NaCl concentrations above
0.3M and also explains that the DNA-protein complexes can form
with bacterial DNA or DNA of other sources. DNA-protein complex
formation was also found by Stokrova et al. (1999) who showed that
VP1 capsomeres coat circular DNA, as expected for viral packaging
of nucleic acids in the native virus.

Another point is that the disassembly of polyomavirus results
not only in free capsomeres but also in DNA-capsomere complexes
(Brady et al., 1978). The reason why only some of the capsomeres
form complexes, if viral capsids are dissembled, might be due the
ratio of DNA to capsomeres, as there may have been insufficient
DNA for all capsomeres to bind to.

The influence of DNA-capsomere interactions on production,
stability, assembling, and purification of VP1 capsomeres has, how-
ever, been significantly underestimated. Especially if these cap-
someres are produced in bacterial systems in an environment with
excess DNA. Under such conditions it is highly likely that the ma-
jority of VP1 is bound to host-cell DNA, therefore forming large
aggregates.

Assembling of capsomere-DNA complexes into VLPs was not
possible in our experiments. Instead worm like aggregates of dif-
ferent sizes formed. These worm like aggregates do not form if the
salt concentration is above the protein-DNA dissociation con-
centration and instead virus-like particle form, comparable to the
assembly without DNA. The type and length of the present nucleic
acid might play an important role on the shape and size of these
aggregates (Ruiter et al., 2019) and comparable tubular aggregates
can be found in the nucleus of infected cells (Erickson et al., 2012).
Protein-DNA interactions therefore can be an explanation for at
least some types of aggregates formed during assembly.

A recent study proposed that DNA can influence the assembly
process beneficially, as less wrong size particles are formed (Van
Rosmalen et al., 2018). This phenomenon however, could not be
observed in our experiments as assembly products at high salt con-
centration, with or without DNA, showed well defined capsid like
structures. Nevertheless, the presence of DNA seems to influence
the assembly process and therefore the DNA-protein interaction
needs to be tightly controlled to obtain reliable results. However,

this topic still needs further investigation to understand the under-
lying mechanism.

Knowing that VP1 forms complexes with DNA at low salt con-
centrations, a few conclusions for purification can be made. At low
salt concentrations VP1 or VP1 based vaccine candidates will bind
onto conventional chromatographic media at low efficiency, as the
complexes cannot enter the pores of the resin. An alternative is the
use of membrane columns, monoliths or resins with large pores like
POROS™ as shown in the literature (Ladd Effio, Baumann, et al.,
2016). Another and preferable option is the use of conventional salt
tolerant media like Capto™ MMC together with buffers having a salt
concentration above the DNA-capsomere dissociation concentra-
tion, as they are widely available, cheap, and easy to scale. This ap-
proach leads to highly efficient binding and eradicates one of the
main bottlenecks during purification.

DNA can only be efficiently removed if a salt concentration
above the dissociation concentration is used during the process, as
otherwise DNA and capsomeres will co-elute. Until complete re-
moval of DNA, the capsomeres will be not stable in low salt con-
centration buffers. This is particularly important for alternative
purification strategies like precipitation and extraction in which DNA
is usually incompletely removed. The binding on anion exchangers
might be mediated by DNA and therefore the ratio of DNA to VP1in
the lysate will affect the binding capacity and overall process beha-
vior. It is furthermore not possible to assemble DNA-VP1 complexes
into virus-like particles. Above the dissociating salt concentration,
however, the presence of DNA seems not to affect the assembly
negatively.

5 | CONCLUSION

Murine polyomavirus major capsid protein VP1 forms DNA-protein
complexes of different sizes in buffers having low salt concentra-
tions. It was shown that these aggregates have a significant impact
on the bioprocessing of VP1 pentamers, as it was not possible to
assemble these complexes into VLPs. Instead of spherical particles,
tubular aggregates formed. Furthermore, the DNA-protein com-
plexes lead to poor chromatographic recovery due to low pore ac-
cessibility. By increasing the salt concentration of the buffer above
0.3M NaCl (pH 8) the DNA-protein complexes dissociate and uni-
form VLPs can be assembled even in the presence of DNA. The
approach of processing VP1 in buffers having a NaCl concentration
above the protein-DNA dissociation concentration dramatically im-
proved the chromatographic binding behavior and the binding ca-
pacity increased by at least an order of magnitude. Those findings
lead to the development of efficient purification strategies of VP1-
J8, using salt tolerant multimodal cation exchanger, removing most
of the host cell DNA and protein without significant product loss.
Since DNA affinity is an inherent property of viral proteins, similar
approaches are likely applicable for other viral proteins and will help
to develop efficient bioprocessing strategies for viral proteins.
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Chapter 5

Comparative Evaluation of Integrated Purification Pathways
for Bacterial Modular Polyomavirus Major Capsid Protein
VP1 to Produce Virus-Like Particles Using High Throughput

Process Technologies

Based on the findings of Chapter 4 several integrated downstream processes for VP1-J8
VLPs were developed. Optimal process conditions were explored using high-throughput
studies. The processes were characterized in terms of purity and product quality and

comparatively evaluated.
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Modular virus-like particles and capsomeres are potential vaccine candidates that can induce strong im-
mune responses. There are many described protocols for the purification of microbially-produced viral
protein in the literature, however, they suffer from inherent limitations in efficiency, scalability and over-
all process costs. In this study, we investigated alternative purification pathways to identify and optimise
a suitable purification pathway to overcome some of the current challenges. Among the methods, the
optimised purification strategy consists of an anion exchange step in flow through mode followed by a
multi modal cation exchange step in bind and elute mode. This approach allows an integrated process
without any buffer adjustment between the purification steps. The major contaminants like host cell pro-
teins, DNA and aggregates can be efficiently removed by the optimised strategy, without the need for a
size exclusion polishing chromatography step, which otherwise could complicate the process scalability
and increase overall cost. High throughput process technology studies were conducted to optimise bind-
ing and elution conditions for multi modal cation exchanger, Capto™ MMC and strong anion exchanger
Capto™ Q. A dynamic binding capacity of 14 mg ml~' was achieved for Capto™ MMC resin. Samples
derived from each purification process were thoroughly characterized by RP-HPLC, SEC-HPLC, SDS-PAGE
and LC-ESI-MS/MS Mass Spectrometry analytical methods. Modular polyomavirus major capsid protein
could be purified within hours using the optimised process achieving purities above 87% and above 96%
with inclusion of an initial precipitation step. Purified capsid protein could be easily assembled in-vitro
into well-defined virus-like particles by lowering pH with addition of calcium chloride to the eluate. High
throughout studies allowed the screening of a vast design space within weeks, rather than months, and
unveiled complicated binding behaviour for Capto™ MMC.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

need for low production costs, thus enabling affordable to use in
low income countries, which often suffer the most from infectious

The current outbreak of COVID-19 shows dramatically the
threat of global pandemics and the need for potent vaccines that
can be mass-manufactured efficiently. In a globally-mobile world
pathogens such as corona virus, influenza virus, Ebola virus etc.
can spread rapidly so keeping a local outbreak under control
is challenging. Once emerged a sustainable control can only be
achieved by mass vaccination as demonstrated for example for
Polio and Measles [1-3]. An ideal vaccine candidate to do so is
highly immunogenic, exceptionally safe and can be quickly mass
produced. Another important point that is often neglected is the
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E-mail address: anton.middelberg@adelaide.edu.au (A. Middelberg).
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diseases and otherwise may function as a residual reservoir for
global threat [4,5]. Conventional vaccines such as inactivated and
attenuated viruses however, have a lengthy production time, ex-
pensive production costs and might be risky for people with im-
munodeficiency [6,7].

Promising future vaccine candidates that incorporate most of
the desired properties are virus-like particles (VLPs). VLPs are self-
assembled spherical particles of viral structural proteins, mimick-
ing the overall appearance and structure of a native virus and
due to a lack of genetic material are unable to replicate or in-
fect, making them generally safe [8]. As the antigens are pre-
sented in a highly repetitive and native structure, VLPs induce
a strong immunogenic response both humoral and cellular, even
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in the absence of any adjuvant [9]. The structural viral proteins
can be amended to present foreign antigens on the surface of the
VLP. These so called modular or chimeric VLPs widen the possi-
ble applications and enabled the development of vaccine platform
technologies [10,11]. VLPs as vaccines are commercially available
against human papilloma virus and hepatitis B/E virus (Cervarix®,
Gardasil®, Cecolin®, Recombivax HB®, Energix-B®, Hecolin® etc.)
and are heavily examined against many diverse pathogens includ-
ing influenza A, Norovirus, Chikungunya virus, cytomegalovirus,
rotavirus and Group A Streptococcus, to name a few [8,12-15].
However, the production and purification of existing commercial
VLPs is challenging, making them comparatively expensive vac-
cines [11,16,17]. VLPs can be expressed in a variety of eukaryotic
and prokaryotic systems, ranging from mammalian and insect cells
to microbial, yeast and plant based systems [18]. Expression in eu-
karyotic cells leads to self-assembly of VLPs in vivo, which always
bears the risk of co-assembled impurities such as host cell proteins
and nucleic acids, therefore leading to product deviations that re-
quire a subsequent disassembly-reassembly step [19,20]. Another
pathway is the expression in prokaryotic systems, which allow the
purification of unassembled structural protein and a subsequent in
vitro assembly in a controlled environment [20-22].

VLPs produced in a prokaryotic expression system are an ex-
citing alternative due to their inherent advantages over eukary-
otic ones in terms of speed and productivity, enabling possible
costs of cents per vaccine dose [23-25]|. China approved E. coli
produced VLP vaccines Hecolin® and Cecolin® showing high effi-
ciency and safety and providing proof of concept for E. coli pro-
duced VLP vaccines [26,27]. Several modular and non-modular
VLPs based on a variety of structural viral protein such as hep-
atitis B core antigen (HBcAg), papilloma major capsid protein L1,
bacteriophage Qf, adeno-associated virus structural protein VP3
and polyomavirus major capsid protein VP1 have been produced
in E. coli [24,25,28,29]. One of the most advanced approaches is
the platform technology using modularized murine polyomavirus
major capsid protein VP1 [10]. The viral protein can be expressed
at grams per litre in E. coli giving VLPs able to induce a strong im-
mune response against Group A Streptococcus, Influenza, Rotavirus,
Plasmodium, and others [12,13,30-33]. However, described purifi-
cation and production pathways for VP1, the related L1 and other
microbial VLPs currently rely on hard-to-scale laboratory unit op-
erations. Major issues during purification are the removal of DNA
and aggregates and low binding on chromatographic resin caused
by aggregates and the large size of capsomeres and VLPs [34-37].
Common practice is the use of affinity tags (GST, poly HIS, SUMO),
which require a subsequent enzymatic cleavage and removal of
the tag, leading to aggregation during long processing times and
other process challenges, and subsequent preparative size exclu-
sion chromatography (SEC) followed by dialysis to trigger assembly
[10,34,38,39]. Other described pathways use furthermore various
combinations of density gradient centrifugation, benzonase treat-
ment, filtration, membrane columns, refolding of inclusion bodies
and ammonium sulphate/PEG precipitation [27,34,35,40-42].

To overcome these challenges, we developed and optimised an
integrated purification process using multi modal cation exchanger
Capto™ MMC as the main purification step. Multi modal ion ex-
change resin combines ion exchange with hydrophobic interaction
and other modes, which lead to unique binding behaviour and high
salt tolerance [43]. The salt tolerance of Capto™ MMC enables
processing at intermediate salt concentrations, which enables dis-
aggregation of non-specific DNA-protein interactions, which other-
wise hinder separation. The developed process produces well de-
fined VLPs, removes aggregates, DNA and most host cell proteins,
is designed for scale-up and does not require any buffer exchange
during the optimized purification process, thus reducing overall
process cost and time.
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2. Material and methods
2.1. Buffers and chemicals

Milli-Q® water (MQW) was used for the preparation of all
buffers. E. coli culture was grown in Terrific Broth (TB) medium
(12 g I'! tryptone (LP0042, Thermo Fisher Scientific, USA), 24 g
1-1 yeast extract (P0021, Thermo Fisher Scientific, USA), 5 g 1!
Glycerol (GLO10, ChemSupply, Australia), 2.31 g I=! potassium di-
hydrogen phosphate (P002600, ChemSupply Australia), 12.5 g 1!
dipotassium hydrogen phosphate (PA020. ChemSupply, Australia)),
supplemented with 35 pg ml-! chloramphenicol (GA0258, Chem-
Supply, Australia) and 100 pg ml-! ampicillin (GA0283, ChemSup-
ply, Australia). IPTG (15529019, Thermo Fisher Scientific. USA) and
antibiotics were prepared in 1000x stock solutions and added be-
fore use. Sodium chloride (SL046, ChemSupply, Australia) solution,
9 g 1-1, was used as a washing saline.

Loading buffer (L buffer) consisted of 40mM buffer salt (Tris-
hydrochloride (GB4431, ChemSupply, Australia) for pH 8 and 9,
Glycine (GA007, ChemSupply, Australia) for pH 10 and sodium hy-
drogen orthophosphate (SL061, ChemSupply, Australia) for pH 11
and 12 buffer preparation) plus 2mM EDTA (EA023, ChemSupply,
Australia), 5 ¥ w w~! glycerol, 5mM dithiothreitol (DTT) (DL131,
ChemSupply, Australia) and 0-500 mM NaCl (SL046, ChemSupply,
Australia). DTT and 1x SigmaFast™ protease inhibitor (SA8820 Mil-
lipore Sigma, USA), which were added during cell lysis, were added
freshly before use. Loading buffer was prepared from a 5x stock
solution originally prepared, filtered (0.2 nm, KYL Scientific, Aus-
tralia) and vacuum degassed before use. Calcium chloride (CA033,
ChemSupply, Australia) was used to induce the assembly of VLPs.

TruPAGE™ 4x LDS sample buffer (PCG3009) and 20x Tris-MOPS
SDS express running buffer (PCG3003) were purchased from Milli-
poreSigma, USA. The 10x DTT sample reducer and 800x running
oxidant (sodium bisulfite, 243973, Millipore Sigma, USA) reagents
were freshly prepared before use. For staining of SDS-APGE gels a
solution containing Coomassie Brilliant Blue R-250 (Bio-Rad Labo-
ratories, USA), and for destaining a mixture of 10 % v v=! ethanol
(EA043, ChemSupply, Australia) and 10 % v v=! acetic acid (AA009,
ChemSupply, Australia) was used.

HPLC grade acetonitrile (LC1005) and Trifluoroacetic Acid (TFA)
(TS181) were purchased from Chem-Supply, Australia

PEG-6000 (PL113, ChemSupply, Australia) was used for precipi-
tation experiments.

2.2. Plasmid construction and protein expression

Group A Streptococcus antigen GCN4-J8 was inserted with
flanking G4S linkers into murine polyomavirus major capsid pro-
tein VP1 sequence (M34958) and cloned into pETDuet-1 at mul-
tiple cloning site 2 (MCS2) at Ndel and Pacl restriction sites. The
plasmid was constructed by the Protein Expression Facility of the
University of Queensland, Brisbane, Australia and the sequence was
verified by the Australian Genome Research facility (AGRF), Bris-
bane, Australia.

Rosetta™ 2(DE3) Singles™ competent cells (Merck KGaA, Ger-
many) were used as an expression system. The VP1-J8 plasmid was
transformed by heat shock transformation. In brief, competent cells
were mixed with plasmid DNA and incubated on ice for 5 min,
followed by a heat shock at 42°C for 30 s and 2 min cooling on
ice. Subsequently, they were diluted with TOC medium and inoc-
ulated on TB agar plates containing 100 pg ml-! ampicillin and
35 pg mi~! chloramphenicol. The Master Cell Bank (MCB) glycerol
stocks were produced by growing a single colony at 37°C in 50 ml
TB medium in a 250 ml shake flask until an optical density ODggg
of 0.5 AU was reached and subsequent adding of glycerol to a fi-
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nal concentration of 25 % w w1, Samples of 100 pl were collected
and vials stored at -80°C until further use.

Cells were grown overnight in 50 ml of TB medium contain-
ing 35 pg ml-! chloramphenicol and 100 pg ml-! ampicillin in
a 250 ml shake flask at 37°C and 200 rpm. A 5 ml sample of
the overnight culture was transferred into a 200 ml of fresh TB
medium in a 1 | shake flask and cells were grown under the same
conditions till an ODgyp of 0.5 AU was reached. Protein expres-
sion was induced by adding IPTG to a final concentration of 0.1
mmol and performed for 16 h at a reduced temperature of 27°C
and 200 rpm. Cells were harvested by centrifugation in an A5920R
centrifuge (Eppendorf, Germany) at 3200 g for 10 min at 4°C, re-
suspended in 0.9 % w w~! saline and split into 50 ml aliquots. Af-
ter centrifugation for 10 min at 20,130 g at 4°C the supernatant
was discarded and the pellets were stored at -80°C until further
process.

Clarified lysate was produced by resuspending approximately
1 g of cell pellet per 50 ml of L buffer pH 8, 0 M NaCl on ice.
Cells were disrupted by ultrasonic homogenization using a Scientz-
1ID Ultrasonic homogeniser (Ningbo Scientz Biotechnology, China)
equipped with a 6 mm diameter horn. The suspension was soni-
cated with 10 s bursts at 400 W followed by 40 s cool down on
ice, for a total time of 15 min. Subsequently the lysed cell suspen-
sion was centrifuged for 45 min at 20130 g at 4°C to remove cell
debris.

