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Abstract

Biological macromolecules, such as viruses, virus-like particles or extracellular vesicles represent an
important and permanently growing element in the biopharmaceutical industry. These macromolecules
applied as pharmaceutical products have proven suitable for prophylactic or therapeutic vaccination,
oncolytic therapy or gene transfer, to name only a few. Beside the challenge of producing sufficient
amounts of product, its purification during the downstream processing, for example from cell culture
harvests, is of major importance to allow a safe and efficient application. A large variety of particles
differing in their physicochemical properties, possibly affecting their stability and their interaction with
surrounding molecules, requires multifaceted processing strategies. For this reason, purification process
development can be a time and cost consuming element, which emphasizes the benefits of flexible
techniques that can be applied to a variety of different products. Over the past ten years the steric
exclusion chromatography (SXC) was introduced as a possible platform technique for a fast and
effective purification of macromolecules and nanoplexes such as large proteins, bacteriophages, and
viruses. The technique was derived from the principle of polymer induced crowding mechanisms, that
are already known for several decades. Although the method highly depends on the size of the target
product, all the influencing process parameters and mechanisms of the method are not yet thoroughly
understood. The SXC has been applied as an independent process unit operation but has not been
implemented in large scale biopharmaceutical production. The latter can be mainly attributed to the
novelty of the principle, the lack of appropriate stationary phases suitable for industrial production, and
an inherent skepticism against new approaches compared to established and regulatory accepted
procedures. This work aims to bridge laboratory applications of the SXC with scaled approaches of up
to 200 L by suggesting possible processing schemes employing that technique as a major purification
backbone. Simultaneously, these studies provide further insight into critical process parameters to allow
for an improvement of the mechanistic understanding concerning the method itself. In the chapters of
this work the successive implementation of the SXC into complete downstream processing schemes for
viral vectors and vaccines is shown. While Chapter 1 gives an overview to introduce the importance of
improving and extending the existing portfolio of purification procedures, it also introduces the benefits
of applying platform technologies. Particularly the principle and advantages of the SXC are described
as well as the scope of this thesis is outlined. Chapter 2 summarizes the general approach for applying
and optimizing the SXC using the baculovirus vector as a model and Chapter 3 shows a screening
comparison of the SXC against and in combination with well-known purification techniques. Afterwards,
in Chapter 4, the platform applicability in complete processing schemes is shown for Hepatitis C and Orf
virus purification targeting potential applications in human or veterinary medicine. Finally, Chapter 5

gives a short summary, including an outlook on future prospects and remaining hurdles.



Zusammenfassung

Biologische Makromolekule, wie Viren, Virus-ahnliche Partikel oder extrazellulare Vesikel sind ein
wichtiger und zunehmend gréRerer Bestandteil biopharmazeutischer Produktionsprozesse. Diese
Makromolekile eignen sich unter anderem fir prophylaktische und therapeutische Impfungen,
Tumortherapie oder Gentransfer. Neben der Herstellung von ausreichenden Produktmengen ist auch
deren so genannte Aufreinigung (,Downstream Processing“), zum Beispiel aus der Zellkulturernte, von
besonderer Bedeutung, um eine sichere und effiziente Therapie zu gewahrleisten. Die Aufreinigung von
biologischen Nanoplexen sieht sich mit einer Vielzahl verschiedener Partikel konfrontiert, welche sich
zum Teil stark in ihren physikochemischen Eigenschaften unterscheiden und dadurch individuelle
Stabilitaten und Interaktionen mit ihrer Umgebung aufweisen. Dadurch ist die Entwicklung und
Optimierung von Aufreinigungsprozessen oftmals sehr zeit- und kostenintensiv. Dies steigert den
Wunsch nach flexiblen Methoden, welche mit geringfigigen Adaptionen fir eine Vielzahl von
Nanoplexen eingesetzt werden konnen. In den letzten zehn Jahren wurde die sterische
Exklusionschromatographie (SXC) als mdgliche Plattformtechnologie zur schnellen und effektiven
Aufreinigung von Makromolekiilen, wie beispielsweise groften Proteinen, Bakteriophagen und Viren
entwickelt. Das hierflr genutzte Prinzip der Zusammenlagerung von Molekilen in einer Lé6sung durch
Zugabe von Polymeren ist bereits seit einigen Jahrzehnten bekannt. Die Methode ist hauptsachlich von
der GrolRe des Zielproduktes abhangig, jedoch sind zum jetzigen Stand nicht alle Einflussparameter und
der zu Grunde liegende Mechanismus vollstandig erforscht. Auch wurde die SXC noch nicht im groR3en
Malfistab im Prozess der Herstellung eingesetzt. Grund hierfur ist vermutlich die Neuheit der Methode
und damit eine geringere Akzeptanz, sowie das Fehlen von prozesstauglichen und qualifizierten
stationaren Phasen und eine aktuell noch geringe Datenlage. Die vorliegende Arbeit hat die Zielsetzung
eine Verbindung zwischen der Prozessentwicklung im Labor und der industriellen Herstellung bis hin
zum 200 L Malf3stab zu finden, indem sie Prozesse darstellt, deren Schwerpunkt auf der SXC beruht.
Gleichzeitig bietet sie einen tieferen Einblick in kritische Einflussfaktoren und kann so zum besseren
Verstandnis Uber den Mechanismus der Methode beitragen. Die Kapitel dieser Arbeit stellen die
fortlaufende Entwicklung der SXC von der individuellen Anwendung bis hin zu ihrer Integrierung in
vollstandige Verfahrensablaufe zur Impfstoff- und Virusvektorherstellung dar. Kapitel 1 gibt dabei einen
Uberblick Uber vorhandene Reinigungsmethoden und veranschaulicht, warum diese permanent
optimiert und erweitert werden miissen. Insbesondere das Prinzip der SXC sowie ein Uberblick tiber die
im Rahmen dieser Arbeit durchgeflihrten Versuche werden beschrieben. Kapitel 2 zeigt die allgemeine
Herangehensweise bei der Verwendung und Optimierung der SXC am Beispiel von
Baculovirusvektoren. Kapitel 3 beschreibt die Gegenilberstellung und Kombination der SXC mit
bekannten chromatographischen Methoden. Weiterfihrend wird in Kapitel 4 die Plattformtauglichkeit fur
Prozessschemen auf Basis der SXC am Beispiel von Hepatitis C und Orf Viren beschrieben.
Abschliefend wird in Kapitel 5 der aktuelle Stand zusammengefasst und in einem Ausblick noch zu
bewaltigende Hirden aufgezeigt.
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Chapter 1 - Introduction

Recurrent diseases, such as the annual Influenza A wave, have been the main driver for
developing easily adjustable platform processes for decades. More prevailing, the SARS-Cov-
2 pandemic has once again drawn attention to critical bottlenecks during vaccine production
and stresses the importance of flexible, fast-in-place production technologies that can quickly
be adapted to new targets. This production incorporates both major aspects of
biopharmaceutical manufacturing, the upstream processing (USP) as well as the downstream
processing (DSP). For the sake of completeness, in the following, an overview on
pharmaceutical macromolecules and both phases of processing, USP and DSP, is given,

focusing mainly on the DSP.

Nanoplexes as vaccines, gene- and onco-therapeutic vectors

More than 220 years have passed since Edward Jenner showed a successful smallpox
vaccination using the vaccinia virus by the end of the 18" century.” Since that time, the
knowledge on viruses has greatly advanced yielding a thorough insight into production and
application possibilities. Jenner’s approach is a first example for using live attenuated viruses
for vaccination. Today numerous biopharmaceutical products based on viruses are available
on the market addressing different therapeutic challenges.? Beside classical vaccination
against infectious diseases, therapeutic targets include gene- and anti-tumor therapy in terms
of vector technologies or oncolytic treatment.>” For vaccination, oncolytic treatment or gene
therapy a variety of different approaches are feasible with individual properties and
possibilities.®"" With regard to biopharmaceutical products and nanoplexes, not considering
proteins, these include the use of nucleic acids, for example in RNA/DNA vaccines, viruses,
and virus-like particles (VLPs).2'>"* In contrast to whole virus particles, VLPs only comprise
of structural subunits of a virus, but do not contain it's genomic information. While nucleic acid
vaccines represent an effective way to carry a specific information without major immunogenic
site effects (e.g. against a vector), site-specific targeting inside the patient and uptake into the
respective cells are not easily achievable.'>'® Here, nanoplexes, such as viruses, VLPs or
extracellular vesicles, offer certain benefits. These include an enhanced activation of the
immune system, additional protection of the contained genetic information, as well as a site-
specific mode of action to name only a few.*'"-2° The specific kind of application is dependent
on the desired effect and might involve the use of the whole active (equals infective) or
inactivated viruses?"??, as well as the use of disintegrated viruses or VLP parts in terms of split-

or subunit vaccines (Figure 1).2324



Inactivated DNA / (m-)RNA

viruses

Extracellular vesicles

Figure 1 Different types of biological macromolecules and nanoplexes used for vaccination, as viral vectors
or for tumor therapy. For therapeutic applications in humans and animals, various approaches are possible.
Beside using whole and infective viral particles, these might as well be inactivated or mimicked by using virus-
like particles (VLPs). Furthermore, the application of viral subunits (“split” vaccines) or of nucleic acids carrying
the required information is feasible. Additionally, the use of extracellular vesicles facilitates the transport inside
the host. (The figure was created using BioRender.com).

Consecutively novel approaches are developed in order to achieve the desired therapeutic
goal. On the one hand this is driven by the desire to tackle unmet therapeutic tasks and find
more effective approaches to already existing treatments.?® On the other hand, in some cases
a vector specific immunity might be developed, limiting its repeated usage to different
applications.?%?” Therefore, the identification of new nanoplexes does not only include viruses
from human or animal origin, but potential products are derived from various sources, such as
insects and plants.?®3" In any case and independent of the nanoplex type and intended
application form, the product has to be amplified in sufficient amounts, granting an economic
provision of product harvest as starting material, which is the major responsibility of USP

production.



USP production for product amplification

The main focus during USP processing of viruses is the maximization of product titers, while
at the same time maintaining economic conditions using raw- and process materials, which
are compliant to regulatory guidelines.®?-3% As viruses are unable to replicate on their own and
per definition do not “live”, host cells are required that are capable of producing the individual
components constituting the virus or the VLP.%-3° Traditionally, vaccine generation was
dependent on animals, for example by using lymph of infected calves, pigs or rabbits.*° Later,
virus production was also done in (chicken) eggs or embryos, as this displayed an easy and
inexpensive alternative.*’ Even today a multitude of production processes are in place that
utilize this technique, e.g. for Influenza vaccines.*?*® The embryonated eggs are infected with
the virus of interest and incubated for its propagation. Although, this approach offered a certain
platform character, given by the premise of viruses being able to infect the embryoblast cells,
it only has limited optimization potential in terms of product titers.** Only a few parameters,
such as the compartment of inoculation in the embryonated egg or the incubation temperature
and time might be adjusted depending on the virus of interest.***’ In consequence, the
amplification in eggs is a rather uncontrolled procedure. Furthermore, the scalability is
problematic, due to the large amount of specific-pathogen-free (SPF) eggs that are required
and the resulting efforts for planning and logistics.** To overcome this limitation, virus
production in cell-culture has been developed and optimized for several decades. The major
advantage is to use virus-specific host cells, enabling a highly improved infection and
replication efficiency and thus increasing product titers.*®%° These host cells included on the
one side naturally occurring and adapted cells lines, such as human embryonic and Madin-
Darby canine kidney cells (HEK or MDCK) or vero cells derived from the African green
monkey.%"-52 On the other side, specifically designed cells, such as AGE1.CR, EB66 or PER.C6
cells, were genetically modified to improve productivity and product titers, for example by
enhancing the cellular metabolism.%® In this respect, the development was less oriented for
platform processes spanning over a variety of viruses but rather for optimization for one target
virus, including its corresponding genotype variations. Beside the cell line itself, the employed
cultivation strategy affects the resulting outcome. Early cultivations were mostly based on static
virus production using adherent host cells. Over time this was carried forward to using stirred
tank bioreactors (STRs) either with microcarriers for adherent cells, or directly with suspension
cell culture. The application of STRs improved online process control, for example regarding
pH and oxygen levels, and by that further optimized cell densities, nutrient supply and
altogether viral yields.®*® Furthermore, the implementation of fed-batch or even continuous
processing schemes became feasible.*®-5¢ Depending on the intended scale and the cultivated

cells, other alternatives to the STR include the application of orbital shakers or wave bags,
3



offering different agitation modes and hence shear forces compared to the impellers used in
the STR.5%0 Most of these reaction systems are available in single use, reducing the risk of
contamination and the required sterilization procedures.®' Beside the cells and the cultivation
system that is used for cell cultivation and product amplification, the utilized culture medium is
another important aspect to alter the product yields. While serum containing media are
tolerated by most of the cells, medium development towards serum-free or chemically defined
media allows a reduced level of initial contaminant levels, such as proteins, higher process
robustness and potentially increased product titers.5%4 Nevertheless, the adaption to
chemically defined medium is a time-consuming approach and the success rates are

dependent on the demands of the respective cells.536%

Although adaptions and improvements during USP allow an optimization of product yields, also
the process-related contaminants are highly dependent on the selected production
conditions.®®%” Thus, increased product amounts in the cultivation might come hand in hand
with an elevated burden of byproduct. The majority of these process-related contaminants
comprise of host-cell derived debris highlighting especially the protein and DNA levels, which
are particularly responsible for immunogenic side effects in the later patient.58%° Acceptable
levels of residual protein and DNA levels are defined by the regulatory authorities, such as the
United States’ Food and Drug Administration (FDA) or the European Medicines Agency
(EMA)."%"2 The choice of the virus amplification system defines the resulting type and degree
of contamination. By adjustment of the cultivation conditions, e.g. time of harvest, impurity
levels might be varied. In any case the USP process results in a rather heterogenous mixture
of product and process related contaminants, which need to be removed, in order to enable a
safe therapeutic treatment of both humans and animals. The removal of process-related
contaminants is the main focus and challenge of the subsequent DSP strategies.”>’* This
dependency particularly indicates the importance of a directed and structured process
development. Optimizing later DSP procedures, while at the same time changing USP
parameters, greatly increases the required effort and results in recurring fine-tuning. Hence,
USP production should be settled and robust, before starting the development of associated

DSP procedures.



Common DSP puirification techniques — possibilities and limitations

Standard DSP strategies comprise of a series of unit operations, each tackling another aim,

including impurity removal, product concentration or adjustment of the buffer composition
(Figure 2).67.72-74

Harvest coming
from upstream processing

DNA digestion

Clarification

Purification

Inactivation

Concentration /

Buffer exchange

Polishing

Purified

Nanoplex

Figure 2 Example of a standard process scheme for a viral vaccine purification procedure. Generally spoken, the
downstream processing (DSP) train can be divided into the different steps of clarification, purification and polishing.
While the clarification aims to reduce the burden of larger particles, such as cells and cell debris, during purification
and polishing host cell derived DNA and protein levels as well as other process-related impurities should be removed.
Depending on the intended application and type of product, additionally nuclease treatments or inactivation procedures
can be inserted at the indicated positions. Furthermore, concentration and buffer exchange, if for example required for
subsequent unit operations or adequate formulation, are possible.

5



The first part of a DSP train after the harvest usually targets the removal of remaining host
cells, cellular debris and larger aggregates formed during the USP. This is generally achieved
by means of centrifugation, depth, ultra, or tangential flow filtration (TFF).”>"8 Depending on
the respective product composition, a sequence of processing steps is often applied either by
the sequential increase in centrifugation speed, or by the decrease of the filter pore size.
Depending on the targeted production scale, however, the use of either filtration or
centrifugation is more prevailing.”® High investment costs when considering large scale
centrifuges or such suitable for continuous processing have to be mentioned in that regard.
Filtration applications, on the other side, are well scalable allowing a high throughput and also
enabling single-use applications. Single-use is particularly beneficial, as it comes along with
reduced costs and time for cleaning and sterilization procedures, including its validation.”-8
Disadvantages using membrane filters for clarification might include, among others, the
possible unspecific retention of product on the filter membranes, an increased shear stress for
the product, and the recurrent costs of consumables. Despite the advantages of filtration-
based techniques, the purification potential is limited. Especially when processing nanoplexes,
ranging in sizes from a few up to several hundred nanometers, filters must enable an
unhindered passage of these particles. Using appropriate filter cut-offs, consequently anything
smaller, such as DNA and proteins will be co-purified, unless binding to larger cellular debris
or being (un-)specifically retained, e.g. due to charge specific interactions. A useful variation
in this regard is to perform a TFF instead of depth, or ultrafiltration, with the latter ones being
generally considered as dead-end filtrations (Figure 3, left). A striking benefit of the TFF is that
it can be used to retain the nanoplexes without directly filtering out the product as the filter
membrane is overflown by the feed (Figure 3, right). Only the components smaller than the
membrane cut-off are able to pass along with the solvent. Accordingly, the product in the
retentate gets concentrated.®28% The continued addition of buffer to the retentate vessel,
enables a simultaneous buffer exchange, pointing out the advantage of the TFF as a unit
operation for a combined concentration and diafiltration.>' While doing so the repeated
circulation of the product through the TFF system has to be considered. This opposes an
elevated shear stress, probably resulting in product losses, especially for sensitive nanoplexes,
such as enveloped viruses. During the TFF, naturally, anything larger than the cut-off selected
to concentrate the target product is equally concentrated in the retentate. Hence, the technique
only offers limited applicability during clarification and although it is occasionally applied for the
latter, this unit operation is most often placed after the clarification, prior to final formulation or
a train of TFF units is used as a major purification step.348 Regarding this, the TFF has a
promising purification performance, however, molecules are not necessarily retained only

according to their size and the membrane cut-off. Instead, a certain amount of the impurities
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present in the starting material are co-concentrated. This holds especially true for the
contained DNA, which might form complexes or aggregates with the product and its depletion
reflects a common challenge. 8 To overcome these limitations a series of different TFF
membranes might be applied or an additional nuclease digestion step included. Although in
that manner, satisfactory purification results can be achieved, filtration-based clarification and

concentration alone is not sufficient for pharmaceutical applications in many cases.
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Figure 3 Working principles of the dead-end (left) and the tangential flow filtration (TFF, right) techniques. While
dead-end technologies, such as ultra and depth filtration are well suited for retention of large particles (e.g. cell
debris), letting the product and the majority of smaller contaminants pass, the TFF offers the possibility of
product concentration, buffer exchange and impurity clearance in one step. Filter cake formation during dead-
end filtration might lead to performance and product losses. However, cyclic recirculation during TFF might as
well cause product disruption.



For the sake of completeness another approach to concentrate the product instead of using
the TFF must be mentioned. This involves the use of density gradient (ultra-) centrifugation by
use of, for example, sucrose-, CsCl or iodixanol gradients and centrifugation speeds in the
range of 40,000 x g up to 100,000 x g¥-%. As the separation is affected by the density of the
molecules in solution, high purity levels can be obtained under more gentle conditions
compared to TFF depending on the size of the target product. Nevertheless, the throughput is
limited, and often requires a preceding concentration or accordingly large devices. The
introduction of zonal centrifuges is a notable possibility in this regard.®®®" However, as
mentioned for the clarification, the investment costs for such devices are high, and expenses
for cleaning and sterilization and respective validation procedures need additionally to be

considered. Furthermore, as for the TFF a co-concentration of contaminants is possible.%?

In terms of scalability, flexibility, and throughput, as well as for method specificity and, hence,
purification performance, chromatography is still a key technology for nanoplex production
processes.®® Although there is a tendency to avoid chromatographic steps in the purification
workflow, not at least due to high costs of chromatographic media®* %, a vast range of methods
was established and evaluated employing different chemistries and separation principles over
the past decades. Figure 4 displays an overview on key technologies utilizing chromatography
during the DSP. The method development for the chromatographic purification of nanoplexes
was originally based on the knowledge of commonly applied DSP techniques used for proteins,
particularly for antibody production.” Thus, mainly bead-based chromatography resins were
applied in the beginning using ion exchange (IEX), for anion (AEX) or cation exchange
(CEX)%°7 hydrophobic interaction (HIC)® or size exclusion chromatography (SEC)%1,
However, especially for antibody production, affinity chromatography proved to be a superior
possibility in terms of selectivity and hence in obtained purity levels.'® Unfortunately, well
established affinity methods, such as the popular Protein A resin for monoclonal antibody
purification, are highly expensive. More importantly, also their application to nanoplexes, which
differ a lot in their surface composition from single proteins was not possible and thus
represents no straightforward approach.'®? Hence, specific affinity methods were developed

for various types of viruses with its most prominent representative being the heparin affinity.'%3-
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Figure 4 Principles of the most common chromatographic purification techniques applicable for the DSP of nanoplexes. In any case the individual components in the solution
are separated by their distribution between surface of the stationary phase and the mobile phase. This distribution occurs due to binding of molecules to specific functional
groups, or ligands on the surface. Each method has its specific mechanism and depending on the physico-chemical properties of the product, either the product or the impurities
are retained. Thus, individual optimization and potentially a combination of two or more techniques is required. For ion exchange methods (anion or cation exchange) the pH ol
the surrounding buffer and the contained salt will influence the binding of molecules to the oppositely charged surface. During hydrophobic interaction chromatography, increasing
salt levels will result in retention of more particles, whereas removing the salt from the system results in particle dissociation. During size exclusion chromatography, no binding
occurs at all. Instead, molecules are passing through the stationary phase depending on their size, with larger particles eluting first. Although these basic principles are the main
driver for the respective technique, other factors such as unspecific binding, or the formation of product-impurity-complexes and more might influence the actual performance.




As mentioned, these different chromatography techniques were originally mainly employed
using bead-based resins and numerous DSP trains for nanoplexes have been developed or
are still under investigation using this kind of stationary phase. However, it has been shown,
that for large target molecules, such as viruses or bacteriophages, commonly applied resins

exhibit certain shortcomings (Figure 5).%

Bead resin Monolith / membrane adsorber

4 3§33 3

‘ Convective flow across the column

~a Diffusion on the surface of the stationary phase (film diffusion)

Diffusion into particle pores

Figure 5 Flow properties in bead-based stationary phases (leff) and convective flow materials, such as
monoliths and membranes (right). While using chromatographic resins, the diffusion into the pores of the
particles is of major importance. No pore diffusion exists when using monoliths and membranes (i.e.,
convective flow materials). When applying the latter materials, the film diffusion and the convective flow across
the bed are the main driver of the separation. This enables higher flow rates and reduces the pressure drop
across the column.

This is mainly attributed to higher pressure drops occurring in bead-based columns and an
inaccessible surface area inside particle pores. The higher pressure drops are potentially
leading to virus inactivation and degradation, whereas the limitation of the accessible surface
area reduces the overall capacity. In general, the latter holds true rather for bind-and-elute
methods, where the product is being retained, and not for flow-through methods, where the
product is not supposed to bind to the stationary phase. In this regard, SEC as a flow-through
method has a special position under the bead-based methods. Although it enables an efficient
separation of nanoplexes and smaller contaminants, it is limited by reduced loading volume
capacities and low flow rates.'®” Nevertheless, it has a high application potential for polishing
and final formulation purposes. For earlier positions in the DSP train, and particularly for initial
capture steps in the bind-and-elute mode, the SEC is not well suited. Here the use of monoliths
and membranes displays promising alternative to resins. Monoliths on the one side, offer large
binding capacities, but increase the overall costs drastically on the other side.'® Furthermore,

it was shown that monoliths are exceptionally susceptible to fouling, e.g. due to lipids, possibly
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making a regeneration and reuse difficult.’® When applied in single-use, these devices require
a major share in the cost-of-goods and, if recycled, a validated cleaning and sterilization is
necessary. Membrane-based approaches, on the contrary, promise the same benefits as
monoliths at reduced costs of consumables, enabling single-use and thus avoiding excessive
cleaning and sterilization procedures. Furthermore, the use of membrane systems implies an
easier handling in terms of weight, size, and stability of the materials (e.g., allowing a
backflushing of the stationary phase). Purifications of viruses and virus-like particles employing
membranes have been established for various separation principles including, among others,
ion exchange, hydrophobic interaction and (pseudo-) affinity. Table 1 gives a thorough
overview on published studies conducted with membranes as stationary phase for the
purification of viruses to the present. Several of the depicted approaches enable a high product
recovery and/or a sufficient impurity removal."%'"" However, they are often highly specific.
This includes an extensive optimization for the individual target product, as for example pH
values and ionic strengths during IEX methods. This specificity makes the process inflexible
and the transfer to new or varying targets is difficult. However, as indicated in the beginning,
the rage of possible target molecules is vast. This does not only include different kinds of
nanoplexes, but also different virus classes, as well as variations within a certain virus
species.'? This also covers different genotypes of the same virus, for example, in the case of
annual Influenza A deviations.""® In contrast to individually optimizing processing approaches,
platform technologies aim to increase process flexibility and thus are highly preferential.®
These platform technologies are typically characterized by a high adaptability to various types
of target products, while at the same time offering a sufficient specificity to successfully remove
process-related contaminants. In addition to that, properties that span over a wide range of
targets, such as the heparin binding affinity of various viruses due to their similar surface
protein compositions can be utilized. Noteworthy in relation to this is the pseudo-affinity
chromatography using sulfated cellulose membrane adsorbers.*""" This technique employs
the heparin binding potential of various types of viruses, which allows for a feasible platform
technology with broad application potential. By using sulfated cellulose as stationary phase,
no requirement for using heparin itself remains. This modification eliminates the costs for the
expensive heparin and, additionally, excludes the need for this animal-derived product, which
is problematic from a regulatory point of view in pharmaceutical applications. However, as not
all types of nanoplexes, have a heparin affinity, further platform approaches deserve an
evaluation. In addition to common membrane adsorbers, table 1 lists chromatographic

membrane applications with platform application potential as well.
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Table 1 Overview on chromatographic purification strategies for viruses and virus-like particles using membranes as stationary phase (Updated in June 2021).

V'“.:.?"I)ZLP Type of membrane adsorber Position in DSP and notes W Sta(gn;/:)Recovery Dynamic binding capacity Impurity depletion Reference
DNA Protein
. AEX e e .
Adenovirus . . . Purification (after clarification/ 97% DNA reduction . 118
70-100 nm Sartobind anion direct concentration) + nuclease 62% infective particles N.A. (13 ng/10"" total . NA Peixoto 2008
) Only qualitative SDS-PAGE
No envelope particles)
Adenopure kit - ion exchange Purification 4.2x10°- NA N.A. N.A. Duffy 2005'"®
membrane +nuclease 1.26x10"" PFU o Not tested Qualitative SDS-PAGE
AEX
Hydrogel grafted membranes
low ligand density 90% 3.02 mguirus cM2 0.1 pug mL" N.A.
medium ligand density Purification 90% 3.02 mguirus M2 0.35 ug mL"" (only total protein determination in the flow
high ligand density +nuclease 25% 4.70 m@virus M2 0.25 pg mL"" through, not in the eluate)
Nestola 201420
Directly grafted membranes
low ligand density ~20% N.A. 0.2 yg mL’ N.A.
medium ligand density ~25% N.A. 0.4 pmL’ (only total protein determination in the flow
high ligand density ~30% N.A. 0.5 yg mL"’ through, not in the eluate)
AEX Purification (AEX in flow ® 5.43 mgpna mL’ 93% 70% 110
Sartobind STIC through mode) Sl (no virus binding) 4LRV 5LRV Mesitoln 2005
+nuclease
Affinity Membrane Polishing o 4 4 121
Sartobind IDA 75, charged with Zn?* +nuclease 87% N.A. <25pg mlL <0.3ng mL" (<LOD) Lee 2009
AEX 111
Sartobind Q Purification 100% NA. 90% 90% Kawka 2019
Laterally-fed membrane +nuclease 100% N.A. 90% 90%
AEX
' - 0N .
low ligand density (440 umolg) Purification 50-90% depending on NA. NA. >95% Tumbull 201912
medium ligand density (750 ymol/g) adsorption time
high ligand density (1029 umol/g)
Adeno-
associated . . .
. L Purification 9.3x10'° particles on N.A. N.A. Duffy 2005'"°
™ _
v;r;_sz‘(iAr::r\‘l) P (o R +nuclease average e Not tested Only qualitative SDS-PAGE
No envelope
AAV1:
. 0,
CEX Mustang S Capture CEX (pH 6.5): 52% N.A.
AEX (pH:8): 86% N.A. N.A. 123
* * Not tested (90% purity based on SDA-PAGE) Okada 2009
- AAVS:
AEX Mustang Q polishing Total: 49% (n=3) N.A.
SXC Capture >05% 3.1x10™ viral genomes cm'2 >90% >80% Marichal-Gallardo

Regenerated cellulose + PEG

2021124

12



Aedes aegypti

denso-
nucleosis virus AEX
-VLP Sartobind Q
20 nm
No envelope

AEX
Sartobind Q

CEX
Sartobind S

Baculovirus
30-60 x 250- AEX
300 nm Sartobind D
Enveloped

CEX
Sartobind S15

CEX

Mustang S Acrodisc

Capture

Capture

Capture

Capture

N.A.
Only adsorption isotherm
measurement

N.A.
Only DBC analysis

1.35 x 10" viruses mL"

1.35x10" viruses mL™"

1.9x108 viruses mL"!

7.7x10"° virus particles mL"!
8.5x108 virus particles cm2

N.A.
No DBC tested

N.A.
Only adsorption
isotherm measurement

N.A.
Only DBC analysis

5 ug x 10°virus
particles™

N.A.
Not tested

N.A.
Only adsorption isotherm measurement

N.A.
Only DBC analysis

66 ug x 10° virus particles™

N.A.
Only qualitative SDS-PAGE

Specht 2004125

Wickramasinghe
2006'%"

Vicente 20092

Wu 20073




. S 99.7% 92.4%
Influenza A DBCs: 3.4 igra cm (2.5LRV) (11LRV)

virus SXC
80-120 nm Regenerated cellulose + PEG

Marichal-Gallardo

Capture 1 133
906.7 gramL 13245 ng total 524 pg 2017

Enveloped 88.3 ng mL™" 22.7 uyg mL™!