2.3. Characterisation

Expression was visualised by SDS-PAGE analysis under reducing
and denaturing conditions using TruPAGE™ precast Gels 4-12 %,
10 x 10 cm 12-well (PCG2003, Millipore Sigma, USA), following the
manufacturer’s protocol. Total protein concentration of the samples
was measured by Bradford protein assay and the amount of protein
loaded on each well was normalised. Samples were prepared by
mixing with 4X loading buffer prior heating for 10 min at 75°C.
Gel electrophoresis carried out at 180 V fixed current was applied
for separation until finished, followed by 1 h of staining and 4 h
of destaining using the described buffers. Precision Plus Protein™
Standard (1610363, Bio-Rad, USA) was used as a protein marker.

Bradford Protein Assay for determination of total protein con-
centration used standard protocol as described by BioRad in 200
nl 96 well plates format [44]. As a reference bovine serum albumin
was used. Concentration of the reference solutions was verified by
Asgo absorbance on a NanoDrop™ (Thermo Fisher Scientific, USA).

Quant-iT™ High-Sensitivity dsDNA Assay Kit (Q33232, Thermo
Fisher Scientific, USA) was used for quantification of host cell DNA.
Fluorescence at 485/530 nm was measured on a 2300 Victor X5
multilabel reader (PerkinElmer, US). The DNA content is given as
ZDNA gpmtem*, which is measured by Bradford.

VP1-J8 concentration was measured by RP-HPLC using a
method described in the literature [45-47], on a Shimadzu UFLC-
XR system (pump: LC-20AD-XR, autosampler: SIL-20AXR, diode
array detector: SPD-M20A, column oven: CTO-20) with detec-
tion at 280 nm. A Vydac Protein C4 column 2.1 x 100 mm,
5 pm (214TP521) was used. Briefly, samples were mixed 1:4 with
denaturing buffer (8 M guanidine (GE1914, ChemSupply, Australia),
50 mM DTT, 20 mM Tris pH 8) and incubated at 75°C for 10 min.
Samples, 3 pl, were injected and separated by gradient elution with
a water (Mobile Phase A, 0.5 % TFA) and acetonitrile (Mobile Phase
B, 0.4 % TFA) system. The elution program was as following: 6 min
gradient from 35 % B to 60 % B, 30 s gradient from 60 % B to 100 %
B, 1 min 100 % B, 30 s from 100 % B to 35 % B and 4 min of 35 % B,
giving a total analysis time of 12 min, at a flow rate of 1 ml min~"
and a column temperature of 60°C. As a reference purified VP1-J8
was used of which the concentration was determined by Bradford
assay.

Journal of Chromatography A 1639 (2021) 461924

The same Shimadzu system was used for SEC-HPLC with a
TSKgel G3000SW column (5 pm, 7.8 x 300 mm, Tosoh Corp.).
40 % v v acetonitrile, 0.1 v v-! TFA was used as a running
buffer at a flow rate of 1 ml min—! and 30°C column temperature.
Samples received no pre-treatment except filtering through a 0.22
pm cellulose acetate filter (THCCH2213, Thermo Fisher Scientific,
USA). The peak areas at Aygy nm were analysed and categorized
into high-molecular-weight impurities (HMWI) and low-molecular-
weight (LMHI) impurities depending on if they elute before or af-
ter the VP1-]J8 peak. An example chromatogram can be found in
the appendix (figure A1).

Aggregates were quantified by SEC chromatography with a Su-
perose® 6 Increase 10/300 GL (Cytiva, Sweden) with L buffer pH
8, 0.5 M NaCl as a running buffer and a flow rate of 0.6 ml min~"
on an AKTA pure system equipped with a sample pump (Cytiva,
Sweden). Aggregates have been defined as the fraction remaining
in the excluded volume of the Superose® 6 column. The identity
as VP1-]8 aggregates was verified by SDS-PAGE. Absorbance was
measured at 280 nm and 260 nm. Aggregates are expressed as the
peak area in relation to the VP1-J8 peak area.

Liquid chromatography-electrospray ionisation tandem mass
spectrometry (LC-ESI-MS/MS was used to analyse and identify the
protein bands in the purified samples. Mass spectrometric anal-
ysis was performed at the Adelaide Proteomic Centre, University
of Adelaide. In brief gel bands were destained and dried followed
by in-gel reduction plus alkylation and subsequent trypsin diges-
tion. Peptide separation was performed using a 75 um ID C18 col-
umn (Acclaim PepMap100 C18 75 um x 15 cm, Thermo-Fisher
Scientific, USA). Raw MS/MS data was searched against the tar-
get sequence of VP1-]J8 and E. coli entries present in the Swiss-
Pro database in Proteome Discovery (v.2.4, Thermo-Fisher Scien-
tific, USA). Full protocol can be found in appendix.

Transmission electron microscopy (TEM) was used to analyse
VLPs. Samples of 5 nl were diluted 1:10 with MQW and pipet-
ted on carbon coated square meshed grids (GSCU100C, ProSciTec,
Australia) and incubated for 5 min. After removal of excess liquid,
the sample was washed twice with MQW to reduce the formation
of salt crystals. Negative staining was conducted for 2 min with
2 % w v-! uranyl acetate. A FEl Tecnai G2 Spirit with an Olym-
pus SIS Veleta CCD camera was used to obtain images at 120 kV
voltage. Particle diameter was measured by counting pixels using
GIMP 2.10.18.

2.4. High throughput process technology strategies applied for
studying binding capacity of resins

Briefly, 96 well PreDictor® (Cytiva, Sweden) plates filled with
20 il of Capto™ MMC or Capto™ Q were used for high through-
put binding screening. The pH values 7.5, 8.0, 8.5 and 9.0 and NacCl
concentrations from 0-500 mM were screened. L buffers at the
desired pH values, containing 0 M NaCl, were prepared 6 times
concentrated as well as 3 M NaCl solution and a VP1-J8 stock so-
lution. The stock solutions were finally mixed in the PreDictor®
plate wells to a total volume of 300 pl (50 ul 6x L buffer, 0-50 pl
3 M Nacl, 0-50 ul MQW, 200 ul VP1-stock solution or MQW for
equilibration). The protocol followed standard procedure. Solutions
in the PreDictor® plates were removed by 2 min centrifugation at
500 g. The wells were equilibrated 3 times with desired buffer (5
min shaking at 1200 rpm). After equilibration, buffer with VP1-
J8 stock solution instead of MQW was added and shacked for 60
min at 1200 rpm. The bound VP1-J8 was calculated by measuring
the concentration in the unbound samples by HPLC and subtract
it from the initial VP1-J8 concentration for loading. The DNA con-
centration was measured as described and compared to the initial
DNA concentration for loading. The experiments were automated
using a Microlab® Nimbus4® automated liquid handler (Hamilton,
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USA). The results presented here are an average of duplicates (ex-
periments and samples).

VP1-]8 stock solution was prepared by adding PEG-6000 and
NaCl to a final concentration of 7 % w v—! and 0.5 M respectively
to clarified lysate to precipitate the VP1-J8 out. After gently shak-
ing and 10 min incubation on ice, the precipitated VP1-J8 was sep-
arated by centrifugation at 20,130 g for 10 min at 4°C. The pel-
let was washed several times with 5 ml MQW to remove PEG and
salts. Thereafter the pellet was resolubilized in 15 ml L buffer con-
taining no buffer salt (MQW, 5 % w w~! glycerol, 5 mM DTT, 2 mM
EDTA, 1x protease inhibitor) and the pH was readjusted to 8.25.
Any undissolved residues were removed by centrifugation for 10
min at 20130 g, 4°C, and filtering through a 0.22 pm filter (16532
Minisart®, Sartorius, Germany).

2.5. High throughput elution study

To establish the optimal elution conditions elution studies on
96 well PreDictor® plates filled with 20 ul Capto™ MMC were per-
formed. Elution buffers at pH values of 8, 9, 10, 11, 12 and NaCl
concentrations of 0-2 M were examined. Pipetting was done with
a Nimbus automated liquid handler (Hamilton, US). L buffers at dif-
ferent pH values were prepared 2 times concentrated, as well as a
4 M NaCl stock solution and mixed to a final volume of 200 nl
inside the wells (100 ul 2x L buffer, 0-100 pl 4 M NacCl solution
and 0-100 pl MQW). The VP1-J8 stock solution was prepared as
described in the previous section, except precipitated VP1-J8 was
resolubilized in L buffer pH 8, 0.5 M NaCl (40mM Tris, 5 % w w™!
glycerol, 5 mM DTT, 2 mM EDTA, 1x protease inhibitor). Predic-
tor plates were equilibrated 3 times for 5 min at 1200 rpm with L
buffer pH 8, 0.5 M NaCl and loaded 60 min at 1200 rpm with 200
pl of VP1-J8 stock solution. After loading the wells were washed 3
times at 1200 rpms for 5 min with L buffer pH 8, 0.5 M NaCl con-
taining no DTT, to remove optical interfering substances like oxi-
dized DTT and other impurities. Two elution steps were conducted
in which the wells were filled with elution buffers, incubated for
5 min at 1200 rpm and centrifuged for 2 min at 500 g. The Ab-
sorbance Ajgy of the eluent solution was measured on a 2300
Victor X5 multilabel reader (PerkinElmer, US). The absorbances of
both elution steps were added and normalized to the measured
maximum. The results presented here are an average of duplicates
(experiments and samples).

2.6. Dynamic binding capacity

The resin dynamic binding capacity at 10 % breakthrough
(DBCyo) was measured at a flow rate of 0.33 ml min~! on a 1 ml
pre-packed Capto™ MMC column. VP1-J8 stock solution (VP1-J8
concentration: 2.13 mgyp;.js ml~') at pH 8.9, 0.35 M NaCl, pre-
pared as described by PEG precipitation, was used and loaded onto
the column. The flowthrough was collected in 2 ml fractions and
the VP1-]J8 contend determined by RP-HPLC. To verify the results
and to test the influence of the starting impurity level or prod-
uct concentration, purified sample by Capto™ MMC were diluted
with L buffer pH 8 and readjusted to pH 8.9, 0.35 M NaCl (VP1-
J8 concentration: 0.79 mgyp.s ml="), fractions were analysed by
Bradford assay.

2.7. Process integration and further polishing

Several possible purification pathways in which Capto™ MMC
is incorporated have been examined as shown in Fig. 1 (pathway
A to F). Pathway A and B started with PEG precipitation, followed
by Capto™ MMC purification and an additional polishing step, ei-
ther by SEC or by Capto™ Q, Pathway C and D also started with
PEG precipitation, however, followed by Capto™ Q flow through

Journal of Chromatography A 1639 (2021) 461924

chromatography and either SEC or Capto™ MMC was used as a
third/polishing purification step. Pathway E combined Capto™ Q
with Capto™ MMC without a PEG precipitation. Pathway F com-
bined diafiltration with Capto™ MMC.

PEG precipitation was conducted as described in Section 2.4,
except the precipitate was resolubilized in L buffer pH 8.9, 0.35
M NaCl. Under this condition VP1-J8 bound strongly to Capto™
MMC and basically did not bind to Capto™ Q. The salt concentra-
tion in the load material also minimizes DNA-protein interaction
and therefore beneficially influenced the purification process by
minimising product loss in the first step. Capto™ Q flow through
experiments were done either with a custom-packed column con-
taining 14 ml of resin (XK 16/20 Column, Cytiva, Sweden) or with
a 1 ml pre-packed column on an AKTA pure system at flow rates
of 1 ml min ! or 0.33 ml min ! respectively with L buffer pH 8.9,
0.35 M NaCl as a running buffer. Samples obtained from Capto™
Q flowthrough, PEG precipitation or clarified lysate were loaded on
1 ml Capto™ MMC with L buffer pH 8.9, 0.35 M NaCl at a flow
rate of 0.33 ml min~!. Elution from Capto™ MMC was achieved
by applying a step gradient with L buffer pH 12, 0 M NaCl at 1 ml
min~'. In the case in which Capto™ Q flow through purification
was performed after Capto™ MMC, the sample was diluted 1:4
with L buffer pH 8 and the pH and NaCl concentration were ad-
justed to 8.9 and 0.35 M respectively. A Superose®6 (Cytiva, Swe-
den) column was used for SEC polishing with L buffer pH 8, 0.5 M
NaCl at a flow rate of 0.6 ml min~'. For batch diafiltration 15 ml
Amicon® Ultra-15 centrifugal filter units with a molecular weight
cut-off of 100 kDa were used (UFC9100, MilliporeSigma, USA). A
sample of 15 ml crude lysate (pH 8.9, 0.35 M NaCl) was centrifuged
at 5000 g till the volume reached 2 ml. It was then diluted 1:1
with L buffer pH 8.9 0.35 M NacCl, and centrifuged till a volume of
2 ml. This step was repeated 5 times and it took about 8 h.

2.8. Virus-like particle assembly

Purified VP1-J8 capsomeres were assembled by adding calcium
chloride directly into the protein solution, based on a method de-
scribed by Liew et al. [46].

Purified VP1-J8 capsomeres were obtained as described in
Table 1 pathway E. Clarified supernatant was purified on Capto™
Q in flow through mode (pH 8.9, 0.35 M NaCl) and without further
buffer adjustment loaded onto a 1 ml Capto™ MMC column. After
loading, the column was washed for 10 CV with washing buffer
without DTT (20mM Tris, 5 % w w™! glycerol, 1 mM EDTA, 0.35 M
NaCl, pH 8.9) and step eluted with a sodium hydrogen orthophos-
phate buffer at pH 12 containing 1 M NaCl (20mM sodium hydro-
gen orthophosphate, 5 % w w~! glycerol, 1 mM EDTA, 1 M NaCl,
pH 12). The increased NaCl was chosen as it supports VLP assem-
bly. The eluate was diluted with elution buffer to a VP1-J8 concen-
tration of 0.6 mg ml~! and pH adjusted to pH 7.2 with HCI. After
pH adjustment 100 mM CaCl, stock solution was added to a fi-
nal concentration of 3 mM CaCl, and subsequently incubated for
12h at room temperature. The solution was analysed by TEM as
described in Section 2.3.

3. Results
3.1. High throughput binding studies

Figs. 2 and 3 show contour plots of the static binding of VP1-]8
on Capto™ Q and Capto™ MMC resins, respectively. Fig. 4 shows
bound DNA on Capto™ Q expressed as percent of the loaded DNA.
Values in the figures are rounded to the closest colour level. For
Capto™ MMC initially 29.1 mg VP1-J8 per ml resin was loaded,
and for Capto™ Q 53.5 mg VP1-J8 per ml resin. In general, VP1-J8
showed poor binding affinity towards Capto™ Q at all examined
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SEC Pathway A
» PEG precipitation > Captolellliebmd and » CaptoQ flow through Pathway B
PEG precipitation »{ CaptoQ flow through > SEC Pathway C
Clarified lysate

MMC Pathway D

CaptoQ flow through CaptoMMC
Pathway E
P> Diafiltration CaptoMMC Pathway F

Fig. 1. Possible purification pathways examined in this research.
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Fig. 2. Static binding of VP1-J8 on Capto™ Q measured with 20 pl PreDictor®
plates in the range pH 7.5-9.0 and NaCl 0-0.5 M.

conditions with a maximum measured binding capacity of 4.2 mg
ml~! at pH 8.5, 0.5 M NaCl and capacities ranging from -1.4 to 3.8
mg ml-1 at the other conditions. The negative value might be de-
rived from measurement uncertainty, due to the high concentra-
tion of loaded material. Therefore, negative values should not be
considered in this instance. The binding capacity slightly increased
with increasing NaCl concentration. DNA binding on Capto™ Q
was low if no NaCl was present in the buffer (< 5 % for pH 7.5-
8.5, and 15 % at pH 9.0, 0 M NaCl in each case) and increased with
increasing NaCl concentrations, eventually reaching an optimum at
0.3 M NaCl and decreased at higher NaCl concentrations. The high-
est DNA binding was measured at pH 7.5 at NaCl concentrations
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Fig. 3. Static binding of VP1-J8 on Capto™ MMC measured with 20 pl PreDictor®
plates in the range pH 7.5-9.0 and NaCl 0-0.5 M.

between 0.3 and 0.4 M, at which 38 % of the loaded DNA bound to
the resin, as shown in Fig. 4.

In contrast, VP1-J8 showed a strong binding towards Capto™
MMC at elevated NaCl concentrations. The highest binding capacity
was measured at pH 9, 0.3 M NaCl with 16.0 mg ml~! and bind-
ing at 0 M NaCl was below 4 mg ml~! at all pH values. There is a
clear trend that VP1-J8 poorly binds to Capto™ MMC at low salt
concentrations and starts binding with increasing NaCl concentra-
tions. This effect is also pH dependent. While at pH 7.5, 0.4 M NaCl
is required to obtain a binding capacity of 10 mg ml~!, only 0.2
M NaCl is required at pH 9. The binding shows an optimum at a
certain NaCl concentration and at higher NaCl binding decreases.
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SEC

Capto™ Q

PEG precipitation

Pathway C

HMWI: 18.1 %, LMWI: 1.5 %, Aggr: 0%, DNA: 0.01 pg mg!