Q m:\nl?bfrane Capture <28% 10.8 kHAU cm™ N.A. N.A.
CEX
S membrane Capture <22% 5.28 kHAU cm? N.A. N.A. Kalbfuss 2009'3%
Glass fiber Capture 4% 21.3 kHAU cm? N.A. N.A.
Iminodiacetic acid Capture <5% 2.70 kHAU cm N.A. N.A.

IMAC Capture after R-propriolactone . y ; 137
zinc-modified Sartobind® IDA inactivation 64% (A/Puerto Rico/8/34) 15.36 kHAU cm™® Opitz 2009




Pseudo affinity Capture 80% N.A. 97.5% 71%
sulfated cellulose
+ + Weigel et 20163
AEX
Satobind STIC Polishing 100% 17.5 ugona cm™ 81% 36%
75% (total)
AIPR/8/34 99.5% (total) 76% (total)
(H1/N1) 1.2 ngona/15 HgHA >19.8 pgprotein/ 15 PgHA
AEX - o - . No quantification (flow o o 140
ChromaSorb Polishing (flow through) 100% A/Wisconsin/N1H1 through experiment) 100% (<10 ng) 80% lyer et al. 2012

Pseudo affinity — sulfated cellulose

80% DBCzo0% 78 ngHa mL™" 80% 89%
Capture + nuclease and 0.07m ° 4
Influenza-VLP AEX EDTA-Protease Inhibitor Lon D1 MGeotprot. HGHA Carvalho 2018
H o, <]
Sartobind Q Cocktail 47.4% N-A. 0.26 Mgiotprot. PgHA™"
0.18 mgtot.prot. IJgHA_1
Sartobind S 45.9% N.A. <LOD

AEX Capture / concentration N.A.

i 142
LentiSELECT1000 +nuclease o Only qualitative testing for protein and DNA content Zimmermann 2011

AEX
Mustang Q XT -

Capture A. A. A. A. Rout-Pitt 20184




AEX ) 80% (1 M NaCl elution) ) 146
Mustang Q Acrodisc Capture / concentration 65% (NaCl gradient) N.A. N.A. N.A. Marino 2015
AEX c 60% ic 2003147
Mustang Q apture o N.A. N.A. N.A. Dropulic
AEX Purification after tangential
regenerated cellulose nanofibers flow filtration 9 90% N.A. 0% 2 LRV Ruscic 201948
derivatized with a quaternary amine
AEX
Sartobind Q
(3mL /150 mL /400 mL)) Capture 30%/12N4;A)/22.4% NA N.A/?\I8Za/100 NIA”?\?K’” 00% Valkama 202014
Sartobind Phenyl! N o N "
N.A. N.A. N.A.
Mustang Q
a) Murine AEX
0,
leukemia virus a) Mustang Q ~1X1g; 'ngfj LA 2.21 LRV 3.51 LRV
80-120 nm Capture + nuclease 1.27 x 108 infectious units 45 g total ~140 pg mL"’ McNally 2014150
Enveloped p MLmembrane™!
. N.A. N.A.
0,
b) Mustang Q XT Acrodisc 48.3% Not tested Not tested
b)MoMLV- NA
derived vectors AEX Capture / concentration + o N.A. et ] N.A. . 142
(VSV.G LentiSELECT1000 nuclease i On;y quallltattl\;eéiﬁmg Only qualitative testing for protein content AL AT
pseudotyped) 'or coelute
Murine
polyomavirusV AEX o 6 ng DNA per 100 pg Protein purity: ) 151
LP-Platform Sartobind Q Capture 69 + 4% N.A. VP1 61% Ladd Effio 2016a
(VP1)
Human B19
Parvovirus-like AEX
particles Sartobind Q Capture 59% 5.7 mg mL™" 8 ng DNA /100 ug VLP 81.5% protein purity Ladd Effio 2016b'%?
25-30 nm
No envelope
N.A. only feasibility study
AEX P I for interlaced size h . ' 153
Sartobind Q Initial purification exclusion N.A. <20 ng/mL 81% protein purity Ladd Effio 2016c
chromatography
Retro-VLPs AEX Purification o 5.43 mgona MLmembrane™’ 8 110
Enveloped Sartobind STIC (AEX flow through) 45% (no virus binding) 2 LIRS (fiar Wil i) S4B LRYE hestolal2015
Capture 55.2% 90% (1.3 LRV) 45% (55% purity)
Rotavirus-VLPs AEX
75-85 nm ; + N.A. Vicente 2008'%*
No envelope Sartobind D 75
Concentration 97.6% ~100% (4.5 LRV) 2% (98% purity)
total: 46% total: ~100% total: 2% (98% purity)

1.4 mgona/mg vip
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Pseudo-affinity
a) Heparin Capture

b) Sulfated cellulose

AEX

Q-membrane Capture

170 pg cm

1.3 ng/dose

<LOQ (99.9%)

86 ngrce mg™”

Wolff 2010b""7

Pato 201957
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Steric exclusion chromatography as platform technology

One approach for a purification technique spanning over a wide range of possible targets is
the steric exclusion chromatography (SXC)."®® Similar to the SEC it is mainly driven by the
target particles’ size. The major difference between both methods, however, is the mode of
action. Whereas the SEC is performed as a flow through method, the SXC is implementable
as a capture step, allowing larger loading volumes, an increased throughput, and a
concentration of the target molecules at the same time. Although the underlying mechanism is
not yet fully characterized (e.g., concerning adsorption constants), it is known that the SXC
combines elements of precipitation with a size depending retention on a stationary phase,
while at the same time avoiding an actual precipitation. Because of this, the separation is not
driven by filtration in the first place. To clarify this relation, in the following the basic principle

of macromolecular crowding and its application to the SXC is described.

The major driver of the SXC is an accelerated crowding of the molecules in solution due to the
addition of a cosmotropic agent, such as the non-ionic polymer polyethylene glycol (PEG)'%®-
61 The crowding is induced due to the hydrodynamic radius of the PEG, which is limiting its
approximation to other particles in solution (Figure 6). This results in reduced PEG
concentrations near the surface of the respective macromolecules (or the stationary phase, if
present) compared to higher concentrations in the surrounding bulk solution. The arising
concentration gradient leads to a thermodynamical destabilization of the system. This
unfavored state is resolved by an association of the macromolecules to each other and by that,
reducing the overall liquid volume not accessible for the crowding agent. Additionally, excess
water is transferred to the bulk solvent during association, thus reducing the actual PEG
concentration in the surrounding and strengthening the interaction between the associated

macromolecules.

©e® o

Figure 6 Polyethylene glycol (PEG) induced crowding effects of molecules in solution. In a solution containing
macromolecules and a crowding agent, such as the coiled PEG (A) the hydrodynamic radii of the polymer
determine the approximation of the PEG to the macromolecule (B) resulting in zones inaccessible to the PEG
(vellow areas around the circles). This causes a concentration gradient between these PEG deficient zones and
the surrounding solution. Due to an association of the macromolecules to each other, the surface area between
these two phases is reduced. Furthermore, during the association excess water is transferred to the bulk, thus
reducing the polymer concentration in the surrounding liquid. The high concentration of a crowding agent in the
bulk solvent affects the free energy changes AF (instead of AFo) and enables the association in the first place (D).
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Depending on the size and concentration of the polymer, these effects might be adjusted and
enable the selective exclusion of macromolecules of varying molecular weights. For decades,
this has mainly been applied to entirely precipitate proteins and viruses with subsequent
separation by centrifugation.®2-'% |n this approach varying PEG concentrations between 4%
and 40% were used and then incubated (usually under cold conditions) for at least about an
hour before centrifugation.®6-'¢8 Additionally, it was combined with high salt levels, e.g., >0.5 M
NaCl to facilitate the precipitation. The method, however, was limited by a poor selectivity, bad
recovery rates, and most of all, the high time-investment and difficult scalability. Besides
protein purification, the effects of polyethylene glycole in a solution enable cell fusion, for

example using hybridoma cells with the aim of immunoglobulin production.¢%-172

. Macromolecule 0@ Impurities §NﬁfN\j\l\‘\ PEG of different molecular weights
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A) Dependence on PEG molecular weight B) Dependence on PEG concentration macromolecules to D) Washing out E) Elution of
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Figure 7 PEG induced crowding effects during the chromatographic purification of nanoplexes by steric exclusion
chromatography (SXC). The particle association described in Figure 7 can be adjusted by varying the size and
concentration of the PEG (A, B). Furthermore, particles do not only associate to each other but in presence of a
hydrophilic surface also to this stationary phase (C). Maintaining the concentration of the crowding agents under
flow conditions allows a removal of smaller contaminants (D). Finally, a removal of the PEG from the solution results

in a subsequent dissociation of the particles and enables an elution of the latter. image reprinted from “Vaccine Delivery technology,
Chapter 12 - Upstream and Downstream Processes for Viral Nanoplexes as Vaccines”, authored by Keven Lothert, Gregor Dekevic, Daniel Loewe et al. with permission
from Springer Nature, License number: 5053010802573.

The SXC as a chromatography method (Figure 7), on the contrary, is performed at PEG
concentrations below <15%, without holding times after adding the PEG, and under
physiological salt conditions. It was primarily described for the purification of large proteins and
bacteriophages using monoliths by the group of Pete Gagnon.'®8'73174 |n the following the
stationary phase was varied by using for example cryogel monoliths with differing surface
characteristics'”>'76, or starch-coated magnetic nanoparticles'’”, optimizing the (selective)
retention of still the same target molecules, such as serum proteins. A later application of the
original monoliths successfully extended the range of targets to the separation of DNA and
RNA molecules.'”® However, as indicated in the previous section, for larger nanoplexes, from
the available convective flow materials, monoliths display major disadvantages such as
pressure restrictions, limited single-usability, and high production costs. Furthermore, an

implementation into aseptic processing is limited as the required monoliths are difficult to
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autoclave due to their weight and sterilization by radiation is not possible. Thus in 2016 the
SXC method was carried forward, by applying single-use cellulose membranes in custom-
made housings for the purification of Influenza A viruses.3317.180 |nitial proof-of concept
studies following these findings indicated a high product recovery as well as a promising
impurity removal.'”®'8 Later the platform character was further underlined by the purifying
adeno-associated viruses.'®" Hence the SXC's implementation into vaccine production
schemes was a reasonable perspective still requiring a reliable confirmation, and a close study
of the pitfalls associated with the technique. This can be considered as the starting point for

the herein presented studies.

Directly linked to the works concerning the SXC so far, the aim of the studies conducted in the
present work was to further evaluate a possible development of the SXC. The aim was to
advance the method from laboratory-scaled platform approach to its incorporation into
complete DSP process trains. These should enable a scalable processing to obtain products

suitable for human or veterinary applications.

Scope of the presented studies

For a start, the SXC was established in the laboratory at first, using a rather large-sized model
virus, the baculovirus, capable for applications in cell and gene therapy (chapter 2). By applying
this model virus, the study revealed the impact of different process conditions, such as PEG
concentration and flow rate on the method’s performance, that can, however, be optimized in
a design of experiments approach. The outcome was a virus recovery above 90%, virtually
complete protein removal, and a high DNA depletion of 85% confirming the performance that
other groups achieved with the SXC using other viruses of smaller size.'?*'33 Furthermore, this
initial study evaluated the application of different membrane types as stationary phase for the
SXC and the influence of batch-to-batch variations for the same virus genotype. It was shown
that the application of plain cellulose membranes, as already done in past studies, is the most
promising approach. Other membranes showed a reduced virus recovery or impurity removal
(e.g. polyamide membranes) or presented a lower stability during loading of the SXC (e.g.
glass microfiber membranes). Although stabilizing these membranes by a binder or adjusting
the pore size could improve the stability and enable efficient process scale applications, the
use of plain cellulose is straightforward and economical. The batch-to-batch variation in this
study was negligible, suggesting a robust method performance, provided a consistent USP
procedure is available. Although this was already indicated in literature using Influenza A
viruses'? it was proven for larger model viruses, such as the baculovirus. The impurity removal
was sufficient for certain cell therapy applications, however, in this first study the SXC was
performed as a stand-alone procedure after an initial clarification by centrifugation. An
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additional nuclease step or a subsequent polishing was not implemented. Thus, DNA levels
were still higher than acceptable for human pharmaceutical applications that allow a maximum
DNA amount of 10 ng/dose and DNA sizes below 200 bp.”>7"182 As a matter of course, for a
human pharmaceutical product fulfilling regulatory product requirements, a complete DSP
needed to be developed, including the SXC as one of the chromatographic methods.
Consequently, the SXC was implemented into two production processes for the purification of
Hepatitis-C-virus (HCV) as well as for the Orf virus (ORFV). For the reasons below, both virus
types are particularly interesting for evaluations. For HCV currently no vaccination is available
and therapeutic approaches are based on antiviral agents, with limited success.'®'% ORFV
on the other side, represents a promising platform technology as a viral vector, for oncolytic
treatment and is currently under evaluation for a SARS-Cov-2 vaccination at the time of writing
this thesis.'® Hence for neither of these viruses an existing DSP procedure was available.
Accordingly, the process development was completely open and not directed by historical data,
making it particularly interesting and suitable for novel approaches. As the HCV family
comprises of six genotypes with various subsets and the ORFV itself represents a platform
technology with potentially unlimited subtypes, the implementation of a DSP platform approach
using the SXC was reasonable. Although both viruses are enveloped, they are representatives
of different nanoplex appearances with entirely divergent surface compositions. '8 Additionally,
HCYV displays a rather small (30 - 80 nm) spherical particle, whereas the ORFV is rather large
(150 x 250) and rod shaped. 8187

For the ORFV, a screening approach was evaluated (chapter 3). Here along the way of process
development, the SXC was benchmarked against commonly applied stationary phases, such
as |IEX or pseudo-affinity membranes. Although some of these alternatives were equally
suitable for virus retention and recovery, superior performance with regard to a simultaneous
removal of impurities was observed for the SXC. Without rigorous method optimization more
than 85% of the loaded virus amounts could be recovered, while, at the same time, reducing
the remaining dsDNA and protein levels to 37% and below 1%, respectively. To set-up a
complete processing scheme, subsequently, secondary purification techniques were
evaluated following the initial SXC capture. Among these were again different IEX membranes,
pseudo-affinity and HIC membranes, as well the Capto™ Core 700 resin. It could be
determined that the main focus of the secondary chromatography after the SXC was to remove
residual DNA and maintain the virus concentration as most of the proteins were already
eliminated at that stage. For this reason, the benefit of the evaluated AEX membranes was
negligible, as the remaining DNA was co-eluting. Also, the sulfated cellulose membrane
adsorbers only had a limited applicability, due to high viral losses in secondary as well as in

primary purification. Despite the theoretical feasibility of this pseudo affinity technique, the pore
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size of the device (~0.8 um) might not be optimum for the large ORFV. As optimization of this
technique was beyond the scope of this project, the most promising methods after an initial
SXC capture step were the use of a mixed-mode size exclusion chromatography and a HIC
membrane. For the sake of viral integrity and unhindered product recovery, the Capto™ Core
700 flow-through method was more promising than the bind-and-elute principle of the HIC,

which generally requires high amounts of salt during loading.

To complete the downstream purification scheme, subsequently the DSP procedure was
optimized by integrating a clarification train comprising of two filter units with sequentially
decreasing pore sizes and a nuclease treatment (chapter 4, part A). While the clarification was
mainly used to remove larger cells and cell debris, the chromatography set up was primarily
responsible for impurity removal and concentration, with the latter one being achieved during
the SXC. An additional advantage of this set-up was that not only process-related impurities
from the USP were successfully removed but also supplements arising from the DSP. Of these
the most notable is the nuclease enzyme, which is used for DNA digestion, but must be
removed from the final pharmaceutical composition. As the SXC eliminates more than 98%
and the Capto™ Core 700 the residual amounts of proteins, the resulting products can be
considered nuclease free. The second major process-related contaminant, added during the
DSP, is the PEG. Although final PEG levels could only be estimated based on theoretical
calculation (<2%), PEG is “generally recognized as safe” (GRAS) and thus no critical aspect
of the final product. In conclusion, using the derived DSP process, for two different Vero cell-
derived ORFV virus genotypes, the final product specifications were within regulatory
limitations of 10 ngona/dose for doses of up to 1.0E+7 viruses/mL. In total, the virus recovery
was ~64% for the entire process and above 90% for the SXC step alone. This extends the
earlier statements, showing the method’s robustness not only for different USP batches, but
also for different variations, i.e. genotypes, of the same product within the utilized
chromatographic set-up and scale. These findings confirmed earlier results for different
Influenza A strains using the SXC'* and, furthermore, proves the applicability to a whole

process train for the production of human pharmaceuticals.

The platform character of the SXC in DSP processing schemes was shown for the HCV,
afterwards (chapter 4, part B). Here, no evaluation of different alternative unit operations was
conducted. The process scheme was settled in the beginning and unit operations were
subsequently optimized. By this approach, a process was developed that started with an initial
clarification and concentration by depth and crossflow filtration approaches. Afterwards, the
feed was nuclease digested and directly applied to the SXC. First experiments with standard

SXC process conditions derived from literature™? and from the results obtained in chapter 2
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and 3, however, resulted in a complete product loss in the flow-through fraction. A variation of
the previously identified critical process parameters could not resolve this issue. Hence, for
this particular product and procedure some critical process parameters might differ. The SXC
performance was described in the literature to be optimal for pH values near the isoelectric
point (pl) of the product’®. Hence the pl was determined for the evaluated HCV showing a
rather alkaline condition. Following this result, it could be shown for virus particles for the first
time, that for rather alkaline pls (>9), a pH difference of already one unit can crucially affect
the methods’ performance. While the SXC was inoperative at neutral (pH 7.4) conditions, for
values above a pH of 8.5 the outcome was highly improved. By applying the elevated pH
conditions a full virus recovery was achieved. In combination with the initial clarification and a
subsequent polishing step using sulfated cellulose membrane adsorbers, the impurity
clearance was sufficient to allow therapeutic applications in humans for doses of up to
1.0E+8 viruses/mL. The feasibility was proven for two major HCV genotypes. Using sulfated
cellulose membrane adsorbers, a (pseudo-) affinity technique described earlier, for the
polishing step, ensures the removal of remaining nuclease and PEG as both are theoretically
unable to bind to the stationary phase. Hence, as compared to the results of ORFV (chapter

4, part A), a clearance of process-related impurities can be assumed in that case as well.

In summary, the studies showed, that the inclusion of the SXC is suitable for an integration as
a capture step into DSP processing schemes. The SXC then is the major cause for impurity
clearance and product concentration, while at the same time allowing high recoveries.
Nevertheless, the combination with further unit operations is required, in order to allow a
separation of larger cellular contaminants as well as a final polishing. As a result, the
purification train can be reduced to its most basic framework of clarification, capture (SXC) and
a final polishing step and to meet the purity requirements. This low number of processing steps

minimizes overall losses and enables an intensified productivity.
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Chapter 2 — Initial evaluation of the SXC: Optimization of critical
process parameters and screening of stationary phase membranes
using as a model the baculovirus

This chapter demonstrates the general approach for virus purification by membrane-based
SXC. By using the insect cell-derived baculovirus as a model, it is shown how critical process
parameters, such as PEG concentration and process flow rate, can be optimized. It is also
highlighted that such an optimization often includes a trade-off between virus recovery and
impurity removal. Furthermore, attention is drawn to the importance of sufficient sample
loading in terms of dynamic binding capacities, to reduce the susceptibility for unspecific
losses, highly affecting the overall material balances and thus the estimated product recovery.
The optimized SXC process presented in this chapter, allowed for a sufficient product purity
for ex-vivo use as a gene transfer tool for human stromal cell transduction. To achieve this
aim, no further process steps were included, despite an initial clarification by filtration or
centrifugation. The presented manuscript further points out that the process conditions are
suitable for different viral production batches of the same genotype without the need for

additional adjustments.

Particularly new in this study is the examination of different stationary phase materials for the
SXC application. To our knowledge no application other than regenerated cellulose, porous
poly-methacrylate with OH-ligands and dextran beads are described in literature. In the
following study a total of seven different membranes of four material classes were evaluated.
The most promising ones, a kind of glass fiber and a polyamide membrane, were evaluated in

more detail and benchmarked against regenerated cellulose membranes.
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ARTICLE INFO ABSTRACT

Keywords: The continuously increasing potential of stem cell treatments for various medical conditions has accelerated the
Downstream processing need for fast and efficient purification techniques for individualized cell therapy applications. Genetic stem cell
Stem cells engineering is commonly done with viral vectors like the baculovirus. The baculovirus is a safe and efficient gene
Baculovirus

transfer tool, that has been used for the expression of recombinant proteins for many years. Its purification has
been based mainly on ion exchange matrices. However, these techniques impair process robustness, if different
genetically modified virus particles are applied. Here, we evaluated the membrane-based steric exclusion
chromatography for the purification of insect cell culture-derived recombinant Autographa californica multi-
capsid nucleopolehydroviruses for an application in cell therapy. The method has already proven to be a
powerful tool for the purification of Influenza A virus particles, using cellulose membranes.

Aside from the aforementioned cellulose, we evaluated alternative stationary phases, such as glass fiber and
polyamide membranes. The highest dynamic binding capacitiy was determined for cellulose with 5.08E + 07
pfu per cm? membrane. Critical process parameters were optimized, using a design of experiments (DoE) ap-
proach. The determined process conditions were verified by different production batches, obtaining a mean virus
yield of 91% =+ 6.5%. Impurity depletion was > 99% and 85% for protein and dsDNA, without nuclease
treatment. Due to the method’s specificity, its application to other baculoviruses, with varying surface mod-
ifications, is conceivable without major process changes. The physiological buffer conditions enable a gentle
handling of the virus particles without decreasing the transduction efficacy. The simple procedure with sufficient
impurity removal enables the substitution of time-consuming ultra centrifugation steps and can serve as a first
process unit operation to obtain higher purities.

Design of experiments

1. Introduction

The improvement of purification techniques for biological nano-
plexes, i.e. viral vaccines and gene therapy products, is of permanent
interest, as the public health system faces the challenge to reduce costs
and to improve product purity and productivity. Most of the current
production processes are optimized to purifiy proteins, whereas the
downstream part for the larger viruses, virus-like particles and viral
vectors is often a bottleneck. To resolve this limitation for the chro-
matographic purification of viruses and virus particles, the application

of membrane adsorbers has proven to be a fast and efficient alternative
to resins, and less expensive than monolith-based applications
(Kramberger et al., 2015; Trilisky and Lenhoff, 2007; Wu et al., 2013).
In bead-based systems, the size exclusion of larger macromolecules
from the pores leads to a reduced accessible surface for product ad-
sorption. A further disadvantage of these materials is the limited flow
rate due to a higher pressure drop across the column (Wolff and Reichl,
2011). By using membrane chromatography, the limitations of bead
systems are avoided, thus reducing process times and costs (Nestola
et al., 2015; Orr et al., 2013).

Abbreviations: AcMNPV, Autographa californica multicapsid nucleopolyhedrovirus; CV, column volumes; DBC, dynamic binding capacity; DoE, design of experi-
ments; GMF, glas microfiber filter; GFP, green fluorescent protein; HCM, hydrosart cellulose membranes; HMSC, human mesenchymal stromal cell; MF, mean
fluorescence intensity; MOIL, multiplicity of infection; PA, polyamide; PEG, polyethylene glycol; SXC, steric exclusion chromatography; VSV-G, vesicular stomatitis

virus glycoprotein
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With regard to the baculovirus purification, a variety of different
purification techniques have been described, including filtration ap-
proaches (Michalsky et al., 2009, 2010) as well as sucrose gradient
ultracentrifugation (Airenne et al., 2000). Both techniques are limited,
mainly due to high equipment costs, time-consuming procedures and a
poor virus recovery and impurity depletion (Kwang et al., 2016). Bead-
based chromatography methods, employing heparin affinity
(Nasimuzzaman et al., 2016), immobilized metal affinity (Hu et al.,
2003) or size exclusion (Transfiguracion et al., 2007) have been eval-
uated, but they just as are limited by the drawbacks stated above.
Furthermore, several membrane chromatography purification processes
have been reported, applying ion exchange membranes exclusively
(Grein et al., 2012; Vicente et al., 2009; Wu et al., 2007). The limiting
factor for these applications is the dependence on the viral surface
composition to allow sufficient virus-binding. Thus, for varying virus
genotypes, or changes in the upstream processing that alter the surface
of the budded virus particles, the performance of these matrices must be
re-evaluated.

The steric exclusion chromatography (SXC) represents a good al-
ternative to the described procedures, as the technique focuses on the
size of the target species, and not on a specific surface composition.

Initial reports on this chromatographic method were made by Lee
et al. (2012) for the purification of IgM and bacteriophage M13K07,
using OH-monoliths. Subsequently, the purification of y-globulin and
albumin (purity: 79% and 94.7% resp. in a two-component system),
using hydrophilic cryogel monoliths, was shown by the same group
(Tao et al., 2015; Wang et al., 2014; Gagnon Peter, 2017 European
Patent EP2720768B1Gagnon, 2012Gagnon Peter, 2017 European Pa-
tent EP2720768B1; Gagnon Peter US Patent US20170218011A1,
pendingGagnon, 2017Gagnon Peter US Patent US20170218011A1,
pending). Furthermore, the SXC was used in combination with starch-
coated magnetic nanoparticles for the purification of IgG monoclonal
antibodies (Gagnon et al., 2014). Marichal-Gallardo et al. (2017) re-
cently showed the successful application of cellulose membranes for the
purification of Influenza A virus particles by SXC (Marichal-Gallardo
et al., 2017; Wolff et al. European Patent EP3371302A1, pending; Wolff
et al. US Patent US20190085300A1, pending). This allowed a fast and
cost-efficient purification of virus particles, that can furthermore be
carried out with single-use materials, reducing the need for cleaning
and sterilization procedures.

The method is based on a described effect, where polymers, such as
polyethylene glycol (PEG) in high concentrations, induce molecular
crowding and protein-protein associations (Arakawa and Timasheff,
2002; Atha and Ingham, 1981; Kuznetsova et al., 2014). This effect was
intensely used for the purification of proteins and virus particles, as the
precipitation of the macromolecules enabled an efficient separation
from smaller molecules (Giese et al., 2013; Honig and Kula, 1976; Sim
et al.,, 2012). However, this means that proteins either need a pre-
ceeding purification, or they require distinct molecular weight differ-
ences, in order to be selectively precipitated. When using PEG during
SXC, precipitation must be avoided to prevent filtration effects on the
stationary phase as well as virus damage. Thus, PEG concentrations are
chosen that lie below precipitation conditions (Lee et al., 2012).

For the SXC, a crude pre-clarified cell culture harvest is mixed with
a PEG-containing solution, and afterwards applied to a hydrophilic
stationary phase. The steric exclusion of PEG from both, the stationary
phase and the macromolecules in the solution, leads to the formation of
PEG-deficient zones. In order to reduce the surface between the PEG-
deficient areas and the solvent with higher PEG concentrations, mac-
romolecules associate with the stationary phase and with other mac-
romolecules surrounded by PEG-deficient zones. Depending on the
molecular weight and the concentration of PEG, particles of different
size can be retained, whereas smaller impurities, unaffected by the PEG-
deficient zones, are washed out. To elute the macromolecule of interest,
the concentration of PEG in the mobile phase is reduced.

In the present work, vesicular stomatitis virus glycoprotein (VSV-G)
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pseudotyped Autographa californica multicapsid nucleopolyhedrovirus
(AcMNPV) particles were purified using membrane-based SXC. This
virus can serve for gene transfer and the transduction of human me-
senchymal stromal cells (hMSCs). The pseudotyping of the virus with
VSV-G, as described by Sprick et al. (2017), allows an improved
transduction efficacy of hMSCs compared to the native AcMNPV. Cer-
tain advantages make the baculovirus a favourable tool for the appli-
cation as a gene transfer tool or viral vector. Thereof most important to
be named is that the main host of the baculoviridae are insects. As a
consequence, they cannot replicate in mammalian cells despite their
ability to transduce them, reducing the risk for possible immunogenic
effects (Summers, 2006). Other viral vectors, such as the adeno- and
adeno-associated virus or the lenti- or retrovirus vectors, show certain
disadvantages, e. g. a high risk potential (immune responses, integra-
tion of viral genetic information into the hosts’ genome) or a small
genome size, limiting the modification possibilities (Liniger et al., 2007;
Raper et al., 2003; Scott et al., 2016; Vannucci et al., 2013). In con-
sequence, the herein presented method provides a fast and efficient
method for the purification of a highly effective and safe tool for cell
transduction and gene transfer.

Furthermore, the applied recombinant baculovirus served as a
model for large rod-shaped virus particles (L: 200 nm-300 nm; D:
30 nm-60nm) for the SXC, as currently no data on the method per-
formace for this kind of particle is available.

It is of additional interest for size-dependent purification methods,
that for VSV-G pseudotyped viruses slightly different particle sizes and
a rather oval than rod shaped structure have been described previously
(Barsoum et al., 1997). In this work, the optimization of the yield and
product purity and the maintained efficacy of the viral vector after
purification was confirmed.

2. Materials and methods
2.1. Used baculovirus

AcMNPV, pseudotyped with the VSV-G, were used. Virus details and
the pseudotyping have been described previously (Sprick et al., 2017).
More detailed information can be found in the supplements.

2.2. Cell culture

The virus production was carried out in Sf9 cells, maintained in
serum-free medium (Sf900 II SFM medium, #10902096; Life technol-
ogies) using spinner flasks (50 ml culture volume) or a stirred tank re-
actor (2.4 1 culture volume), as reported by Sprick et al. (2017). Further
details are given in the supplementary data, as this is not the focus of
this work.