Capto™ MMC

HMWI: 252 %, LMWI: 3.6 %, Aggr: 3.1 %, DNA: 0.04 pg mg~!

Capto™ Q

HMWI: NA, LMWI: NA, Aggr: NA, DNA: 29.7 pg mg-!

PEG precipitation

HMWI: 2.1 %, LMWI: 1.5 %, Aggr: 0 % DNA: 0.04 ug mg-!

HMWI: 25.2 %, LMWI: 3.6 %, Aggr: 3.1 %, DNA: 0.04 g mg-!

Capto™ MMC

HMWI: NA, LMWI: NA, Aggr: NA, DNA: 29.7 pg mg-!

Capto™ Q

Pathway D

Pathway E

HMWI: 10.9 %, LMWI: 1.7 %, Aggr: 0 %, DNA: 0.004 pg mg~"

Capto™ MMC

HMWI: 42.7 %, LMWI: 22.9 %, Aggr: 2.8 %, DNA: 0.02 pg mg~'

Diafiltration

Pathway F

HMWI: 50.0 %, LMWI: 1.1 %, Aggr: 14.6 %, DNA: 1.85 pg mg '

HMWI: 50.3 %, LMWI: 29.0 %, Aggr: NA, DNA: 23.61 pg mg !
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Fig. 4. Bound DNA on Capto™ Q during static binding studies with 20 pl PreDic-

tor® plates in the range pH 7.5-9.0 and NaCl 0-0.5 M. Bound DNA is expressed as
percentage of initial DNA loaded onto the resin.
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Fig. 5. Elution study of VP1-J8 from Capto™ MMC for a pH range from 8-12 and

NaCl concentrations from 0-2 M. Cumulative recovery obtained from 2 consecutive
steps normalized to the maximum.

For example, maximum binding at pH 9 is at 0.3 M NaCl (16.0 mg
mi~!) and at 0.5 M NaCl it decreased to 13.2 mg ml-1.

3.2. High throughput elution studies

The best elution from Capto™ MMC was observed at pH 12,
0 M NaCl, and no elution was measured at pH values and NaCl
concentrations below the loading condition (pH 8, 0.5 M NacCl). As
can be seen as a general trend in Fig. 5, increasing NaCl concen-
tration led to better elution with a maximum at around 12-1.4
M NacCl. At higher salt concentrations however, VP1-J8 elutes less.
This trend is only true for pH values below 12, as at pH 12 the
strongest elution is at 0 M NaCl. Increasing NaCl concentration led
to lower elution, but still high, compared to other elution condi-
tions tested. Rising pH supports elution gradually at all NaCl con-
centrations and showed a steep increase from pH 11 to 12.
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Fig. 6. Breakthrough curve of VP1-J8 on a 1 ml Capto™ MMC column at pH 8.9,
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Fig. 7. SDS-PAGE analysis of purification pathways A-F as described in Fig. 1. (1 &
10) Marker, (2) clarified cell lysate, (3) resolubilized PEG precipitate (pathway A &
B), (4) PEG followed by Capto™ MMC (pathway A & B), (5) SEC polishing (pathway
A), (6) Capto™ Q polishing (pathway B), (7) PEG precipitation followed by Capto™
Q flow through (pathway C & D), (8) SEC polishing (pathway C), (9) Capto™ MMC
polishing (pathway D), (11) clarified cell lysate, (12) Capto™ Q flow through of clar-
ified cell lysate (pathway E), (13) Capto™ MMC polishing (pathway E), (14) reten-
tate of diafiltration (pathway F), (15) Capto™ MMC polishing (pathway F). Protein
identity of impurities A-E were analysed by LC-ESI-MS/MS Mass Spectrometry.

3.3. Dynamic binding capacity

As can be seen in Fig. 6, the purity and concentration of the
starting material had a negligible influence on dynamic binding
capacity. Both experiments showed a DBCjgy of around 14 mg
mlesin~" at a residence time of 1 min for VP1-J8 on Capto™ MMC.
The dynamic binding is comparable to high throughput results, but
in this case slightly lower, to the static binding measured with high
throughput binding studies in which a binding of 15-16 mg ml~!
was obtained for the chosen buffer conditions.

3.4. Process integration and further polishing

Although the binding of VP1-J8 on Capto™ MMC at a pH above
8 seems to be highly specific it was found that purification by
Capto™ MMC alone does not result in a pure product.

The purity analysis of the different purification pathways is
summarized in Table 1. The results of SDS-PAGE analysis are shown
in Fig. 7. Purity analysis by size exclusion methods of the products
obtained by PEG precipitation and diafiltration was not expedient
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as the impurity levels, in particular DNA levels, were too high and
therefore distorted the results.

PEG precipitation followed by Capto™ MMC purification led to
SEC purities of around 80 % and removed the majority of DNA.
Very low levels of aggregates (0.6 %) could be measured, however
the identity of the aggregates could not be verified as VP1-J8 ag-
gregates. Both subsequent polishing steps, either by size exclusion
chromatography or by flow through polishing on Capto™ Q further
increased the purity to levels above 90 % and DNA levels below
0.04 pg mgpmmn“. No aggregates could be detected after polish-
ing.
PEG precipitation followed by Capto™ Q flow through purifi-
cation lowered DNA levels to 0.04 Hg Mgporein 1, and achieved a
SEC purity of around 70 %. Around 3.1 % VP1-]J8 aggregates were
present in the sample. Polishing by SEC led to the removal of
aggregates, however HMWI remained high with 18.1 %. Polishing
with Capto™ MMC removed aggregates and also removed most of
the HMWI (HMWI: 2.1 %).

The combination of AEX flowthrough followed by Capto™ MMC
purification, without a prior PEG precipitation step, showed similar
results, with slightly higher impurities. After the flow through step
the DNA level was very low, but VP1-J8 aggregates were present
(2.8 % aggregates). HMWI (42.7 %) and LMWI (22.9 %) were higher
than with a prior PEG precipitation step (HMWI: 25.2 %, LMWI:
3.6 %). The subsequent Capto™ MMC step strongly reduced HMWI
and LMWI impurities to 10.9 % and 1.7 % respectively, and aggre-
gates could not be detected. The remaining DNA content of 0.004
ng mgpmwin‘1 was the lowest measured for all purification steps
and is below the detection limit of the assay.

Diafiltration as an alternative first purification step resulted in
insufficient outcomes. DNA levels could not be lowered in the di-
afiltration step and impurity levels remained high. Also the sub-
sequent Capto™ MMC step showed poor performance and very
high HMWI impurities of 50.0 % remained. Furthermore 14.6 % ag-
gregates could be measured and DNA at a comparable very high
level of 1.85 pg mgmmn’1 was present. Nonetheless, the aggre-
gates could not be identified by SDS-PAGE as VP1-J8 aggregates
or any other protein and a comparison of the Aygo/Azgo ratio of
1.96 indicates that the measured aggregate fraction is in fact nu-
cleic acid (data not shown).

SDS-PAGE analysis confirms the SEC-HPLC analysis. PEG precip-
itation, Capto™ Q and Capto™ MMC are possible unit operations
to purify VP1-J8. PEG precipitation and Capto™ Q did not result
in pure product (Fig. 7, line 3, 7, 12). In combination with Capto™
MMC the purity is very high. The Capto™ MMC step in partic-
ular showed a high specifity towards VP1-]J8 and thus strongly in-
creased the purity. This is especially evident for the purification af-
ter diafiltration (Fig. 7, line 14 & 15). The combination of Capto™
Q and Capto™ MMC lead to a product of high purity, with only
faint bands of impurities visible (Fig. 7 lane 9 & 13, impurities A-
E). These impurity bands could not be removedin our experiments
and become visible if the SDS gel was overloaded. However, the
pathway without prior PEG precipitation showed slightly higher
impurities for proteins = 50 kDa (Fig. 7, lane 13) and lower im-
purities for proteins < 50 kDa. Impurity A has a molecular weight
of around 90 kDa, impurity B of around 70 kDa, impurity C shows
a double band at around 40 kDa and impurity D & E has a molec-
ular weight of 25 & 20 kDa, respectively. Protein identification by
comparing protein fingerprints of the impurity bands via LC-ESI-
MS/MS as described in Section 2.3 against E.coli proteins and VP1-
J8 revealed that impurities C, D and E showed the highest coverage
with VP1-J8. Impurity C had a coverage of 69 %, impurity D of 57
% and impurity E of 59 %. Known E. coli proteins showed a sig-
nificantly lower coverage. As impurities C, D and E have a lower
molecule weight as native VP1-J8 but showed a high fingerprint
coverage of VP1-J8, it can be concluded that impurities C, D and E
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Fig. 8. TEM image of VLPs assembled by lowering the pH to 7.2 and adding calcium
chioride to the eluate obtained from pathway E. Scale bar represents 200 nm.

are truncation products of VP1-J8. Unfortunately, Impurities A and
B showed no signal in LC-ESI-MS/MS at all and therefore could not
be identified (below detection limit).

3.5. VLP assembly

As can be seen in Fig. 8 the capsomeres from pathway E (Fig. 1)
could be successfully assembled into capsid like structures by
solely lowering the pH and adding calcium chloride. The measured
diameters of the particles ranged from 42 nm to 52 nm. Apart from
capsid like structures also unassembled capsomeres were visible
on the TEM images but no spherical aggregates between 15 and
30 nm.

4. Discussion

At a pH range from 7.5 to 9.0 VP1-J8 capsomeres showed static
binding capacities between -1.4 to 3.8 mg mlg,~' on Capto™
Q. Keeping in mind that at the high concentration used in these
tests, 1 % error in the concentration determination corresponds to
around 0.5 mg mlyg, ! difference in binding capacity it can be
concluded, that VP1-]J8 capsomeres do not effectively bind Capto™
Q. This result is unexpected given the fact that VP1-J8 has a theo-
retical isoelectric point of 6.57 and should therefore have an over-
all negative charge and expected to bind to strong anion exchang-
ers for selected buffer systems. It is also contrary to reports in
the literature in which VP1 capsomeres have been captured on
Sartobind® Q membranes at pH 8 having the same ligand [41].
The slightly increased binding at elevated NaCl concentrations, can
be explained by non-specific hydrophobic interactions. In contrast,
VP1-J8 does bind strongly towards Capto™ MMC, a mixed mode
cation exchanger, at the examined pH range for elevated NaCl con-
centrations but with only low levels at low salt concentrations. For
a given NaCl concentration (e.g. 0.3 M NaCl) the binding capac-
ity actually increases with increasing pH. This behaviour is some-
what strange, and a plausible explanation would be that hydropho-
bic interactions are the predominant binding mechanism between
Capto™ MMC and VP1-J8. However, that would also mean that
VP1-J8 binding increases with increasing salt concentrations [48].
As the binding capacity decreases again at high salt concentrations
(see Fig. 3 pH 9, 0.5 M NaCl) this explanation seems to be untrue.
Furthermore, the measured optimal salt concentrations (0.3-0.5 M
NacCl) are far below reported concentrations in which hydrophobic
effects play a dominant role at mixed mode cation exchangers [48].
The elution experiments strengthen the assumption that the bind-
ing mechanism is in fact an electrostatic binding. At salt concentra-
tions down to 0 M NaCl VP1-J8 does not elute from Capto™ MMC,
which is contrary to the observations made during binding studies,
in which VP1-J8 does poorly bind at this condition. If hydrophobic
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interactions are responsible for the binding it would be expected
to show some elution at very low salt concentrations which can-
not be observed [48]. The elution behaviour with a maximum elu-
tion at salt concentrations around 14 M NaCl and lower elution
at higher salt concentrations shows that hydrophobic effects only
play a dominant role at very high salt concentrations. Increasing
the pH beneficially affects the elution as expected and as described
by the manufacturer [49]. At a high pH value of 12 binding strongly
decreased at all salt concentrations having the highest elution at 0
M NaCl. This might be explained by that fact that ionic binding
occurs at a charged patch, rather than by the overall net charge of
the protein. A possible binding site is the exposed N-terminal DNA
binding site of VP1, which is rich in arginine and lysine, having
pKa's of 12.48 and 10.53, respectively [50].

Assuming that the binding is predominantly caused by localised
electrostatic interactions, the binding behaviour still opens ques-
tions. Comparing the binding of VP1-]8 on Capto™ MMC with the
binding of DNA onto Capto™ Q the similarities are obvious. As
shown in literature DNA binds to anion exchangers such Capto™
Q especially well at low ionic strengths [51]. However, at low ionic
strengths neither DNA on Capto™ Q nor VP1-J8 on Capto™ MMC
bind properly on the resin and binding increased with increasing
NaCl concentrations; a phenomenon between the two types of in-
teractions are evident. We could show that VP1-J8 is forming sol-
uble DNA-protein aggregates at low ionic strengths, caused by the
strong DNA binding site on VP1 subunits, which effectively hinders
VP1-J8 of accessing the pores of chromatographic resin and thus
lead to very low binding capacities at low ionic strengths (results
submitted to publication). At salt concentrations having an opti-
mum binding (0.3-0.4 M NaCl) the ionic strength leads to disso-
ciation of DNA-protein complexes, but due to the salt tolerance of
Capto™ MMC, only minimally affect the overall binding capacity.
This effect explains the divergence between binding and eluting at
low ionic strengths, the overall binding behaviour and also explains
why DNA cannot be properly removed on Capto™ Q at low ionic
strengths. Combing the data, it can be concluded that processing
of VP1-J8 requires a NaCl above 0.3 M NaCl. Optimal loading con-
ditions on Capto™ MMC are NaCl concentrations between 0.3 and
0.4 at pH values above 8.5 and for DNA removal on Capto™ Q a pH
of 7.5 should be chosen, but also higher pH values are applicable.
Preferable elution conditions are at pH 12 at low ionic strengths,
but NaCl can be added in concentrations up to 2 M with only min-
imal negative effects on elution.

The optimal elution conditions at a pH of 12 are generally con-
sidered as very harsh and should be avoided in protein processing
as proteins at very high pH values might degenerate over time due
to micro chemical changes. These reactions are favoured by long
exposure time and high temperatures [52]. However, such harsh
conditions are only used for a few minutes during elution and
could be neutralized immediately. Therefore, it can be assumed
that the degeneration is minimal. This is also supported by the fact
that the acquired capsomeres show no abnormal behaviour com-
pared to capsomeres obtained without a high pH elution step (e.g.
pathway C, data not shown). Alternatively, as many other mixed
mode ligands than Capto™ MMC exist, a broad screening likely
will find a ligand with enhanced elution at lower pH values [53].

The measured dynamic binding capacity was nearly indepen-
dent from product concentration and product purity. Thus, a
Capto™ MMC purification step can be used at every step dur-
ing purification without any negative impact on the performance.
Although, the measured DBCjoy of 14 mg ml~! is significantly
lower than reported DBCs for e.g. BSA on Capto™ MMC (30 mg
ml-1) [54], the capacity is comparable to highly overloaded affin-
ity ligands (GSTrap HP, 22 mg ml~!) [37] and far higher than re-
ported dynamic binding capacities of 5.7 mg mL~! for human B19
parvovirus-like particles on Sartobind® Q [55].
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The obtained design space allows the construction of several
purification pathways, of which a few have been examined. As ex-
pected, a three-step purification (pathway A-D) with capturing by
selective precipitation leads to higher purities compared to a two-
step purification (pathway E & F). Surprisingly, VP1-]8 aggregates
seem not bind to Capto™ MMOC as can be clearly seen in pathway
E and D. This is unexpected as usually, even after an affinity purifi-
cation step, aggregates are present and must be subsequently sep-
arated by SEC [56]. Steric hindrance of the aggregates might be an
explanation; another rational could be that the binding site might
be inaccessible in aggregated form. Although the mechanism is un-
known, purification by Capto™ MMC eradicates the need for a size
exclusion step, which is an expensive purification step.

Selective precipitation is a valuable process for lab scale purifi-
cation, however, the scale-up raises issues, as the resolubilisation
of the precipitate is challenging at large scale, especially if cap-
tured by centrifugation, which compresses the pellet and there-
fore hinders the resolubilisation [57]. Diafiltration, although widely
used in industry for initial purification of VLPs, was impractical as
an alternative to precipitation as it showed low removal of impu-
rities, lead to aggregation of the product and proved to be very
time consuming. Tangential flow filtration might increase the per-
formance but was not tested. The two-step purification pathway
(pathway E), without PEG precipitation, consisting of a Capto™ Q
flow through step followed by a Capto™ MMC bind and elute step,
showed similar process characteristics as pathway D. Aggregates
and DNA are completely removed and SEC-HPLC purities close to
90 % are achieved. Furthermore, less truncation product could be
identified, which might be a result of the faster processing com-
pared to the three-step pathway. If higher purities are required,
new multi modal size exclusion resins such as Capto™ Core™
might be a promising approach that yet has to be tested.

Using a flow through step on as an initial purification step is
rather unusual, but in our process has the advantages of a direct
subsequent loading onto Capto™ MMC without any buffer adjust-
ment and therefore eradicates a unit operation. It also reduces the
impurity level to a point at which the Capto™ MMC loading step
can be controlled by the UV signal, which is impossible if crude
lysate is loaded. This comes, however, at the cost of higher resin
costs, as more resin is needed compared to a flow through pol-
ishing step. The eluate obtained from Capto™ MMC can be di-
rectly assembled into well-formed VLPs by just lowering the pH
and adding calcium ions to the solution; no aggregates or miss
formed VLPs could be identified. As expected a small amount of
capsomeres remained unassembled, an effect already described in
the literature, which is negatively correlated to the concentration
during assembly [58]. A higher initial concentration can be easily
achieved as VP1-J8 is eluted highly concentrated, which will lead
to higher recoveries during assembly. Although the overall product
recovery has not been evaluated, the process shows no intrinsic
product loss and therefore likely has a very high recovery. Com-
pared to other described processes in the literature for the pro-
duction of viral capsomeres and VLPs our process has several ad-
vantages and address some of the common bottlenecks like ben-
zonase treatment for DNA removal, removal of affinity tags, protein
refolding, density gradient centrifugation, the use of SEC, multiple
buffer exchanges, or the use of low capacity membrane columns
[34,35,41,59]. Furthermore, the process is fully scalable, easy to in-
tegrate and rapid, as the purification is completed in less than 3
hours. The obtained VLPs are also already highly concentrated in
PBS buffer containing only VLPs, capsomeres, EDTA, glycerol and
NacCl at a physiological pH value, thus formulation can be achieved
by solely diluting it to the required concentration.

Several VP1-J8 truncation products could be identified on SDS-
PAGE analysis at purified samples. Although it was not possible to
identify impurities A and B, it is likely that they are chaperones
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that bound to VP1-J8. Having a size of around 70 kDa, impurity
B is probably the prokaryotic hsp70 chaperone DnaK, which was
shown to copurify with VP1 [60] and impurity A is hsp90 which
interacts with hsp70 [61]. Another possibility is the formation of
inter-polypeptide aggregates of VP1-J8 and VP1-J8 truncation prod-
ucts during SDS sample preparation by partial reoxidation [62]. The
double band on SDS-PAGE gels at 43 & 40 kDa have already been
described in literature and occur due to auto digestion of VP1, as
VP1 has an intrinsic serine protease activity [63]. As SEC-HPLC still
reveals a near uniform capsomere peak we conclude, that partially
digested VP1-J8 still remains in pentameric form together with in-
tact VP1-]8 monomers and therefore are impossible to remove. The
formation of truncation products of viral protein during the ex-
pression in E. coli has also been reported for adeno associated viral
protein VP3 and might therefore also be a result of E. coli proteases
[28]. Further research needs to be undertaken to minimize the for-
mation of these digestion products, and how to remove the bound
chaperons, but using protease inhibitors throughout the whole pro-
cess instead of only during cell disruption, run at reduced temper-
ature and addition of ATP to remove chaperones will likely solve
the issue.

5. Conclusion

In this study we developed a robust and theoretically fully
scalable, highly efficient process for the production of modular
murine polyomavirus major structural protein VP1-J8 capsomeres
and modular VLPs using high-throughput process development
tools. Purification by mixed mode cation exchanger at pH values
above 8 showed a highly specific binding and dynamic binding of
14 mg ml s, ' was achieved under the optimised conditions. The
developed two step purification pathway, consisting of an anion
exchange flow through step followed by a bind and elute step on a
multimodal cation exchanger, requires no buffer adjustment during
processing and is thus incomparably simple and fast. The devel-
oped process removes the majority of host cell protein, aggregates
and DNA, without any of the common bottleneck unit operations
in other described VLP production pathways. VLPs in PBS buffer
can be obtained by simply adding calcium ions to the final eluate
and lowering the pH to 7.2. This straightforward process, requir-
ing only three integrated unit operations might lay the baseline for
future cost effective, large scale production of microbial produced
modular VLP vaccine candidates.
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Chapter 6

Control Strategy for Multi-Continuous Periodic Counter
Current Chromatography Subject to Fluctuating Inlet Stream

Concentration

Integration of a flow-through chromatography step with a continuous PCC process leads to
fluctuating inlet stream concentrations, which hinders controlling of the PCC process. In this
chapter a novel control strategy for PCC processes with fluctuating inlet stream
concentrations is developed. The new approach was verified in-silico using mechanistic

modelling as well as experimentally.
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Fluctuations of the inlet feed stream concentration are a challenge in controlling continuous multi-
column counter current chromatography systems with standard methods. We propose a new control
strategy based on calculated product column breakthrough from UV sensor signals by neglecting an im-
purity baseline and instead using the impurity to product ratio. This calculation is independent of the
inlet feed concentration. In-silico simulation showed that the proposed method can calculate the product
column breakthrough perfectly even with fluctuating and highly unstable inlet feed concentration dur-
ing a loading cycle. Applying the proposed method to control a three column periodic counter current
chromatography process with fluctuating inlet feed concentration resulted in constant column loading in
each cycle, while using the standard method failed to do so. Unavoidable band broadening caused by
diffusion and dispersion has been identified as an inherent limiting factor for accurate calculation of col-
umn breakthrough comparing inlet and outlet UV signals. The proposed advanced calculations increase
the robustness of periodic counter current chromatography and extend the capability to process unstable

inlet streams.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

The global pandemic of COVID-19 highlighted the need for
quick, large-scale manufacture of biopharmaceuticals such as vac-
cines, to meet the enormous worldwide demand. There is interest
in moving biomanufacturing from batch to continuous production
to lower the footprint, lower batch-to batch variations and to ob-
tain a higher degree of automatization [1]. Traditional unit oper-
ations like precipitation, crystallization and extraction have been
applied to continuous purification of biopharmaceuticals and de-
scribed in the literature [2-4]. Chromatographic approaches remain
the workhorse in described integrated continuous processes [5-8].
Multi-column continuous periodic counter current chromatography
(PCC) with a solid stationary phase in bind-and-elute mode was
widely used and examined. The basic principle of a PCC process is,
that 3 or more columns are connected in series and loaded con-
tinuously. Column 1 is overloaded and the flow through is loaded
onto column 2. After loading of column 1 is completed, the feed
stream is then directed onto column 2 and the flow through is
loaded onto column 3. The process continues thereafter. While

* Corresponding author.
E-mail address: Lukas.gerstweiler@adelaide.edu.au (L. Gerstweiler).

https://doi.org/10.1016/j.chroma.2022.462884
0021-9673/© 2022 Elsevier B.V. All rights reserved.

loading is in progress for columns 2 and 3, the fully loaded column
1 undergoes column wash, elution and regeneration cycles to make
this column available again for continuous feed material loading
when column 2 is fully loaded [9]. This resulted in a cyclic pro-
cess, which not only allowed for uninterrupted continuous loading,
washing, elution and CIP, but also intensified the process by en-
abling a higher productivity and a better resin capacity utilization
than traditional batch chromatography [10]. Different PCC set-ups
are commercially available ranging from 2 column systems to the
classic 3 and 4 column systems (3C-PCC, 4C-PCC), or systems with
more columns [11]. These PCC systems were mostly utilized for
protein-A affinity chromatography as an initial capturing step, but
are suitable for all other chromatography steps such as intermedi-
ate ion exchange purification and polishing [5,12,13]. Although the
transition from batch chromatography to a PCC process is theoret-
ically quite straight forward, column overloading might change the
separation performance caused by displacement of bound product,
protein-protein interactions and elution peak broadening and dis-
tortion [14-18]. Another main challenge for designing such a pro-
cess is to determine when the column loading is completed and
when column switching needs to occur. Early column switching
will result in an underutilizing of column and late switching will
lead to product loss. There is a trade-off between yield and resin
utilization [19]. For 100% ww-! yield the maximum load per col-
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Fig. 1. Definition of areas around the breakthrough curve to visualize column over-
loading in a PCC process. The area k1 represents the flow through that is sub-
sequently captured on column 2, k2 is the dynamic binding capacity for a given
breakthrough level (here 5% ww™') and k3 is the possible increase in column uti-
lization that can be achieved through overloading the column. The sum of k2 and
k3 represent the total captured product on the column.

Non-binding
impurity
breakthrough

time

Fig. 2. Schematic representation of column breakthrough during PCC loading. (—)
UV signal at the column inlet (UVinlet). (—) UV signal at the column outlet (UVout-
let). Baseline represent the UV signal caused by non-binding impurities; x is the
delay caused by column dead volume.

umn can be derived from the area under the breakthrough curve,
as shown in Fig. 1. The area k; underneath the breakthrough curve
represents the breakthrough which is loaded onto the subsequent
column and must be smaller than the rectangular area k,, which
represents the dynamic binding capacity of a column. In this model
k3 is the increase in column utilization, which can be obtained
with the PCC process [9,19]. As the sum of k, and k; equals the to-
tal loaded product at a given breakthrough, the breakthrough can
be used as a controlling signal to determine the column switch-
ing frequency to obtain an accurate constant loading for every cy-
cle. The control strategy developed for AKTA PCC systems by Cytiva
(formerly known as GE Healthcare) calculates the breakthrough or
control signal AUV at a given time t as following:

AUV = 100 # legreukthmugh — baseline )
UVS‘H‘"’I‘W — baseline

With UVpreakehrough @S the column outlet UV signal and UVsgp pie
as the column inlet UV signal. The UVsqyp signal is used from a
previous time step (t —x), to compensate for the time delay caused
by the void volume. The constant x is calculated based on the col-
umn volume and the flowrate. The baseline is derived from the
UV signal from non-binding impurities at the beginning of column
loading as shown in Fig. 2 and is fixed for the whole cycle [20,21].
This so called Dynamic Control adjusts the baseline after every cy-
cle and has been shown to automatically control PCC processes
with different inlet concentrations, two alternating inlet concentra-
tions and also slowly changing inlet concentrations if the amount
of impurities remain constant [21-25]. Variable inlet streams have

Journal of Chromatography A 1667 (2022) 462884

been identified as a main challenge to deal with in integrated con-
tinuous processes [1]. Chromatographic approaches produce highly
variable outlet streams and also feed streams obtained from fer-
mentation might fluctuate over time and thus it is challenging to
process such outlet streams. Although the challenge of varying in-
let stream concentration during column loading is well known, no
research addressed the issue of how to cope with highly unsta-
ble inlet feed streams that change concentration multiple times.
A recent publication describes a method to regulate loading time
if the concentration changes once, using a previous cycle learning
scheme [19], in which the elution peak area was measured and
compared to a set point. In case of a deviation the subsequent
loading time was either increased or decreased to adjust to the
changed conditions. In this study, we show a possibility to control
PCC loading and achieve constant column loading in every cycle,
even with highly unstable inlet feed concentration, that fluctuates
multiple times during each cycle.

2. Hypothesis and proposed calculation
2.1. Description of the problem

In affinity like bind-and-elute chromatography it can be as-
sumed the inlet concentration ¢, consists of a non-binding
Cnon-binding iMpurity and binding product pinging.

A
Cintet = Chinding + Cnon—binding = Uvinlel (2)

The outlet concentration €y, can be expressed as a function
of the breakthrough B

A
Cauller(B) = Cnon—binding + Chinding * B= Uvoutler (3)

where B corresponds to the breakthrough level of the binding
product component e.g. B = 0 at 0% MM-! breakthrough of the
binding component, B = 0.5 at 50% MM-! breakthrough and so
on.

The column breakthrough of the binding component in percent
can therefore be derived from B as following

%breakthrough = 100 « B (4)
Under ideal conditions with no product breakthrough (B=0)

the baseline corresponds to non-binding impurities as shown in
Fig. 2 and is fixed for the cycle

baseline = C(rZon—I.n‘nding ©

With the exponent 0 in cgonfbi"dmg
time t = 0.

The impurity level [ is defined as the percentage of Cyon_pinding
of the total inlet concentration c,,, and can be derived from the
UV signals if B=0

indicating the concentration at

[ cnvn—bmding A UVoutler (6)
Cinter UVinter

Changes in the inlet concentration can be expressed as a function

by introducing factor k

Cinter (k1~ kZ) = C?nlel xk=c

non—binding * ki + Cﬁ ks (7)
With k, and k, corresponding to the change of non-binding impu-
rities and binding product, respectively.

Furthermore, it is assumed that the ratio of non-binding impu-
rities to binding product remains constant, (e.g. diluting the inlet
with buffer, flow through chromatography), which leads to

k= ky=k (8)
Formula 7 can therefore be expressed as

inding

— = b
Cinter (k) = Cinter * k= Chon—binding * k+ Chinding * k @
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Combined formula (3) and (9), the outlet can be expressed as:

*k+ cgindmg xkxB

#B) xk (10)

Coutter (k. B) = b

non-binding

= (Cgonfhinding+ Cginding

Combining formula (1) and (10), the signal AUV can then be ex-
pressed as a function of k and B representing the behaviour for
changing inlet concentration and breakthrough level:

@ . 4+c0 . xB)x k— baseline
AUV(k. B) — non-binding bmgmg - %100 (ﬂ )
( non-—binding & Cbinding)*k — baseline

With the baseline as the initial impurities

AUV (k.B) = (C'?"";b""di"g a5 Cginding *B) xk— Cﬁon—binding 100
(C"""bwdmg it Cginding) xk— c?lan—binding

(12)

2.2. Proposed strategy

We propose as an alternative to calculate a control signal AC
which neglects the baseline at a given time point t

t
UvBreak[hrmgﬁ %100 (]3)

—X
Uvsumple

AC =

With t —x compensates the void volume of the column.
AC can be expressed as a function of breakthrough B and a con-
centration factor k combining formula 2, 3 and 9

*B) xk

AC(k.B) - (ann—bx'nding +Cginding ) =

0
* Chinding

+100 (14)
( non-binding

The concentration factor k cancels itself out of the equation so
that the signal is independent of the concentration

AC(k, B) - Cgon—binding o+ Cg;)dmg*B*loo (15)
non-binding + binding

This formula can be rearranged as following (derivation in ap-
pendix)
AC _ Coon-bind
T R ——
- bind) bind|
B= bt ing (16)
1-— Cian —bindin
Coan-binding ™ Chinding

Combining formula 2 and 6 the impurity level I can be ex-
pressed as

= C?mnfbinding (.17)
non-binding + Cﬁindl’ng

This can then be inserted in formula 16 and combined with for-

mula 4 to
A

%breakthrough = B x 100 = 1?0 T 100 (18)

The impurity level can be derived from the UV signals at the
beginning of the breakthrough, similar to the baseline, as shown
in Eq. (6) and remains constant for the entire process. AC at the
timepoint t can be obtained from the UV signals according to for-
mula 13. Therefore, the control signal AC can be used to predict
the column breakthrough independently from the inlet concentra-
tion and can thus be used to control column loading based on
product breakthrough.

Journal of Chromatography A 1667 (2022) 462884
3. Material and methods
3.1. Influence of inlet concentration changes on control signals

To examine the influence of changes in the concentration of
the inlet stream on AUV and the control signal AC, both sig-
nals were calculated for changing inlet concentrations and various
breakthrough levels according to Eqs. (12) and (15), respectively.

An example Matlab code can be found in the Appendix A.

3.2. Simulation of chromatographic column breakthrough with
fluctuating inlet stream and examination of peak broadening

A simple model consisting of an inlet, a stirred tank and a
chromatographic column was modeled to simulate column break-
throughs with fluctuating inlet streams. The fluctuation inlet pro-
file was achieved by a repeated inlet sequence of low concentra-
tion -> high concentration -> low concentration, followed by no
feeding, into the stirred tank. The chromatographic column is then
subsequently loaded from the stirred tank at a reduced flow rate
to obtain a closed mass balance. The impurity level I was set to
0.8. The idea of this set-up is to mimic an integrated process of
a flow through chromatography followed by a PCC bind-and-elute
step as shown in Fig. 3.

A quasi-stationary lumped rate model with pores, in which
mass transfer happens only by binding and a lumped film diffu-
sion, was chosen to represent the chromatographic column due to
its simplicity and wide use in modeling of protein chromatography
[26-28], with a classic Langmuir binding as a binding model [29].
Model parameters are adapted from literature to represent a rea-
sonable affinity like behaviour of protein purification with a long
breakthrough and are summarized in Table 1.

In the first simulation band broadening due to column dis-
persion and film diffusion was neglected for impurities (disper-
sion = 0 m?/s, pore diffusion = 1 m/s) to show the influence of
this parameters on the calculated signals AUV and AC. The differ-
ent control signals were calculated in accordance with Eqs. (1) and
(13) and AC was transferred in percent with Eq. (18). The average
impurity concentration was set as a baseline for calculations.

To further examine the influence of band broadening on the
control signals, a non-binding rectangular inlet signal was modeled
incorporating column dispersion and film diffusion and analyzed.

An example code can be found in the Appendix B.

3.3. Software

Mechanistic modeling was conducted using the open source
software “Chromatography Analysis and Design Toolkit (CADET)"
version 4.1.0 (https://cadet.github.io/) [30]. Coding and calculations
were done in Python 3.8 (Anaconda Inc, USA) and Matlab R2019b
(MathWorks Inc., USA). Prism 9 (GraphPad Software, USA) was
used for visualization.

3.4. Experimental control of integrated process

Two experiments were conducted to compare two different
approaches. An integrated continuous process developed by our
group for the production of virus-like particles based on murine
polyomavirus major capsid protein VP1 platform, consisting of flow
through chromatography, followed by a capturing in bind and
elute mode was used experimentally [31,32]. In brief, murine poly-
omavirus major capsid protein VP1 with inserted antigen ]J8 was
expressed in E.coli (Rosetta™ 2(DE3), Merck, Germany), lyzed by
ultrasonication, centrifuged twice and filtered through 0.45 pm fil-
ter (Minisart®, Sartorius, Germany) to obtained clarified cell lysate
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Fig. 3. Experimental set up. The clarified supernatant was first purified in multiple cycle flow through step (1) and collected in a stirred tank (2). The collected flow through
was then processed in a 3 column PCC process in bind and elute mode (3). Both AKTAs were run parallel to obtain a continuous process.