2.3. Virus harvest and initial clarification

Virus particles were harvested at a cell viability below 50%. For the
initial clarification, the cell culture broth was either centrifuged
(10 min at 250 xg and 3000 xg, 10 min; and 20 min at 4700 xg) or fil-
tered using depth filtration. For the latter, polypropylen filters
(Sartorius) were applied, that offer pore sizes of 3 and 0.65 um and a
filter area of 0.12 m® and 0.013 m>, respectively. Filtration was done at
a constant flow of 150 ml min~!, using the SARTOFLOW® Slice 200
system (Sartorius). The clarified virus suspension was stored and light-
protected at 4 °C until further usage.

2.4. Determination of AcMINPV titer

The virus amount in the harvest solution was determined by the
TCIDso method (Sprick et al., 2017). Briefly, Sf9 cells were infected in
multiwell plates with dilutions ranging from 10~ 2 to 10 pfu ml™. The
virus particles carried the gene encoding for the green fluorescent
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protein (GPF), which was subsequently expressed in infected cells.
Thus, wells emitting green fluorescent light were counted after 5 to 7
days of incubation at 27 °C, using a fluorescence microscope (Wilovert
AFL 20 microscope, supplied by Hund GmbH) with a SYBR-Green
fluorescence emission filter (Hund GmbH).

2.5. SXC purification of virus particles

The chromatographic separations were done on an Akta Pure 25
liquid chromatography system (GE Healthcare) with UV (280 nm), and
by conductivity monitoring at room temperature. Furthermore, a 90°
light-scattering detector (Nano DLS Particle Size Analyzer, Brookhaven
Instruments) was integrated into the flow path. Hydrosart cellulose
membranes (HCM) with a nominal pore size of 3-5um were kindly
provided by Sartorius Stedim Biotech GmbH. Following an optimization
of critical process parameters (see Section 2.6), additionally glass mi-
crofiber filters with a nominal pore size of 1.6 um (GMF, #516-0862,
VWR Collection) and polyamide membranes with a nominal pore size of
5um (PA, “Ultipor®” #NCG047100 Pall Laboratory) were used. The
membranes were prepared by punching discs of 13mm in diameter,
and by stacking 15 slices. The membrane stack was framed by support
screens in a 13 mm stainless steel filter holder (#4042; PALL Life Sci-
ences). For a stack of 15 membranes, a total surface of 19.9 cm? and a
column volume of 0.14 ml (HCM, PA) or 0.13 ml (GMF) was given. The
column volume was calculated from diameter, height and the number
of membranes, and was therefore considered as the theoretical column
volume. With small changes, the chromatographic runs were performed
as described by Marichal-Gallardo et al. (2017). Briefly, the membranes
were washed with MilliQ water and equilibrated using PBS containing
the desired concentration of PEG (see Section 2.6). The preclarified
virus harvest was diluted 1:2 with a PBS/PEG solution to equal the
conditions of the running buffer, and loaded using a 10 ml or 150 ml
superloop (GE Healthcare). Following sample loading, the column was
washed with equilibration buffer until the UV signal dropped to the
baseline. Finally, the virus particles were eluted using PBS without PEG.

The elution efficiency concerning virus recovery was tested, using
both downward flow (normal flow direction) and upward flow (back-
flushing the column), in order to evaluate a possible filtration effect.
Although the membranes can be operated as single-use materials, here
the column was regenerated using 0.5M NaOH and 1M Nacl in ul-
trapure water to allow a reuse of the membrane stack. All buffers used
were filtered, using a 0.2 um bottletop filter (#431118, Corning), and
degassed in an ultrasonic bath (Ultrasonic cleaner, VWR).

2.6. Optimization of critical process parameters

A design of experiments (DoE)-based approach was performed in
order to optimize the virus yield, total protein and dsDNA reduction,
respectively. Therefore, the critical process parameters, i.e. the PEG
concentration, the PEG molecular weight and the NaCl concentration in
the elution step were varied within the design space provided in
Table 1. The experiments were planned and evaluated using the Design
Expert® software (Version 11, Stat Ease). A response surface design was

Table 1

Experimental factors and levels used for the optimization of the SXC for the
purification of VSV-G pseudotyped recombinant AcMNPV. These values de-
termine the design space.

Factor Unit Level

Low Center High

Polyethylene glycol concentration (w/v) [%] 4 8.52 12
Polyethylene glycol molecular weight [g mol™ ] 6000 8000 12000
NaCl concentration in the elution step M] 0 1 2
Flow rate [mlmin~'] 05 3.75 7
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used with a total of 28 randomized runs.

2.7. Dynamic binding capacity determination at optimum process conditions

The dynamic binding capacity (DBC) was determined, using the
13mm filter holder, and a stack of fifteen membranes prepared as
stated in Section 2.5. The HCM, GMF and PA membranes were tested
with regard to their DBC. The virus feed of a known concentration was
loaded onto the column, until a complete breakthrough was observed,
based on a light-scattering detection. The amount of virus at a 10%
breakthrough was then calculated in relation to the maxium signal. All
three membrane types were tested for their binding capacity.

For the calculation of mass balances, all DBC runs were additionally
washed and eluted as described in Section 2.5.

2.8. Analytics of purified virus particles

2.8.1. Dialysis of SXC fractions

All samples were dialized against PBS, prior to the qPCR and dsDNA
assays. The dialysis tubing with a molecular weight cut-off of 14 kDa
(#D9777-100FT; Sigma-Aldrich) was prepared as follows: The tubes
were cut into segments of appropriate length and washed at 70 °C for
4h under stirring with 0.1 M NaHCO3 (pH 7.0) containing 0.01 M
EDTA. After 2 h of incubation, the buffer was exchanged by a fresh pre-
warmed NaHCOj buffer. Afterwards the tubings were washed with
MilliQ water at room temperature - under stirring over night, ex-
changing the water three times within the first three hours. The pre-
pared tubings were used for the dialyis of the individual SXC fractions.
The dialysis was done over night at 4 °C under stirring with a 1000-fold
buffer exchage to PBS.

2.8.2. Quantitative real-time PCR for viral DNA amplification

Viral dsDNA was isolated from dialized samples using the
PureLink™ Viral RNA/DNA Mini Kit (#12280050, Thermo Fisher
Scientific) according to the manufacturers instructions. The isolated
DNA was directly used for quantitative PCR (qPCR). The qPCR was
performed with the QuantiNova™ SYBR® Green PCR Kit (#208054,
Quiagen), as described in the manual, in order to quantify the VSV-G. A
master mix comprising 2x SYBR Green PCR Master Mix, nuclease-free
water as well as forward and reversed primers (final concentration 1
uM, Sigma Aldrich) was prepared. In a 96 well twin.tec® PCR plate
(Eppendorf), 4 ul extracted DNA sample were mixed with 16 ul master
mix and amplification was done with a Mastercycler ep gradient S re-
alplex? (Eppendorf). The following program was applied: (1) 2min
75 °C pre-incubation, (2) 40 cycles of (i) 15s 95 °C denaturation, (ii)
10s 60 °C annealing, (iii) 10s 72 °C elongation (3) melting curve ana-
lysis from 72 °C to 90 °C within 20 min. After each cycle, and during the
melting gradient, the fluorescence signal was measured. The total viral
DNA was quantified against a standard calibration curve in the range of
10 to 108 copy numbers (cn) per ml. The virus recovery was calculated,
based on the viral DNA amount in all chromatographic fractions (flow
through, wash, elution) and the amount contained in the injected feed
with a standard deviation <15%.

2.8.3. Total protein assay

The content of total protein was evaluated, using non-dialized
chromatographic samples and the Pierce™ BCA Protein Assay Kit
(#23225; Thermo Scientific) according to the manufacturers instruc-
tions. Briefly, in a 96-well microplate, 25 pl of each sample were mixed
with 200ul working reagent and incubated at 37°C for 30 min.
Afterwards, absorbance was measured at 562 nm, using a plate reader
(BioTek™ Cytation™ 3, BioTek). Bovine gamma globulin (kit contained)
was used to produce a standard calbibration curve in the range of
20-2000 ug ml~ . The relative standard deviation of technical tripli-
cates was 10%.
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2.8.4. dsDNA assay

The total dsDNA content was evaluated using the Quant-iT™
PicoGreen® dsDNA Kit (#P11496, Thermo Fisher Scientific) according
to the instructions. Dialized samples were analyzed in a 96-well format,
using the plate reader (Cytation™ 3, BioTek). Each plate contained two
standard calibration curves, prepared from A-DNA of the above men-
tioned kit in the range of 0.025ng ml ™! to 25ng ml ™! (low-range) and
1ng ml~! to 1000ng ml~! (high-range), respectively. Fluorescence
excitation was at 480 nm and the emission intensity was measured at
520 nm. The assays’ standard deviation was 15%.

2.8.5. Particle size distribution measurements

Virus harvests and chromatographic elution samples were analyzed
at room temperature with a Zetasizer Nano ZS90 (Malvern), equipped
with a He-Ne laser (633 nm) and the use of disposable cuvettes (100 pl,
1 ml). Size distribution measurement was performed, using a 90° light
scattering detector angle. Data analysis was done with the Malvern
Zetasizer Software (version 7.12) and multiple narrow modes as a data
processing option. Dispersant refractive index and viscosity of the dis-
persant were determined in advance by measuring buffer and medium,
and were set to 1.45 (refractive index) and 0.954 cP (viscosity) for all
experiments. All samples were measured in undiluted form, with 1:5
and 1:10 dilutions in PBS.

2.8.6. Efficacy verification of the purified AcMNPVs by Transduction of
hMSC

For the transduction experiments, mesenchymal stromal cells were
seeded in 24 well plates (TPP) at a density of 15,000 cells cm ™2, and
cultivated overnight in a growth medium (Dulbecco's Modified Eagle's
Medium, Merck) + 10% FCS (Merck) + 1% Ala-GIn (Merck). After the
removal of the supernatant, 75 virus particles per cell were added. The
volume was adjusted to 500 ul with PBS + Ca®*, Mg?* and the cells
and viruses were incubated at 37 °C in a 5% CO, humidified atmo-
sphere. After 24 h of incubation, the supernatant was discarded, fol-
lowed by a washing of the wells with PBS and by detaching the cells
using trypsin/EDTA in a final concentration of 0.05% trypsin and
0.02% EDTA, respectively. The trypsin activity was stopped after a
complete cell detachment by adding 100 pl of a soybean trypsin in-
hibitor to a final concentration of 0.1 mg ml*? (Sigma-Aldrich). The cell
suspension was finally analyzed for the GFP expression, using a flow
cytometer (Guava easyCyte HT-2 L, Merck Milipore).

3. Results
3.1. Optimization of critical process parameters

Scouting experiments (data not shown) were carried out to verify
the critical process parameters, such as the PEG concentration and
molecular weight, as shown in literature (Lee et al., 2012; Marichal-
Gallardo et al., 2017). Furthermore, the applied flow rate, the number
of membrane layers as well as the NaCl concentration of the elution
buffer were determined as critical, and subsequently optimized. Based
on a quadratic model, viral recovery values ranged from 4 to 100%
within the design space (see Table 1) as shown in the surface response
plots (Fig. 1). Varying the PEGs’ molecular weight and concentration
itself, resulted in virus recoveries between 20 to 80% (Fig. 1, A). The
maximum recovery of ~80% for an optimal virus retention and re-
covery, was observed at about 8% PEG 8000. Considering the applied
flow rate, it is depicted, that virus recovery dropped to zero for flow
rates above 6 ml min~! at low polymer concentrations (Fig. 1, D), but
also in combination with PEG of a higher molecular weight (Fig. 1, B).
Furthermore, a decreased recovery at lower flow rates, using 12% PEG,
could be observed (Fig. 1, D). A flow rate optimum for each individual
polymer molecular weight was visible. For the PEG with the highest
molecular weight, the lowest flow rates resulted in a nearly complete
virus recovery.
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In contrast, using smaller PEG molecular weights of 6000 and
8000 g mol ™! and intermediate flow rates between 3 and 7 ml min™
resulted in a higher virus recovery.

Varying the NaCl concentration in the elution buffer (Fig. 1, C/E/F),
causes changes in the recovery within 10-15% with, in general, an
increased recovery for higher NaCl concentrations.

For the optimization of DNA and protein depletion, a linear model
was applied. It was observed, that the contaminant depletion decreased
in relation to an increase of PEG concentrations and molecular weights
(Fig. 2, A and D). The best contaminant removal could be achieved at
the lowest PEG concentration and molecular weight with 100% and
85% for protein and dsDNA, respectively, whereas at 12% of PEG
12,000 only 76% of the total protein and 49% of the DNA could be
removed. The high impact of the flow rate on the virus retention could
not be observed for impurity removal. Changes in impurity recovery
only account for less than 5% for varying flow rates (Fig. 2, B,C,E,F). An
adjustment of the salt concentration during the elution did not affect
the impurity depletion (data not shown).

Following an optimization, the “sweet spot” conditions stated in
Table 2 were determined. These parameters were selected in order to
achieve a recovery above 75%, as well as a DNA and protein removal of
at least 60% and 95%, respectively. The salt concentration in the pro-
duct buffer was settled to 0.5M in order to benefit from its positive
effect, while not burdening the virus particles with an increased os-
motic pressure. These conditions were applied for all subsequent ex-
periments.

3.2. Dynamic binding capacity at optimum process conditions

Using cellulose membranes (3-5 um pore size), the viral DNA con-
centration in the feed solution was 1.26E + 07 cn ml~* and the amount
of infective particles was determined with 9.45E + 06 pfu ml~ . For a
complete breakthrough, 80.3 ml of the feed solution could be applied to
the membrane stack, equaling a total amount of 1.01E + 09 cn or
7.59E + 08 pfu. A breakthrough of 10% was observed after 26 ml, al-
lowing an application of 2.46E + 08 pfu to a 15 membrane stack,
equaling a capacity of 1.23E + 07 pfu per cm? membrane (1.64E + 07
cn em). In comparison to that, a total of 7.91E + 06 pfu (8.69E + 06
cn) could be loaded per cm? GMF membrane (Fig. 3) and 9.38E + 05
pfu (1.03E + 06 cn) per cm? of PA membranes.

3.3. Verification of the optimum process conditions

3.3.1. Virus recovery

After performing triplicate SXC runs for each virus production batch
under the same process conditions, mean virus yields of
90.9% = 13.8% were achieved (Fig. 4), based on viral DNA determi-
nation. Less than 10% of the applied virus were not retained, with
about 2% recovered in the flow-through, and an additional 6.5% in the
wash fraction, respectively. Varying the flow direction of the elution,
did not result in significant differences concerning virus recovery, de-
termined by a students’ t-test. For nine purifications of three different
production batches, virus yields in the product fraction differed in less
than 8%, which is within the range of the analytical error (data not
shown).

The size distribution analysis before and after chromatographic se-
paration is shown in Table 3, presenting two main size populations for
the length and the diameter of the virus. The elution pool mainly shows
particles with a mean size of 322x 63 nm, comparable to the values
measured for the feed. No other size populations or larger aggregates
could be found.

3.3.2. Impurity removal

For three different production batches with triplicate SXC purifica-
tions performed for each batch, a remaining dsDNA amount of 15-38 %
in the elution fraction was found, depending on the production batch
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Fig. 1. Virus recoveries under varying process conditions: Elution yields in relation to the PEG concentration and the molecular weight, the flow rate and the NaCl
concentration in the elution, respectively. The biggest influence is caused by the polymer concentration and the applied flow rate. However, the recovery is also
affected by the PEGs molecular weight and, to a lesser extent by the amount of salt during elution. Process parameters not shown in the individual graphs were set to
their medium value. Blue areas show recoveries below 40%, green areas stand for 40-80% and yellow to red areas are above 80 and 90%, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 2. Optimization of the impurity removal: Protein (left) and DNA (right) depletion in dependance on varying conditions for PEG concentration and molecular
weight as well as flow rate. A significant influence was observed for the impurity depletion, when the PEG concentration and molecular weight changed. A minor
impact was observed for different flow rates (< 5%). Process parameters not shown in the individual graphs were set to their medium value. Red are impurity
depletions above 90%, green are values below 80 and yellow to orange show the range in between. (For interpretation of the references to colour in this figure legend,
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Table 2
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Optimum SXC parameters and expected responses resulting from the DoE optimization. Special focus was set on a high virus recovery while obtaining sufficient

impurity removal values.

Selected optimum parameters (“Sweet spot”)

Predicted responses

PEG mol. weight

PEG conc. Nacl conc. (Elution) Flow Rate Recovery Protein depletion DNA depletion
[g mol '] [%] [M] [ml min '] [%] [%] [%]
8000 8 0.5 3.24 81.24 + 9.05 95.40 + 2.18 66.21 * 6.09
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Fig. 3. Chromatograms for the dynamic binding capacity of GMF membranes
(A) and HCM SXC purification using a loading volume at DBC; oo, (B): A). Shown
are the UV (280 nm) and the light scattering signal (90° light scattering) for the
SXC purification, using 10 layers of GMF membranes and a 13 mm filter holder.
From 0-3 ml the 100% breakthrough signal is shown without the membranes in
the flow path. Afterwards a sample was loaded (3-97 ml) until complete
breakthrough occured. Subsequently the membranes were washed until 105 ml
and then the virus was eluted. The DBC 0, was reached after loading of about
55 ml. The feed contained approximately 1.67 x 10° pfu (1.83 x 10°) per ml.
B). The loading of a 30 ml virus feed containing 8.2 x 10° pfuml ™~ to a stack of

15 cellulose membranes was followed by a similar procedure of washing and
elution.

(Fig. 5, A). This resulted in a mean DNA depletion of 84.9% = 13.75%.
Altogether, the elution pool contained about 199ng ml~' dsDNA at
viral DNA titers of about 2.2E + 07 cn ml™?,

With regard to the total protein contamination in the samples, lit-
erally a complete removal could be seen. For three different production
batches, less than 1% of the initially contained protein amount was
detected in the product fraction, assuming a protein depletion above
99% (Fig. 5, B). Most of the protein was already removed during sample
application with about 92%, and an additional 13% were found in the
wash fraction. On average, the feed solution contained 15pug total
protein, whereas less than 50 ng remained in the product fraction.

The recovery of both, dsDNA and total protein in the product

Harvest solution (feed) Elution

Size population I Size population II Size population I Size population II

319.16 £ 32.91 54.788 + 5.88 322.73 £ 22.04 62.97 £ 5.82

fraction, was independent from the used elution flow direction (data
not shown).

3.4. Alternative stationary phases

Using the GMF for a triplicate SXC of one cultivation batch, a virus
recovery of 73% * 11% was obtained with about 10% of the virus
found in the flow-through and 1% in the wash fraction. Approximately
3% of the initial protein amount was found in the elution and 55% of
the contained DNA, suggesting a contaminant depletion of 93% and
45% for proteins and DNA, respectively.

For the PA membrane, a virus recovery of 81% = 17% in the elution
could be determined, whereas about 15% =+ 10% were removed in the
flow-through and wash fractions. No proteins remained in the product
fraction, whereas the dsDNA depletion was about 81%.

3.5. Efficacy verification of the purified AcMNPVs by Transduction of
hMSC

To verify the viral capability of transducing mammalian cells after
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the purification using SXC, primary hMSCs were transduced and the
amount of GFP + cells was measured afterwards, using flow

cytomertry. As shown in Fig. 6, the purification did not lead to intense
viral inactivation, as the amount of GFP + cells after (2.9% Fig. 6, A)
and before (2.4% Fig. 6, B) were comparable. Mean fluorescence in-
tensities (MF) for the transduced cells were at 16,356 U (Fig. 6, A) and
16,864 U (Fig. 6, B) and only 12,030 U for the control (Fig. 6, C).

4. Discussion
4.1. Optimization of critical SXC parameters

In theory, the retention of viruses and smaller impurities should
increase continuously with an increase of the polymer concentration,
due to an enhanced association of molecules for higher PEG con-
centrations (Marichal-Gallardo et al., 2017). This effect is supported by
the given data. Not only retention is enhanced, but also smaller mole-
cules are progressively retained. This is visible in the reduced impurity
removal for the highest PEG concentration and molecular weight. The
completely diminished virus recovery at flow rates above 6 ml min ™"
might be caused by the short residence time in the membrane stack.
Hence, the virus association was insufficient or disabled, especially at
very low (4%) polymer concentrations. A reduced virus recovery for
low flow rates and a high molecular weight, might be caused by an
increased virus aggregation and thus by possible additional filtration
effects. The effect of salt on the SXC has been described previously (Lee
et al., 2012; Marichal-Gallardo et al., 2017), as salts weaken the re-
tention in relation to their concentration and the Hofmeister series.
Therefore, it is not surprising, that the addition of salt during the elu-
tion step allows a faster dissociation of virus particles and an enhanced
elution. The observed effect of a 10-15% increased virus elution, using
higher salt concentrations, might be explained by that effect, but are
also within the analytical error. As the virus activity should not be af-
fected for the sake of a complete virus elution, an appropriate tradeoff is
required. To conclude, the elution NaCl concentration is optimally ad-
justed between 0 and 1 M.

4.2. Dynamic binding capacities

Cellulose membranes offered the highest dynamic binding capa-
cities per cm?, closely followed by GMF and the PA membranes, offering
the lowest capacity. However, the three membrane types show varying
pore size distributions. The used cellulose membranes show pore sizes
between 3-5pum, whereas the GMF membrane has smaller pores with
only 1.6 um, and the PA membrane has slightly larger pores with a
nominal pore size of 5um. As for the 5um pores of the PA membrane,
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the total accessible surface might be reduced, allowing less interaction
between the macromolecules and the stationary phase, leading to a
decreased capacity.

4.3. Verification of optimum process conditions

The values for the mean yield are in accordance with the predictions
of the optimization experiments (see paragraph 3.1) within the margin
of deviation. Obviously, the recovery is at the higher limit of the pre-
dicted values. This can be explained, as optimization experiments were
not conducted at DBC s, conditions. This is due to an iterative process
to find optimum process parameters, and to determine the binding
capacity for these afterwards. The confirmation runs were performed
after determining the DBC; oo, and optimzing and increasing the loading
volume accordingly, to reduce virus losses. For other described mem-
brane-based (anion exchange) processes, recoveries of 78% (Wu et al.,
2007), 65% (Vicente et al., 2009) or close to 100% (Grein et al., 2012)
have been described. Recoveries of sucrose gradient-, tangetial flow
ultrafiltration and centrifugation techniques were generally even lower
(50-70%, Kwang et al., 2016). This shows a comparable and even su-
perior performance of the SXC method.

The determined baculovirus size distribution is in good alignment
with the described particle sizes for VSV-G pseudotyped AcMNPV
(Barsoum et al., 1997), being slightly larger than without pseudotyping
(Thalainen et al., 2010). For SXC applications, the formation of protein
aggregates, directly after mixing the crude sample with the PEG solu-
tion, has been described previously (Lee et al., 2012; Wang et al., 2014).
However, no aggregates or varying size populations were observed in
the elution. Possible occuring aggregates of virus particles seem to
disengage, once the PEG is removed from the system, which was also
reported for the influenza virus by Marichal-Gallardo et al. (2017).
Furthermore, also the virus itself does not show a change in size and
shape as a result of a SXC purification, as the determined size values of
the virus in the elution fraction equal the measured starting material.

The DNA and protein removal showed a slightly better performance
than predicted (see paragraph 3.1). However, the results are in ac-
cordance with the expected values of the design optimization (see
paragraph 3.1.) with about 85% compared to 66% for dsDNA, and more
than 99% in comparison to 95% for total protein. As already described
above for the virus recovery, this issue might occur due to a higher
amount of virus suspension being loaded to the column during the
confirmation runs. These were performed after the DBC determination
in contrast to the DoE runs, which were operated below a DBCq,
loading volume.

Under these conditions the protein removal was nearly complete.
However, a further reduction of the DNA content is desirable. The re-
maining 15% of the DNA content could have been caused either by
withhold DNA due to the process conditions, e.g. DNA being sterically
excluded by the PEG and retained. Or it could have resulted from the
DNA binding to the virus particles, as it has already been described for
Influenza A particles (Weigel et al., 2016). Although these are virus
particles of a different kind, a binding of the DNA to the surface is also
conceivable. Further possible explanations have been discussed re-
cently, and include the co-purification of extracellular vesicles, such as
exo- or ectosomes containing nucleic acids or the presence of residual
chromatin (Marichal-Gallardo et al., 2017). Additionally, it has to be
discussed, that the baculovirus is a DNA virus. This might explain total
DNA recoveries above 100% (e.g. batch II with 126%), as it is possible,
that some additional DNA is released, due to virus degradation. How-
ever, the assays’ error of about 15%, which applies for each measured
fraction, also needs to be kept in mind. Although it could not be re-
solved, which of these explanations contributed the most, or at all, to
the remaining DNA levels in the elution pool, they give indications for
future optimization and detailed characterization trials. Concerning the
SXC performance, it was previously shown, that for Influenza A virus
particles, the DNA reduction without an additional nuclease treatment
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was 99.7% and only 76.5 to 89.2% for purifications including a nu-
clease incubation step (Marichal-Gallardo et al., 2017). Lee et al. (2012)
achieved a DNA reduction of 93% when using OH-monoliths for the
SXC purification of bacteriopage M13K07 without additional nuclease
digestion. For the present application of the membrane-based SXC, the
application of an additional nuclease step might be tested, in order to
further reduce the amount of the remaining DNA contamination, in case
this is desired. Furthermore, an additional purification step could be
performed, for example using sulfated cellulose membrane adsorbers
(Carvalho et al., 2018; Fortuna et al., 2018). Since baculovirus particles
show a heparin affinity (Nasimuzzaman et al., 2016; Wu and Wang,
2012), this method could also have a high potential as an orthogonal
purification step to the SXC. As the total virus recovery was less than
100% in some cases, different elution modes were tested in order to
exclude a possible filtration effect on the membrane stack and to in-
crease the robustness of the method. However, for neither of the ana-
lyzed species a significant effect could be observed, according to stu-
dents’ t-test. This excludes the possibility of virus filtration.

For the process contaminants, a change in the elution flow direction
was not promising, as most of the contaminating proteins and DNA
were washed out during sample application, and were not affected by
the process conditions during the elution.

4.4. Alternative stationary phases

Comparing the results for the alternative stationary phases, it can be
concluded, that cellulose exhibits a superior performance over GMF and
PA membranes. GMF membranes show a comparable binding capacity,
but a slightly lower virus recovery and a poor impurity removal, with
most of the DNA and higher protein amounts remaining in the product.
Additionally, the GMF membranes seem to collapse during the pur-
ification process, leading to a dense accumulation GMF. In contrast to
the other membranes used, for this GMF bulk, individual membranes
could not be segregated anymore. As a result, the purification will most
probably not resemble a membrane-, but a bead-based system. For the
latter, neither an equal pore distribution, nor a convective flow can be
assumed. Due to the collapse, particles and impurities are filtered ad-
ditionally, leading to a higher contamination amount in the product
fraction. For PA membranes, both virus recovery and impurity removal
were comparable to that of cellulose. However, the highly reduced
binding capacity displays a major disadvantage. For applications where
cellulose cannot be used, e.g. due to an unspecific binding of the target
molecules, as observed for measles virus (data not shown), PA mem-
branes could present a suitable alternative. To overcome the reduced
binding capacity, an increase of the membrane diameter and the ef-
fective membrane area, could be appropriate.

4.5. Efficacy verification of the purified AcMNPVs by Transduction of
hMSC

The applied purification methods did not seem to impact the
transduction ability of the virus particles considerably. The amounts of
GFP positive cells and the MF were comparable for transduced cells,
using purified and unpurified virus, whereas both values were con-
siderably lower for the control. Although the difference between the
purified and unpurified virus is not very high, the transduction efficacy
slightly increased with 2.9% GPF-positive cells compared to 2.5% be-
fore the purification. This indicates an additional removal of interfering
contaminants which influence the transduction.

As a result, SXC might be a potential method to purify AcMNPV,
used for cell therapy applications. Furthermore, the achieved purity by
SXC was sufficent for a successful transduction of hMSC cells.

5. Conclusion

AcMNPV VSV-G pseudotyped virus particles were efficiently
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purified using membrane-based steric exclusion chromatography with
recovery yields of about > 90% and impurity removals for host cell
proteins and DNA of more than 99% and 85%, respectively. The
method provides a superiour binding capacity for viral particles and,
theoretically, allows an easy scalability by an increase of the membrane
diameter. Depending on the desired application, the use of PA mem-
branes or glass fiber is feasible. The infectivity of the virus particles was
not considerably affected by the chromatographic procedure, as the
purified virus was capable of transducing hMSCs. However, limiting
factors factors might include the evaluation of the infective to non-in-
fective particle ratio, as well as the uncertainty of co-purified vesicles
and their possible impact on the intended use, which was not evaluated
here. A further DNA reduction would be possible, if required for the
application, and would include an additional nuclease digestion or an
orthogonal process unit operation. The achieved purity levels and the
simplicity of the method make it a great alternative for laborious ul-
tracentrifugation steps or expensive ion exchange membrane chroma-
tography. This allows for an easy local implementation, e.g. for in-
dividualized medications.
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Chapter 3 - ORFV vaccine process development: Benchmarking the
SXC against commonly applied unit operations

In the following chapter the SXC was combined with several orthogonal purification techniques
in order to subsequently set up an efficient and complete DSP procedure. To demonstrate the
broad applicability of the SXC in vaccine manufacturing processes a different virus, the ORFV,
was used. The ORFV, also referred to as parapoxvirus ovis, is an enveloped virus, which has
a high potential as vaccination and gene therapy tool. Up to the date no purification procedure

was available, allowing an elaborate process development.