Table 1
Model parameter used to model column breakthrough with varying inlet stream concentration.

Inlet
Phase 1 conc. binding 1.00E-06 mol/m? conc. non-binding 4.00E-06 mol/m? flowrate 1 ml/min
Phase 2 conc. binding 3.00E-06 mol/m? conc. non-binding 1.20E-05 mol/m? flowrate 1 ml/min
Phase 3 conc. binding 1.00E-06 mol/m? conc. non-binding 4.00E-06 mol/m? flowrate 1 ml/min
Phase 4 conc. binding 0.00E+00 mol/m? conc. non-binding 0 mol/m? flowrate 0 mi/min

Stirred tank
initial volume 2.00E-05 m?
initial conc. binding 2.20E-06 mol/m? initial conc. Non-binding 8.80E-06 mol/m?

Column
Model Lumped rate with pores
Binding Langmuir
Flowrate 1 ml/min
Length 0.025 m
Radius 3.75E-03 m
Dispersion 5.00E-07 m2/s [35]
Porosity 036 [36]
Particle porosity 09 [36]
Particle radius 7.50E-05 m
Film diffusion 2.00E-06 mfs [37]
Ka[Kp 2.00E+08 [38]
Qmax 1.00E-03 mol/m?

for further processing. Multiple cycle flow-through chromatogra-
phy was conducted on an AKTA™ Avant with a prepacked 5 ml
Capto™ Q column. The flowthrough was collected in a 50 ml
stirred tank, which was used as a continuous feed for an AKTA™
3C-PCC equipped with three Capto™ MMC columns (column vol-
ume 1 ml, Cytiva, Sweden). The process is illustrated in Fig. 3.
The flow rate during loading for the 3C-PCC was 0.5 ml/min and
the cycle time of the flow through process, consisting of load-
ing, regeneration and equilibration was set to an overall output
of 05 ml/min. For the first run the classic dynamic control cal-
culating AUV as described by Cytiva was used for process control,
in which the baseline is adjusted after every cycle [22]. Column
switching was triggered as soon as AUV reached 60% MM-'. The
second run used AC to calculated the breakthrough by neglecting
the baseline (formula (13)) and used this signal to control the col-
umn switching. Column switching was triggered as soon as the sig-
nal AC reached 93.5% MM-'. The impurity level I to transfer the
control signal into a percentual breakthrough was obtained by the
first breakthrough after 5 min and had the value 0.84. According
to formula 18 this corresponds to a product column breakthrough
of 60% MM-1. This is similar to obtaining the baseline to calcu-
late AUV for which the breakthrough signal after 5 min is set as a
baseline. To compare the performance, the elution peak areas were
calculated by integrating the UV,go signal over time to estimate
the actual amount of bound product per cycle.

4. Results
4.1. Influence of concentration change on control signal AUV

The influence of a changing inlet concentration on the control
signal AUV and AC is plotted in Fig. 4. As shown in Fig. 4 (C) and
(D), the control signal AC does not change if the inlet concentra-
tion changes. This is true for all impurities levels as well as for
all breakthrough levels. On the other hand, the use of an impurity
baseline in calculating AUV leads to an extremely sensitive sig-
nal (Fig. 4 (A) and (B)). Slight deviations in the inlet concentration
have a massive impact on the resulting AUV signal. For example,
an increase of only 5% MM-! of the inlet concentration results in
a calculated AUV of 30% MM-' if there are 90% MM~ impuri-
ties in the sample and 0% MM-' breakthrough is assumed. Sim-
ilarly, a decrease of 5% MM-' changes AUV to an illogical value
of -90% MM-! for the same conditions. A further reduction in
the inlet concentration shows asymptotic behaviour towards +oc
and eventually flips to values of AUV > 100% MM-"'. The verti-
cal asymptote is dependent on the impurity level and the posi-
tion equals the impurity level (e.g. the asymptote of an impurity
level of 10% MM-! will be reached at a 10% MM-! decrease in
the inlet concentration). Different breakthrough levels (Fig. 4 (C))
do not influence the overall trend. The percentile change is smaller
for higher breakthrough levels and results in a stable signal at

84



L. Gerstweiler, J. Billakanti, J. Bi et al.

A
— 90% impurity
-+ 80% Impurity
70% impurity
3, - 80% impurity
q<100 50% impurity
C
1004 — 90% impurity
96- - 80% impurity
80- 70% impurity
2 704 - 60% impurity
50% impurit
,,,,,,,,,,,,,,,, T P A purity
............ BQ st
T T T 1
-100 -50 [ 50 100

% change in inlet concentration

Journal of Chromatography A 1667 (2022) 462884

- 80% breakthrough

- 60% breakthrough

40% breakthrough

----- 20% breakthrough
— 0% breakthrough

% change in inlet concentration

D
1007 80% breakthrough
"""""" 964 T - 60% breakthrough
~~~~~~~~~~~~~~~~ o P 40% breakthrough
g -~ 20% breakthrough
85-1 — 0% breakthrough
T T T 1
-100 -50 50 100

% change in inlet concentration

Fig. 4. Change of control signal AUV as a function of change of inlet concentration. (A) Classic approach with initial impurity level as baseline at various impurity levels,
with 0% ww~" breakthrough. (B) Classic approach with initial impurity of 80% ww ™" as baseline at different breakthroughs (C) Neglecting baseline at various impurity levels,
with 0% ww-! breakthrough. (D) Neglecting baseline with initial impurity of 80% ww~! at different breakthroughs.
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Fig. 5. Simulated column breakthrough of the binding part during loading and the corresponding control signal AUV with or without a baseline, normalized in percent. In
(A) diffusion caused by dispersion and film diffusion was neglected for the non-binding part, while in (B) the non-binding parameter has the same values for dispersion and

film diffusion as the binding part.

100% MM-' breakthrough (not shown in graph). In general, the
higher the impurities, the more sensitive is the signal.

4.2. Simulation of chromatographic column breakthrough with
fluctuating inlet stream and examination of peak broadening

During the modeled set-up, the inlet stream concentration fluc-
tuated <15% MM-! around the average concentration. As can be
clearly seen in Fig. 5 (A), changes in the inlet concentration re-
sult in strong changes of AUVand the signal only partially fol-
lows the actual breakthrough. The control signal decreases to illog-
ical values below 0% MM-! twice. It also overestimates the actual
breakthrough as high values of 30% MM-! can be observed, even
though the actual breakthrough of the binding product is below
5% MM-'. On the other hand, the breakthrough calculated from
AC matches the actual breakthrough perfectly. This corresponds
to the theoretical behaviour of the signals described Section 4.1.
In the more realistic simulation in which band broadening caused
by column dispersion and film diffusion is included (Fig. 5 (B)),
the overall trend remains the same and opposed to the classic sig-
nal AUV, AC represents the actual breakthrough appropriately and
can be used to control a process with fluctuating inlet concentra-
tion. Small sharp spikes in the signal can be observed (Fig. 5 (B),
green line), whenever the inlet concentration fluctuates. This effect
is clearer in Fig. 6 which demonstrates the simulation of a non-

200
— Inlet
150 ACin %
— Breakthrough

1

time

Signal normalized in %
o 2
o o
L L

Fig. 6. Simulated column breakthrough and corresponding control signal AC in %
ww-! of a rectangular non-binding inlet impulse. Blue shows the normalized con-
centration at the column inlet, black shows the concentration at the column outlet.
Green represents AC in % ww ! calculated from the inlet and outlet signal. Format-
ted: Font: Not Italic Formatted: Font: Not Italic Captions. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

binding rectangular inlet pulse. After passing the column, the for-
mer rectangular shaped pulse becomes a bell-shaped peak, with
a broader base and a lower maximum concentration. As nothing
binds to the column, a constant AC of 100% MM-' would be ex-
pected, which is not the case. At the edges of the outlet peak, AC
shows sharp spikes and is above 100% MM-'. In the middle of the
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Fig. 7. (A) Chromatogram of a 3 column PCC experiment with fluctuating inlet stream (blue) controlled by the classic dynamic control using AUV (in red) and baseline
adjustment after each column switching. (x) indicates when column switching was triggered. The AUV signal is directly obtained from the AKTA system, while AC is
calculated from the raw data. (B) Elution peak area obtained by peak integration at 280 nm for the corresponding elution steps. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

peak, AC shows values below 100% MM-! and follows the actual
breakthrough. Band broadening can therefore influence the calcu-
lated AUV and AC.

4.3. Experimental control of integrated process

The chromatogram of an experiment in which the AKTA PCC is
controlled with the classic dynamic control using AUV as a control
signal is shown in Fig. 7 (A), and the measured elution peak areas
of the corresponding elution peaks are plotted in Fig. 7 (B). The in-
let concentration fluctuates between 5 and 10% MM-! and shows
a slight overall increase over the entire run. The AUV signal ob-
tained directly from the AKTA system fluctuates strongly, and also
shows negative values at some points. These fluctuations can be
dramatically in both directions, for example there is a rapid drop
of a calculated breakthrough from 50% MM-! to < 0% MM-! in
the second loading cycle or an increase from 30% to 50% MM-!
in the third cycle. Overall, the signal seems to follow an increas-
ing trend during loading, and changes in the inlet signal lead to
strong variations in the signal in both directions. The calculated
AC from the raw data as a comparison shows a steady increase
in the breakthrough during each loading cycle and has only slight
variation whenever the inlet concentration fluctuates. It does also
noticeably differ from the AUV breakthrough signal when col-
umn switching was triggered. While AUV shows a product break-
through of 60% MM-! whenever column switching was triggered,
AC calculated a product breakthrough of 43% MM-!, 57% MM-!
and 61% MM-!, respectively. Importantly, the elution peak areas of
the experiment are not consistent and increase from 3600 to 4000
to 4200 mAU min-' showing the same trend as the calculated AC
indicates.

Fig. 8 shows the chromatogram of a similar run controlled
by AC. The inlet stream concentration fluctuates between 5 and
10% MM~ and slightly dips towards the middle of the run. The
control signal AC from the AKTA system transferred into the ac-
tual breakthrough with formula (18) shows a steady increase from
0% MM-! to ca. 60% MM-! at which column switching is trig-
gered. There are only minor spikes whenever there is a sudden
change in the inlet concentration and an oscillation at the end of
the third loading, which was caused by an air bubble in the pump.
The AUV signal calculated from the raw data on the other hand is
never in a reasonable range between 0 and 100% MM~' and flips
several times from negative to positive values above 100% MM-!
and vice versa (shown in Fig. 8(A), red line). The elution peak ar-
eas are very consistent for every loading cycle and differ less than
2% mAU min—! mAU-! min from their average.

5. Discussion

The classic way of calculating the breakthrough in a PCC pro-
cess using AUV in which a baseline is subtracted works perfectly
if the concentration of the inlet stream remains constant within
a loading cycle. This has been shown multiple times in litera-
ture [9,23,24,33]. As demonstrated already small changes in the in-
let concentration can have a massive impact on the resulting sig-
nal. This effect is distinct for a high non-binding impurity level.
The PCC processes are often used for initial capturing of protein
from cell supernatant or clarified cell lysate with very high lev-
els of non-binding impurities and therefore this is a real threat in
real-time applications. An increase in the inlet concentration leads
to an increase in the resulting AUV, overestimating the break-
through and therefore triggers an early column switching. As a
consequence, the resin dynamic binding capacity utilization will
decrease, however no product will be lost. A decrease in the in-
let concentration can have a more severe impact as it results in
a lower or even negative AUV and therefore underestimates the
breakthrough. Thus, column switching will be delayed or not trig-
gered at all, which results in product loss due to overloading. Fur-
ther decreases in the inlet concentration will flip the signal AUV
to values above 100% MM-! as the vertical asymptote is crossed.
As this will always trigger column switching this can lead to a very
early interruption of the loading cycle. In contrary in our study, us-
ing AC as a control signal solves this issue, as it is independent of
inlet feed concentration. The in-silico simulations showed that AC
opposed to AUV, can be used to perfectly calculate the column
breakthrough from the UV inlet and UV outlet signals for chang-
ing inlet concentrations, as long as column dispersion is neglected.
In real set-ups there is always dispersion of the signal and thus
the signal AC will show spikes in the signal whenever inlet con-
centration changes quickly. The simulated non-binding rectangular
inlet impulse elucidated this effect. At the edges the control signal
is above 100% MM-!, while inside the peak the signal is below
100% MM-"'. This is a logical consequence caused by dispersion,
the concentration outside of the former shape is higher than be-
fore and inside the former shape the concentration is lower. This
explains the spikes that can be observed in the simulation with
column dispersion and diffusion (Fig. 5 (B)) and is an unavoidable
effect if the inlet concentration changes. Due to dispersion the out-
let signal will never perfectly fit the inlet signal and flaws the cal-
culation. This was particularly critical at the edges of signals and
might be negligible for rather slow changes in the concentration.
Sudden changes will result in spikes in the control signal, which
might trigger column switching.
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Fig. 8. (A) Chromatogram of a 3 column PCC experiment with fluctuating inlet stream (blue) controlled with AC (in green) as a control signal. (x) indicates when column
switching was triggered. The AC signal is directly obtained from the AKTA system and translated in % ww™"!, while AUV is calculated from the raw data. (B) Elution peak
area obtained by peak integration at 280 nm for the corresponding elution steps. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

The experiments verified the findings of in-silico simulations.
Controlling a periodic counter current chromatography process
with the classic AUV approach led to inconsistent loading. As the
inlet concentration slightly increased during the experiment, the
actual breakthrough was overestimated and column switching was
triggered early (see Section 4.1). Interestingly, this can be clearly
seen in the AC signal calculated from raw data. Given a slight in-
crease of the inlet feed concentration over time it would have been
expected that the elution peak areas decrease in the subsequent
cycles, caused by the breakthrough overestimation. This was not
the case and can be explained by the sensitivity of AUV to con-
centration fluctuations. The fluctuations of the inlet stream con-
centration led to massively fluctuating AUV signals and column
switching therefore occurred rather randomly than in a controlled
manner. It is also worth noting that depending on when and how
exactly the concentration changed, experiments often failed com-
pletely. The use of AC enables the control of a PCC process even
if the inlet concentration fluctuated or changed over time and led
to very consistent loading results. Calculating AUV from the raw
data showed the typical problem of this signal. It did not repre-
sent the breakthrough and would have triggered column switch-
ing several times at wrong time points. A process with changing
inlet concentration would be impossible to control. Another prob-
lem that is circumvented by neglecting a baseline is to determine
when exactly the baseline has to be set. In a highly unstable signal,
the breakthrough curve never reaches a stable plateau as shown in
Fig. 2 and therefore inevitably leads to a baseline that does not
represent the impurity content, as the absolute impurity content is
dependent on the concentration. In contrast, the impurity level I
is independent on the concentration and can be determined at the
beginning of the process as long as no product breakthrough oc-
curs. Band broadening caused by dispersion and diffusion does also
limit AC and also every other method that is based on comparing
inlet to outlet signals. New concepts need to be developed to con-
trol such a process, for example signal smoothing or inclusion of a
dispersion term can help to account for this issue. Another poten-
tial solution is the integration of a stirred tank, as shown in the ex-
periments, that can help to level out changes in the concentration
to a controllable degree, albeit with added complexity. Another
limitation of the proposed strategy is, that the calculations are
only valid if the ratio of non-binding impurities to binding prod-
uct remains constant, as obtained e.g. by dilution, flow through
chromatography or elution from a prior chromatography step. If
both non-binding impurities and binding product concentrations in

the inlet feed stream change independently, and the ratio of bind-
ing product to non-binding impurities changes, the proposed strat-
egy might fail. Non-product specific signals such as UV absorbance
cannot distinguish between product and impurity and if the feed
concentration as well as the ratio of product/impurities change al-
ternative approaches need to be developed that are not based on
UV signals alone. Recently, Raman and UV spectroscopy in combi-
nation with Partial-Least-Squares models and Convolutional Neu-
ral Networks have been examined to predict mAb concentration in
column effluent, which seems to be a promising approach for de-
fined products [34].

6. Conclusion

The proposed way of calculating the column breakthrough from
inlet and outlet UV data is not influenced by the changes in the
inlet concentration. Therefore, it extends the control of PCC pro-
cess from only constant feed streams to feed streams with fluctu-
ating concentration. This not only increases the robustness of con-
trolling column loading in general, but also enables the control of
integrated processes, which often show unsteady product streams
and varying concentrations. It can be easily adapted in commercial
PCC systems as no hardware adaption is needed and application is
also not limited to the use of UV sensors. Although in theory even
rapid changes in the concentration should not alter the control sig-
nal, peak broadening caused by dispersion and diffusion is an in-
herent characteristic that can flaw the control signal and strategies
to limit the slope of concentration changes need to be developed
to obtain a useable signal in integrated continuous processes. The
new control strategy presented in this work has the potential to
provide for enhanced PCC control in real-world applications where
process inlet fluctuations occur.
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Chapter 7

An Integrated and Continuous Downstream Process for

Microbial Virus-Like Particle Vaccine Biomanufacture

In this chapter, a continuous, automated, and integrated downstream process for the
production of VLP vaccines against Group A Streptococcus was developed. The process
integrates the findings of the previous chapters. The robustness of the process was tested with
different initial lysate concentrations and the product quality was determined over several

hours of processing.
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7.1 Abstract

In this study, we present the first integrated and continuous downstream process for the
production of microbial virus-like particle vaccines. Modular murine polyomavirus major
capsid VP1 with integrated J8 antigen was used as a model virus-like particle vaccine. The
integrated continuous downstream process starts with crude cell lysate and consists of a flow
through chromatography step followed by periodic counter current chromatography (PCC)
(bind-elute) using salt tolerant mixed-mode resin and a subsequent in-line assembly. The
automated process showed a robust behaviour over different inlet feed concentrations ranging
from 1.0 mg mI to 3.2 mg ml* with only minimal adjustments needed, and produced
continuously high-quality virus-like particles, free of nucleic acids, with constant purity over
extended periods of time. The average size remained constant between 44.8 + 2.3 nm and
47.2 £ 2.9 nm comparable to literature. The process had an overall product recovery of 88.6%
and a process productivity up to 2.56 mg h™* mlesint in the PCC step, depending on the inlet
concentration. Integrating a flow through step with a subsequent PCC step allowed
streamlined processing, showing a possible continuous pathway for a wide range of products

of interest.

7.2 Introduction

Viral structural proteins can self-assemble into particles that correspond to the overall
appearance of native viruses, yet lacking genetic material. These so called virus-like particles
(VLPs) are therefore unable to replicate and thus are considered non-pathogenic [1]. Due to
their native capsid structure, VLPs can induce strong humoral and cellular immune responses
without the need for adjuvants, making them powerful candidates for future vaccines [2-4].
Another key benefit of VLPs as vaccine candidates is the possibility to insert foreign antigens
to construct vaccine candidates against all types of diseases while the underlying VLP

construct remains the same. VLPs are therefore extensively examined as vaccine candidates
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against pathogens such as Influenza, Rotavirus, Group A Streptococcus and others, and also
are commercial products against human papillomavirus, malaria and hepatitis B/E [3,5-7].A
disadvantage however, are the rather high costs of VLPs caused by complicated production
and purification processes [8-10]. Downstream processing is often based on size exclusion
chromatography and ultra-centrifugation that might face challenges in large-scale set-ups
[8,11]. Another challenge are low binding capacities during chromatography in bind-and-

elute mode [8].

To overcome some of the production challenges and to intensify the production of VLP
vaccines, platform technologies have been developed that allow the production of a variety of
VLPs while only requiring minimal adjustments of the underlying production process [12].
One possible pathway is to produce VLPs and antigens separately and subsequently attach
them either by conjugation or by tag coupling approaches [13]. Another pathway is genetic
fusion in which the antigen is genetically inserted into the viral structural protein with
subsequent protein expression as one construct [14,15]. An advanced platform technology for
VLP vaccines involves the use of murine poliomavirus major capsid protein VP1 with
inserted antigen [12]. VLP vaccines based on this platform showed promising results in
animal studies for pathogens such as Influenza, Group A Streptococcus and Rotavirus
[6,16,17]. The capsomeres can be expressed unassembled in gram-per-litre concentration in
E.coli and a highly efficient, scalable and integrated purification and production pathways

have been developed [18,19].

Continuous bio-processing promises process intensification due to higher automation,
increased equipment utilization and a reduced facility footprint, and furthermore leads to
constant product quality and less batch-to-batch variation. A review on current developments
of continuous bio-manufacturing has been recently published [20]. Despite its promises,
continuous processing is not widely utilized within bio-pharmaceutical processing yet, but
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gains more and more attention within scientific and industrial communities. Most research
focuses on the transition of existing batch unit operations to continuous ones. Strategies such
as periodic counter-current chromatography (PCC), multi-column solvent gradient
purification (MCSGP) and simulated moving bed (SMB) for chromatography, counter-
current mixer settlers for extraction, coiled-flow inverter and tubular reactors for precipitation
and single-pass tangential flow filtration for filtration have been developed and described in
the literature [21-28]. Integrated continuous processes however are seldom described and
usually focus on antibody purification. For example 29 [29] coupled two PCC (protein A and
CEX) steps with a flow through step, while 30 [30] integrated a PCC process with MCSGP
and a flow through polishing to purify antibodies. As far as we are aware, an integrated
continuous production pathway for VLPs formed by self-assembly ex vivo has not been

developed or described.

To further extend the field of continuous bio-processing we developed and here report an
automated continuous and integrated purification process for microbially-expressed VLP
vaccines based on an integrated production pathway developed by our group [19]. The
process couples a flow through Capto™ Q chromatography step followed by a bind-elute
multi modal (Capto™ MMC) PCC process with subsequent in-line assembly of VLPs. It has
been previously shown that non purified VP1 capsomeres form soluble aggregates with
microbial DNA at low buffer salt concentrations, hindering purification [31]. In batch
processing, the use of salt-tolerant mixed-mode resins with a previous flow through step
allows processing at elevated salt concentrations, which suppress VP1-DNA aggregation, and
therefore leads to better recovery. The salt-tolerant mixed-mode resin furthermore allows an
integration of the two unit operations without buffer adjustment in between and enables a
wide design space [19,31]. The continuous process described in this paper, developed by

building on these batch studies produces VLPs of a constant good quality, removes DNA and
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most contaminants, is scalable and can act as a platform technology for the development for
new continuous production pathways of vaccines and biopharmaceuticals other than

monoclonal antibodies.

7.3 Materials and Methods

7.3.1 Protein Expression and Sample Preparation

Murine polyomavirus major capsid protein VP1 with inserted Group A Streptococcus antigen
J8 was constructed and expressed as described in our earlier paper [19]. In brief GCN4-J8
was inserted with flanking G4S linkers into VP1 and cloned into pETDuet-1 and transformed
by heat shock transformation into Rosetta™ 2(DE3) Singles™ competent cells (Merck
KGaA, Germany) and stored as 25% glycerol stocks. Cell stock was grown overnight in
Terrific Broth (TB) medium (12 g I tryptone (LP0042, Thermo Fisher Scientific, USA), 24
g It yeast extract (P0021, Thermo Fisher Scientific, USA), 5 g I Glycerol (GL010,
ChemSupply, Australia), 2.31 g I* potassium dihydrogen phosphate (PO02600, ChemSupply,
Australia) and 12.5 g I'* dipotassium hydrogen phosphate (PA020, ChemSupply, Australia))
with 35 pg ml chloramphenicol (GA0258, ChemSupply, Australia) and 100 pg ml*
ampicillin (GA0283, ChemSupply, Australia)) at 37°C and 200 rpm, 1 | shake flask, 200 ml
medium. Next morning overnight culture was diluted 1:40 into fresh TB media and grown in
1 1 shake flasks each containing 200 ml of fermentation broth at 37°C and 200 rpm. After
reaching an optical density ODeoo 0f 0.5, the temperature was reduced to 27°C and protein
expression was induced by IPTG (15529019, Thermo Fisher Scientific, USA) addition to a
final concentration of 0.1 mM After 16 h expression, the cells were harvested by
centrifugation, cell paste was washed once with 0.9% w w! sodium chloride (SL046,

ChemSupply, Australia) and stored at -80°C in 50 ml aliquots until subsequent use.

95



To obtain clarified cell lysate, cells were resuspended in lysis buffer (20 mM Tris-
hydrochloride (GB4431, ChemSupply, Australia), 1 mM EDTA (EA023, ChemSupply,
Australia), 5% w w glycerol, 5 mM dithiothreitol (DTT) (DL131, ChemSupply, Australia),
pH 8.9) with 1x SigmaFast™ protease inhibitor (SA8820 Millipore Sigma, USA), lysed by
ultrasonication (Scientz-11D, China), centrifuged twice for 30 min at 20130 g, 4°C (A5920R
centrifuge, Eppendorf, Germany) and filtered (0.45 um, Minisart®, Sartorius, Germany).
After filtration NaCl was added to a final concentration of 0.35 M and diluted with lysis
buffer pH 8.9 containing 0.35 M NaCl as needed. Clarified lysate was stored on ice during

processing.

7.3.2 In Process Analytics

Total protein concentration was measured using the Bradford assay at 595 nm (BioRad
Laboratories, USA) in 96-well plates (200 ul) with bovine serum albumin (BSA) as a
standard. BSA standard concentration was verified by Azso absorbance on a NanoDrop™

(Thermo Fisher Scientific, USA).