In the first step the SXC was compared to different membrane-based chromatographic
techniques, which are commonly applied in viral vector and vaccine DSP procedures, i.e., ion
exchangers or hydrophobic interaction chromatography. Furthermore, second-step
chromatographic purification methods were evaluated for subsequent removal of the remaining
impurity levels after SXC. The optimization of the SXC using the ORFV regarding critical
process parameters, resulting recoveries and impurity levels was done comparable to the
approach presented in chapter 2. The resulting data suggests not only the feasible inclusion
of the SXC into a DSP process train, but also indicates its superior performance regarding
product recovery and impurity depletion, while at the same time offering milder process
conditions than the other tested approaches. The latter especially accounts for the high salt
concentrations that are required for loading buffers during hydrophobic interaction
chromatography and elution buffers when using ion exchangers. Additionally, the benefits of
the SXC, by using virtually any PEG-free buffer of choice for elution is indicated. Due to this,
an additional diafiltration step by TFF can be omitted. However, the study also clearly pointed
out, that the mere inclusion of the SXC into a downstream processing scheme is not sufficient
to satisfy regulatory requirements for medical applications concerning residual contaminant
concentrations, primarily due to the remaining DNA levels. As in other production processes

an additional nuclease digestion is therefor required and also commonly applied.
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ARTICLE INFO ABSTRACT

In recent years, the Orf virus has become a promising tool for protective recombinant vaccines and oncolytic
therapy. However, suitable methods for an Orf virus production, including up- and downstream, are very lim-
ited. The presented study focuses on downstream processing, describing the evaluation of different chromato-
graphic unit operations. In this context, ion exchange-, pseudo-affinity- and steric exclusion chromatography
were employed for the purification of the cell culture-derived Orf virus, aiming at a maximum in virus recovery
and contaminant depletion. The most promising chromatographic methods for capturing the virus particles were
the steric exclusion- or salt-tolerant anion exchange membrane chromatography, recovering 84 % and 86 % of
the infectious virus. Combining the steric exclusion chromatography with a subsequent Capto™ Core 700 resin or
hydrophobic interaction membrane chromatography as a secondary chromatographic step, overall virus re-
coveries of up to 76 % were achieved. Furthermore, a complete cellular protein removal and a host cell DNA
depletion of up to 82 % was possible for the steric exclusion membranes and the Capto™ Core 700 combination.

The study reveals a range of possible unit operations suited for the chromatographic purification of the cell
culture-derived Orf virus, depending on the intended application, i.e. a human or veterinary use, and the re-

Keywords:
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Viral vector
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Isoelectric point

quired purity.

1. Introduction

The first viral vector-based therapy drugs have already received
marketing approval, and numerous products are at different stages of
clinical and preclinical testing to treat a variety of both inherited and
acquired diseases (Shirley et al., 2020). Among the currently used viral
vectors for gene therapy and vaccines, recombinant poxviruses have a
large packaging capacity and a favorable safety and efficacy (Pastoret
and Vanderplasschen, 2003; Verheust et al., 2012). One example of
these viral vectors is the Orf virus (ORFV), a member of the genus
Parapoxvirus of the family Poxviridae. It contains a linear double-
stranded DNA genome of approx. 140 kbp in length, and is an envel-
oped ovoid-shaped virus measuring approximately 260 nm x 160 nm
(Nagington et al., 1964). The envelope is surrounded by a characteristic
tubule-like structure in a spiral fashion, resembling a ball of wool

(Spehner et al., 2004).

Previously, we reported the successful use of the attenuated ORFV
for the generation of different recombinants with diverse modifications
able to protect against various infectious viral diseases (Rohde et al.,
2011, 2013; Rziha et al., 2016; van Rooij et al., 2010). Also other ORFV
strains were successfully used for the generation of recombinant vac-
cines (Hain et al., 2016; Tan et al., 2012), and inactivated ORFV
showed immunomodulatory properties in different preclinical models
(Bergqvist et al., 2017; Fleming et al., 2015; Wang et al., 2019). Fur-
thermore, Rintoul et al. demonstrated an oncolytic activity for the wild-
type ORFV strain NZ2, causing a significantly reduced tumor growth in
immune-competent and xenograft human tumor models (Rintoul et al.,
2012). These and other reports show the excellent potential of the
ORFYV vector and its broad field of possible applications (Amann et al.,
2013; Friebe et al., 2018; O’Leary et al., 2018).

Abbreviations: DBC, dynamic binding capacity; DLS, dynamic light scattering; HIC, hydrophobic interaction chromatography; HICP, HIC membrane adsorber with
phenyl ligand; IEX, ion exchange chromatography; IEX-Q, strong anion exchanger (Quaternary ammonium); IEX-S, strong cation exchanger (Methyl sulfonate); IEX-
STPA, salt tolerant polyamide anion exchanger; IU, infective units; MVA, Modified Vaccinia Ankara virus; PEG, polyethylene glycol; pl, isoelectric point; SCMA,
sulfated cellulose membrane adsorber; SEC, size exclusion chromatography; SXC, steric exclusion chromatography; TCIDs, fifty-percent tissue culture infective dose
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Knowledge on ORFV production processes is very limited and
mainly focuses on upstream processing (Pohlscheidt et al., 2008; Wang
et al., 2019). Downstream processing (DSP) procedures generally em-
ploy sucrose gradient ultracentrifugation (Rziha et al., 2016) and do not
satisfy regulatory demands for the purity of vaccines and gene ther-
apeutic products (European Pharmacopoeia, 2020; World Health
Organization, 2017). In order to identify promising chromatographic
methods for the purification of ORFV, a direct comparison of the
methods used for the DSP of other poxviruses could indicate a feasible
approach. For the Modified Vaccinia Ankara virus (MVA), the utiliza-
tion of anion exchange chromatography (Wolff et al., 2010b) or hy-
drophobic interaction chromatography (Wolff et al., 2010a) has been
reported and could be carried forward for the ORFV purification. Al-
ternatively, Wolff et al. described the successful purification by pseudo-
affinity stationary phases based on sulfated carbohydrates with virus
yields exceeding 60 % (Wolff et al., 2010a, b) for MVA. Similar methods
have previously been shown for the purification of Influenza A virus,
using sulfated-cellulose membranes as a stationary phase (Carvalho
et al., 2018; Fortuna et al., 2018, 2019) with recoveries of up to 81 %.
As Scagliarini and co-workers described the affinity of ORFV to heparin
(Scagliarini et al., 2004), the application of sulfated cellulose ligands
appears possible, as sulfated carbohydrates are known to mimic heparin
ligands (Gallagher et al., 2020; Paluck et al., 2016). Generally, as for
nearly all larger macromolecules and nanoplexes, size-dependent
chromatographic methods, e.g. size exclusion chromatography (SEC) or
steric exclusion chromatography (SXC), should be applicable for ORFV.
Examples for the purification of viruses by SEC are the turkey cor-
onavirus (Loa et al., 2002), vesicular stomatitis virus-pseudotyped ret-
rovial particles (Transfiguracion et al., 2003), and the Influenza virus
(Heyward et al., 1977; Kalbfuss et al., 2007b; Nayak et al., 2005). More
recently, SXC has also been proven to be a valuable tool for the pur-
ification of large proteins and bacteriophages (Gagnon et al., 2014; Lee
et al., 2012; Tao et al., 2015; Wang et al., 2014). Furthermore, it was
successfully applied for the purification of the Influenza A virus
(Marichal-Gallardo et al., 2017) and baculovirus particles (Lothert
et al., 2020), using regenerated cellulose membranes. Moreover, the
Capto™ Core 700 resin (named CC700 hereafter) has also been de-
scribed as an approach for the purification of infectious virus particles,
allowing an efficient impurity removal (James et al., 2016).

Here, we describe the evaluation of different chromatographic ap-
plications that can be used for the purification of the ORFV strain
D1701-V. One aim was to identify feasible unit operations that have a
high specificity for the virus. Secondly, it is desired to use these
methods, either individually or in a combination, for a virus purifica-
tion with regard to product yields and respective purity requirements.
Among the tested methods are the membrane-based ion exchange-,
hydrophobic interaction-, pseudo-affinity-, and the steric exclusion
chromatography, as well as CC700.

2. Materials and methods
2.1. Virus production and initial clarification

For all chromatographic capture steps, a clarified virus harvest was
required. Virus amplification was done in an adherent cell culture.
Briefly, Vero cells (ATCC, CCL-81) were seeded at 2 X 10* cells per cm?
in T-225 CytoOne® flasks (STARLAB International). Infection was done
at a multiplicity of infection of 0.05. After five days, the supernatant
was harvested and frozen/thawed (—80 °C, 22 °C) for a cell disruption
and a subsequent virus release. For an initial clarification, the super-
natant was centrifuged at 4 °C and 6000 x g for 10 min. The clarified
virus suspension was used for following chromatographic steps. For a
reliable comparability, one production batch was used for all sub-
sequent experiments.
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2.2. Screening of feasible chromatographic process unit operations

The chromatographic experiments were done using an Akta™ Pure
25 liquid chromatography system (GE Healthcare Life Sciences) with
UV (280 nm), and conductivity monitoring was carried out at room
temperature. Additionally, the light scattering signal was measured
online with a Nano DLS Particle Size Analyzer (Brookhaven
Instruments). All buffers were filtered with a 0.2 um filter (Corning) and
degassed by ultra-sonication (USC500 THD, VWR) prior to usage.

2.2.1. SXC

The SXC was performed exclusively as a capture step. Regenerated
cellulose membranes with a nominal pore size of 1 ym (Whatman RC60,
GE Healthcare Life Sciences) were applied as stationary phases. The
membranes were punched to discs of 13 or 24 mm and assembled into
stainless steel filter holders with 13 mm (#4042; PALL Life Sciences) or
25 mm diameter (XX4502500, Merck), respectively. For each device, 10
membrane layers were stacked, providing a total surface area of 13.3
cm? (~0.09 mL) for the 13 mm device, and 45.2 cm? (0.32 mL) for the
24 mm membranes. At first, the membrane stack was equilibrated,
using either PBS (Thermo Fisher Scientific) or 20 mM TRIS-HCI (Carl
Roth) at a pH of 7.4 containing 8 % polyethylene glycol (PEG) 8000
(Carl Roth). The TRIS buffer was additionally supplemented with
180 mM NacCl (Carl Roth). The clarified virus harvest was conditioned
with PBS, or 20 mM TRIS-HCI buffer (pH 7.4, 180 mM NaCl) containing
an appropriate PEG concentration to meet the criteria of the equili-
bration buffer. Samples were applied using either a 10 mL or a 150 mL
super-loop, depending on the employed membrane volume. After
sample application, the column was washed with equilibration buffer
(at least 30 column volumes) and the virus was finally eluted using PBS,
or 20 mM TRIS-HCI buffer pH 7.4 without PEG, but supplemented with
0.4 M NaCl (Carl Roth). A new stack of membranes was used for every
chromatographic experiment. For the characterization of the SXC per-
formance, the 13 mm filter holder was operated with a PBS buffer at a
flow rate of 0.5mL min~'. To evaluate subsequent purification steps,
larger amounts of SXC-purified material were prepared. Therefore, the
25 mm filter holder module was used, and TRIS-buffer was employed
during loading, wash, and elution to reduce buffer exchanges between
process units. Furthermore, these runs were conducted at a flow rate of
3mL min~! to reduce processing time. The chromatographic experi-
ments were carried out three times, and the elutions were pooled, ali-
quoted, and frozen at —80 °C until further usage. In parallel, freeze/
thaw stabilities in the elution buffer were evaluated for four freeze/
thaw cycles after SXC purification (see Section 2.5).

2.2.2. Ion exchange chromatography (IEX)

The IEX was tested for both the capture and the second chromato-
graphic purification step. Therefore, Sartobind® S devices were tested
for the cation exchange chromatography (named IEX-S hereafter), and
Sartobind® Q (IEX-Q) and Sartobind® STIC®-PA (IEX-STPA) were ap-
plied as an anion exchanger and salt-tolerant anion exchanger, re-
spectively (all membrane devices were “pico”-scale modules obtained
from Sartorius Stedim Biotech). For all IEX experiments, the columns
were equilibrated with 20 mM TRIS-HCI pH 7.4, supplemented with
180 mM NaCl. The samples were mixed with the appropriate buffer to
meet these conditions. Afterwards, the samples were applied and the
columns subsequently washed with equilibration buffer, until the UV-
and light scattering signal reached the baseline. Using 2M NaCl in
20 mM TRIS-HCI pH 7.4, the bound fraction was finally eluted. In the
case of the STPA membrane, an additional 150 mM sodium phosphate
(Sigma-Aldrich) was added to the elution buffer. For all steps, a flow
rate of 1 mL min~' was applied. The Q and the STPA membranes were
tested as a capture step. Furthermore, the SXC-purified material was
processed with all described anion exchange membranes for a sec-
ondary purification step. All anion exchange experiments were per-
formed in triplicates. Cation exchange experiments were performed
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only once for both processing steps, as the isoelectric point (pI) of the
ORFV (see Section 3.1) suggests a low binding potential for the virus
with a high level of impurities in the flow-through fraction at the given
buffer conditions.

2.2.3. Hydrophobic interaction chromatography (HIC)

Sartobind® Phenyl Pico membrane modules (Sartorius Stedim
Biotech GmbH) were used for the secondary chromatography of SXC-
purified material (named HICP hereafter). Using similar conditions as
previously described for Modified Vaccinia Ankara virus (MVA, (Wolff
et al., 2010a), the column was equilibrated with 20 mM TRIS-HCI pH
7.4, supplemented with 180 mM NaCl and 1.7 M ammonium sulfate
(VWR International GmbH). SXC eluates were adjusted to these con-
ditions by adding the required amounts of salts. After sample loading,
the membrane stack was washed, maintaining the high salt con-
centration. The elution was achieved by removing the ammonium sul-
fate from the system, using 20 mM TRIS-HCI pH 7.4 and 180 mM NaCl.
HICP-secondary chromatographic steps were performed in triplicates,

using flow rates of 1 mL min .

2.2.4. Pseudo-affinity chromatography (sulfated cellulose)

Sulfated cellulose membrane adsorbers (SCMA) were used in a bind-
and-elute mode, and tested for capture and secondary purification.
SCMA membranes were obtained as a DIN A4 format sheet (#94SC-04-
001, Sartorius Stedim Biotech) and punched to discs of 13 mm dia-
meter. The discs were assembled into the 13 mm stainless steel filter
holder mentioned above, with stacks comprising 10 membrane layers.
Both the clarified virus broth (capture) and SXC-purified material
(secondary purification) were subjected to SCMA purification with tri-
plicate runs for each case. Prior to chromatography, the respective
sample was mixed with 20 mM TRIS-HCI pH 7.4 in order to reduce its
conductivity below 5mS cm™!. Conductivities were in the range be-
tween 3-4.2mS cm™! for all runs. After the equilibration of the
membrane stack with 20 mM TRIS-HCI pH 7.4, the sample was applied
and subsequently washed with equilibration buffer. The elution was
achieved by using an equilibration buffer supplemented with 2 M NaCl.
Each experiment was conducted in triplicates at a flow rate of 1 mL
min~ ! during all runs and steps of the experiments.

2.2.5. CC700 purification

As a secondary purification, the CC700 resin (readily packed 1 mL
columns, GE Healthcare Life Sciences) was tested in the flow-through
mode. The general method equals the conditions for the ion exchange
membranes (see Section 2.2.2). The SXC-purified material was adjusted
to meet the conditions of the equilibration buffer, which was 20 mM
TRIS-HCI pH 7.4 and 180 mM NaCl, respectively. After sample loading
and washing with the equilibration buffer, the bound material was
eluted, using additional 2 M NaCl in the same buffer. All CC700 runs

were done in triplicates, using a flow rate of 1 mL min~?.

2.3. Dynamic binding capacity (DBC) determination

DBC experiments were performed for all membranes operated in the
bind-and-elute mode. The virus feed of a known concentration was
loaded onto the column until a complete breakthrough was observed,
based on the light scattering detection. The amount of virus at 10 %
breakthrough was subsequently calculated in relation to the maximum
signal. Where necessary, sample loading was stopped prior 100 %
breakthrough, if the pressure exceeded the maximum operational limit
for the tested membrane modules or the system. For a better compar-
ability, capacities were provided in relation to the applied bed volume.

2.4. Characterization of the virus

SXC-purified virus particles were analyzed for their size and iso-
electric point. Therefore, SXC virus elutions were subjected to size
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(diameter) and to surface potential measurements, using a Zetasizer
Nano ZS90 (Malvern Panalytical). For the diameter measurements,
disposable semi-micro cuvettes (#67.742, Sarstedt) were used at a 90°
light scattering angle. The dispersant refractive index and viscosity of
the dispersant were set to 1.45 and 0.954 cP, respectively. For the zeta
potential measurement, the sample was mixed with 20 mM Tris at pH
values between 3 and 13. The pH was checked and adjusted to the
respective value prior to the measurement, and reassessed after ana-
lysis. Folded capillary zeta cells (#DTS1070, Malvern) were applied to
determine the viral zeta potentials at different pH values. The data
analysis was conducted with the Malvern Panalytical Zetasizer Software
(version 7.12).

2.5. Virus stability evaluation

Additionally, the virus stability was evaluated by using SXC elution
fractions (see Section 2.2.1). The samples were supplemented with 0 %,
5 % or 10 % sucrose (Carl Roth) and subjected to up to three freeze/
thaw cycles (alternating between -80 and +20 degrees). After each
cycle, the infective virus titer was determined (see Section 2.6.1) for
each sample composition in triplicates.

2.6. Analytics of chromatographic fractions

Chromatographic fractions were analyzed for their content of in-
fective virus particles as well as with regard to the levels of protein and
DNA. The chromatographic fractions considered during analytics in-
cluded feed, flow-through, wash, and elution for the evaluation of bind-
and-elute methods (SXC, IEX-Q, IEX-STPA, HICP and SCMA). In con-
trast, the flow-through and wash fractions were pooled and analyzed as
a single fraction when using IEX-S and CC700.

2.6.1. Flow cytometric titration

Virus quantification was done by flow cytometry. Initially, Vero
cells were seeded in a 24-well format with 100,000 cells per well in a
culture volume of 1 mL DMEM (Gibco™, Thermo Fisher Scientific),
supplemented with 5 % FCS (Capricorn Scientific). Directly after
seeding the cells, the infection of each well was performed using 100 uL
of the respective chromatographic sample, the medium blank, or stan-
dard virus stock (within the range of 1.5 x 10° to 1 x 107 infective
units (IU) mL™Y). The cells were incubated for 16 h, washed with PBS,
and harvested by using Trypsin/EDTA (Gibco™, Thermo Fisher
Scientific). Detached cells were supplemented with FCS to stop a trypsin
activity, and transferred to a 96-well U-bottom plate (Nunc, Thermo
Fisher Scientific). The cells were washed two times by centrifugation at
400 g for 2 min, removing the supernatant, and re-suspending the pellet
in 100 uL PBS. Finally, the cells were analyzed using a flow cytometer
(Guava® easyCyte HT, Merck). The percentage of GFP positive (equals
infected) cells, compared to the total cell number, was determined. The
assays’ standard deviation was less than 10 %.

2.6.2. Total protein assay

The content of total protein was evaluated using the Pierce™ BCA
Protein Assay Kit (#23225; Thermo Fisher Scientific) according to the
manufacturer’s instructions. Briefly, 25 uL of each sample were mixed
with 200 pL of working reagent and incubated at 37 °C for 30 min in a
96-well plate (Nunc, Thermo Fisher Scientific). Afterwards, the absor-
bance was measured at 562 nm, using a plate reader (BioTek™ Cytation
3™, Fisher Scientific). Bovine gamma globulin (contained in kit) was
applied to prepare a standard calibration curve in the range of
20— 2,000 ug mL ™! with a relative standard deviation of about 10 %.

2.6.3. DNA assay

The total double-stranded DNA (referred to as “DNA” in this work)
content was quantified, using the Quant-iT™ PicoGreen® dsDNA Kit
(#P11496, Thermo Fisher Scientific) according to the manufacturer’s
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Fig. 1. Determination of the isoelectric point of the Orf virus (ORFV). Zeta potential measurements of virus purified by steric exclusion chromatography (SXC) and
the corresponding buffer over a pH range from 2 to 13 (A), and more detailed resolution for the apparent transition from positive to negative zeta potential between
pH 4 and 5 (B). At a pH of 4.61 the net charge is zero. Error bars represent standard deviations of triplicate measurements.

instructions. Samples were analyzed in duplicates in a 96-well format,
using black plates (Nunc, Thermo Fisher Scientific) and the same plate
reader as for the total protein assay (see Section 2.6.2). Each plate
contained two standard calibration curves prepared from A-DNA con-
tained in the kit in the range of 0.025ng mL™' to 25ng mL™"' (low-
range) and 1ng mL™' to 1000ng mL~! (high-range). Fluorescence
excitation was at 480 nm, and the emission intensity was measured at
520 nm, with an assay standard deviation of less than 15 %.

3. Results
3.1. Virus characterization

DLS measurements of SXC-purified virus particles showed a size
distribution between 130 nm and 370 nm with two main size popula-
tions at about 150 + 14nm and 250 *+ 32nm. Zeta potential mea-
surements detected a negative viral surface charge above pH values of
5, and a positive surface charge at a pH below or equal to 4 (Fig. 1A). A
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more detailed analysis of the pH range between 4 and 5 revealed the
transition from a positive to a negative surface charge at pH 4.6, which
was not detected for the negative control (Fig. 1B). Hence, the viruses’
isoelectric point was determined with pH 4.6 under the given en-
vironmental conditions.

3.2. Determination of the dynamic binding capacities

The DBC was determined for all bind-and-elute methods at similar
conditions, using a clarified harvest. The highest DBC10 % was mea-
sured for the SXC, using the 24 mm filter holder with 1.1E + 09 IU
mL ™! (7.78E + 06 IU cm2), and for IEX-Q membranes with 5.93E + 08
IUmL ™! (1.63E + 07 IU cm2, Table 1). Compared to the 24 mm device
used for SXC, the 13 mm filter holder allowed a DBC10 % of 1.81E + 08
IU mL™* (1.27E + 06 IU cm™) during SXC, depicting a non-linear
correlation between the filter area (volume resp.) and the binding ca-
pacity. Comparable results could be determined for the IEX-STPA, HICP
and SCMA membranes, with 1.42E + 08, 1.31E + 08, and greater than
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Table 1
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Overview of the DSP-screening for infective ORFV particles. Different stationary phases were tested for virus and impurity recovery. Capture steps were conducted
with clarified virus harvests, whereas SXC-purified material was used for secondary steps. The numbers in brackets show an overall recovery of the respective analyte
after secondary chromatography, employing SXC as a capture step. For bind-and-elute methods (SXC, IEX-Q, IEX-STPA, HIC-P, SCMA), the DBC is given in infective
units per cm? The DBC was not evaluated with regard to methods operated in a flow-through mode, as no binding of the virus was supposed to occur. Recovery

values are means of technical triplicates.

SXC IEX-Q IEX-STPA IEX-S HICP CC700 SCMA
Capture SP Capture SP Capture SP SP SP Capture SP
Recovery in product Virus 84 68 (57) 86 57 (48) 39 46 (39) 76 (64) 90 (76) 34 54 (45)
fraction [%] Total <1 0 29 0 100 0 0 0 0 0
protein
DNA 37 100 (37) 64 100 (37) 89 84 (31) 23(8) 36 (13) 5 80 (30)
DBCy g0 [Infective Units mL~1] 1.81E + 08 (13mm) 5.93E + 08 1.42E + 08 Not determined 1.31E + 08 Not determined > 1.26E + 08
1.1E + 09 (flow-through (flow-through
(24 mm) method) method)

SXC - Steric exclusion chromatography; IEX — Ion exchanger; STPA — Salt tolerant polyamide; HICP — Hydrophobic interaction chromatography with phenyl ligand;
CC700 - Capto™ Core 700; SCMA Sulfated cellulose membrane adsorber; DBC; o, — dynamic binding capacity (at 10 % breakthrough), SP — Secondary purification.
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Fig. 2. Determination of the dynamic binding capacity (DBC) during SXC. Representative chromatogram for the SXC using the 25 mm filter holder device, monitoring
of UV at 280 nm, light scattering, and pressure. Loading was stopped at 10 % DBC based on light scattering detection.

1.26E + 08 IU mL~' (3.91E + 06, 3.57E + 06 and greater than
8.40E + 05 IU cm™), respectively. A representative chromatogram is
shown in Fig. 2 for the SXC (24 mm membranes), indicating a con-
taminant breakthrough during sample loading (UV signal), and a virus
desorption in the elution fraction (light scattering signal). During
loading of the HICP, at 10 % breakthrough, the pressure increased ra-
pidly above 0.5 MPa, which is the operating limit of the HICP according
to the manufacturers” instructions. For the SCMA, a constant break-
through of 20 % of the maximum signal was observed (data not shown).
As a result, a 10 % breakthrough was permanently exceeded during the
loading process, and sample loading was stopped once the pressure
increased above one MPa.

3.3. Capture step — virus recovery and impurity removal

Of the four tested membranes for the capture step (SXC, [EX-S, IEX-
STPA and SCMA), the best virus recovery was achieved by SXC and
STPA with viral yields of 84 % and 86 %, respectively (Fig. 3, A). In
contrast, using the SCMA or the [EX-S membrane, only 34 % and 39 %
of the infective virus particles were collected in the product fraction.
Additionally, for the SCMA, only approximately 51 % of the virus could
be recovered collectively in all chromatographic fractions, whereas the
remaining 49 % could not be accounted for. For the cation exchanger
(IEX-S), it has to be noted that the majority of the viruses was found in
the elution fraction (56 %) after an application of 2 M NaCl, and not in
the flow-through.

Concerning the protein removal, SXC and SCMA performed equally
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with an almost complete protein depletion (Fig. 3, B). In contrast, al-
most no protein was removed in the [EX-S flow-through fraction, and
about 29 % were found in the STPA elution.

The best unit operation to remove DNA during the capture step is
the SCMA, with only 5 % of the initial DNA content to be detected in the
product fraction, and 95 % of the DNA being removed during flow-
through and wash or remaining bound to the membrane (Fig. 3, C). For
the SXC, about 37 % of the DNA were recovered in the elution. Fur-
thermore, most of the contaminating DNA remained in the product
fractions of the IEX-S (89 %) and the IEX-STPA membrane (64 %).
About 30 % of the DNA was bound to the IEX-STPA membrane and
could not be eluted under any of the tested conditions.

3.4. Secondary purification step — virus recovery and impurity removal after
SXC

After SXC, a subsequent purification step was evaluated. In the
course of these experiments, the highest virus recovery was achieved
using CC700 with about 90 % (Fig. 4, A). The second-best performing
unit operation was the HICP membrane adsorber, resulting in virus
yields of about 76 % (elution fraction) and in about 42 % of losses in the
flow-through and wash fractions. Similar to the capture step using the
IEX-S purification, approximately half of the virus amount was found in
the flow-through product fraction, whereas the other half bound to the
membrane and eluted at 2M NaCl. The tested anion exchange mem-
branes all performed similarly. Approximately 68 % of the virus was
found in the product fraction for the Q membrane adsorber, and 57 %
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Fig. 3. Virus and impurity recovery for different unit operations during capture.
Shown are the relative recoveries for ORFV (A), protein (B) and DNA (C) using
SXC, cation exchange membrane adsorbers (IEX-S), anion exchangers (IEX-
STPA) and sulfated cellulose membrane adsorbers (SCMA). Depicted are the
quantities contained in the flow-through, wash and elution fractions, whereas
for the IEX-S (operated in flow-through-mode), flow-through and wash frac-
tions are combined. Error bars reflect the standard deviation of technical tri-
plicates, except for the IEX-S membrane, which was only tested once to show
the proof of concept.
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Fig. 4. Virus and impurity recovery for different unit operation during sec-
ondary chromatography. Shown are the relative recoveries for ORFV (A) and
DNA (B) during secondary purification, evaluating the Capto™ Core 700 resin
(CC700), IEX-S, strong and salt-tolerant anion exchange membrane adsorbers
(IEX-Q and IEX-STPA), as well as hydrophobic interaction membrane adsorbers
(HICP) and the SCMA. Depicted are the quantities contained in the flow-
through, wash and elution fractions, whereas for methods in the flow-through-
mode (CC700 and IEX-S), flow-through and wash fractions are combined. Error
bars reflect the standard deviation of technical triplicates, (IEX-S membrane
was only tested once). Protein recovery is not shown for the secondary pur-
ification as already after SXC capture no protein quantities were remaining.

for the STPA membrane adsorber. Notably, a distinct amount of virus
could not be eluted at 2 M NaCl, with roughly 30 % and 40 % not being
recovered from the IEX-Q and IEX-STPA membranes adsorbers, re-
spectively. The SCMA showed less retained viruses on the device than in
the previous capture step. However, the overall recovery of all fractions
was at about 70 %, with 54 % of the viruses being detected in the
product fraction.

For none of the applications used for the secondary purification,
proteins could be determined in any fraction.

The most efficient DNA depletion was achieved using the CC700
and the HICP membrane adsorber, with 36 % and 23 % of the initial
DNA amount remaining in the product fraction, respectively, (Fig. 4, B).
For all other applications, most of the contained DNA was co-eluted
with the product virus, with DNA amounts of 84 % (S-membrane), more
than 100 % (IEX-Q), 67 % (STPA), and 80 % (SCMA) being left in the
product fraction. Following Q, STPA, and SCMA purification, no DNA
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Fig. 5. ORFV stability after freeze/thawing with and without sugar supple-
mentation. Infective ORFV titers in SXC elution buffer (20 mM TRIS-HCL pH 7.4
with 0.4 M NaCl), supplemented with 0 %, 5 % and 10 % sucrose. The quan-
tification was done by flow cytometry, directly after the purification and after
each of up to three freeze/thaw cycles. Error bars indicate the standard de-
viation of technical triplicates.

was found during flow-through and wash. Last it should be noted that
for STPA and SCMA the material balance could not be closed with 33 %
(STPA), and up to 20 % (SCMA) of the DNA remaining unaccounted for.

3.5. Virus stability

Virus particles after SXC purification were stable for at least four
freeze/thaw cycles, without any loss of infectivity (Fig. 5). An addi-
tional application of sucrose did not affect the viruses’ infectivity during
freezing at —80 °C.

3.6. Overview and summary

In summary, the combinations of SXC and CC700 or HICP showed
the highest overall virus recovery of approximately 76 % and 64 % after
both chromatography steps, respectively. Furthermore, these combi-
nations offered a complete protein removal, and final DNA concentra-
tions of 24 ng mL~! (CC700) and 47 ng mL™ (HICP) at virus titers of
2.0E + 06 IU mL™ ! and 1.1E + 06 IU mL ™", respectively.

4. Discussion

Medical applications of viral vectors for gene therapy and vaccines
are continuously increasing (Shirley et al., 2020). One promising viral
vector that is currently undergoing preclinical evaluations, the ORFV,
lacks an efficient and economic production process. In this study, we
focused on its downstream processing and, in particular, on the de-
velopment of chromatographic methods for the purification of the cell
culture-derived ORFV.

4.1. Virus characterization

So far, the pI has not yet been determined for ORFV strain D1701-V
particles. Previously reported values for vaccinia viruses range between
2.3 and 5.9, depending on the analytical method and on the virus strain
analyzed (Douglas et al., 1966, 1969; Resch et al., 2007; Taylor and
Bosmann, 1981; Wolff and Reichl, 2011). Hence, the determined pI of
4.6 for ORFV is within the expected range. The same applies for the
determined main size populations after SXC purification of 150 and
250 nm, representing width and length of the ORFV in accordance with
literature (Nanington et al. 1964).
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4.2. Determination of the dynamic binding capacities

In general, membrane adsorbers have been widely used for the
purification of viruses and virus-like particles due to their superior
performance, especially in view of their flow properties and binding
capacities for nanoplexes (Hoffmann et al., 2019). In this study, we
evaluated ion exchange-, pseudo-affinity-, and hydrophobic interaction
chromatography membrane adsorbers, as well as size-dependent tech-
niques such as the CC700 and SXC.

At present, the membrane-based SXC was only described for
Influenza A (Marichal-Gallardo et al., 2017) and baculovirus (Lothert
et al., 2020) purifications, yielding dynamic binding capacities of up to
1.2E + 07 plaque-forming units cm ™2, which exceed our observations
for the ORFV (1.63E + 06 IU cm ™2 to 7.78E + 06 IU cm™?). In the
presented study, two membrane holders with a diameter of 13 mm and
25mm (24 mm membranes) were tested with a corresponding volu-
metric increase between the two membrane holders by a factor of 3.7.
The amount of retained viruses between the two membrane volumes
was increased by a factor of approximately 6 (Table 1). The slight de-
viation between the volumetric increase and the retained amount of
virus suggests a potential non-linear behavior when scaling up the SXC.
However, this could be explained by the error of the analytical method
for virus quantification, and the differences in the membrane housing
devices in terms of the assembly and housing materials. For the as-
sembly, both require a sealing ring in order to prevent a leakage. This
O-ring is relatively large for the 13 mm device, probably resulting in an
inefficient perfusion of the membrane stack. This could reduce the ac-
cessible membrane volume, thus reducing the overall capacity com-
pared to the larger filter holder. Additionally, most of the interactions
for the SXC occur in the upper layers of the membrane stack (un-
published data), suggesting, that a comparison of the membrane areas
accessible for the virus particles might be more appropriate. However,
this cannot be reliably determined.

The 4.2-fold higher DBC observed for the Q membrane adsorber, in
comparison to the STPA membrane adsorber (Table 1), was not ex-
pected. Based on the manufacturer’s product sheet, the ligand density is
nearly six times higher for the STPA membrane than for the Q mem-
brane, resulting in BSA binding capacities of 0.8 mgem ™2 (Q mem-
brane) and 1.4 mg cm2 (STPA). However, for virus molecules as large
as the ORFV particles, an increased ligand density might not affect the
binding capacity, but rather the binding strength, as multiple ligands
bind to a single virus particle.

Anion exchange membranes were frequently applied for the pur-
ification of different viruses with varying results on binding capacities.
For example, Grein et al. reported total capacities on similar Q mem-
branes of 1.7E + 08 plaque-forming units per cm? using a recombinant
baculovirus (Grein et al., 2012) whereas McNally et al. captured ret-
roviral vectors on Mustang Q membranes with 1.2E + 08 IP per mL
membrane (McNally et al., 2014). Hence, data on binding capacities is
frequently difficult to compare. Reasons for this are differences in virus
morphology and surface properties, varying analytical quantification
methods, and the deviations between membrane adsorbers from dif-
ferent manufactures. However, the data we obtained can be considered
within the same range as described by Grein et al. and McNally et al.
For MVA, Wolff et al. achieved binding capacities of greater than
1.2E + 07 fifty-percent tissue culture infective dose (TCIDs,) per cm?
using Q and D anion exchangers (Wolff et al., 2010b), which were also
exceeded for the Q device.

For the SCMA, a constant breakthrough of a small virus fraction was
observed by the light scattering detector from the moment that sample
loading started (data not shown). This was confirmed by offline ana-
lytics, as approximately 10 %-15 % of the viruses were found in the
flow-through fraction. Previous publications described the application
of SCMA for the purification of the Influenza A virus, Influenza virus-
like particles, and MVA (Carvalho et al., 2018; Fortuna et al., 2018,
2019; Opitz et al., 2009; Wolff et al., 2010a), with the virus content
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varying between 2.4 % and 30 % in the flow-through fraction during
the loading procedure. The precise interaction of different viruses and
sulfated cellulose or sulfated dextran is currently not yet fully under-
stood. However, several studies reported antiviral activities
(Chattopadhyay et al., 2008; Mitsuya et al., 1988; Nelson and
Rosowsky, 2002; Piret et al., 2000) and the binding of viruses to sul-
fated cellulose (O'Neil and Balkovic, 1993), suggesting that sulfated
cellulose can mimic a heparin or heparin sulfate ligand (Gallagher
et al., 2020; Paluck et al., 2016). The purification of ORFV via a heparin
affinity chromatography has already been described in literature
(Scagliarini et al., 2002, 2004), thus, ORFV could be suitable for SCMA
purification. Scagliarini and co-workers reported the ORF virus’ F1L
protein being mainly responsible for heparin binding (Scagliarini et al.,
2004). It is located on the viral envelope, presenting a glycosami-
noglycan binding motive (Lin et al., 2000; Scagliarini et al., 2002).
During the life cycle of the ORFV, different infectious progeny of ORFV
exist with altered surface structures and properties (Spehner et al.,
2004; Tan et al., 2009), and F1L could not be detected on all progenies
(Tan et al., 2009). For a complete virus recovery, the host cells were
disrupted after harvesting, releasing all progeny regardless of their
maturity level, which might explain the diminished performance during
SCMA for these virus particles. Besides, for Influenza virus particles,
Fortuna et al. showed a dependency of the SCMA performance on the
virus titer of the feed stream and on its ionic strength (Fortuna et al.,
2018, 2019). Different virus titers were not examined, therefore no
statement can be made on this. However, the conductivity of the tested
feed stream (3.5-4mS cm~2) matched their recommendation, and
therefore should not have influenced the adsorption behavior of the
virus during the sample loading process.

4.3. Evaluation of the capture step

Due to the estimated isoelectric point of the virus and the applied
buffer pH of 7.4, the IEX-S membrane was intended to be used in flow-
through mode (contaminant adsorption). In contrast to the expectation,
about 50 % were retained in the applied neutral pH process condition
and only eluted at higher (2 M NaCI) salt concentrations (Fig. 3). Virus
purification, using cation- and anion exchangers under comparable
process conditions, has been described repeatedly in the literature for
various cell culture-derived viruses (Wolff and Reichl, 2011), such as
the Influenza A virus (Opitz et al., 2009), the adeno-associated virus
(Okada et al., 2009), and for MVA (Wolff et al., 2010b), where virus
particles can be adsorbed up to a certain degree to both types of ion
exchangers. Based on the varying protein compositions, it can be as-
sumed that individual patches on the virus surface have different
physicochemical properties, leading to a complex adsorption behavior.

The tested anion exchange membrane adsorber resulted in a virus
recovery for the IEX-STPA of 86 % during primary chromatography
(Fig. 3). Anion exchange chromatography is widely used for virus
purifications, such as adenoviruses (Nestola et al., 2015) and the In-
fluenza A virus (Weigel et al., 2016). Generally, the main disadvantage
of the method is the co-elution of process-related nucleic acids with the
product virus (Wolff and Reichl, 2011). As a result, the obtained virus
yield depends on the level of DNA depletion and must be optimized
with regard to the economics of the entire production process.

During the capture of the ORFV from the clarified cell culture ma-
terial by SCMA, the losses, which were observed in the DBC studies
throughout column loading, were confirmed (Fig. 3). In the course of
the capture experiments, virus losses throughout loading and wash
amounted to 17 %. This was also the case for the secondary chroma-
tographic purification via SCMA, where 14 % of the virus was detected
in the flow-through and wash fraction (see Sections 3.4 and 4.4).
However, during the SCMA capture only 51 % (Fig. 3) of the virus could
be recovered in total, excluding this method as a potential capture step.
For the SCMA purification of MVA, Wolff et al. described virus yields
ranging from 65 % to 75 %, while at the same time achieving a DNA
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and protein depletion greater than 90 % and 95 %, respectively (Wolff
et al., 2010b, a). MVA also belongs to the poxvirus family and, thus,
allows a limited basis for comparison despite certain differences in
morphology. For the capturing step in the presented study, the protein
and DNA depletions are comparable to the studies of Wolff et al. Ac-
cording to the literature (Fortuna et al., 2019; Wolff et al., 2010b)
however, the virus recovery is below expectations. This might be at-
tributed to aspects already discussed in 3.2. Besides, it could also be due
to the fact, that custom-made membranes with pore sizes of 3—5pum
were employed in the cited MVA study. Here, we used commercially
available membranes with 0.8 um pores, leading to an increased fil-
tration effect, and thus, losses in the total virus recovery.

4.4. Evaluation of the secondary chromatographic step after SXC

After the purification of the virus particles by SXC, several mem-
brane adsorbers (IEX-S, IEX-Q, IEX-STPA, HICP and SCMA) as well as
the CC700 resin were tested for a subsequent chromatographic step to
remove residual contaminants.

For the cation exchange membrane adsorber, a comparable perfor-
mance of the secondary chromatography and the capture step (see
Sections 3.3 and 3.4) was achieved. Nearly half of the total virus
amount was not retained, and the product fractions did not show a
sufficient contaminant depletion (Fig. 4). Thus, the cation exchange
membrane adsorber was not suitable for a purification process of Vero
cell culture-derived ORFV under the tested conditions. The use of anion
exchangers as a secondary chromatographic step resulted in lower virus
yields compared to the capture step. More accurately, the virus yield
was reduced by 29 % (Figs. 3 and 4) for the IEX-STPA membrane ad-
sorber. Compared to the IEX-Q membrane adsorber, though, the IEX-
STPA membrane adsorber had an increased ligand density and virus
losses were insignificantly higher. The yields for the Q membrane ad-
sorber were comparable to values previously described for other virus
applications, such as for Influenza A (77-86 %, (Kalbfuss et al., 2007a),
Parvovirus-like particles (59 %, (Ladd Effio et al., 2016)) and MVA (77
%, (Wolff et al., 2010b)). Thus, virus losses in the course of anion ex-
change chromatography have already been described previously. The
above-mentioned higher virus losses, using the IEX-STPA in the sec-
ondary step compared to the capture step (complete virus recovery,
Fig. 3), could not have been caused by an infectivity loss as the process
conditions were the same in both approaches. Instead, the effect might
be explained by a shielding effect of contaminants in the solution,
preventing interactions of viruses with the surface ligands (Weigel
et al.,, 2016), with higher contaminant levels during the primary
chromatography. Under the applied elution buffer conditions, the DNA
could not be separated from the virus in any of the anion exchange
methods, resulting in DNA levels above 120 ng mL ™!, thus rendering
these methods to be less suitable for the ORFV purification. If possible
at all, an extensive method optimization for an appropriate function-
ality would be required.

While the absence of contaminating proteins reduces the perfor-
mance of the anion exchangers, the opposite effect is observable for the
SCMA membrane. When applied as a secondary step, the total virus
recovery is approximately 17 % higher than during capture (Table 1,
Figs. 3 and 4). This increase is mainly attributed to a higher amount of
virus being eluted from the membrane adsorber, as the amounts in
flow-through and wash were unchanged. Possibly, the membrane
fouling effect is reduced when performed as a secondary purification in
the absence of proteins. As described in 3.3. the membranes’ pores are
at 0.8 um, generally leading to higher filtration effects than in previous
reports on MVA with larger pore membranes (Wolff et al., 2010b, a).
Thus, the filtration effects could be increased at higher protein con-
centrations during the capture step. Total virus recoveries in all frac-
tions accounted for 68 %, ruling out SCMA for an ORFV purification.

Concerning the HICP membrane, high losses (about 40 %) were
observed during sample loading and wash (Fig. 4). HIC processes for
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virus purification are less well characterized and applied than the use of
anion exchange methods. However, Weigel et al. described a resin-
based HIC purification for Influenza A with > 90 % virus yield and
about 99 % DNA removal (Weigel et al., 2019). Furthermore, also MVA
was previously purified with the HICP membranes as a secondary
purification, yielding up to 76 % of the virus (Wolff et al., 2010a),
matching the data of 76 % virus in the elution pool that we obtained
(Fig. 4). However, the DNA removal was higher in the referred study,
with less than 1 % of the initial DNA content being found in the product
(23 % in this work). Relative DNA amounts are difficult to compare,
and no values on absolute DNA concentrations are given in the pub-
lished data. In the presented study, the final DNA concentration in the
product fraction was about 47 ng mL ™! (containing total virus amounts
of 1.1E + 06 IU). Thus, when considering this unit operation for pro-
cess implementation, a further optimization of the buffer composition
must be evaluated. The virus recovery in the elution could potentially
be increased for higher ammonium sulfate concentrations in the
binding buffer, presuming that the virus activity is not affected. The
total amount of recovered virus in all fractions can be attributed to the
analytical error, accounting up to 15 % for each fraction.

All TEX and HIC methods described here, were performed using
elution buffer conditions that support a high virus recovery using high
salt concentrations (2 M NaCl). As under these circumstances most of
the DNA is co-eluted with the virus, the product purity was not opti-
mized. However, the intention here was the identification of possible
chromatographic methods for the purification of ORFV, and optimiza-
tions would have exceeded the scope of this study.

Among the techniques tested as secondary chromatographic
methods, CC700 allowed the highest DNA removal with only 24 ng
mL~! of the DNA remaining in the product fraction at virus titers of
2.0E + 06 IU mL™ . Accordingly, this combination offers the highest
potential for a further process optimization in order to comply with a
production process in agreement with regulatory guidelines (European
Pharmacopoeia, 2020; World Health Organization, 2017). The use of
CC700 and HICP both showed a high virus yield (90 % and 76 %) and a
high DNA depletion in the product fraction (64 % and 77 %, Fig. 4). The
latter is based on a total DNA assay, which needs to be further char-
acterized for a production process in order to discriminate between
viral DNA and host cell DNA. Furthermore, the combination SXC and
CC700 or HICP allowed a protein depletion below the quantification
limit (25 pg/mL) of the applied assay and, thus, meets the requirements
of the regulatory guidelines. Nonetheless, it will be necessary for a
production process to further characterize the remaining proteins in
order to determine their source.

As carried out in the experiments shown here, the final arrangement
of the two chromatographic purification methods should start with the
SXC. This method is mainly independent of the loading- and the elution
buffer, reducing the need for additional buffer exchanges, which would
be necessary for HICP (Weigel et al., 2019; Wolff et al., 2010a). Fur-
thermore, SXC allows a concentration of the virus (Marichal-Gallardo
et al., 2017), whereas the CC700 rather leads to a sample dilution. Also
the polishing effect of the CC700 resin might be reduced, if over-
burdened with higher contaminant amounts of the clarified feed (James
et al., 2016).

The experiments described here were all conducted on a laboratory
scale. However, most of the evaluated techniques are membrane-based
and available, either commercially in different scales, or can be custom-
made from commercial flat sheet membranes (SXC, SCMA) to accom-
modate the required scale. The only applied resin-based technique, the
CC700, is used to bind and remove remaining impurities in a flow-
through mode for the virus. It is therefore uncritical for upscaling.

4.5. Evaluation of the virus stability during freeze/thaw cycles

The data suggests that the virus can be stored at —80 °C after the
first chromatographic purification, without affecting the virus stability
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for up to three freeze/thaw cycles (Fig. 5). Additionally, a supple-
mentation of 5% or 10 % sucrose is not required and can be omitted.
Previously, the addition of stabilizers, such as sugars, was described to
be beneficial for storage and formulation of various viruses (Adebayo
et al., 1998; Kumru et al., 2018). In our case, an intermediate storage
and freeze/thawing in a SXC elution buffer (20mM Tris pH 7.4,
180 mM NaCl) was uncritical; for a long term storage, though, addi-
tional studies are required.

5. Conclusion

This study evaluates the general performance and applicability of
different chromatographic unit operations for the purification of cell
culture-derived ORFV. In summary, anion exchangers, HIC, and SXC are
suitable possibilities with satisfying product recoveries and con-
taminant depletions. Cation exchange membrane chromatography and
SCMA appeared less eligible for such a process. SXC and IEX-STPA
membranes present the most promising capture steps with 84 % and 86
% virus recovery, respectively, whereas the impurity removal was
better for SXC (greater than 99 % protein and 67 % DNA reduction).
The combination of SXC chromatography with a subsequent CC700 or
HIC membrane adsorption chromatography resulted in an overall virus
yield in the two combined chromatographic steps in 90 % and 76 %,
respectively. Hence, these unit operations or the combination of the
SXC capture step with a CC700 or HIC chromatography are promising
candidates for a DSP of cell culture-derived ORFV. In addition, the
utilized membranes or chromatographic modules are well suited for
upscaling and single use applications, providing the possibility for the
development of an economic production process, which will be the
focus of upcoming experiments.
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Chapter 4 — Evaluation of the SXC in DSP trains for ORFV and
Hepatitis C purification

Up to the date and in the previous chapters, the SXC was only described and referred to as
platform technology, with potential applications in the biopharmaceutical industry, allowing for
high recoveries and excellent product purities. However, to our knowledge it was not yet
shown, if the SXC can be successfully integrated into complete downstream processing

schemes to enable pharmaceutical application in humans.

To show this possibility, the following chapter describes the implementation of such processes.
Based on the findings in chapter 3, in a second step, the presented purification process for
ORFV was complemented by an optimized clarification step, a nuclease treatment and a final
polishing using the Capto™ Core 700 resin, in order to intensify the performance of the SXC
step. The Capto™ Core 700 was selected as it represents the best option regarding virus
integrity and impurity clearance. The resulting process enabled overall product recoveries of
64% with the possibility for human treatment, regarding its purity. The process, and particularly
the optimized process conditions during SXC, were robust and reproducible for two different
ORFV genotypes and did not require additional adjustments on the tested laboratory scale.
This can be mainly attributed to the similar size and equaling isoelectric points of the applied

virus genotypes.

Beside the purification of different genotypes of one virus, the next aim was to confirm the
benefits of the SXC as a capture step during a purification scheme for a different type of virus
with varying physio-chemical properties. Therefor, the method was applied for the purification
of whole inactivated hepatitis C virus (HCV). The development had great impact on future SXC
development, as it revealed the high pH dependency of the SXC for virus purification with
membranes. In this work it was shown for the first time using membrane-based SXC for virus
purification, that leaving the optimum pH window at a pH of 8.5 £+ 0.5 highly reduces the SXC
performance. In the worst case, applying the wrong conditions led to a complete lack of
functionality making virus retention impossible or resulted in increased aggregation and
blocking of the column. In turn, after adhering to pH conditions near the isoelectric point of the
virus, the procedure did not require any additional optimization, but allowed for a complete

virus recovery and satisfying impurity removal.

Furthermore, the study was of major interest as up to the date no HCV vaccine and thus, no
corresponding DSP process was available. The SXC capture step was accompanied by a
preceding filtration train and a subsequent secondary pseudo-affinity purification using sulfated

cellulose. Particular attention shall be drawn to the importance of the appropriate pH value
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during SXC processing. In combination with an anterior filtration and the inclusion of a nuclease
treatment, the chromatographic purification train was able to achieve product qualified for
human vaccination. As during the ORFV process, the SXC capture step was responsible for
removing most of the protein contaminants (>97%) and a significant amount of host cell DNA
(86-94%), whereas the subsequent pseudo affinity chromatography allowed for a further
decrease of DNA levels below regulatory limits. Again, the whole process was evaluated for

two of the major HCV genotypes and allowed a similar performance for both of them.
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ARTICLE INFO ABSTRACT

Keywords: The large demand for safe and efficient viral vector-based vaccines and gene therapies against both inherited and
Viral vector vaccine acquired diseases accelerates the development of viral vectors. One outstanding example, the Orf virus, has a
Orf virus

wide range of applications, a superior efficacy and an excellent safety profile combined with a reduced patho-
genicity compared to other viral vectors. However, besides these favorable attributes, an efficient and scalable
downstream process still needs to be developed. Recently, we screened potential chromatographic stationary
phases for Orf virus purification. Based on these previous accomplishments, we developed a complete down-
stream process for the cell culture-derived Orf virus. The described process comprises a membrane-based clar-
ification step, a nuclease treatment, steric exclusion chromatography, and a secondary chromatographic
purification step using Capto® Core 700 resin. The applicability of this process to a variety of diverse Orf virus
vectors was shown, testing two different genotypes. These studies render the possibility to apply the developed
downstream scheme for both genotypes, and lead to overall virus yields of about 64 %, with step recoveries of
>70 % for the clarification, and >90 % for the chromatography train. Protein concentrations of the final product
are below the detection limits, and the final DNA concentration of about 1 ng per 1E + 06 infective virus units
resembles a total DNA depletion of 96-98 %.

Downstream process
Steric exclusion chromatography
Nuclease treatment

1. Introduction adeno- or adeno associated viruses, lenti-, or retroviruses (Fleming et al.,

2017; Scott et al., 2016; Vannucci et al., 2013). In contrast to the highly

The parapoxvirus Orf virus (ORFV) has been known for decades as a
zoonotic pathogen, which mainly affects small ruminants causing skin
lesions. The virus, however, can also be transmitted to humans, e.g. via
broken skin (Haig and McInnes, 2002; Haig and Mercer, 1998). Recent
publications demonstrated the potential of the ORFV as a novel poxviral
vector platform (Amann et al, 2013; Rziha et al., 2016, 2019), an
immunomodulatory agent (Bergqvist et al., 2017; Fleming et al., 2015),
and as an antiviral- and oncolytic treatment (Friebe et al., 2018; O’Leary
etal., 2018; Rintoul et al., 2012; Wang et al., 2019). The loss of virulence
factors in attenuated ORFV highly reduces its pathogenicity to humans
and animals, and offers advantages over common viral vectors like

attenuated Modified Vaccinia Ankara virus (MVA), ORFV are repli-
cation-competent, assuring a potent and more effective immune
response (Albarnaz et al., 2018; Garcia-Arriaza and Esteban, 2014;
Rziha et al., 2019). Among the additional striking vector properties of
ORFYV are the restricted host range, the lack of systemic spread even in
immuno-compromised animals, and the induction of strong B- and T-cell
immune responses to expressed antigens (Rziha et al., 2019). Moreover,
multiple re-immunizations are possible, due to a short-lived duration of
the ORFV-specific immunity (Haig and Mercer, 1998; Rintoul et al.,
2012). However, despite the qualification of ORFV for human and vet-
erinary medical applications, literature exclusively focuses on the

Abbreviations: CC700, Capto™ Core 700; DF, depth filtration; DBC, dynamic binding capacity; DLS, dynamic light scattering; IU, infective units; MVA, Modified
Vaccinia Ankara virus; NTU, nephelometric turbidity units; ORFV, Orf virus; ORFV-GFP, Orf virus genotype expressing the green fluorescence protein; qPCR,
quantitative polymerase chain reaction; RT, room temperature; SCMA, sulfated cellulose membrane adsorber; SXC, steric exclusion chromatography.
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upstream of ORFV production processes up to the date (Pohlscheidt
et al., 2008; Rziha et al., 2016). So far, no suitable downstream process
for a large-scale economic production of cell culture-derived ORFV has
been described, and virus purification is currently mainly done by su-
crose gradient centrifugation (Rziha et al., 2016). This method is
generally uneconomic, underlies a poor scalability and high product
losses and, most importantly, an insufficient removal of cellular impu-
rities (Hoffmann et al., 2019; Wolff and Reichl, 2011). In analogy to
other poxviridae, such as the MVA application of ion exchange-, hy-
drophobic interaction- (HIC), or pseudo affinity, chromatography is a
reasonable possibility (Wolff et al., 2010b, a). Recently, we screened
different chromatographic process conditions and methods for the pu-
rification of ORFV (Lothert et al., 2020). In that study, we evaluated ion
exchange and hydrophobic interaction membrane adsorbers as well as
steric exclusion chromatography (SXC) and the Capto™ Core 700
(named CC700 hereafter) chromatography. According to our findings,
the most promising combination of chromatographic purification steps
with regard to virus recovery and impurity depletion was the SXC fol-
lowed by a CC700 chromatography. The SXC is a size-based purification
technology, employing the mutual steric exclusion of macromolecules
from a polymer-rich solution. The method, initially used for the
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purification of large proteins and bacteriophages employing monoliths
(Gagnon et al., 2014; Lee et al., 2012; Tao et al., 2015; Wang et al.,
2014), was later applied for the separation of RNA molecules (Levanova
and Poranen, 2018), as well as for membrane-based virus purification
(Lothert et al., 2019; Marichal-Gallardo et al., 2017). SXC allows a se-
lective retention of the target molecules by adjusting the polymer (e.g.
polyethylene glycol, PEG) concentration, and enables an efficient
contaminant removal due to the distinctive size difference between virus
and proteins or DNA. CC700, in turn, is a chromatographic resin with
bimodal functions. The outer surface is inert, and only components
below 700 kDa, which can penetrate the pores, adsorb to the internal
mixed mode ligands (James et al., 2016). As Orf virions with a size of
about 260 nm x 160 nm (Guo et al., 2003) are excluded from the pores,
this method provides a possibility to eliminate residual amounts of DNA
and protein. In a previous study (Lothert et al., 2020), however, it was
shown that the mere combination of the SCX and CC700 is not sufficient
for human applications according to regulatory safety requirements
(European Pharmacopoeia, 2020; World Health Organization, 2017), as
DNA-levels in the product fraction were still above 24 ng ml~! (~12 ng
per 1E + 06 infective units).

Here, we describe the development and optimization of a

5 um/DF1

Primary clarification 0.65 um /DF2

Secondary clarification

DNA digestion/1 h

Room temperature

EE R

"‘-\-\_'_,-»-"

Nuclease / Benzonase®

[t+t++++
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Fig. 1. Process overview. ORFV production divided into virus amplification, harvest, and cell disruption, followed by primary and secondary depth filtration (DF),
nuclease digestion, and a two-step chromatographic purification. The first chromatography is a capture step by steric exclusion chromatography (SXC) after a mixing
of the clarified and nuclease-treated harvest with polyethylene glycol (PEG), followed by a secondary clarification using the Capto™ Core 700 (CC700) resin and

collecting the unbound fraction.
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downstream scheme, based on the previous findings for two genotypes
of cell culture-derived ORFV. Therefore, the developed purification train
comprises a membrane-based clarification, a nuclease treatment, an
intermediate chromatographic purification by SXC, and a final purifi-
cation step using CC700 (Fig. 1).

2. Materials and methods
2.1. Virus production

The virus was propagated in Vero cells (ATCC, CCL-81) as previously
described (Rziha et al., 2016), using T-225 CytoOne® flasks (STARLAB
International GmbH). The cells were infected at a multiplicity of infec-
tion of 0.05 to produce two different genotypes of the ORFV, namely, the
ORFV expressing the green fluorescence protein (ORFV-GFP) and the
ORFV-Cherry. In addition to the different fluorescence gene (GFP and
mCherry, respectively), the ORFV-Cherry genome contains two addi-
tional membrane bound proteins. The virus was harvested 120 h
post-infection, and remaining intracellular virus was released from the
host cells by a freeze/thaw cycle.

The clarification performance (section 2.2) and the nuclease diges-
tion (section 2.3) were evaluated, exclusively using ORFV-GFP, whereas
the chromatography (sections 2.4 and 2.5) was done with clarified and
nuclease-treated samples of both genotypes.

2.2. Clarification of virus harvests

All filtrations were carried out using a Sartoflow® Smart, operated
by the Biopat® MFCS 4 software (Sartorius Stedim Biotech GmbH).
Clarification was undertaken using a sequence of depth filters with
decreasing pore sizes. For cell and cell debris separation, filters with
pore sizes of 5 pm were used, employing either Sartopure® PP3 Midi-
Caps® (5055342P7-FF-A, Sartorius Stedim Biotech GmbH) or Milli-
stak+® COHC filters (MCOHC23CL3, Merck). For a secondary
clarification, filters of the same membrane material with 0.65 pm pores
were applied, being Sartopure® PP3 capsules (5051305P4-SS-B, Sarto-
rius Stedim Biotech GmbH) or Millistak+-® DOHC (MDOHC23CL3,
Merck). Sartopure® devices had a membrane surface area of 650 cm?
(5 pm pores) and 130 cm? (0.65 pm pores). The Millistak+® filters were
applied in the pPod®-format with a total surface area of 23 cm?. For a
recovery evaluation, a cell-free harvest of ORFV was prepared by low-
speed centrifugation at 200 x g for 5 min. All runs were performed in
triplicates. Additionally, the capacity per filter area was estimated once
for each filter, using a non-centrifuged ORFV-GFP harvest in the primary
clarification. The filtrate was then used for the secondary clarification
until a pressure limitation occurred. The clarification performance was
evaluated by calculating the nephelometric turbidity units (NTU), using
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NTU = 0.191 + 926.194*A, where A is the absorbance at 750 nm.
2.3. Nuclease treatment

In order to evaluate the efficiency of the nucleic acid digestion, the
clarified ORFV-GFP virus broth was supplemented with Benzonase®
nuclease (Merck) at final concentrations of 50, 250 and 500 U ml ! and
2mM MgCl, (Carl Roth). DNA concentrations (section 2.6.3) and
infective virus titers (section 2.6.1) were determined at several time
points within 24 h by single measurements for each concentration
(Fig. 2). Process samples of ORFV-GFP and ORF-Cherry were supple-
mented with 250 U ml ™! of the nuclease, and incubated for 1 h at room
temperature (RT). After incubation, EDTA (Carl Roth) was added to the
mixture in a final concentration of 5 mM, in order to block nuclease
activity. Chromatographic purification was started directly afterwards
without an additional storage of the sample.