Host cell DNA was measured with the Quant-iT™ broad range dsDNA Assay Kit (Q33130,
Thermo Fisher Scientific, USA), with fluorescence (485/530 nm) measured on a 2300 Victor

X5 multilabel reader (PerkinElmer, USA)

RP-HPLC was used to determine VVP1-J8 concentration as previously described [19]. In brief
samples were combined 1:4 with a denaturing buffer (8 M guanidine (GE1914, ChemSupply,
Australia), 50 mM DTT, 20 mM Tris pH 8) and heated for 10 min at 75 °C. A gradient
elution with water, containing 0.5% TFA (Buffer A) (TS181, ChemSupply, Australia), and
acetonitrile (LC1005, ChemSupply, Australia), containing 0.4% TFA (Buffer B), was used to
separate the sample (3 pl) on a Vydac Protein C4 column 2.1x100 mm, 5 um (214TP521), at

a flow of 1 ml min* and 60 °C column temperature. The elution program was as following: 6

96



min gradient from 35 % B to 60 % B, 30 s gradient from 60 % B to 100 % B, 1 min 100 % B, 30 s
from 100 % B to 35 % B and 4 min of 35 % B [19].A Shimadzu UFLC-XR system (pump: LC-
20AD-XR, autosampler: SIL-20AXR, diode array detector: SPD-M20A, column oven: CTO-

20) with detection at 280 nm was used for HPLC experiments.

Size and shape of VLPs were examined under transmission electron microscopy (TEM).
Samples (10 pl) were diluted 1:10 with MilliQ water. A drop of 5 pl was put on plasma
cleaned carbon coated square meshed grids (GSCU100C, ProSciTec, Australia) and
incubated at room temperature for 5 min. The sample was removed with blotting paper and
the grid was washed twice with water before stained with 2 % w v uranyl acetate for 2 min.
Images were taken with a FEI Tecnai G2 Spirit with an Olympus SIS Veleta CCD camera at
120 kV voltage. Sizes were measured by counting pixels with GIMP 2.10.18. The pixel size

has been calibrated

Reducing SDS-PAGE was conducted with TruPAGE™ precast Gels 12 %, 10 x 8 cm 12-
well (PCG2010, Millipore Sigma, USA) following the manufacturer’s recommendations.
Equal volumes of samples (6 pl) were used for all runs with Precision Plus Protein™

Standard (1610363, Bio-Rad, USA) as a size standard.

Dynamic light scattering (DLS) was conducted on a Zetasizer NanoZS(Malvern Panalytical,
UK). Samples of 500 pl, equilibrated at 20 degrees Celsius for 5 min were measured. Each
measurement is the average of 100 measurements of 1 sample. The refractive index of the
dispersant was assumed to be 1.33 with a viscosity of 1.02 cp [32]. As a fitting algorithm

non-negative constrained least squares (NNLYS) fitting algorithm was used.
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7.3.3 Flow Through Chromatography

Continuous flow through chromatography was conducted in repeating cycles of flow through
chromatography starting with clarified cell lysate of different total protein concentrations as
described on a 5 ml prepacked HiTrap™ Capto™ Q column (Cytiva, Sweden) on an
AKTA™ AVANT™ system (Cytiva, Sweden). One cycle consisted of following steps: 1.2
CV equilibration (lysis buffer pH 8.9 containing 0.35 M NaCl) at 5 ml min, followed by
sample loading til 90% of DBC1s at 2 ml min! and a subsequent post loading wash with
equilibration buffer (1 CV). This was followed by a wash cycle of 2 CV H20 (10 ml min),
17 CV 1 M NaOH in reverse flow (5ml mint), 2 CV of H.0 (10 ml min) and 5 CV
equilibration (5 ml min't). The maximum loading volume was dependent on the clarified
lysate concentration determined during the first cycle. The maximum loading volume was set
as a loading volume for subsequent processing. To minimise dilution the flowthrough peak
was collected as shown in Appendix Al. Recovery was determined in a separate experiment
for 10 cycles with clarified lysate having a total protein concentration of 3 mg ml? as a

starting material, as this was the highest concentration used in the experiments.

7.3.4 Periodic Counter Current Chromatography

Continuous periodic counter current chromatography in a 3C-PCC set up was performed on
an AKTA™ PCC™ system (Cytiva, Sweden) with 1 ml prepacked HiTrap™ Capto™ MMC
columns. The collected flowthrough from the previous Capto™ Q chromatography run,
which was collected in a stirred vessel (50 ml bottle on ice, 50 rpm, 20 mm stirring bar), was
used without any further adjustment for bind-elute processing. To determine the design space,
breakthrough curves at flowrates of 1 ml min™ (1 min contact time), 0.5 ml min'* (2 min
contact time) and 0.25 ml min (4 min contact time) were measured at a VP1-J8
concentration of 0.71 mg ml™ and the maximum possible overloading calculated, according
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to the area under the breakthrough curve method [23,33]. The maximum overloading can be
defined as being when the integral of the breakthrough curve equals the dynamic binding
capacity. For the actual continuous processing the switching times of the PCC process were
controlled based on the dynamic UV control method developed by Cytiva [34] using column
inlet UV absorbance and the column outlet UV absorbance of the first column in a connected
set-up to calculate the column breakthrough. However, we found that the proposed method
with AUV as a controlling signal is error prone if the inlet feed concentration is not constant,
which is a result of the integrated process; therefore, loading to approximately 70%
breakthrough was controlled with a new approach developed by our group [35].A cycle of the
PCC process consists of following phases: Loading at a flowrate between 0.4-0.8 ml min til
breakthrough level triggered; Post loading wash of 2 CV at 1 ml min*t; Washing with 5 CV at
1 ml min* with equilibration buffer containing no DTT (lysis buffer pH 8.9 containing 0.35
M NacCl); Elution with 20 CV of elution buffer (40mM di sodium hydrogen phosphate
(SA026, ChemSupply, Australia), 1 M NaCl, 5% w w glycerol, 1ImM EDTA) at 1 ml min;
Cleaning with 1 M sodium hydroxide (SA178, ChemSupply, Australia) for 15 CV at 1 ml
mint; Washing with water for 5 CV at 1 ml min’, and; Re-equilibration for with
equilibration buffer for 5 CV at 1 ml min. Recovery was measured in a separate experiment

with a loading material containing 0.32 mg ml™* VP1-J8 at a flow rate of 0.45 ml min™.

7.3.5 Assembly of VLPs

The elution of the PCC process was collected in a 50 ml stirred vessel (20 mm stirring bar, 50
rpm). The vessel was prefilled with approximately 10 ml of elution buffer, containing no
product, to submerge the sensor. As described in Section 2.4 the elution buffer does not
contain stabilizing DTT, which supresses VLP assembly. This approach to change the buffer
system during elution allowed the removal of DTT without a dedicated buffer exchange step
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[19]. The pH value in the vessel was controlled at a value of pH 7.2. This was implemented
with a BioFlo® 320 control panel (Eppendorf, Germany) with 1 % v v:* HCI, 1 M NaCl, 5%
w wt glycerol as an acid solution and 0.2 M NaOH, 1 M NaCl, 5% w w glycerol as a base
solution. The pH adjusted VVP1-J8 solution was continuously used as inlet A on an AKTA™
Go system (Cytiva, Sweden) and mixed 9:1 in-line with assembly trigger solution (30 mM
calcium chloride (CA033, ChemSupply, Australia), 1 M NaCl, 5% w w glycerol). After
dilution and neutralizing remaining EDTA this achieves a final calcium ion concentration of
2 mM. The outlet was fractionated every 5 ml and incubated for 24 h before storage at -80

°C.

7.3.6 Process Integration and Experimental Set-Up

Figure 7-1 shows an overall flow chart of the VVLP purification process; a picture of the whole
set-up can be found in the Appendix (A2). The three-unit operations used in this workflow —
Capto™ Q in flow through chromatography, Capto™ MMC PCC in bind-elute
chromatography and in-line assembly of VVLPs - were coupled with surge vessels (50 ml glass
bottles with 20 mm magnetic stirring bar, (Schott AG, Germany)) at 50 rpm. The overall
footprint of the whole downstream processing set-up was approximately 4 m of laboratory
bench space for up to 7.56 mg h™* overall productivity (2.52 mg h™* mlresin* at the PCC step).
A 5 ml HiTrap Capto™ Q and 3 x 1 ml Capto™ MMC columns were used. The surge vessels
as well as the clarified cell lysate were constantly flushed with nitrogen to prevent undesired
protein oxidation. To show the robustness of the process, experiments with 3 different initial
total protein concentrations of clarified cell lysate (1.0 mg mi*,2.2 mg mI* and 3.2 mg ml™)
were conducted. The only process parameters that were changed were flow rates of the PCC
process and assembly process to match the output of the flow through step. Each experiment

was run between 10 and 12 h. The process parameters are summarized in Table 7-1.
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Figure 7-1 Flow chart of continuous process for the production of microbial VLPs consisting

Capto Q flow
through

‘ Lysate ‘
chromatography,

of three integrated unit operations. The clarified lysate containing viral capsomeres is first
purified on Capto™ Q in flow through mode (I, AKTA™ AVANT™) and collected in a surge
vessel. The collected flow through is then continuously loaded on Capto™ MMC columns in
a continuous periodic counter current chromatography process (11, AKTA™ PCC™). The
elution containing purified capsomeres is collected in a surge vessel and pH adjusted, after
which it is mixed in-line with assembly trigger buffer (111, AKTA™ GO™) to initiate assembly

of VLPs. Pre-assembly the solutions are fumigated with nitrogen to prevent oxidation.

Table 7-1 Process parameter of conducted experiments.

Experiment 1 Experiment 2 Experiment 3

Total protein confentratlon 1 29 39
(mg mL™")

DNA concen_':ratlon 544 94.2 154
(ng ml™)

VP1 concentration (mg ml?) 0.14 0.32 0.41

Loading flow through per cycle 25 17 14

(ml)

PCC loading flow rate ( ml min?) 0.7 0.5 0.45

VLP Assembly ﬂow rate 0.22 0.2 0.2
(ml min™)
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7.4 Results and Discussion

7.4.1 Breakthrough Experiments and PCC design

Breakthrough experiments performed to determine process design space of the PCC process
are illustrated in Figure 7-2. The breakthrough curve obtained for a flow rate of 0.25 ml min
(4 min residence time) demonstrated as expected a sigmoidal shape. However, in contrast, the
breakthrough curve at 1 ml min"* resembled more a logarithmic function. The curve for 0.5
ml min! describes a shape between the two aforementioned curves. This behaviour can be
explained by the large size of VP1-J8 of 232 kDa and the resulting mass transfer limitations.
This effect has been well described for other large biomolecules elsewhere in the literature
[36-38]. The DBC1ov% Values decreased from 16.6 mg mi™ to 13.3 mg ml* to 9.9 mg ml*
with increasing flow rates of 0.25 ml min, 0.5 ml min' and 1.0 ml min, respectively.
Similarly, the maximum column breakthrough until the column became overloaded in a PCC
process decreased from 98% to 80% to 69%. The chosen trigger breakthrough level of 70 %
for column switching ensured robust processing without significant product loss for the
investigated flow rates between 0.25 ml min't and 1 ml min™. Lower flow rates would result
in unreasonably long cycle times while higher flowrates bear the risk of product loss in the
flow through. Recently it was shown that optimal process conditions in continuous twin
column processes can be found at relatively low column residence times of between 1 and 2
min and column breakthroughs between 50% and 80% for low and medium product
concentrations (< 5 mg ml™Y). This is however, highly dependent on the type of resin used and

the desired product concentration in the feed stream, and it is thus hard to generalize [39].
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Figure 7-2 Breakthrough curves for VP1-J8 loading onto a 1 ml prepacked Capto™ MMC
column at different flow rates. Maximum overloading for PCC processes based on the area
under the curve method are highlighted with dotted lines, as well as DBC10% as a reference

for batch production.

7.4.2 Evaluating Integrated Process Performance

During the flowthrough chromatography step, a total of 60.3 + 1.8 mg VVP1 was applied to the
Capto™ Q column and 60.0 + 1.2 mg could be recovered, resulting in a recovery of 99.5 %
for this step. This high recovery is expected as the product is not binding to the resin and thus
losses are expected to be minimal. For the PCC step in bind-elute mode, out of 31.0 + 0.62
mg VP1 applied on Capto™ MMC, 27.6 + 1.38 mg (89.0 %) was recovered in the elution
pool and approximately 0.73 £ 0.12 mg (2.4%) remained in the flow through. The product
loss in the flow-through probably corresponds to aggregated VVP1-J8 capsomeres, as we have
recently shown that VVP1-J8 aggregates do not bind to Capto™ MMC and remain in the flow-
through [19]. The remaining 8.4% is either strongly bound to the matrix or non-eluted with

selected conditions or stripped in the washing step with 1 M NaOH. A longer elution time
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might help to further increase the recovery at the cost of a lower product concentration.
Assembly into VLPs is triggered solely by the addition of assembly trigger buffer and
therefore a 100% recovery for the assembly step is assumed. This results in an overall process
recovery of 88.6 %, with a high product purity and quality as described in detail in Section
3.3. This is comparable to another process for HBCaAg VLPS achieving 86% recovery [40]
and is significantly higher than other described batch processes for the production of VLPs

that reported recoveries between 31% and 76% [40-43].

A chromatogram from the 3 column PCC unit operation of the third experiment having an
initial total protein concentration of 3.2 mg ml™ is shown in Figure 7-3. As can be seen the
concentration of the inlet stream obtained from the surge vessel after Capto™ Q flow through
chromatography fluctuates slightly, caused by the cyclic nature of the prior flow through unit
operation. The control strategy developed for unsteady inlet feed concentrations, reliably

triggered column switching [35].

Figure 7-4 shows the VP1-8 concentration in the surge vessel after PCC processing, in which
the pH value is adjusted (see Figure 7-1). The VP1-J8 concentration increases in the first 400
— 600 min before it reaches a stable level. This equilibration time is a result of prefilling the
surge vessel with buffer, containing no product, to submerge the pH sensor. Although column
switching in the PCC system is triggered at 70% product breakthrough and at a constant
elution volume in all experiments, the VVP1-J8 concentration equilibrates at different values in
each experiment. As can be seen in Figure 7-4 the VP1-J8 concentration in the surge vessel
equilibrates at concentrations of 0.43 mg ml, 0.53 mg ml* and 0.70 mg mi* for initial total
protein concentrations of the lysate of 1.0 mg ml, 2.2 mg mlI** and 3.2 mg mlI! respectively.
Thus, a higher product concentration in the inlet feed stream also translates to a higher
product concentration in outlet stream if elution volume and column breakthrough remain
constant. This can be explained by a non-constant bimding capacity in the concentration
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range used in these experiments. The VP1-J8 concentration in the inlet feed of the PCC was
only between 0.12 mg ml™* (experiment 1) and 0.37 mg ml™* (experiment 3) and assuming a
Langmuir-like binding behaviour literature suggests a high dependence of the product
concentration on the binding capacity in low concentration ranges [44,45]. If a constant
product concentration in the surge vessel is desired, the elution volume could be controlled.
Namely the elution volume could be decreased at low product concentrations or increased at

higher product concentrations to obtain the same average product concentration.

Interestingly an increase in initial feed stream concentration does not translate linear increase
in the overall productivity of the process. Doubling the initial protein concentration from 1
mg mi to 2.2 mg ml? (experiment 1 to experiment 2) only increased the overall productivity
after assembly by 12%, from 5.1 mg h to 5.7 mg h* (1.7 mg h™t mlesin™, 1.9 mg h™* Mlresin™
in the PCC step). A further increase of the inlet concentration of 45% to 3.2 mg mi (3.
Experiment) increased the overall productivity by 32% to 7.56 mg h (2.52 mg h™* mlresin? in
the PCC step). This can be explained by the interplay of several effects. A main effect is that
decreasing the inlet stream concentration enables longer cycles of the flow through
chromatography step, which increases the volumetric throughput hence increasing the
loading flow rate of the PCC step (see Table 1) compensating the lower product
concentration. While the loading flow rate of the PCC step during experiment 1 (1 mg ml?)
was 0.7 ml mint the flow rate was 0.5 ml min in experiment 2 (2.2 mg ml*) and 0.45 ml

mint in experiment 3 (3.2 mg ml?) (See Table 1).

Notably, the relationship between feed concentration and throughput of the flow through step
is also not linear. Firstly, the time needed to regenerate the column (washing and
equilibration) can be considered to be independent of the loading time and therefore leads to
a non-linear relationship. Secondly, similar to the binding capacity of Capto™ MMC the
binding capacity of the flow through step on Capto™ Q does also increase with increasing
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inlet concentration. The amount of DNA that could be removed per flow-through cycle
increased from 272 pg Mlresin® t0 330 pg Mlresin™ t0 431 g Mlresin®, thus leading to higher

productivity of the flow through step and by extension the overall process.

Although higher concentrations in the starting material generally increase overall
productivity, precise prediction of the extent of this increase is complicated as lower
concentrations allow higher flowrates, but also change the binding capacities of the resins. In
particular, the binding capacities seem to have a tremendous effect on the productivity, which
also has been recently described for continuous 2 column processes in general [39]. A further
in-depth analysis of the interplay of different process parameters and the influence of the feed
stream concentration needs to be conducted, and optimal ratios of resin volumes of the flow
through step to the PCC step in bind and elute need to be found. This might challenge
upscaling as a rational selection of the required column volumes is currently not possible.
The dependence of the performance on the feed concentration might limit a designed process
to a certain concentration range which negatively affects the flexibility of the set-up. Recent
developments in mechanistic modelling and the construction of so-called digital twins, might

be a powerful tool for decision making, but needs to be extended to integrated processes.
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Figure 7-3 Chromatogram of continuous periodic counter current chromatography in bind
and elute mode integrated with a prior flow through step. Starting material had an initial
total protein concentration of 3.2 mg ml. Shown are the UV sample signal (output of flow
through chromatography), UV breakthrough profile of the overloaded column, the calculated
column product breakthrough (4UV) and UV elution step signals. The smaller peak previous
of the elution peak is a signal caused by the post loading wash step, and is not eluted but
collected on the second column. Values normalized to 1 (UV sample and UV breakthrough to

maximum UV sample value, UV elution to maximum UV elution, AUV divided by 100).
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Figure 7-4 VP1-J8 concentration in surge vessel after PCC processing but before assembly.
Runs were conducted with initial protein concentrations of 1 mg ml** (Experiment 1), 2.2 mg

ml? (Experiment 2) and 3.2 mg ml (Experiment 3).

7.4.3 Integrated Process Product Quality

TEM images of VLPs collected at different time points at the outlet of the process are
presented in Figure 7-5 and size analysis by counting pixels from TEM and analysis by DLS
are presented in Figure 7-6. The optimised process produced highly uniform VLPs with a
mean diameter of the samples, measured by counting pixels, ranging between 44.8 £ 2.3 nm
and 47.2 + 2.9 nm for all 3 different initial protein concentrations over the entire experiments;
no trend in the size could be observed. There are no aggregates visible in the samples,
however all images show non-assembled capsomeres similar to batch processing in our recent
publication and other published work [19,46]. Also, there is no apparent difference in the
quality of VLPs produced at the beginning of the process compared to VLPs produced

towards the end of the process (Figure 7-5).

108



start middle

T uawiIadx3

Z Juawiadxy

€ JuawiIadx3

Figure 7-5 TEM images of VLPs obtained at different times during continuous processing.

Scale bar represents 200 nm.

Examining the assembly products using DLS shows a similar result. The intensity weighted
mean hydrodynamic size (Z-average) for samples taken during the experiments is shown in
Figure 7-6. All three experiments show nearly steady Z-averages of the VLPs between 46.6
nm and 53.0 nm during the entire process (except the second sample of the first experiment

which shows a Z-average of only 43.4 nm, which we cannot explain), slightly higher than by
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counting pixels. This difference is likely a consequence of parameters used in DLS analysis
and/or the effect of preparation of samples for TEM. It is well known that DLS is measuring
the average hydrodynamic diameter which is dependent on ionic strength, temperature and

buffer composition.
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Figure 7-6 Variation of VLP diameter (measured by DLS (A) and TEM (B)) with process
time. Runs were conducted with initial protein concentrations of 1 mg ml** (Experiment 1),

2.2 mg ml (Experiment 2) and 3.2 mg ml (Experiment 3).

There is a slight upward trend in the Z-average diameters as the first samples of each
experiment have Z-averages of 46.6 nm, 47.8 nm and 48.0 nm, respectively. While samples
taken later in the process show Z-averages slightly above 50 nm. The upward trend in DLS
size, that cannot be observed by counting pixels, might be caused by the higher proportion of
unassembled capsomeres compared to assembled VLPs in the early process, caused by low
VP1-J8 concentrations of 0.26 mg ml, 0.29 mg mi* and 0.37 mg mlL. It was shown in
literature, that during assembly of VP1 around 0.02 mg mlI* capsomeres remain unassembled
and therefore a lower overall VP1-J8 capsomere concentration negatively influences the ratio
of unassembled capsomeres to assembled VLPs [47]. The PDI remains relatively stable
during the experiments, but is slightly higher at the beginning of each experiment. This again
can be explained by the low concentration of the sample and the consequential higher

unassembled capsomere content. The average PDI of experiment 1 to experiment 3 are 0.243
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+0.064, 0.174 £ 0.025 and 0.190 + 0.037 respectively. Which are within acceptable limits,
although experiment 1 is slightly elevated [48]. The slightly higher PDI of experiment 1
might be also explained by the lower concentration, but it can also be a random error and

requires further investigation.

Both measured sizes of approximately 47 nm by counting pixels on TEM and a Z-average
slightly above 50 nm matches well with reported sizes in literature of a murine poliomavirus

VLPs, that reports a Z-average of 52.0 nm and TEM sizes up to 48 nm [32].

The instruments, and process conditions used for assembly of VLPs could be improved
further to achieve enhanced VLP yield and by reducing the level of non-assembled
capsomeres. Knowing the complexity of in-vitro VLP assembly, finding optimal assembly
conditions is challenging and requires the consideration of suitable pH, ionic strength/salt
type and temperature conditions [49]. As the capsomeres have the same protein composition
as the VLPs, we do not anticipate that these represent a product contaminant per se. Our
previous work has demonstrated that capsomeres invoke a similar quality of immune

response to that of VVLPs, albeit at a lower level in the absence of adjuvant [50].

SDS-PAGE analysis (Figure 7-7) shows a good purity with some contaminations of VP1-J8
after purification with Capto™ Q and Capto™ MMC. Samples taken at the different times
during experiment 2 (Figure 7-7 lane 3-5) show no difference in the purity, however sample
concentration at the beginning of the process is too low, to show impurities. Also, comparing
purities of the three experiments (Figure 7-7 lane 5-7), each taken towards the end of the