2.4. Primary chromatographic purification (capture)

All chromatographic preparations were done using an Akta™ Pure
25 (GE Healthcare Life Sciences) with an online-monitoring of conduc-
tivity and UV (280 nm). The system was operated by the Unicorn™ 7.1
Software. Additionally, a Nano DLS Particle Size Analyzer (Brookhaven
Instruments) was integrated into the flow path to allow an online-
particle detection. The used buffers were filtered through a 0.2 pm
bottle top filter (Corning) and degassed by ultrasonication, before being
applied to the system.

With minor adjustments, SXC was performed as previously described
(Lothert et al., 2019). Briefly, the clarified and nuclease-treated virus
harvest was mixed with 20 mM TRIS (Carl Roth) adjusted to pH 7.4 with
HCI (Carl Roth), supplemented with 32 % (w/v) PEG 8000 (Carl Roth)
and 180 mM NacCl (Carl Roth) to a final PEG concentration of 8 %,
equaling equilibration buffer conditions. The mixture was applied to a
stack of 10 layers of regenerated cellulose membranes with a pore size of
1 pm (Whatman). The membranes were punched and assembled in a
13 mm stainless steel filter holder (Pall), covered with support screens
on both sides of the stack. Accordingly, the bed volume and membrane
surface were about 0.092 mL and 13.3 cm?, respectively. The system
and the membranes were equilibrated prior to sample application, using
at least 6 mL equilibration buffer (20 mM TRIS, pH 7.4). After complete
loading, the membranes were washed with equilibration buffer for at
least 50 column volumes. Elution was done using 10 mL 20 mM TRIS
buffer at pH 7.4 without PEG, but supplemented with 400 mM NacCl. For
each chromatographic run, a new membrane stack was prepared. Dy-
namic binding capacities were determined for both genotypes applying
the clarified virus broth without an additional nuclease digestion. The
breakthrough of virus particles at 10 % and 100 % were judged by light
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Fig. 2. Evaluation of the nuclease performance. DNA concentrations (A) and infective virus titers (B) after incubations with 50 (red dots), 250 (orange triangles),
and 500 (black triangles) units of the enzyme per ml sample. DNA levels and virus titers of non-treated samples were determined at certain time points as a control
(blue squares). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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scattering detection.
2.5. Secondary chromatographic purification (CC700)

Secondary purification was done using 1 mL prepacked CC700 col-
umns (GE, Healthcare Life Sciences) at flow rates of 1 mL min~'. The
SXC elution was directly applied to equilibrated columns, using 20 mM
TRIS buffer, pH 7.4, supplemented with 180 mM NacCl for the equili-
bration, loading and washing. Flow-through and wash fractions were
pooled and considered as the product fraction. Impurities were eluted
from the column, using 2 M NaCl in 20 mM Tris at a pH of 7.4. The
columns were regenerated by adding 1 M NaOH (Carl Roth) to the
elution buffer, as suggested by the manufacturer.

2.6. Analytics

2.6.1. Virus quantification

Infective virus particles were quantified using an automated flow
cytometry-based approach, as described previously (Lothert et al.,
2020). Briefly, Vero cells were seeded in a 24-well format (Greiner
Bio-One) with 100,000 cells per well, in a culture volume of 1 mL. DMEM
(Gibco™, Thermo Fisher Scientific) supplemented with 5 % fetal calf
serum (Capricorn Scientific). Directly after seeding the cells, 100 pL of
the respective chromatography sample, the medium blank or the stan-
dard virus stock ranging from 1.5E + 05 to 1.0E + 07 infective units
() ml’l, was applied to each well for infection. The cells were incu-
bated for 16 h, washed with PBS (Thermo Fisher Scientific), and har-
vested after detachment with Trypsin/EDTA (Gibco™, Thermo Fisher
Scientific). The detached cells were supplemented with FCS (1:4 v/v) to
stop the trypsin activity, and transferred to a 96-well U-bottom plate
(Nunc, Thermo Fisher Scientific). The cells were washed twice by
centrifugation at 400 x g for 2 min, removing the supernatant and
re-suspending the pellet in 100 pL PBS. Finally, the cells were analyzed
using a flow cytometer (Guava® easyCyte HT, Merck). The percentage
of positive/fluorescing cells (i. e. infected) compared to the total number
of cells for ORFV-GFP was determined at an emission of 525 nm and an
excitation of 488 nm. For the Cherry-genotype, the yellow fluorescence
(emission: 583 nm, excitation: 488 nm) was evaluated to quantify the
amount of infected cells. The standard deviation of the analysis in both
cases was less than 10 % for duplicate measurements.

2.6.2. Protein quantification

The Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) was
applied for the total protein quantification of chromatographic samples,
following the manufacturer’s instructions. The standard calibration was
prepared using bovine serum albumin, included in the kit, in a range
between 25 and 2000 pg ml~L. For all samples and standards, 25 pL
were transferred to a 96-well plate and mixed with 200 pL of the reac-
tion mixture. After an incubation of 30 min at 37 °C, the absorbance was
measured at 562 nm with a plate reader (BioTek™ Cytation 3™, Fisher
Scientific). The sample concentrations were determined from calibration
curves prepared in parallel with an average assay deviation of less than
10 % for duplicate measurements.

2.6.3. DNA quantification

The total amount of double-stranded DNA was determined using the
Quant-iT™ PicoGreen™ dsDNA Assay Kit (Thermo Fisher Scientific)
according to the manufacturers’ instruction. In a black 96-well plate
(Nunc, Thermo Fisher Scientific), 50 pL of each chromatographic sample
were mixed with 50 pL of the assays’ 1xTE buffer and 100 pL of the dye
mixture. The plates were analyzed for a fluorescence emission at
520 nm, after an excitation at 480 nm, using a plate reader (BioTek™
Cytation 3™, Fisher Scientific). Final concentrations were calculated
from standard calibrations in the range of 0.025-25ng ml~! and
1-1000 ng ml~?, respectively. Standards were freshly prepared for each
plate and the assay deviation was below 15 %.

224

Journal of Biotechnology 323 (2020) 221-230

2.6.4. ORFV size determination by dynamic light scattering

Final product fractions were submitted to a dynamic light scattering
(DLS) analysis for the verification of the product size. Measurements
were performed with a Zetasizer Nano ZS90 (Malvern), using a 90° light
scattering detection and a He-Ne laser at 633 nm. Data acquisition was
done at RT with settings for a dispersant refractive index and a viscosity
value of 1.45 and 0.954 cP, respectively. The latter values were deter-
mined by a prior analyzation of the buffers. Undiluted product fractions
were characterized in disposable semi-micro cuvettes (Sarstedt). The
obtained data was processed by the Zetasizer Software (version 7.12),
using multiple narrow modes as option.

2.6.5. Transmission electron microscopy

Electron microscopy was performed as a whole-mount analysis on
purified ORFV and stored at —80 °C after the CC700 chromatography.
Both genotypes, ORFV-GFP and ORFV-Cherry, were analyzed by nega-
tive staining in duplicates, using 2 % ammonium molybdate (Agar Sci-
entific). The stain was freshly prepared, adjusted to pH 7.0 using 5 M
NaOH, and finally filtered through 2 pm syringe filters (Carl Roth). Each
ORFV sample (20 pL) was incubated for adherence by the on-drop
method for 7 min on 300-mesh formvar-coated (1.2 %) copper grids
(Plano GmbH), which had been carbonized and glow-discharged
immediately before use. Following incubation, the grid was trans-
ferred with the virus side pointing towards the drop to the stain (20 pL)
for an additional 7 min. Thereafter, the stain was sucked from the grid
by a Whatman® filter paper (GE Healthcare Life Sciences) and grids
were finally air-dried. The preparations were inspected in an EM912 AB
transmission electron microscope (Zeiss) at 120 kV under zero-loss
conditions at slight underfocus. Micrographs were recorded using a 2k
x 2k slow-scan CCD camera (TRS), and processed using the iTEM soft-
ware package (Olympus-SIS).

3. Results
3.1. Clarification

Clarification experiments were conducted with low speed (200 x g,
5 min) -centrifuged ORFV-GFP culture supernatants. Under these con-
ditions, about 90 % virus recovery was achieved for the primary clari-
fication for both the Sartopure® PP3 capsules (5 pm) and Millistak+®
MDOHC devices (Table 1). During the secondary clarification, the Sar-
topure® PP3 capsules (0.65 pm) and the Millistak+® MCOHC devices
resulted in a mean recovery of 77 % and 70 %, respectively. A consec-
utive clarification with the Millistak+® filters (MDOHC + MCOHC) for
the primary and secondary clarification enabled a DNA depletion of 52
% and 68 %, respectively, resulting in a complete DNA depletion of
about 75 %. The combination of the PP3 capsules (5 + 0.65 pm) lead to
an overall DNA depletion after secondary clarification of about 53 %.
The reduction of the total protein content for both tested filter combi-
nations was about 20 %.

The membrane capacity per filter area for the culture broth, which
had not been pre-clarified by low speed centrifugation, was about
1.1E + 09 IU for the Millistak+® filters. In a comparable experiment,
the PP3 devices resulted in a capacity of about 2.3E + 08 IU per cm?
filter area (Table 1).

3.2. Evaluation of the nuclease treatment using ORFV-GFP

Initial DNA levels of about 325 ng ml~! after clarification (control
sample) were reduced by a factor of 3.3 when using 50 U ml™ of the
enzyme, and by 4.3 and 5.4 using 250 and 500 U ml™, respectively,
directly after mixing the sample with nuclease (Fig. 2, A). When using
enzyme concentrations of 50 U ml, a further decrease of DNA levels
was detected for up to six hours. For the other two enzyme concentra-
tions, after an incubation time of one hour, no major changes were
observed. Compared to the non-digested control sample, a five- to six-
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Table 1
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Summary of the clarification results for different filter types after primary and secondary clarification.

Clarification step Filter Final turbidity Turbidity reduction Virus recovery DNA depletion Protein depletion Filter capacity [IU
[NTU] [%] [%] [%] [%] em %]
Primary clarification MDOHC 5 pm 32+2 98 89 +5 52+6 11+4 1.1E + 09
v PP3 5 um 44+5 97 91+2 39+3 7+6 2.3E + 08
MCOHC
Secondary 1.8+1 >99 70 £ 6 68 +7 20+7 >1.1E + 09
clarification 0-65 pm
PP3 0.65 pm 1.7+3 >99 77 £2 53+5 20+7 4.4E408

NTU: Nephelometric turbidity units; IU: Infective units.

fold overall DNA reduction, from a starting concentration of 325 ng ml™,
was observed. The virus infectivity was not impaired by the nuclease
treatment for up to an incubation time of 24 h (RT), in relation to the
control sample (Fig. 2, B).

3.3. Primary chromatographic purification (SXC capture)

The dynamic binding capacity DBC; g o, for the ORFV-GFP was about
7.72E + 08 IU ml~! membrane volume and a 5.4E + 06 IU cm-2 mem-
brane surface area. The evaluation of the DBC;q o, for the identical virus
sample resulted in 2.01E + 08 IU ml"' and 1.41E + 06 IU cm-2 For
ORFV-Cherry, a DBCyg g, of 4.01E + 08 IU ml~! and 2.8E + 06 IU cm-2
was determined. DBCj g o, could not be reached. In this attempt, loading
was stopped after 1.30E + 09 IU ml™! (9.1E + 06 IU cm-2), as the
pressure limits of the housing were reached.

Additionally, it was observed that a minor breakthrough of the
ORFV-Cherry started immediately after application, whereas the ORFV-
GFP was completely retained during early sample loading (Fig. 3, A and
Q).

Applying the SXC as a capture step for both evaluated ORFV geno-
types, more than 90 % of the viruses were recovered in the elution
fraction (Fig. 4). Protein removal was above 98 % in both cases. The
remaining DNA amount in relation to the feed was 24 % and 19 % for the
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GFP and Cherry genotype, respectively (Fig. 4, Table 2).
3.4. Secondary chromatographic purification (CC700)

The CC700 was applied in a flow-through mode, and the chro-
matograms show a direct breakthrough of virus particles during sample
loading in the light scattering signal with a negligible UV-signal (Fig. 3
B, D). A virtually complete virus recovery was possible using the CC700
chromatography, with 99 +3 % and 95+ 1 % of the virus being
recovered in the product fraction for the ORFV-GFP and the ORFV-
Cherry, respectively (Fig. 5). DNA levels were reduced by an addi-
tional 75 % (ORFV-GFP) and 72 % (ORFV-Cherry), based on the
remaining DNA content after the SXC. Accordingly, this resulted in a
final DNA content of approximately 1 ng per 1E + 06 IU for both ge-
notypes. For the secondary chromatographic purification, the overall
DNA recovery was incomplete, with a total of 54 %-68 % being recov-
ered in all fractions. Furthermore, the protein concentrations in all of the
obtained chromatographic fractions was below the detection limits of
the applied assays, while minor signals were observed at the UV and
light scattering detector during the column regeneration.
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Fig. 3. Chromatograms for the two evaluated genotypes during each process step. SXC chromatograms for ORFV-GFP (A) and ORFV-Cherry (C) as well as
Capto™ Core 700 (CC700) chromatograms for both, the ORFV-GFP (B) and the ORFV-Cherry (D) genotype. In all chromatograms, the sections are divided into
loading (I), wash (II) and elution (III). In each case, the signals for UV at 280 nm (black line), the light scattering signal (red line), and the pre-column pressure (grey
dashed line) are plotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 4. Relative recoveries of virus, protein, and DNA during SXC purifi-
cation. Shown are the values for both tested genotypes, ORFV-GFP and ORFV-
Cherry, in the different fractions of the capture step: flow-through, wash and
elution. Error bars represent technical triplicates.

3.5. Product characterization: ORFV size and morphology after
purification

For the purified ORFV, two main size populations at
253.2 +35.1 nm and 163.7 +23.5nm, and 261.3 + 25.6 nm and
172.8 +19.8 nm were identified for ORFV-GFP and ORF-Cherry,
respectively (Fig. 6A, B) by DLS measurements. Occasionally, howev-
er, a third particle population with length values of 368.6 + 67.6 nm
was observed (data not shown). Electron microscopy imaging addi-
tionally confirmed the presence of intact viral particles for both evalu-
ated genotypes. Exemplarily, a representative image of ORFV-GFP after
CC700 purification is illustrated in Fig. 6C.

4. Discussion
4.1. Clarification

Virus recoveries of about 90 % (Sartopure® PP3 and Millistak+®
COHC filters, both 5 pm membranes) during primary clarification, and
70 % (Millistak+® DOHC 0.65 pm filters) to 77 % (Sartopure® PP3
capsules 0.65 pm) after secondary clarification were achieved (Table 1).
These values are comparable to clarification studies previously per-
formed for rotavirus-like particles (3 pm filter with 85 % recovery,
Peixoto et al., 2007), Influenza A viruses (0.65 pm polypropylene mesh
filter with 85 % virus recovery Kalbfuss et al., 2007), or recombinant
baculoviruses (3 pm + 0.65 pm Sartopure® PP2 polypropylene filter
with 95 % recovery, Nestola et al., 2015; Vicente et al., 2009). A direct
comparison of these filtration performances is rather difficult, as not

Table 2

Journal of Biotechnology 323 (2020) 221-230

only the targets vary, but also the applied filters, i.e. filter materials, use
of filter aids, etc. However, recoveries >85 % meet current expectations,
thus indicating an adequate performance of the herein used clarification
strategy. Here, however, the high yield could only be achieved after the
removal of the remaining complete cells containing intracellular ORFV
by low-speed centrifugation (data not shown). These additional
pre-clarifications have already been described in literature. For
example, Fernandes et al. reported a poor adenovirus type 2 recovery
(30 %) using filtration techniques without prior centrifugation (90 %
recovery with preceding centrifugation, Fernandes et al., 2013). Previ-
ous studies on MVA also described a three-fold decrease in viral yields
after centrifugation at 13,000 x g, and discarding cellular debris (Jordan
et al.,, 2009). A very likely explanation for the observed losses is a
potentially incomplete cell disruption. If so, the intracellular virus is
present in the feed stream and accounted for by the flow cytometric
analysis. Hence, an elevated virus titer, which is only partially acces-
sible, leads to an apparent high virus loss during filtration. Thus, the
inclusion of an additional step for «cell disruption or the
freeze/thaw-cycles in the process scheme might have to be considered
for an industrial process. This has, for example, been investigated for
MVA by Jordan et al, considering either three subsequent
freeze/thaw-cycles or sonification (Jordan et al., 2009, 2011; Jordan
et al., 2013). In this context, the degree of virus release and, thus, the
improved virus output, must meet the economic considerations in terms
of the required resources. In addition, the virus integrity and the
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Fig. 5. Relative recoveries of virus and DNA during Capto™ Core 700
(CC700) purification. Values depict the amount of virus found in the indi-
vidual fractions during the secondary chromatographic step in relation to the
amount applied to the CC700 column. The fractions’ flow-through and wash
were mixed as a combined product fraction. Error bars represent SD of technical
triplicates. No protein was found in any of the fractions during CC700
purification.

Summary of the overall product yields and contaminant depletions for the ORFV chromatographic purification process.

Virus Process step Product yield Product concentration Protein Final protein DNA depletion Final DNA concentration
genotype * [%] [IU ml™ 1] depletion® [%] concentration [yg ml '] * [%] [ng ml™']
Capture 92 1.6E+06 98 28 76 8.5
ORFV-GFP Secondary 91 1.1E 1 06 >99 <LOD 98 1.2
purification
ORFV- ;3:5;:;2 91 4.8E+06 98 21 81 17.3
Cherry . ry 86 4.2E+06 >99 <LOD 96 4.1
purification

* All values are overall yields from using clarified harvest to the product of the respective step. LOD: Limit of detection; IU: Infective units, ORFV-GFP/-Cherry Orf

virus genotypes expressing green fluorescence / -mCherry proteins.
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Fig. 6. Investigation on particle integrity after complete purification by size distribution evaluation and electron microscopy. Characteristic curves for the
size populations, determined by dynamic light scattering for (A) ORFV-GFP and (B) ORFV-Cherry after Capto™ Core 700 (CC700) purification. “L” and “W” indicate
size populations of the viruses’ width and length, respectively. Electron micrograph of purified ORFV-GFP after ammonium molybdate stain, bar resembles

200 nm (C).

increased accumulation of small cell fragments must be taken into
account.

For a better impression of the possible throughput of culture harvests
with regard to potential loading volumes and membrane capacity,
additional filtration experiments were performed without preceding
low-speed centrifugation. Here, the capacity per area (cm?) was up to
five times higher for the Millistak+® devices (Table 1), which can
presumably be explained by the different capsule geometries, total
membrane areas, and the membrane material.

4.2. Nuclease treatment

The nuclease treatment at RT did not affect virus infectivity over a
period of up to 24 h (Fig. 2). Using 50 U ml™! of the nuclease, DNA
degradation was monitored over a time period of four hours. Any further
incubation did not result in a considerable additional DNA reduction.
For 250 U ml~! and 500 U ml~!, the DNA degradation was virtually
completed in less than one hour, and for 500 U ml~! nuclease a 5.4 fold
DNA decrease was observed immediately after enzyme addition (Fig. 2).
In literature, a wide range of successful process conditions during
nuclease digestion is described. These include treatments with 10 U
ml~}, incubated for 24 h at RT (Rabies vaccine, Li et al., 2014), 50 U
ml~! incubated for 30 min at 37 °C (Adenovirus, Fernandes et al., 2013),
50 Uml ! for 12 h at 37 °C (Influenza A Virus, Marichal-Gallardo et al.,
2017), or 100 U ml~! for 60 min at RT (Canine adenoviral vectors,
Segura et al., 2012), to only name a few. The choice of suitable process
conditions for a successful DNA degradation depends, among others, on
the amount of DNA in the culture broth. This, in turn, is influenced by
the upstream conditions, i. e. the harvesting point, the type of biore-
actor, the host cells or the culture media, and the positioning of the
nuclease treatment step within the process train, e. g. prior or after
clarification/concentration (Nestola et al., 2015). Furthermore, it is
crucial that the nuclease treatment itself does not affect the virus
integrity or infectivity (Hughes et al., 2017). Hence, process conditions
such as temperature and incubation time need to be optimized accord-
ingly. In the present study, the use of 250 U ml~! of the enzyme was
determined appropriate, to assure an adequate nucleic acid digestion in
the sample, while allowing short incubation times (1 h) at mild condi-
tions (RT).
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4.3. Primary chromatographic purification (SXC capture)

Dynamic binding capacities of the SXC membranes were at 10 %
breakthrough at about 1.41E + 06 IU (ORFV-GFP) and 2.8E + 06 IU
(ORFV-Cherry) per cm? of the membrane surface. Although these values
confirm data previously described for ORFV (Lothert et al., 2020), the
values were lower than reported for DBCig o, of baculoviruses using
membrane-based SXC (1.23E + 07 plague forming units per cm?, Loth-
ert et al., 2019). One reason for this might be the relatively large size of
the ORFV (253 x 133 nm, section 3.5) in combination with a potential
virus aggregation during the process, compared to baculovirus particles
(Lothert et al., 2019) or Influenza A (Marichal-Gallardo et al., 2017). For
the latter, DBCs o, values were estimated in terms of a hemagglutination
assay and not with regard to infective virus particles. Although the
relative amounts determined by the two quantification approaches are
comparable, a direct conversion of dynamic binding capacities is not
assured. Nonetheless, we recently reported on the evaluation of different
chromatographic unit operations for ORFV purification (Lothert et al.,
2020). There, we determined comparable DBCy ¢, values to the SXC for
commonly used salt tolerant ion exchange (3.9E + 06 IU cm—2) and
hydrophobic interaction (3.5E + 06 IU cm™2) chromatography mem-
brane adsorbers, suggesting a similar productivity of the SXC. As
mentioned above, DBC values for different viruses are hard to compare
due to different physicochemical properties of the particles and varying
analytical approaches. Similarly to that, a detailed comparison of DBCs
for different chromatographic methods is also not conclusive, as it is
highly depending on the individual properties of the membrane ad-
sorbers (e.g. ligand densities and pore size) as well as the buffer and feed
composition. Apart from the DBCj( ¢, evaluation, no complete virus
breakthrough (DBCygg o) could be detected for ORFV-Cherry, as the
sample application was limited by the pressure drop over the column
during the loading process. In contrast, this effect was not observed for
ORFV-GFP, which supports the idea of aggregation for the ORFV-Cherry.
This aggregation of the ORFV-Cherry might be due to the different
surface properties of the two investigated virus subtypes. While the GFP
genotype represents a rather native surface phenotype, the Cherry ge-
notype encodes for two large membrane-bound proteins in addition to
the different fluorescence protein (data not shown). It could be assumed
that these proteins modify the physico-chemical properties of the virus
surface and, thus, affect the interaction behavior between each other
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and the chromatographic stationary phase. This might lead to virus
aggregation and, consequently, to a changed size distribution of the
virus particles, which, in turn, influences the retention characteristics
during SXC. However, this was not shown experimentally. Unpublished
data, though, suggests that both genotypes have a similar isoelectric
point which is a major influential variable aside from the particles’ size
(Lee et al., 2012). This would again confirm a robust process perfor-
mance for similar sizes and isoelectric points, irrespective of specific
protein compositions. In summary, the presented studies indicated a
two-fold improved binding capacity (DBCyg o) for the ORFV-Cherry
compared to ORFV-GFP that can be caused by a changed retention
characteristic. Another possibility, a higher retention due to sterical
reasons, is not probable, as DLS measurements showed no distinct size
differences between the two genotypes (Sections 3.5, 4.5, Fig. 6). In
addition, the increased particle retention might lead to an accelerated
pore blocking of the membrane and, thus, explains the enhanced pres-
sure increase.

Based on the results of the dynamic binding capacities, chromato-
graphic runs were performed with loading volumes < DBCjg ¢. Under
these conditions, virus elution and recovery (above 90 %, Fig. 4) were
equally efficient for both genotypes with no significant differences
(students’ T-test, P < 0.05) with respect to the analytical error. Impurity
depletions were also independent of the ORFV genotype and allowed a
protein depletion above 98 % and a DNA removal of 76 % (ORFV-GFP)
and 81 % (ORFV-Cherry, Fig. 4). This indicates that the use of other ORF
viruses will allow a similar performance. Previous studies already sug-
gested an SXC independency of the virus production batch, as shown for
cell culture derived baculovirus (Lothert et al., 2019) as well as for
different Influenza A strains (Marichal-Gallardo et al., 2017), confirming
the platform technology characteristic of this purification method.

It was shown, that after the nuclease treatment and the capture step,
the total DNA amounts were below 10 ng (5.3 ng for ORFV-GFP, 3.6 ng
for ORFV-Cherry) related to 1E + 06 IU of virus particles with residual
protein amounts of less than 30 pg (Table 2, Fig. 4). Thus, depending on
the dosage requirements for the therapeutic treatment and the intended
product application, the achieved purity for a dose of up to 1E + 06 IU in
respect of the DNA-content is within current regulatory requirements for
new cell culture-derived vaccine products (European Pharmacopoeia,
2020; World Health Organization, 2017). However, it is questionable
whether these viral dosages are sufficient for a successful treatment.
Even though this has already been demonstrated in animal experiments,
there are also examples suggesting the contrary. In that regard, it was
shown that a treatment against HBV infections with 5.0E + 05 inacti-
vated ORFV particles lead to promising results (Wang et al., 2019;
Weber et al., 2003). Furthermore, an anti-tumor activity was success-
fully shown in transplantable tumor models at doses between 1E + 05 to
1E + 06 median tissue-culture infective dose of ORFV (Fiebig et al.,
2011). In turn, Rintoul et al. reported a repeated application of 1E + 07
plague forming units of ORFV to reduce the tumor burden in a mouse
cancer model. Regardless of these examples, a further reduction of the
DNA contents would be desirable and the remaining size of the
DNA-fragments must be monitored in order to develop a robust pro-
duction process for human applications.

4.4. Secondary chromatographic purification (CC700)

An additional purification, using the CC700 resin for this process
step, resulted in a virtually complete virus recovery and protein deple-
tion, regardless of the virus genotype (Fig. 5, Table 2). A further DNA
depletion was at 22 % (ORFV-GFP) and 15 % (ORFV-Cherry) during
secondary chromatography. This resulted in a nearly complete DNA
removal during the entire process for both tested viruses with 98 % for
ORFV-GFP and 96 % for ORFV-Cherry and the DNA removal is, thus,
comparable with regard to the analytical error. As the remaining protein
amounts were completely removed during the CC700 purification, and
DNA levels were at 2-4 % of the original content (finally about 1 ng DNA
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per 1.0E + 06 IU), a successful CC700 performance is indicated. Due to
the functionality of the CC700, it is not surprising that no differences
were observed between the two genotypes during the secondary puri-
fication step. As CC700 is a bifunctional resin comprising hydrophobic
and positively charged ligands, only accessible through pores on the
particle surface with 700 kDa cut-off, the CC700 is primarily designed
for macromolecules and nanoplexes with regard to a flow-through
application. While impurities, such as proteins and DNA, can pene-
trate these pores, no viruses should be retained by the resin (James et al.,
2016). Both evaluated genotypes exceeded the pore size (Fig. 6) and are,
thus, excluded from the interior of the beads. This is supported by the
data, as only about 1-5 % of the initial amount of the product was
retained on the column (Fig. 5). The residual levels of DNA in the
product fraction might be caused by DNA fragments that adhere to the
virus particles as previously described (Marichal-Gallardo et al., 2017).
Nevertheless, after an additional DNA depletion, the achieved product
purity levels at doses below 1E + 07 IU as considered in 4.1 (Wang et al.,
2019) and the amount of protein and DNA contaminants would be below
the regulatory limitations for cell culture-derived vaccines (<100 pg
total protein and <10 ng DNA per dose, European Pharmacopoeia,
2020; World Health Organization, 2017). Admittedly, some additional
considerations are required. Firstly, the ORFV is a DNA virus, hence the
remaining DNA levels are not all host cell-derived, but might be caused
by the virus particles themselves. Thus, for a final optimization, assays
need to be established, which allow to distinguish between the virus and
host cell DNA. Unfortunately, there is currently no quantitative poly-
merase chain reaction (qQPCR) method available for the applied cells.
Furthermore, the Pico green assay determines DNA fragments of at least
20-100 base pairs (Dragan et al., 2010; Weigel et al., 2014, 2016) while
other assays e. g. the Threshold assay or qPCR only take larger DNA
fragments into account. Here, the applied samples were nuclease-treated
prior to the purification. This leads to an overestimation of the values
obtained by the Pico green assay. This effect was already reported by
Weigel et al. (Weigel et al., 2016). Nevertheless, if specific applications
require a higher dosage, the implementation of a further unit operation,
such as the hydrophobic interaction chromatography (Weigel et al.,
2019; Wolff et al., 2010a) or sulfated cellulose membrane adsorbers
(Carvalho et al., 2018; Fortuna et al., 2018, 2019) should be considered.
A selection of feasible unit operations for the ORFV has been published
recently (Lothert et al., 2020). These considerations must also take
recent regulatory developments into account, where an exceeding of the
host cell DNA levels might be acceptable in some cases with respect to
individual process and product demands (European Pharmacopoeia,
2020; Vernay et al., 2019).