process, reveals no apparent difference in the purity. In one of our recent publications we
could show, that the low molecular weight impurities are mainly VVP1-J8 truncation products,
that were hard to remove, even with further purification. The overall purity equals to the

purity obtained in batch processes [19].
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Figure 7-7 SDS-PAGE analysis of the process. M: protein marker; (1) Crude lysate from
Experiment 2; (2) After flow through chromatography purification on Capto™ Q from
Experiment 2; (3) After PCC step on Capto™ MMC from Eexperiment 2, start of the process;
(4) After PCC step on Capto™ MMC from Experiment 2, middle of the process; (5) After
PCC step on Capto™ MMC from Experiment 2, end of the process; (6) After PCC step on
Capto™ MMC from Experiment 1, end of the process; (7) After PCC on Capto™ MMC from
Experiment 3, end of the process.

Similarly, the DNA concentration of all samples was measured to be between 0.7 and 1.7 ng
ml* at \VP1-J8 concentrations between 0.43 and 0.7 mg ml* and remains stable during the
experiments (Figure 7-8). Given the fact that the sensitivity level of the assay is 2 ng mI it
can be assumed the samples are effectively DNA free. As vaccines are given at very low dose
of for example only 20 pg protein per dose, DNA levels are expected to be at least a 3

magnitudes lower than permitted levels [51,52].
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Figure 7-8 Variation in DNA concentration during VLP processing. Runs were conducted
with initial protein concentrations of 1 mg ml* (Experiment 1), 2.2 mg mI (Experiment 2)
and 3.2 mg ml* (Experiment 3).

Based on these outcomes, it is evident that that the described process can produce constantly
high quality VLP vaccines continuously over the examined duration of at least 10h. The
product quality is in this work independent of the feed concentration, but the overall

productivity increases with increased feed concentrations.

Integrating a flow through chromatography step with a subsequent PCC bind-elute process
using salt tolerant mixed mode chromatography resins (Capto™ MMC) is a powerful
approach for continuous biomanufacturing of VLP vaccines. The biggest advantage is that it
enables a streamlined process without any intermediate buffer adjustment between the two
unit-operations and therefore theoretically enables a seamless integration without any holding
vessel. Like in the previously developed batch process, this set-up also allows impurities to
be reduced to a level that enables UV based control of the column loading and a buffer
exchange during elution that enables the removal of stabilizing DTT without a dedicated
buffer exchange step [19].
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The process fulfils several proposed benefits of continuous processing. Once set-up the entire
process runs automatically and no user interference is required. As sown in Figure 7-2
applying continuous PCC instead of batch-wise bind-and-elute, allows for much higher
column loading, without product loss, and therefore solves the trade-off between column
utilization and productivity. Furthermore, this leads to smaller required columns and a
decrease in buffer consumption compared to batch processing. The overall footprint is only 4
m bench space as only minimal hold-up vessels are needed between the unit operations. The
footprint would also not increase much if the process is scaled-up by increasing resin
volumes. Continuous processing also decreases the mean residence time of the product as
holding times between unit operations are minimal and do not vary between batch-to-batch.
This can lead to a better product quality and less quality variations compared to batch
processing. It is well known that long processing and hold-up times can lead to product loss
caused by aggregation and proteolytic degradation and our previous study indicates that a
quick processing is beneficial for the quality of VP1 [19,53-55].Furthermore, a higher

product output can be achieved by solely running the process for a longer time.

We believe that this set-up can be used as a template for continuous processing of many
biologics other than VLPs and viral capsomeres. Although the performance of this process
using other entities than VP1-J8 has not been tested the combination of a flow through step
with a bind and elute PCC is not product specific. There is also room for adapting the process
by changing resins and the substitution of the assembly unit operation with a final flow

through polishing. This will likely allow the processing of a wide variety of biologics.

7.5 Conclusion
Here we report for the first time an integrated and continuous downstream process for the
production of VLP vaccines. Coupling a flow through step with a bind and elute PCC process

allows for a streamlined process without buffer adjustment between the unit operations.
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Buffer exchange during elution prepared for a direct VLP assembly by adding calcium ions
and pH adjustment thereafter. The process showed a robust behaviour towards different inlet
concentrations and was capable of producing VLPs of constant high product quality
continuously with an outstanding product recovery of 86% and an overall output of up to 7.56
mg h* with only 8 ml of chromatography resin used in the entire process, and a productivity
of the PCC process of 2.52 mg h™* mlesint. Furthermore, the entire process can be assembled
on 4 m of lab space, which will only minimally increase if larger column volumes are used,
as only minimal holding vessels are required. This clearly shows the dramatically reduced

footprint that continuous processing can achieve.

Finding the optimal design space for highest productivity is challenging as different inlet
concentrations lead to changes in the binding capacity and flowrates; and further research
needs to be done on how to optimize the described process. As the combination of a flow
through step with a subsequent PCC step using mixed mode resins allows for a wide design
space and is not product specific, we believe that the described process can be easily adapted
as a template for the development of continuous processing of VLPs and other

biopharmaceuticals.
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Chapter 8

Conclusions and Future Research Directions

This chapter sums up the findings of the previous chapters and gives an outlook of possible

future research questions that can be addressed.
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8.1 Conclusions

VP1 tends to aggregate during downstream processing and hence low recoveries, poor
binding and quality issues are common in previously described processes. In this research, it
was shown that VP1 aggregation can mainly be explained by the strong affinity of VP1
towards DNA, and that is possible to control this interaction via the ionic strength of the
buffer (Chapter 4). This finding can explain many observed challenges during the purification
and assembly of VVP1. Control of DNA-VPL1 interaction led to the development of a highly
efficient downstream process based on a multi-modal cation exchanger, that allowed
processing at elevated salt concentrations (Chapter 5). Optimization using high-throughput
studies further deepened process understanding. The developed process for GAS VLP
vaccines outperforms other described processes in most relevant aspects. Not only high-
quality VLPs were obtained, but the process also removed aggregates, most impurities, is
fully scale-able and integrated, and does not require costly unit operations or slow enzymatic
treatments. This research shows that a solid understanding of underlying principles is

necessary for the development of highly-efficient and robust processes.

Based on these findings the first fully-continuous and automated set-up for the production of
VLP vaccines was developed (Chapter 7). The process was capable of continuously
producing VLPs of constant product quality over the examined time period and showed
robust behaviour towards variation of inlet feed concentrations. A key concept is the
integration of a flow-through chromatography step with a periodic counter-current
chromatography step using multi-modal ion exchangers. This novel approach allows
seamless processing without buffer adjustment. The set-up demonstrates furthermore the
possibility of removing unwanted reducing agents during bind and elution chromatography,
which eradicates the need for a dedicated buffer exchange unit operation during viral

assembly. Demonstrating these novel key principles expands the field of continuous
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bioprocessing, and might help to develop new continuous bioprocesses for
biopharmaceuticals other than VLPs, as the resins and conditions can be easily adapted, and

are not limited to VP1 VLPs.

Concentration fluctuations during processing lead to the failure of standard controlling
principles of PCC chromatography. This is a well know hurdle and is described as a key
challenge to solve for continuous bioprocessing. The newly developed method (Chapter 6)
can be easily adapted with standard PCC equipment using the same UV sensors and allows
precise control of the loading phase during PCC chromatography, even with highly-unstable
inlet feed stream concentrations and increases the robustness of PCC chromatography in
general. Mechanistic modelling has been shown to be a powerful tool for testing and
developing new approaches in-silico, as dispersion effects could be identified as a limiting
factor for precise control with a rapidly-fluctuating inlet stream. The underlying principle of
this new approach is not limited to UV control of PCC chromatography, but can also be

adapted to other sensors that compare inlet and outlet column signals.

This thesis demonstrates the development of a continuous purification pathway for a novel
therapeutic protein, namely a virus-like particle vaccine against Group A Streptococcus. It
starts with general process development for batch processing and shows the translation into a
fully integrated continuous process. Fundamental questions, such as the influence of DNA-
capsomere interactions on processing, as well as the development of new algorithmic process
control strategies for integrated PCC processes, have been addressed. This research can
therefore be used as a possible blueprint on how to develop a continuous process for a novel

therapeutic protein, starting from scratch, where no existing process is available.

126



8.2 Future Research
The research conducted in the project opens several further research questions that are worth
exploring. While many problems and curiosities popped up during my research, not all of

them are relevant and therefore only some of them are outlined.

The developed continuous process is obviously only a starting point and the robustness of the
process needs to be further evaluated. Can the process be used as a platform process for VP1
capsomeres with different antigen and other VLPs? Probably, as the key concept of
processing at high salt concentrations to supress DNA-capsomere interaction is not antigen
specific. The DNA binding properties are in fact preserved within class of Papovaviricetes,
and therefore it is likely that the process can be used with minimal adjustment for VP1 with
other antigens and even other viral capsomeres. This is, however, something that needs

further investigation and the performance of mixed-mode resins needs to be evaluated.

The combination of a flow-through step followed by a capturing step is a powerful design
concept for continuous processing, as it allows for a streamlined processing without buffer
adjustment. There are a wide variety of resins available and even new mixed mode flow-
through resins have been developed, combining size exclusion with internal binding sites.
The concept might be therefore applied to other biomolecules. The process could even be
altered in a way that the flow-through step is changed to some kind of matrix assisted tubular
reactor for enzymatic or chemical reactions (immobilized enzymes or catalysts) with an
integrated affinity capturing to specifically remove product or unwanted by-products in a
continuous recirculation loop. For example, this could be applied for the synthesis of MRNA

or other biomolecules.

The strong binding of capsomeres with microbial DNA, causing aggregates and thus

hindering purification, is a major problem, which was addressed in this research by
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increasing the salt concentration during processing. An obvious explanation for this high
affinity is that it helps to incorporate genetic material into the virus particle, and there are also
suggestions in literature that “right-sized” DNA can actually enhance viral assembly.
However, VLPs used for vaccination using chimeric designs do not require any genetic
material inside the particle. The findings of Chapter 4 indicate that DNA binding is not
necessary for viral assembly, and in fact can lead to incorrectly assembled products in the
presence of microbial DNA. Instead of supressing the DNA-capsomere interaction during
processing, it might be worth to explore if it is possible to redesign VP1 without DNA
binding sites. This should theoretically lead to a platform capsomere that will show less or no
aggregation and thus has a better processability. Yet, should still be able to be assembled into
high-quality VLPs. This approach, if proven, would solve many challenges and can be
furthermore used to study the influence of DNA-capsomere interaction on viral assembly, in

detail.

The developed process control algorithmic approach described in Chapter 6 is a simple
method that can be used to control a PCC process in the presence of fluctuating inlet stream
concentrations. However, this is only true if the ratio of product to impurities remains
constant. Another limitation relates to column dispersion effects that can lead to unstable
control signals, particularly if the inlet stream concentration changes rapidly. As unstable
feed streams are still a challenge in biomanufacturing this area should be further explored.
Changing product to impurities ratios cannot be addressed with non-molecule specific
sensors such as UV absorbance at a single wavelength. Raman spectroscopy and
multiwavelength analysis have shown to be useful techniques in determining molecule
concentrations in complex mixtures and it is therefore worth to explore if these techniques
could be used to predict the impurity and/or product content. Maybe there are certain marker

molecules that can be used to predict host cell protein and other impurities, although they are
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a mixture by themselves. Dispersion effects can be accounted for by implementing some type
of smoothing algorithm that needs to be developed. This could be either a moving average of

the inlet feed stream or an actual calculation of the dispersion of the signal.

Chapter 7 describes another limitation of controlling column loading based on product
breakthrough, which is the dependence of the dynamic binding capacity on the product
concentration. This limits the use of breakthrough data for process control, as a certain
breakthrough level does not necessarily correspond to an equal loading amount if the feed
concentration changes. How such effects can be accounted for during process control is an
exciting research field that needs to be explored. A possible solution involves model-based
control strategies in which the process is modelled in-silico and on-line data is used to
calibrate the model and find optimal process parameters. This can be further extended to
unstable feed streams and high-quality models need to be developed and verified. Usually
mechanistic models, based on physiochemical equations, are used for in-silico modelling.
However, biomolecules are complex and isotherms/transport equations can be very complex,
or else over-simplify the problem, and thus lack accuracy. The question arises as to what
extent statistical approaches such artificial intelligence and neural networks can be applied to
either simplify the models or improve them. Which phenomena actually need to be described
with physiochemical equations and which are better described using statistical approaches?
Another important aspect is how column fouling and variations of the column quality can be
addressed in model-based approaches and what other process data can be used to support

controlling of the process.

There is room for considerable optimization during continuous processing, and finding the
optimal flow rate and column volumes for the highest efficiency is basically impossible
experimentally. Findings from Chapter 7 show that the performance of one unit operation can
influence the subsequent unit operation in an integrated process. This might challenge scale-
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up and needs to be further investigated. Describing and modelling an entire integrated process
is still a mostly unexplored field for which suitable methods need to be developed that can
account for the enormous complexity. This is also a necessity to translate continuous
processing from a mostly research-focused field to an industry-accepted method and to
answer the key question; under which circumstances is a continuous process superior to a

batch process?

In conclusion, the field of continuous biomanufacturing needs considerable further research
to deliver the promises of continuous processing and enable 24/7 production of vaccines and

biopharmaceuticals.
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Appendix

9.1 Appendix Chapter 4
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Figure A4-1 SDS-PAGE analysis of the different purification steps. Lanes as in Table A4-2.

Table A4-2 Description of SDS-PAGE in Figure A4-1 and DNA content of the samples.

Lane Purification DNA
1 Lysate
2 After PEG precipitation 75.5 ng/ul
3 PEG plus AEX flow through ~ Non detectable (<0.02 ng/pl)
4 AEX wash
SEC polishing Non detectable (<0.02 ng/pl)
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Figure A4-3 Chromatogram of 5 ml crude clarified lysate on 6 ml Capto™ Q, Loading and

washing with buffer A (20 mM Tris, pH 8, 0 M NaCl, 5 mM DTT, 2 mM EDTA, 5% Glycerol).

Elution with gradient of buffer A and buffer B (20 mM Tris, pH 8, 1 M NaCl, 5 mM DTT, 2

mM EDTA, 5% Glycerol). (P1) flow through during loading, (P2), (P3) and (P4) elution

peaks.
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Figure A4-4 SDS-PAGE analysis of Figure A3-3. (M) marker, (L) crude lysate, (P1-P4)

according to chromatogram in Figure A3-3.
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9.2 Appendix Chapter 5
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Figure A5-1 HPLC-SEC (TSK3000) chromatogram of sample purified by pathway B (PEG
precipitation, Capto™ MMC and Capto™ Q) as an example to clarify the measured impurity
parameters HMWI and LMWI. The salt peak, mostly caused by oxidised DTT, is excluded

from the calculation.
Protocol LC-ESI-MS/MS
Provided gel bands were digested with trypsin using the in-gel digest method as follows:

1. Gel bands were destained by incubating in 50 mM NH4HCOs for 5 minutes, then
sonicating them with 50 mM NH4HCOz3 in 30% ACN for 15 minutes. Destaining

solution was removed from the gel bands by pulse centrifugation.

2. ACN was added to each tube containing the gel band samples and incubated for 15
minutes. All liquid was removed from the gel bands by pulse centrifugation. The gel

pieces were further dried down by vacuum centrifugation for 10 minutes.
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3. In-gel reduction was performed by adding 10 MM DTT in 100 mM NH;HCOs to
the gel pieces and incubating the samples for 45 minutes at 56 °C. All liquid was

removed from the gel pieces by pulse centrifugation.

4. In-gel alkylation was performed by adding 55 mM IAA in 100 mM NHsHCO3 to
the gel pieces and incubating the samples for 30 minutes in darkness at ambient

temperature. All liquid was removed from the gel pieces by pulse centrifugation.

5. Gel pieces underwent subsequent incubations in 5 mM NHsHCO3 for 10 minutes
and in ACN for 15 minutes with all liquid removed by pulse centrifugation in between

each incubation. Gel pieces were then dried by vacuum centrifugation for 10 minutes.

6. Gel pieces were treated with trypsin (100 ng pL™?) and incubated overnight at 37

°C.

7. Peptides were extracted by subsequent 15-minute incubations in 50% ACN/1% FA
and 100% ACN. All peptide-containing liquid was removed from the gel pieces by

pulse centrifugation and dried to approximately 1 uL by vacuum centrifugation.
8. Dried peptides were reconstituted in 3% ACN/0.1% FA for LC-MS/MS analysis.

Note: All samples (gels, digests, etc.) not consumed in the analysis were stored at the

APC for 12 months and then discarded.
Data acquisition
Liquid chromatography — electrospray ionisation tandem mass spectrometry

Nano-LC—ESI-MS/MS was performed on an Ultimate 3000 RSLC system (Thermo-
Fisher Scientific) coupled to a LTQ Orbitrap XL ETD mass spectrometer (Thermo-
Fisher Scientific). The peptide sample was pre-concentrated onto a C18 trapping
column (Acclaim PepMap100 C18 75 um x 20 mm, Thermo-Fisher Scientific) at a
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flow rate of 5 pL min in 2% (v/v) ACN 0.1% (v/v) FA for 10 minutes. Peptide
separation was performed using a 75 um ID C18 column (Acclaim PepMap100 C18
75 um x 15 cm, Thermo-Fisher Scientific) at a flow rate of 0.3 uL min™* using a linear
gradient from 5 to 45% B (A: 5% (v/v) ACN 0.1% (v/v) FA, B: 80% (v/v) ACN 0.1%
(v/v) FA) over 38 minutes, followed by a 2-minute wash with 90% B, and a 15-

minute equilibration with

5%. MS scans were acquired in the mass range of 300 to 2000 m/z at a resolution of
60 000 in FT mode. The 10 most intense precursor ions selected for isolation and
were subjected to CID fragmentation using a dynamic exclusion of 5 seconds.
Dynamic exclusion criteria included a minimum relative signal intensity of 1000, and
>2+ charge state. An isolation width of 3.0 m/z was used with a normalized collision

energy of 35.
Data analysis

Raw MS/MS data were searched against the target sequence of the recombinant
protein and Escherichia coli entries present in the Swiss-Prot database in Proteome
Discoverer (v2.4, Thermo Fisher scientific). Search parameters were specified as
follows: tryptic peptides with a maximum of 2 missed cleavages were allowed,
peptide mass tolerance of 20 ppm, fragment mass tolerance of 0.8 Da, cysteine
carbamidomethylation set as fixed modification, and methionine oxidation, protein N-
terminus acetylation, and deamidation of glutamine and asparagine set as variable
modifications. The lists of identified proteins from samples 3, 4, 5, and 6 are as shown

in the excel spreadsheets.
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9.3 Appendix Chapter 6

9.3.1 Appendix A6-1:

Derivation formula 16
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non-binding + Cbinding *B

0 0
Cnon—binding + Cbinding

C
AC(k,B) = %100

—AC * (CO L + CO. . ) —CO L
100 non-binding binding non-binding

B = 5
Cilii 1:
binding

AC
0 _ 0 0 0
B x Cbinding - <100 * (Cnon—binding + Cbinding) - Cnon—binding

0 0 0
B x (Cbinding + Cnon—binding - Cnon—binding)
AC

0 0 0
- <100 * (Cnon—binding + Cbinding)) - Cnon—binding

0 0 0
B x (Cbinding + Cnon—binding) — B Cnon—binding

= £ * (CO s + CO. . ) — CO L
non-—binaing mawng non—-oinding
100 bind bind bind

0 0
B B < Cnon—binding > _ AC Cnon—binding
0 0 - 0 0
Cbinding + Cnon—binding 100 Cnon—binding + Cbinding
CO
AC _ non-binding
0 0
B = 100 Cnon—binding + Cbinding
- 0
1— Cnon—binding
0

0
Cnon—binding + Cbinding

9.3.2 Appendix A6-2
Can be downloaded at: https://ars.els-cdn.com/content/image/1-s2.0-S0021967322000826-

mmc2.zip
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9.3.3 Appendix A6-3
Can be downloaded at: https://ars.els-cdn.com/content/image/1-s2.0-S0021967322000826-

mmc3.zip
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9.4 Appendix Chapter 7
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Figure A7-1 Chromatogram of the flow through step on Capto™ Q, showing UV 280 nm

absorbance and conductivity. The product flow-through is collected as highlighted.

Figure A7-2 Set-up of the continuous process consisting of a flow through step (left), a PCC
step (middle) and an in-line assembly step (right). The unit operations were coupled using 50
ml stirred tank vessels, and 3 Akta systems were used to implement the process. A schematic

process diagram can be found in Figure 7-1.
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