4.5. Product characterization: ORFV size and morphology after
purification

Beside the maintained infectivity confirmed by flow cytometry,
further morphologic characteristics were determined to investigate
differences between the two genotypes. In that respect, size determi-
nation and electron microscopy evaluation suggest particle sizes of
about 150 x 250 nm as expected for ORFV (Guo et al., 2003), without
variations between the GFP and the Cherry genotype (Fig. 6). The
presence of a few larger particles in some of the DLS measurements
(~360 nm, data not shown) might indicate a certain particle aggrega-
tion, which could be caused by the PEG-induced particle association
during SXC and an incomplete dissociation after elution. However, no
major aggregates were found during an electron microscopy observa-
tion. This is in line with previous observations from Marichal Gallardo
et al., who showed for Influenza A, that no aggregations were present
after a SXC purification (Marichal-Gallardo et al., 2017). Based on these
observations, the absence of aggregates is not certain, however, and if
present, then only in negligible amounts. Additionally, the viral particle
size and surface structure (criss-cross tubular pattern surrounding the
particle, Nagington and Horne, 1962; Zhao et al., 2010) could be
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confirmed clearly in the electron micrograph (Fig. 6). In this regard, it
should be noted that the residual salt and PEG content of the probe
impair the resolution of the protein structures. In combination with the
maintained infectivity of the virus confirmed during virus quantifica-
tion, it can be stated that the process described here allows a gentle
processing without considerably affecting the viruses’ integrity and
infectivity.

The overall impact of the genetic modifications on the process per-
formance between the two tested genotypes of ORFV, with regard to
analytical errors, was negligible. Therefore, it can be assumed that the
described process is robust for a large variety of different ORFV geno-
types. This qualifies the developed process, comprising of clarification,
nuclease treatment followed by SXC and CC700 purification, as a plat-
form approach. Furthermore, the process does not only enable the pu-
rification of different ORFV genotypes, but is theoretically also
applicable to other poxviruses, viruses of further classes or virus-like
particles, as the individual process steps have previously been applied
for a variety of nanoplexes. Nonetheless, depending on the morphology
of the target product and the applied upstream processing conditions,
minor adjustments to the process conditions (e.g. nuclease treatment,
PEG concentration during SXC) are presumably required.

5. Conclusion

Here, we presented a robust downstream process for the production
of parapoxviruses using the ORFV. The process is suitable as a platform
technology, enabling the processing of different ORFV. The virus yield
during clarification reached 70 %, and a maximum recovery of 91 % was
possible for the chromatographic set-up. This resulted in an overall
process yield of about 64 %. Due to the implemented nuclease treat-
ment, the final product contained DNA levels of 1 ng per 1E + 06 IU.
Additionally, the protein contamination of the processed samples was
below the detection limits. Thus, by using this process, purified ORFV
are suitable for human or veterinary antiviral and immunomodulatory
applications within the regulatory limits for contaminant levels. How-
ever, for specific oncolytic therapies, the required dosage levels might be
higher and contaminating DNA levels need to be further reduced.
Additionally, the utilized materials for the filtration and chromatog-
raphy allow an easy scalability and single-use applications without the
need for cleaning-in-place and sterilization-in-place, reflecting the cur-
rent trends in pharmaceutical manufacturing processes.
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of an inactivated whole hepatitis C
virus vaccine
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There is a large unmet need for a prophylactic hepatitis C virus (HCV) vaccine to control the ongoing
epidemic with this deadly pathogen. Many antiviral vaccines employ whole viruses as antigens. For
HCV, this approach became feasible following the development of infectious cell culture systems for
virus production. However, the lack of efficient downstream processes (DSP) for HCV purification
poses a roadblock for the development of a whole virus vaccine. Using cell culture-derived genotype
1a HCV we developed a scalable and efficient DSP train, employing commonly used clarification

and ultrafiltration techniques, followed by two membrane-based chromatography steps. For virus
capture, steric exclusion chromatography using cellulose membranes was established, resulting in

a virtually complete virus recovery with >99% protein and 84% DNA depletion. Virus polishing was
achieved by sulphated cellulose membrane adsorbers with ~ 50% virus recovery and >99% protein
and 90% DNA depletion. Additional nuclease digestion resulted in 99% overall DNA depletion with
final DNA concentrations of 2 ng/mL. Process results were comparable for cell culture-derived HCV of
another major genotype (5a). This study provides proof-of-concept for establishment of an efficient
and economically attractive DSP with potential application for production of an inactivated whole
virus vaccine against HCV for human use.

Abbreviations

AEM Adenovirus expression medium
DAA Direct-acting antivirals

DBC Dynamic binding capacity

DMEM Dulbecco’s modified eagle medium

DSp Downstream process
FFU Focus forming units
GMP Good manufacturing practices

HCV Hepatitis C virus
Huh7.5 Human hepatoma cell line 7.5

U International units

NGS Next generation sequencing
PCR Polymerase chain reaction
pl Isoelectric point
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PBS Phosphate buffered saline

PEG Polyethylene glycol

qPCR  Quantitative polymerase chain reaction
SCMA  Sulphated cellulose membrane adsorber
SD Standard deviation

SXC Steric exclusion chromatography

The hepatitis C virus (HCV) is a small enveloped virus, 30-80 nm in diameter’?, with a single positive stranded
RNA genome, belonging to the Flaviviridae family>*. The RNA genome encodes 3 structural proteins, the capsid
protein Core, and the envelope glycoproteins E1 and E2, which are incorporated into the viral particle, as well as
7 nonstructural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B). There are 8 different major genotypes,
differing in ~ 30% of their nucleotide and amino acid sequence, with genotype 1 being most frequent worldwide>*.

Each year, there are at least 2 million new HCV infections, of which ~ 80% result in chronic infections. There
are at least 71 million chronically infected individuals worldwide with an increased risk of liver cirrhosis and
hepatocellular carcinoma, resulting in ~ 400,000 deaths per year’.

Only a minor fraction of HCV-infected individuals are treated with recently licensed efficient direct-acting
antivirals (DAA). The main reasons for this are that most individuals are not aware of their infection status, as the
infection is typically asymptomatic until a severe and often irreversible liver disease has developed, and because
of the lack of screening programs and the high cost of DAA. Furthermore, resistance to DAA is increasing and
might compromise future treatment efficacy’®!!. Thus, a vaccine is urgently needed to control HCV on a global
scale'* 14,

Many antiviral vaccines are based on viral particles as vaccine antigens''® and protect by their induction of
neutralizing antibodies. The proof-of-concept for the immunogenicity of cell culture-derived inactivated HCV
has been obtained in animal models'”~". However, in these studies, ultracentrifugation-based downstream pro-
cesses (DSP) were employed for virus concentration and purification. This approach is in general characterized
by a relatively low recovery, a limited scalability, and a limited impurity depletion. Thus, as for most other vac-
cines, the development of an efficient DSP, compatible with industrial requirements, is a major bottleneck for
the manufacturing of a whole virus HCV vaccine for human use?*-2,

Here, we evaluated commonly used clarification and ultrafiltration in combination with two membrane-
based chromatography technologies, (1) steric exclusion chromatography (SXC), and (2) chromatography based
on sulphated cellulose membrane adsorbers (SCMA), for the development of a cost-efficient and scalable DSP,
compatible with good manufacturing practices (GMP). SXC was initially described for the purification of bacte-
riophages and large proteins, using hydrophilic monoliths and starch-coated magnetic nanoparticles**. With
the application of unmodified cellulose membranes, SXC also proved to be a valuable tool for the purification
of different viruses with recoveries of 99% (Influenza A?°) and 91% (Baculovirus®’). The method is based on the
steric exclusion of particles in a solution of an inert polymer, e.g. polyethylene glycol (PEG). This exclusion leads
to the formation of polymer-rich and polymer-deficient zones, resulting in thermodynamic instability, which is
resolved by an association of the excluded particles with each other, and with the hydrophilic stationary phase,
thus, retaining target molecules from the mobile phase. A careful adjustment of the PEG concentration and
the molecular weight, with regard to the size of the product and expected process impurities, allows a selective
product retention. Retained particles are eluted by the removal of the inert polymer from the mobile phase®?’.
As the method highly depends on the size of the product, it is important to mention that HCV is thought to be
smaller than the viruses used in previous publications on membrane-based SXC. Additionally, it has previously
been described, that the retention works best near the isoelectric point (pI) of the target molecule®.

SCMA was applied for subsequent polishing, employing a pseudo affinity-based orthogonal technique. The
method has been described for the purification of the Influenza A virus and the Modified Vaccinia Ankara
virus®-3. 1t utilizes the heparin-mimicking effect of sulphated cellulose and should, thus, be widely applicable
to viruses with an affinity to heparin. As HCV was successfully purified from infected plasma using a heparin
chromatography resin, such an affinity could be expected®.

The aim of this study was to provide proof-of-concept for the development of an efficient, scalable, and GMP-
compatible DSP for the purification of cell culture-derived HCV to eventually facilitate an industrial production
of a human HCV vaccine. In summary, the evaluated process unit operations included clarification, ultrafiltration,
nuclease treatment as well as SXC and SCMA as chromatographic capture and polishing steps.

15,16

Results

Production of high-titre HCV genotype 1a virus stock for DSP development. We first focussed
on processing HCV genotype 1 being the most prevalent HCV genotype worldwide. However, to facilitate DSP
development, a high-titre variant efficiently producing infectious viruses in cell culture was required. Thus, the
previously reported recombinant genotype 1a virus TNcc® was serially passaged in naive human hepatoma cell
line 7.5 (Huh7.5) cells for a further adaptation to the cell culture, until HCV infectivity titres of ~ 6 log,, focus
forming units (FFU)/mL, were observed for several passages. A passage 19 stock was prepared, serving as the
seed for the genotype la passage 20 virus production in triple layer culture flasks, which was then used in the
DSP development. Next generation sequencing (NGS) revealed that, in addition to the eight cell culture adap-
tive substitutions in the original 1a virus recombinant, passage 20 viruses had acquired 3 substitutions present
in>50% of the virus population, G1909A in NS4B as well as N2651H and H2986R in NS5B (Supplementary
Table S1). Overall, the largest heterogeneity was observed in the nonstructural proteins.
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Figure 1. HCV stability at alkaline pH. HCV was incubated at room temperature for 90 min in PBS (pH 7.4),
DMEM standard cell culture medium (pH 8.5) and phosphate buffers for alkaline conditions (pH 9.5, 10 and
11). Subsequently, solutions were neutralized with DMEM containing 20 mM HEPES and used to infect cells.
The number of infected cells after 48 h of incubation was evaluated relative to the mean of the number of
infected cells resulting from infection with virus incubated in PBS. Data from 3 biological replicates are shown
as separate bars. Error bars are standard deviations (SD) representing 3 technical replicates.

HCV clarification and ultrafiltration. A two-step filtration, with cut-offs of 5 pm and 0.65 pm, was
selected for the clarification of genotype 1la HCV. Subsequently, the clarified material was concentrated in two
sequential ultrafiltration steps with a cut-off of 500 kDa from a starting volume of 10.5 L to volumes of 600 mL
and 42 mL, respectively. We observed a virtually complete virus recovery for the clarification and the first ultra-
filtration step, whereas a 45% recovery was observed for the second ultrafiltration step. For inactivation, the
resulting material was treated by UV irradiation, and naive cell cultures were inoculated and followed for three
weeks by regular immunostainings for the HCV NS5A antigen to confirm inactivation.

HCV capture by SXC. When in initial SXC experiments published standard conditions with 8% PEG and
physiological pH values were used?®, the majority of the viruses were found in the flow-through fraction. An
increase in the PEG concentration to up to 12% did not result in improvements. Based on prior publications,
unpublished experiments and theoretical sequence-based calculations provided on viprbrc.org, we hypothesized
that the pI of HCV might be alkaline®. Thus, prior to testing alkaline SXC conditions, we investigated HCV sta-
bility at different pH values. HCV was incubated in phosphate-buffered saline (PBS, pH 7.4), Dulbecco’s Modi-
fied Eagle Medium (DMEM, standard cell culture medium, pH 8.5), and phosphate buffers for final pH values
of~9.5, 10 and 11, prior to inoculation of naive Huh7.5 cells for the determination of HCV infectivity. Of note,
the tested conditions did not result in an impairment of cell viability. HCV was stable when subjected to pH val-
ues of up to 10 for 90 min (Fig. 1), which equals the approximate duration of the SXC. Testing alkaline SXC con-
ditions revealed a large virus breakthrough at pH 8 and 10 during loading (Fig. 2A,C) based on light-scattering
detection. At pH 11 a strongly increasing back pressure was observed with increasing loading volume during
sample application and wash (Fig. 2D). This resulted in a reduced virus breakthrough, a decreased possible load-
ing volume, and nearly no virus recovery in any of the fractions. In contrast, at pH 9, the virus breakthrough was
minimized (Fig. 2B). In an additional experiment, the qualitative data based on the light-scattering signal, was
verified by quantitative polymerase chain reaction (QPCR) analytics of the recovered viral RNA. Here, at pH 8.5,
9, and 9.5, a virtually full virus retention and recovery in the elution fraction could be achieved, with a product
yield in the range of 90% to 105% (Fig. 3, Table 1). An additional nuclease treatment did not affect the SXC and
resulted in similar recoveries of 99% (Fig. 3, Table 1) with minor amounts of virus found in the flow-through
(2%) and wash (< 1%) fractions.

The dynamic binding capacity (DBC) of the membranes was determined using 3.9E+08 international units
(IU)/cm? until a pressure limitation occurred and was approximately 2.1E+08 IU/cm? until a 10% breakthrough
was observed (DBC, ). However, due to an excessive pressure increase, it was not possible to load the virus until
a 100% breakthrough occurred, thus DBC,y, could not be determined.

The impurity removal did not depend on the pH value. For the runs without a preceding nuclease treatment
as shown in Fig. 3 (pH 8.5, 9 and 9.5), the protein depletion was above 99% and the DNA depletion was 84%
(data for pH 9 shown in Table 1, other data not shown). The additional nuclease digestion, followed by SXC at
pH 9, did not affect the protein depletion, which was above 99% resulting in a protein concentration of 4 ug/mL
(Fig. 4A, Table 1), but resulted in an increased DNA depletion of 94%, and DNA concentrations of 9 ng/mL at
viral RNA titres of 9.3E+07 IU/mL after SXC (Fig. 4B, Table 1).

HCV polishing by SCMA chromatography. The SXC elutions, resulting from the SXC experiments
done at pH 9 without and with preceding nuclease treatment (Fig. 3), were further processed using SCMA.
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Figure 2. Influence of pH on SXC chromatography. For binding and washing of genotype 1a HCV 20 mM

Tris with 180 mM NaCl and 8% PEG 6,000 were used at (A) pH 8, (B) pH 9 and (C) pH 10; loading: 0-9 mL,
washing: 9-15 mL, elution (without PEG using 180 mM NaCl): 15-21 mL. (D) at pH 11 the flow rate was
reduced at about 4 mL as the pressure already increased above 2.5 MPa. Here washing was already initiated after
6 mL.

4‘[; [ |Elution
110 4 [ Wash 1
I Flow Through

100 4 T
90
80
704
60 4
50

40

HCV recovery [%]

30 4
20+

10

o | I e B S

pH 8.5 pH 9 pH 9.5 pH 9 + nuclease

Figure 3. SXC HCV recoveries for different process conditions. Recovery was calculated by relating amounts of
genotype la HCV RNA in flow through, wash and elution fractions to the total RNA amount in the feed prior to
SXC. Variations included changes in the process pH and additional nuclease digestion prior to SXC. Values are
means of technical triplicates with error bars reflecting SD.
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DNA per
Virus in product Protein in product | Protein depletion | DNA in product 1.0E+08 IU/mL
HCYV genotype [TU/mL] Virus recovery [%] | [pg/mL] [%] [ng/mL] DNA depletion [%] | [ng]
SXC capture
;;‘e()wnhout nucle- |5 7k 408 105+7 542 >99 107 +42 8443 ~39
la 9.3E+07 99+11 4+1 >99 9+1 94+2 ~10
5a 8.1E+07 97+3 15+6 97+2 12+2 86+1 ~15
SCMA polishing
;?e()wnhout nucle- 1) 7g408 6316 <05 >99 57417 90+6 ~33
la 3.5E+07 50+16 0.9£0.5 >99 2+0.5 99+0.5 ~5
5a 3.2E+07 49+5 1.5+0.4 >99 3+1 98+1 ~9

Table 1. Overview on viral recovery and impurity depletion for the two chromatography-based process
steps and cell culture-derived genotype 1a and 5a HCV. Shown are the values for SXC capture at pH 9 and the
SCMA polishing using a TRIS buffer at pH 7.4. Recoveries are step recoveries comparing feed and product
fractions of the respective step, and depletions are overall values, related to the initial feed concentrations
before nuclease treatment and SXC. For a better overview, normalized DNA contents are given for each step,
calculated for virus titres of 1.0E+08. While stated values for protein and DNA concentrations are rounded,
values for % protein and DNA depletion as well as DNA per 1.0E+08 IU/ml were calculated using non-
rounded values. n=3 for all steps.

Following SXC without a preceding nuclease treatment, the HCV recovery was 63% in the 0.6 M NaCl elution
fraction, when the SXC elution was directly processed without an additional freeze-thaw cycle (Fig. 5). A stor-
age at — 80 °C in between the SXC and SCMA led to a reduction of retained and eluted viruses to 15%, with
the majority of viruses found in the flow-through and wash fractions. When testing the implementation of a
nuclease treatment prior to SXC, a virus recovery of 50% in the 0.6 M NaCl elution fraction was observed. In this
experiment, minor amounts of virus eluted at higher salt concentrations of 1.2 and 2 M NaCl (Fig. 5), whereas
42% of the loaded virus was found in the flow-through and wash fractions.

Due to a breakthrough of about 40-50% of the virus, DBC,,, and DBC,, could not be reached. However,
the sample application was not limited by binding capacity but by pressure, as the pressure after an application
of ~5.9E+09 IU/cm? exceeded the limits.

Considering the removal of impurities, no proteins could be detected in the SCMA flow-through and wash
fractions, whereas less than 1 pg/mL was found in the SCMA elution fraction obtained following SXC at pH
9 without or with preceding nuclease treatment, indicating a virtually complete protein depletion (Fig. 4A for
nuclease treatment + SXC (pH 9) + SCMA; Table 1 for both datasets). The overall DNA depletion was 90% follow-
ing SXC (pH 9) and SCMA without a preceding nuclease treatment compared to the initial feed concentration
before SXC (Table 1). The introduction of a nuclease digestion followed by SXC (pH 9) and SCMA resulted in an
increased DNA depletion of above 99% compared to the initial feed concentration before nuclease treatment and
SXC, leading to DNA concentrations of about 2 ng/mL at viral RNA titres of 3.5E+07 IU/mL (Fig. 4B, Table 1).

The developed DSP was equally efficient for different HCV genotypes. In order to investigate the
applicability of the developed DSP for different HCV isolates, we applied this strategy to a high-titre cell culture-
derived genotype 5a virus®*”%, which was selected due to its efficient growth characteristics in cell culture. Com-
pared to the genotype la virus, the genotype 5a structural proteins differ by ~ 20%, while the envelope proteins
differ by ~26% on the amino acid level.

The 5a virus was produced in cell factories; NGS showed that, in comparison to the published sequence, no
additional substitutions were present in>2% of the viral population. Clarification and ultrafiltration were car-
ried out as for the 1a virus, with a volume reduction from 20.4 L to 420 mL and 63 mL in the first and second
ultrafiltration, respectively. During clarification and the first ultrafiltration, we observed a virtually complete virus
recovery, whereas a recovery of 87% was observed for the second ultrafiltration step. The resulting 5a material
was UV- irradiated and the inactivation was confirmed as described for the 1a material.

With a preceding nuclease digestion, the SXC virus recovery was 97% (Fig. 6A, Table 1). During the SXC,
the DBC,,, was determined with 9.8E+07 IU/cm? and a sample application was pressure-limited at about
2.7E+08 IU/cm?. SCMA was carried out directly after SXC and resulted in a virus recovery of 49% in the 0.6 M
NaCl elution fraction, whereas 47% of the applied virus was lost in the flow-through (Fig. 6B, Table 1). As for
the 1a virus, DBC,yy, or DBC, gy, could not be determined during SCMA. The whole process led to a virtually
complete protein removal with a protein depletion of 97% after SXC and > 99% after SCMA, resulting in protein
concentrations of ~ 15 pug/mL after SXC and <2 pg/mL after SCMA (Fig. 6A,C, Table 1). The DNA depletion
was 86% after SXC and 98% after SCMA compared to the initial feed concentration before nuclease treatment
and SXC (Fig. 6A,B,D Table 1). In the SCMA eluate, the DNA concentration was 3 ng/mL at viral RNA titres of
3.2E+07 IU/mL (Fig. 6B,D, Table 1).

SCIENTIFIC REPORTS |

(2020) 10:16261 |

https://doi.org/10.1038/s41598-020-72328-5



www.nature.com/scientificreports/

A Protein
10005+ SXC SCMA
8000
< 6000
= - |
= 4000- 5
=] i :
S 2000 g
] 1 [ 1
£ 3007
° 1 i
5 |
§ 2001 |
(o) ] i
= |
100 g
O_ l 1 I I
3 x\
¢ (@ @ <o\>g RS N\\A’o\o N\MO \w@o
W W o> &9
<\© <«© o o
Q/\\)\\o Q/\\)\\O ?,\\)\\
B DNA
700
| SCMA
600 -
2 500
§ 4
3 400
£
£ |
< 300+
(m] )
£ 200
= |
100 -
0_ I T T

x N
ee = O\Q W2 \0\\0 @)Q \Nfo"v \\\'ao gao g\\\\fac’

N i ©
\O \O Q-
) s e\o“°° e\&“’“ %\"“

Figure 4. Impurity removal during SXC and SCMA with preceding nuclease treatment. Shown is the total
amount of (A) protein and (B) DNA in individual fractions resulting from SXC (pH 9) of nuclease treated la
HCV (material shown in Fig. 3) and consecutive SCMA. In the cases where no bars are visible, protein and DNA
amounts were below the limit of detection of the assays (25 pg/mL for the DNA and 0.5 pg/mL for the protein
assay).

Discussion
The DSP developed in this study consisted of clarification, ultrafiltration, nuclease treatment, and SXC and
SCMA steps. While filtration-based clarification and concentration are commonly used initial process steps
for the production of viral vaccines, a major rationale for using SXC for the virus capture was the predominant
dependency on the size of the target species®. This promised an independence with regard to the specific HCV
genotype and the robust depletion of smaller impurities. SCMA was selected for virus polishing, based on the
heparin affinity of HCV?®"**. Additionally, both methods allowed to fully exploit the advantages of membrane
adsorbers, such as a higher capacity and convective flow properties, compared to packed-bed resins®. Another
benefit of the chosen methodology is the possibility to directly load the SXC eluent to the SCMA—if necessary, by
an inline dilution. Importantly, the described DSP showed a similar performance for two major HCV genotypes
(1a and 5a), potentially facilitating the development of vaccines targeting different HCV genotypes.
Filter-based HCV clarification resulted in virtually complete virus recovery. For ultrafiltration, we observed
that recovery varied between 50 and 100% with mean recovery of approximately 70% (numbers are based on
described and additional unpublished experiments). According to these data, recovery was neither depending on
the genotype of the processed virus nor on the size of the hollow fibre. This variation is likely due to suboptimal
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Figure 5. SCMA HCYV recoveries for different process conditions. Recovery was calculated by relating amounts
of genotype 1a HCV RNA in flow through, wash and elutions at 0.6, 1.2, and 2.0 M NaCl to the total RNA
amount prior to SCMA. All preceding SXC runs were performed at pH 9 (eluate fractions of Fig. 3), without
nuclease treatment prior to SXC (left and middle bar), including intermediate freezing (left bar) and with
nuclease treatment preceding SXC (right bar). Bar captions state the order, in which steps were performed. Error
values are means of technical triplicates with error bars reflecting SD.

process control. In the laboratory facilities where infectious virus was handled no ultrafiltration system was avail-
able, and thus optimal control of pressure and flow rate was not possible. As ultrafiltration resulted in virtually
complete HCV recovery in several experiments and as high recoveries for other viruses have been described
using this methodology*>*’, we anticipate that consistently high HCV ultrafiltration recoveries could be achieved
given the possibility for optimal process control.

For SXC, the initial application of published process conditions® did not result in a successful virus retention.
It was previously described, that the SXC performance is optimal at pH conditions near the pI*. For HCV, no
characterization of the pI of the complete virus has been published so far. However, Prasetyo et al. reported a
pI of 9.3 for HCV virus-like particles comprised of HCV Core (protein specific pI: 11.5) and envelope proteins
(protein specific pI 8.1)*. Further, for genotype 1a, Viprbrc.org provided a theoretical pI of ~12, 7.4 and 7.8 for
the structural proteins Core, E1 and E2, respectively, based on computation from GenBank sequences. Testing
alkaline pH conditions, we defined a small operating window for an optimal SXC performance at pH 9+0.5.
It has not yet been described how pH alterations affect SXC of other virus particles, such as the Influenza A
virus®® and the Baculovirus?, which have neutral to acidic pI and a>90% recovery in SXC at pH 7.4. For HCV,
the intense pressure increase observed during SXC at pH 11 suggested severe membrane fouling, resulting in a
nearly complete virus retention, which hampers elution. This might be caused by the precipitation of proteins,
medium components, or virus particles under these conditions. It is not surprising that an impurity removal
during the SXC was independent of the applied pH, as the chosen PEG concentrations were too low to steri-
cally exclude the DNA and protein molecules?. At these conditions, a protein retention does not occur, and the
observed DNA retention may be due to DNA attachment to the virus or to DNA co-purified inside extracellular
vesicles as previously described by Marichal-Gallardo et al?®. The membrane capacity during SXC was slightly
higher than previously reported for the Baculovirus®’, which could be explained by the smaller size of HCV.
The pressure increase during DBC determination may be due to the possible aggregation potential of the virus,
leading to increased membrane fouling for higher loading volumes. It is not likely that an increased pore block-
age is caused by protein impurities, as these are mostly washed out during sample application, with mainly virus
particles remaining on the column. On a process scale, the pressure limitations might be additionally reduced as
well as the binding capacity increased by using a different type of membrane housing, offering an altered angle
of the incident flow.

Our data highlights the importance of avoiding a freeze-thaw cycle in an SXC elution buffer preceding SCMA,
which resulted in a large decrease in recovery, possibly due to a degradation of HCV particles, or changes in the
surface protein composition or structure. The decreased virus stability during freeze-thawing might be caused
by removal of the proteins during SXC, which might stabilize the virus and prevent degradation. Although, in
general, storage times using freeze—thaw cycles are unusual during a production process, this information may
support similar trials in other laboratories. With regard to virus recovery, no significant differences (according
to a students’ T-test, data not shown) were observed for samples that had been subjected to a nuclease treat-
ment + SXC prior to SCMA (50% for 1a and 49% for 5a HCV) compared to samples that had been processed by
SXC only prior to SCMA (63% for 1a HCV), with respect to the analytical error. Thus, SCMA appeared to be
unaffected by a preceding nuclease treatment and independent of the virus genotype. However, SCMA recoveries
were below the values previously described for the Influenza A virus®'. Fortuna et al. reported 75-81% recovery
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Figure 6. Process performance for a different HCV genotype. Shown is (A) the recovery of virus, DNA and
protein during SXC and (B) the recovery of virus and DNA in the different SCMA fractions. Furthermore, (C)
the total protein amounts and (D) the total DNA amounts throughout the process are depicted. All recovery
values are step-recoveries, correlated to the quantities in the loading sample of the respective step. For the
SCMA, no protein and DNA recoveries and amounts are depicted in case the concentration was below the
limit of detection of the assay (0.5 pg/mL and 25 pg/mL for protein and DNA, respectively). Error bars indicate
technical triplicates with error bars reflecting SD.

for the Influenza A virus, using the same type of membranes. Furthermore, a low conductivity and a high virus
titre of the virus feed were reported to be required for an optimal SCMA performance®?. While we maintained
the conductivity during sample application below 5 mS/cm, the virus was diluted 10 times after SXC in order to
obtain these conditions. Thus, the SCMA recovery may be further increased by interposing a concentration and
diafiltration step, reducing both the sample volume and the conductivity, which might also allow a reduction
of the processing time. Furthermore, an optimization of the membrane ligand density as previously done for
Influenza A virus-like particles could improve the virus retention and reduce losses during loading®.

We observed a highly efficient protein depletion. Within the analytical error, a virtually full protein deple-
tion could be achieved by SXC, with a protein removal of >99% for 1a HCV and 97% for 5a HCV. Using the
Micro BCA assay, following SXC protein concentrations of 4 ug/mL (1a HCV) and 15 pug/mL (5a HCV) were
determined with a further reduction to 0.9 pg/mL (1a HCV) and 1.5 ug/mL (5a HCV) following SCMA. These
results were verified using silver staining of SDS-PAGE gels, also suggesting efficient protein depletion in SXC
and removal of residual protein in SCMA (data not shown). The fact that protein could not be detected in the
SCMA flow-through and wash fractions might be due to the sample dilution preceding the SCMA. Since the
SCMA elution resulted in a sample concentration, the low concentration of proteins in the final HCV product
(<2 pg/mL) suggested a successful depletion of the remaining proteins during SCMA.

A comparable DNA depletion of at least 98% was achieved for both viruses of both HCV genotypes following
anuclease treatment, SXC, and SCMA. Of this overall DNA depletion, 5-12% were achieved by SCMA, whereas
the nuclease treatment allowed an additional removal of about 10% of the total DNA. At present, it is not known,
which amount of HCV particles a vaccine should contain to induce an efficient immune response. If required,
an additional DNA reduction may be achieved by optimizing the nuclease treatment regarding the enzyme con-
centration and the incubation time. Most likely, the remaining DNA represents fragments attached to the virus
as described above, or DNA being co-eluted with the virus particles using 0.6 M NaCl as SCMA elution buffer.
For the latter, a further optimization of the SCMA procedure, including the evaluation of the virus elution using
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buffers with lower conductivity, is conceivable. Additionally, it should be mentioned, that the entire amount of
DNA in the SCMA feed could not be recovered in the subsequent fractions. This might be caused by the DNA
remaining on the column, and by an inhomogeneous error distribution between the varying salt concentrations.

We provide proof-of-concept for a novel DSP for purification of cell culture-derived HCV facilitating develop-
ment of a whole virus vaccine. In future studies it will be important to demonstrate scalability of this DSP. Puri-
fication of larger amounts of HCV will facilitate more detailed studies of the potential vaccine antigen including
analysis of virus structure by electron microscopy and quantification of HCV structural proteins.

Further, chromatographic experiments were carried out using inactivated HCV, as preferable for an industrial
vaccine production. In future studies it would be of interest to process non-inactivated HCV to confirm that SXC
and SCMA do not have a negative impact on HCV infectivity, implying a preservation of structural integrity.
Importantly, it has previously been reported for other virus particles, that neither of the methods affected virus
infectivity®**"!,

We showed process robustness for two different HCV genotypes with significant sequence difference in the
structural proteins Core, E1 and E2, which are incorporated in the viral particle. As all cell culture viable HCV
recombinants, genotype la and 5a viruses used in this study contained cell culture adaptive substitutions. While
for genotype 5a an early passage virus was used recapitulating the sequence of the most cell culture adapted clone
available!, for genotype 1a a passage 20 virus was used showing a higher degree of genetic heterogeneity and
differing at several amino acid positions compared to the less cell culture adapted original clone®*. However, for
the genotype la passage 20 virus most sequence heterogeneity was found in the nonstructural proteins, which
are thought not to be incorporated in the HCV particle. The influence of cell culture adaptive substitutions in
the structural proteins on immunogenicity remains to be determined in future studies.

Finally, in future studies it would be of interest to evaluate applicability of the developed DSP to the purifica-
tion of HCV virus-like particles consisting of HCV structural proteins. During clarification different filter pore
sizes and for SXC, an adjustment of the PEG concentration might be required in case of varying product sizes.
The use of SCMA will require that virus-like particles maintain pseudo-affinity to sulfated cellulose.

For HCV vaccine development an inactivated whole virus approach is attractive, given the intricate confor-
mation of the envelope proteins, which is difficult to mimic in subunit envelope vaccines. Further, given the
higher immunogenicity of whole viruses compared to viral envelope proteins'’, and the historic success of whole
virus vaccines'®, whole viruses are attractive vaccine antigens. This approach has only become feasible due to
the relatively recent development of cell culture systems for the production of HCV*% However, further studies
are needed to elucidate which HCV genotypes, possibly with certain envelope modifications for exposure of
conserved epitopes, have the highest immunogenicity.

Materials and methods

Huh7.5 cell culture. Huh7.5 cells (obtained from Apath, LLC; New York, USA) were maintained in DMEM
(Gibco) with 10% fetal bovine serum (Sigma) and penicillin (100 U/mL) / streptomycin (100 pg/mL) (Sigma)
and were incubated at 37 °C and 5% CO,. Adenovirus Expression Medium (AEM) (Gibco), supplemented
with penicillin (100 U/mL) and streptomycin (100 ug/mL), was used for HCV production under serum-free
conditions™®.

The percentage of HCV infected cells was evaluated by immunostainings®****. In brief, cells were seeded in a
chamber slide (Thermo Fisher Scientific) for a confluent cell layer, fixed with acetone (Merck) the next day, and
stained with primary antibody 9E10 diluted 1:3,000*, followed by secondary antibody Alexa Flour 488 goat
anti-mouse IgG diluted 1:500 (Invitrogen), and Hoechst 33342 (Molecular Probes) diluted 1:1,000.

HCV-infectivity titres were determined with three technical replicates as FFU/mL in a cell-based assay in
96-well plates as described*>*¢. The immunostaining of 96-well plates was carried out with primary antibody 9E10
diluted 1:5,000, secondary antibody ECL Anti-mouse IgG Horseradish Peroxidase linked from sheep (Amersham
Biosciences) diluted 1:500, and visualized with Pierce DAB Substrate Kit (Thermo Scientific). 96-well plates were
imaged and automatically counted for FFU quantification.

Serial passage for generation of high-titre genotype 1a HCV. For the production of genotype la
HCV, the cell culture infectious recombinant TNcc®® was further adapted to cell culture by serial passage in
Huh?7.5 cells. Following a transfection of HCV RNA transcripts, 18 viral passages to naive cells were carried
out in T80 cell culture flasks (Nunc). Naive cells were inoculated with cell culture supernatant derived from the
previous culture at the peak of infection according to immunostainings as described*!. A passage 19 virus seed
stock was prepared in T500 triple layer flasks (Nunc TripleFlask Treated Cell Culture Flask); supernatants from
two time points at the peak of infection were pooled.

Production of genotype 1a and 5a HCV for DSP development. For genotype 1a HCV, T175 flasks,
seeded with 6x 10° cells in DMEM on the previous day, were inoculated at a multiplicity of infection of 0.003
with the passage 19 virus seed stock. Cultures were expanded to T500 triple layer flasks. When 80% of cells
were estimated to be infected by immunostaining in a replicate T25 culture, the cultures were washed with PBS
(Sigma) and subsequently maintained in AEM under serum-free conditions. The supernatant was harvested five
times every 2-3 days, yielding 10.5 L, which was stored at — 80 °C until further processing.

For genotype 5a HCV, 18 x 10° cells, seeded the previous day in DMEM, were infected at a multiplicity of
infection of 0.003 in T500 triple layer cell culture flasks with a 3rd passage seed stock of the further adapted
SA13/JFH1 recombinant®”*'. The following day, cells were transferred to cell factories (Nunc Cell Factory). When
80% of cells were expected to be infected as indicated by immunostaining in a replicate T25 culture, the cells
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were washed with PBS and cultured in AEM. The harvesting of the supernatant was carried out five times every
2-3 days, yielding 20.4 L total, stored as described above.

Sequence analysis. NGS of the virus populations was carried out as described?*. Briefly, RNA was
extracted with Trizol LS and the RNA Clean & Concentrator-5 (Zymo research) kit. The reverse transcrip-
tion was carried out with Maxima H Minus Reverse Transcriptase (ThermoScientific), the whole open reading
frame was amplified with polymerase chain reaction (PCR) Q5 Hot start High-Fidelity DNA Polymerase (New
England Biolabs), and the PCR product was purified (DNA Clean & Concentrator-25 and Zymoclean Large
Fragment DNA Recovery Kit, Zymo research). The NEBNext ultra IT FS DNA Library Prep Kit (New England
Biolabs) was used for library preparation, and sequencing was performed with an Illumina Miseq platform.

The alignment of amino acid sequences of structural proteins (Core, envelope proteins E1 and E2) of 1a and
5a HCV was done in BLAST (database version 5; https://blast.ncbi.nlm.nih.gov/Blast.cgi)**>°.

Evaluation of infectious HCV stability at alkaline pH values. The HCV genotype 5a seed stock
described above, was concentrated using Ultra-15 Centrifugal Filter Unit-100 K (Amicon) and diluted by a factor
17 in PBS (for pH 7.4 reference), DMEM (standard cell culture medium, pH 8.5) or phosphate buffer (KH,PO,
(Sigma) and K,HPO, (Sigma), adjusted with NaOH for pH values of 9.5, 10 and 11) in triplicate Eppendorf
tubes, and incubated for 90 min at room temperature. After incubation, the virus/buffer solutions were diluted
1:40 in DMEM containing 20 mM HEPES (HEPES solution 1 M, Sigma), and added to triplicate wells seeded
with 7x10° cells/well in 96-well poly-D lysine plates (Thermo Scientific) the previous day. The infected cell
plates were incubated for six hours at 37 °C and 5% CO, before the medium was exchanged to DMEM without
HEPES. The cell plates were fixed, stained, and evaluated as described above, in order to quantify HCV infected
single cells. The cell viability was evaluated after the experimental read-out had been obtained in a replicate
experiment with the CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega) according to the
manufacturer’s protocol. The pH effect on virus stability was evaluated as the number of HCV-positive cells in a
well, relative to the average number of HCV-positive cells obtained from the virus incubated at a pH value of 7.4.

Virus clarification, ultrafiltration and inactivation. The genotype 1a and 5a virus material was passed
over 5 pm and 0.65 um Sartopure PP3 (Sartorius) capsule filters for a two-step clarification by peristaltic pump-
ing (Masterflex L/S 7554-95 Cole-Parmer, Masterflex L/S Easy Load pump head, and Extended Lifetime Silicone
Tubing size 17 (Repligen)). Subsequently, the clarified 1a and 5a viruses were concentrated 249 and 325 times,
respectively, in two sequential ultrafiltration steps with hollow fibre filters (MINIKROS SAMPLER 65CM 500 K
MPES 0.5MM 3/4TC X 3/4TC STERILE followed by MINIKROS SAMPLER 20CM 500 K MPES 0.5MM 3/4TC
X 3/4TC STERILE, both Repligen). The HCV infectivity titres and RNA titres were determined for samples from
each step of clarification and concentration. The virus recovery was calculated from the HCV RNA titres.

The virus was inactivated by UV exposure (UVP Handheld UV lamp, UVG-54 254 nm in lamp stand) in
6-well plates (Nunc) with 1.5-2.5 mL per well for eight hours. The 6-well plate was kept on ice with frequent
agitation. To confirm inactivation, naive Huh7.5 cells were seeded in triplicate T25 flasks (1 x 10° cells/flask) the
previous day, and inoculated with 20 uL of UV-treated material. Inoculated cultures were passaged for 21 days
and monitored for HCV positive cells by immunostaining as described above. In replicate samples, it was con-
firmed that a similar incubation without UV irradiation did not inactivate HCV.

Nuclease treatment. The nuclease treatment was performed in triplicates for both genotypes. The clari-
fied virus was subjected to 250 U/mL Benzonase nuclease (Merck) at a final concentration of 2 mM MgCl,. The
incubation was done overnight at 4 °C, and the nuclease activity was blocked afterwards, using a final concentra-
tion of 5 mM EDTA. Subsequently, the chromatography was performed, using nuclease-digested, clarified HCV.

Chromatographic purification. The chromatographic experiments were done with an Akta Pure 25 sys-
tem, operated by Unicorn (version 7.1, GE Healthcare Life Sciences). Online monitoring was done by system-
integrated UV (280 nm) and conductivity detectors, and additionally light-scattering was detected with a Nano
DLS Particle Size Analyzer (Brookhaven Instruments). All chromatographic experiments were done in technical
triplicates, unless stated otherwise.

Virus capture using SXC.  SXC was performed using regenerated cellulose membranes with 1 pm pore size
(Whatman), as previously reported®®?. In brief, for preparing the column, 10 membranes were punched and
stacked into a 13 mm filter holder (Pall), yielding a total membrane area of 13.3 cm?. All steps were performed at
a flow rate of 2 mL/min. The stack was equilibrated using 5-10 mL of 20 mM Tris at the specified pH value, sup-
plemented with 180 mM NaCl, and 8% PEG 6,000. Clarified, concentrated, and inactivated HCV was mixed 1:4
with the above stated buffer and supplemented with 32% PEG to yield final concentrations of 8% PEG to match
the equilibration conditions. After sample application, the stack was washed with equilibration buffer until the
detector signals decreased to baseline (>5 mL). Elution was achieved using 20 mM Tris at pH 7.4 without PEG,
but supplemented with 0.4 M NaCl. Initial screening SXC runs were tested at pH 7.4 to pH 11 for genotype la
HCYV, while final process conditions were at pH 9, and tested for robustness at pH 8.5 and 9.5. Following optimi-
zation, the SXC performance was verified for the genotype 5a HCV at pH 9 with a preceding nuclease treatment.

Virus polishing using SCMA. Sartobind Sulphated Cellulose membranes with a nominal pore size of
0.8 um (Sartorius Stedim Biotech GmbH) were punched to disks of 13 mm diameter. As for SXC, the disks were

SCIENTIFIC REPORTS |

(2020) 10:16261 | https://doi.org/10.1038/s41598-020-72328-5


https://blast.ncbi.nlm.nih.gov/Blast.cgi)

www.nature.com/scientificreports/

stacked to layers of 10 membranes (13.3 cm? total membrane area). All steps were performed at a flow rate of
0.8 mL/min. Membranes were equilibrated using 20 mM Tris pH 7.4 prior to sample application. For the puri-
fication, SXC elution fractions were diluted 1:10 with equilibration buffer in order to reduce the conductivity
of the solution below 5 mS/cm. After complete sample loading, the membranes were washed with equilibration
buffer until UV- and light scattering signals returned to baseline. Bound components were subsequently eluted
in 3 fractions, using increasing NaCl concentrations (0.6, 1.2 and 2 M). The SCMA was evaluated for genotype la
HCYV, using SXC elutions with and without an interim storage at — 80 °C, as well as with and without additional
nuclease treatment before SXC. Finally, the SCMA performance was confirmed, using a nuclease-treated and
SXC-purified genotype 5a HCV.

Determination of dynamic binding capacities. For SXC and SCMA, the DBC was determined in
order to optimize the virus load on the membrane stacks. Stationary and mobile phase compositions were the
same as described above. A clarified, concentrated, and inactivated virus feed of a known concentration was
prepared and applied to the column, until detected breakthrough of 10% and 100% of the particles, based on the
evaluation of the light-scattering detector signal. Depending on the loaded volume, the total amount of virus
particles, at which breakthrough rates of 10% or 100% (DBC,, and DBC,,) occurred, was calculated and related
to the area of the membrane. All process runs were performed at or below DBC,,,.

HCV quantification. The virus amount was evaluated using an in-house qPCR as described previously,
with minor modifications*’. Briefly, viral RNA was extracted from 200 uL sample and eluted in 50 uL water,
using the High Pure Viral Nucleic Acid Kit (Roche) according to the manufacturer’s instructions. Afterwards,
a mixture comprising TagMan Fast Virus 1-step Mastermix (Thermo Fisher Scientific), nuclease-free water,
probe (containing a FAM dye and an MGB quencher) and primers (Sigma-Aldrich) was prepared. 12 uL of
that mixture were added to 8 pL of the extracted RNA in a 96-well PCR plate (twin.tec, Eppendorf) preparing
duplicates for each sample. The amplification was done using a Mastercycler Ep gradient S realplex (Eppendorf)
after a pre-incubation period at 50 °C for 300 s. A total of 53 cycles of 95 °C for 20 s, followed by 62 °C for 60 s,
were performed. An HCV standard panel, containing 10% to 10° IU/mL in 1-log increments, was prepared and
included in each run, in addition to negative control samples. HCV RNA titres (IU/mL) were calculated using a
standard curve generated from values obtained for the standard panel and corresponding cycle threshold values.
The standard deviation of triplicate measurements was below 20%.

Protein determination. For a quantification of the total protein amount contained in the chromatographic
samples, the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) was applied according to the manufac-
turer’s instructions. In brief, 25 pL of sample were transferred into a clear 96-well plate; duplicates were prepared
for each sample. The standard panel (in the range of 25 to 2,000 ug/mL) was prepared from gamma globulin
according to the manufacturer’s instructions. To each well, 200 pL of the reaction mix were added, and absorb-
ance at 562 nm was measured after 30 min of incubation at 37 °C using the Cytation 3 plate reader (BioTek).
Additionally, product fractions of the two purification steps (SXC and SCMA elutions) were analysed using the
Pierce Micro BCA Protein Assay Kit, offering a lower calibration range between 0.5 and 200 pug/mL. Sample
preparation was done as instructed by the manufacturer in a 96-well format and measurements were obtained
using the same equipment and absorbance as described above. For both approaches, the values obtained from
a blank sample (buffer) were subtracted before interpolating the sample concentrations. Results given are from
duplicate measurements with less than 10% standard deviation.

DNA determination. The total amount of double stranded DNA (referred to as “DNA” in this work) was
determined, using the Quant-iT PicoGreen dsDNA Kit according to the manufacturers” instructions. The assay
was performed in a 96-well format, using black microtiter plates (Nunc). Chromatographic samples, including
the feed, were mixed 1:4 (SXC samples) or 1:2 (SCMA samples) with the assay’s 1 x TE buffer to a final volume
of 100 pL. For each plate, blank samples (buffer) and two standard panels were prepared from kit-contained
lambda-DNA in the range of 1 to 1,000 ng/mL and 0.025-25 ng/mL, using a tenfold dilution series. After adding
100 pL of the reaction dye, the plate was incubated for 5 min in the dark, and a fluorescence emission at 520 nm
(excitation: 485 nm) was subsequently determined, using the Cytation 3 plate reader (BioTek). All measure-
ments were done in duplicates with a general standard deviation of less than 10%.
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Chapter 5 — Accomplishments and pitfalls: An overview on the
obtained results, remaining hurdles, and future perspectives

Summary of the presented findings

Within the scope of this work, the feasibility of the SXC in DSP processes for pharmaceutical
applications was clearly demonstrated. Whereas the early work concerning the
chromatography on the basis of PEG induced macromolecular crowding was mainly focusing
on a general proof-of-principle, this work is aiming to bridge the gap between general
applicability and actual benefit for the development of production processes. Basis of this
project were the descriptions of high recovery rates and an efficient impurity removal during
the application of the SXC. This was confirmed within the presented studies for the additionally
evaluated viruses of different types. By using the baculovirus, HCV and the ORFV not only
viruses with entirely differing physico-chemical properties, such as size, isoelectric point and
surface composition, were used, but also representatives of different pharmaceutical
application fields, like viral vectors for gene transfer, vaccine candidates for human or
veterinary immunization or for oncolytic treatment. In all laboratory scale applications, the SXC
performed well, delivering virus recoveries above 90%, virtually full protein depletion, and
satisfying DNA depletions above 85%. Although some aspects of the process parameters had
to be fine-tuned, e.g., the pH value during HCV purification or the PEG concentration in general
depending on the product size, the overall basis of the process conditions was highly
comparable and overlapping for the different products. This once more underlines the platform
character of the SXC and answers the demand for fast in place and flexible platform processing
techniques. The integration of the SXC into two production schemes, HCV and ORFV, displays
its capability of being a backbone and major building block of these DSP procedures. That is
depicted by the fact that the SXC is primarily responsive for impurity removal and additionally
allows a simultaneous concentration of the product. This results in a DSP process comprising
of only four technical unit operations and a nuclease treatment, which reaches acceptable
impurity levels for pharmaceutical applications. Further reduction of process units is unlikely
as the initial clarification train is required to remove the larger cell debris. Furthermore, a final
polishing step is necessary to remove residual protein and DNA levels and to reduce process-
related impurities, such as nuclease and PEG. However, this final polishing after the SXC is

flexible and can be selected on product characteristics.

During process development various polishing steps after the SXC were evaluated for ORFV
purification and showed one crucial advantage of the SXC itself, namely its highly customizable

elution conditions. Any PEG-free buffer might theoretically be applied, omitting the need for an
84



intermediate buffer exchange step. Although the obtained results indicate a beneficial influence
of elevated salt levels during the elution, depending on the polishing step a buffer with low salt
concentrations, e.g. for SCMA or IEX, or with increased salt levels, e.g. for HIC, might be

selected.

Another advantage of integrating the SXC into DSP production processes is its superior
performance over commonly applied chromatographic methods regarding the combination of
recovery and contaminant depletion. Although similarly high recovery rates may be achieved
using for example AEX techniques, the impurity removal, especially in terms of DNA, is more
problematic for the ion exchanger. This was shown within the scope of this study, as a co-
elution of DNA and product during AEX is likely and can only be diminished by rigorous method
optimization. This includes a multi-dimensional optimization including various types and
amounts of salts or even adjustments in the pH and the conductivity. Next to possibly affecting
the virus stability and activity, this approach also limits the selection of subsequent processing

steps, probably resulting in an additionally required diafiltration and buffer exchange.

In this work, membranes were used mainly in single-use, hence a sterilization and regeneration
procedure was dispensable. For industrial applications this is particularly beneficial as it
reduces buffer consumption, process times and thereby overall costs. Further on, it is
advantageous to use disposable membranes instead of monoliths due to higher cost of goods
for the latter ones. In addition, for aseptic large-scale purifications, monolithic columns are no
choice as these cannot be sterilized by radiation and autoclaving is difficult due to their weight.
In contrast to that, there are already several membrane devices for other chromatographic

techniques, such as IEX, that are commercially available sterilized on an industrial scale.

Current limitations for an industrial application of the SXC

Despite the positive outcome of the presented studies, meaning the successful implementation
of the SXC into laboratory-scale DSP procedures and its superior performance over commonly

applied unit operations, major limitations and yet open questions require consideration.

First, all experiments performed within the scope of this work were undertaken in a laboratory
scale. This includes the use of a custom-made stationary SXC phase, as these are so far
commercially not available. The applied membranes were manually punched and the resulting
discs assembled into stainless steel housings. This represents a major hurdle for a good
manufacturing practice (GMP) production process as the required material certificates can not
be provided. For this, membrane manufacturers must be identified who can provide respective

modules that are scalable and in a GMP grade.
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To overcome that limitation, monoliths and membrane prototypes provided by Sartorius Stedim
Biotech GmbH were evaluated subsequently to these studies. Both devices promised a
standardized material supply and a linear scalability over a broad range. Accordingly, the
herein described process for ORFV purification was afterwards transferred to a contract
development and manufacturing organization (CDMO) production site, processing up to 200 L
of STR harvests of a Covid-19 second generation vaccine candidate. However, under scale-
up conditions the recovery rates were not reproducible. Without changing the overall process
conditions, recoveries either drastically decreased to below 30% or were occasionally as high
as 80%. Up to the date no conclusive explanation could be determined, what causes the lack

of process robustness and further investigation will be required.

Additionally, during the process transfer problems arose, which were not considered at the
time of the laboratory development. This includes the high viscosity of the PEG-containing
buffer. For one thing the stock solution must be filtered prior to use. On laboratory scale the
filtration of one liter of the highly viscous solution is conceivable. Preparing hundreds of liters
of buffer, increasing filtration times and appropriately large filters must be considered. Apart
from the filtration during buffer preparation, the viscosity of the buffer might also hinder a
precise inline mixing during the actual chromatography. However, for larger volumes and
scales inline mixing is preferred to avoid possible aggregation during long holding times of
product-PEG-solutions. Further on, pressure limits must be examined and evaluated in detail
during the SXC. As the method employs viscous polymer solutions and is based on molecular
crowding, in general higher pressures are observed compared to common IEX procedures.
Hence, laboratory flow rates are not linearly transferable. Depending on the scale and the
applied pump system, limitations in the pumpability might occur as well as pressure constraints

due to the tubing and the housing.

Another point of consideration is the remaining PEG concentrations in the product, which must
be carefully observed, especially considering the dead volume of the column and the tubing in
regard to the volume of the elution fraction. Although PEG itself has GRAS status, an influence
on the product must be considered, if for example stored in a combined formulation buffer.

Depending on the product application, potentially a PEG clearance must be verified.

Finally, a major drawback of implementing the SXC in industrial scale purification processes is
the acceptability and tolerance of both regulatory authorities and manufacturers for novel
approaches. Compared to standardized and established processes, the knowledge on the
SXC mechanism is yet limited and actual process data is scarce. Thus, regarding risk

assessments and for the reduction of unexpected events, the decision for one or the other
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method is rather driven in favor of the well understood method, even if that means a

significantly reduced productivity.

Future perspectives to overcome yet unanswered questions

Starting from the presented data, future work should be focusing on four major aspects: i.)
enabling a robust method performance for increasing scales, which was here only shown on a
laboratory scale ii) standardization of SXC processes and stationary phases over a range of
scales in order to be compliant with the GMP guidelines while at the same time keeping up the
method performance iii.) the fundamental characterization of the methods principle by means
of mechanistic modeling or deep learning procedures to enlighten the adsorption and
desorption kinetics and the multi-layer binding during SXC, which is likely, but currently not
well characterized; iv.) the analysis of dynamic kinetics of the particles in solution, including
their aggregation behavior in the presence of PEG and other salts and the impacts on viral

activity and integrity, especially concerning rather long processing times with increasing scale.

Concluding remarks

In summary this work provides a key step for the SXC to be implemented into scalable
pharmaceutical production schemes. As a capture step, linking the initial clarification and the
final polishing, it enables concentration and impressive impurity clearance, while at the same
time allowing high viral yields. According to this, the SXC has in our studies outperformed
common membrane purification approaches and allowed a minimum of process unit
operations within the process train. By knowing the size and the pl of the product molecule,
the method optimization is straightforward. Only a few parameters, such as PEG concentration
and buffer pH need to be considered and adjusted. However, although successfully working
on laboratory scale, a process transfer and its scale-up is not trivial and will require further

effort, optimization and adjustments in order to enable a robust and reproducible performance.

87



	Dissertation_KevenLothert_final_
	Dissertation_KevenLothert_final_
	EidStatt
	Dissertation_KevenLothert_final_
	Dissertation_KevenLothert_final_
	Table of contents

	Dissertation_KevenLothert_final_
	Membrane-based steric exclusion chromatography for the purification of a recombinant baculovirus and its application for cell therapy
	Introduction
	Materials and methods
	Used baculovirus
	Cell culture
	Virus harvest and initial clarification
	Determination of AcMNPV titer
	SXC purification of virus particles
	Optimization of critical process parameters
	Dynamic binding capacity determination at optimum process conditions
	Analytics of purified virus particles
	Dialysis of SXC fractions
	Quantitative real-time PCR for viral DNA amplification
	Total protein assay
	dsDNA assay
	Particle size distribution measurements
	Efficacy verification of the purified AcMNPVs by Transduction of hMSC


	Results
	Optimization of critical process parameters
	Dynamic binding capacity at optimum process conditions
	Verification of the optimum process conditions
	Virus recovery
	Impurity removal

	Alternative stationary phases
	Efficacy verification of the purified AcMNPVs by Transduction of hMSC

	Discussion
	Optimization of critical SXC parameters
	Dynamic binding capacities
	Verification of optimum process conditions
	Alternative stationary phases
	Efficacy verification of the purified AcMNPVs by Transduction of hMSC

	Conclusion
	mk:H1_32
	Acknowledgements
	Supplementary data
	References

	Selection of chromatographic methods for the purification of cell culture-derived Orf virus for its application as a vaccine or viral vector
	Introduction
	Materials and methods
	Virus production and initial clarification
	Screening of feasible chromatographic process unit operations
	SXC
	Ion exchange chromatography (IEX)
	Hydrophobic interaction chromatography (HIC)
	Pseudo-affinity chromatography (sulfated cellulose)
	CC700 purification

	Dynamic binding capacity (DBC) determination
	Characterization of the virus
	Virus stability evaluation
	Analytics of chromatographic fractions
	Flow cytometric titration
	Total protein assay
	DNA assay


	Results
	Virus characterization
	Determination of the dynamic binding capacities
	Capture step – virus recovery and impurity removal
	Secondary purification step – virus recovery and impurity removal after SXC
	Virus stability
	Overview and summary

	Discussion
	Virus characterization
	Determination of the dynamic binding capacities
	Evaluation of the capture step
	Evaluation of the secondary chromatographic step after SXC
	Evaluation of the virus stability during freeze/thaw cycles

	Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References

	A scalable downstream process for the purification of the cell culture-derived Orf virus for human or veterinary applications
	1 Introduction
	2 Materials and methods
	2.1 Virus production
	2.2 Clarification of virus harvests
	2.3 Nuclease treatment
	2.4 Primary chromatographic purification (capture)
	2.5 Secondary chromatographic purification (CC700)
	2.6 Analytics
	2.6.1 Virus quantification
	2.6.2 Protein quantification
	2.6.3 DNA quantification
	2.6.4 ORFV size determination by dynamic light scattering
	2.6.5 Transmission electron microscopy


	3 Results
	3.1 Clarification
	3.2 Evaluation of the nuclease treatment using ORFV-GFP
	3.3 Primary chromatographic purification (SXC capture)
	3.4 Secondary chromatographic purification (CC700)
	3.5 Product characterization: ORFV size and morphology after purification

	4 Discussion
	4.1 Clarification
	4.2 Nuclease treatment
	4.3 Primary chromatographic purification (SXC capture)
	4.4 Secondary chromatographic purification (CC700)
	4.5 Product characterization: ORFV size and morphology after purification

	5 Conclusion
	Funding
	CRediT authorship contribution statement
	Acknowledgements
	References

	Development of a downstream process for the production of an inactivated whole hepatitis C virus vaccine
	Results
	Production of high-titre HCV genotype 1a virus stock for DSP development. 
	HCV clarification and ultrafiltration. 
	HCV capture by SXC. 
	HCV polishing by SCMA chromatography. 
	The developed DSP was equally efficient for different HCV genotypes. 

	Discussion
	Materials and methods
	Huh7.5 cell culture. 
	Serial passage for generation of high-titre genotype 1a HCV. 
	Production of genotype 1a and 5a HCV for DSP development. 
	Sequence analysis. 
	Evaluation of infectious HCV stability at alkaline pH values. 
	Virus clarification, ultrafiltration and inactivation. 
	Nuclease treatment. 
	Chromatographic purification. 
	Virus capture using SXC. 
	Virus polishing using SCMA. 
	Determination of dynamic binding capacities. 
	HCV quantification. 
	Protein determination. 
	DNA determination. 

	References
	Acknowledgements



