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ABSTRACT

ABSTRACT

The COVID-19 (coronavirus disease 2019) pandemic has shown the importance of ready-at-
hand- tools to bring pharmaceutical products to market. This includes the availability of platforms
to target new diseases as well as their production process. Such a platform could be available with
the Orf virus (ORFV), a promising viral vector with applications as gene therapeutic, antiviral,
oncolytic, immunomodulatory, and vaccination agent. However, production processes for the
ORFV are not established yet. A recent publication on a lab-scale purification process of the
ORFV suggested the use of the steric exclusion chromatography (SXC) with high infectious virus
yields and impurity removal. This rather new method is closely related to the conventional poly-
ethylene glycol (PEG) precipitation, however, including a porous chromatographic media in the
process. By preferential and steric exclusion mechanisms, the precipitates accrete inside the sta-
tionary phase and are retained. Several critical process parameters of the method are known and
easily controlled, i.e., the PEG composition, the buffer composition as well as the pH and the
ionic strength, the mixing technique prior to column loading, the flow rate, and the stationary
phase. Nevertheless, high variability between different runs is frequently observed. In this work,
three unexplored parameters for ORFV processing with SXC were identified: the pore size of the
stationary phase, the incubation time and mixing strategy of the PEG / ORFV solution, and the
addition of salts. Here, small pore sizes and long incubation times induced filtration effects, which
cause pressure surges. The pressure is often a constraint in SXC application due to the high vis-
cosity of the PEG. Therefore, a reduction of the PEG concentration while maintaining high yields
is desirable. This could be achieved by adding different chaotropic ions to the PEG/ORFV mix-
ture as proven for Mg?*. Furthermore, characterization of degrading and stabilizing conditions on
the infectivity of the new platform virus was rarely published. In this work, this gap was addressed
by an extensive study of mechanical, chemical, and thermal stress conditions on ORFV infectiv-
ity. In summary, the ORFV is extremely robust against degradation under conditions routinely
applied for pharmaceutical virus production. Nevertheless, care should be taken with heat and the
implementation of ultrasonication in the production process. Generally, the ORFV should be
stored under refrigerated conditions (4 °C), although the virus showed no substantial loss of in-
fectivity if stored at 37 °C for two days or frozen. With regards to ion typically applied in purifi-
cation processes, only ammonium salts should be avoided. Further stabilization is expected by
the addition of proteins, sugars, and some amino acids. Based on these findings, a formulation
buffer for ORFV storage with 1 % recombinant human serum albumin and 5 % sucrose was pro-
posed. In the case of extended storage under heated conditions, albumin can be substituted with
arginine. In conclusion, this comprehensive study of preferable process and storage conditions
and critical process parameters of the SXC for the ORFV can inform future scale-up options to
successfully implement SXC in pharmaceutical ORFV production processes with high infectious
titer recoveries.
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KURZFASSUNG

KURZFASSUNG

Die COVID-19 (coronavirus disease 2019) Pandemie hat die Wichtigkeit hervorgehoben phar-
mazeutische Produkte auf dem Markt schnell zur Verfligung stellen zu kénnen. Dies kann unter
anderem mit Plattformen gelingen, die an neue Krankheiten adaptiert werden kdénnen, und deren
Produktionsprozess etabliert ist. Eine mdgliche neue Plattformlésung kann das Orf virus (ORFV)
sein. Als viraler Vektor dient das ORFV beispielweise als Gentherapeutikum, Impfstoff oder an-
tiviraler, onkolytischer und immunomodulatorischer Wirkstoff. Bisher wurde jedoch kein etab-
lierter Grol3produktionsprozess fiir das ORFV entwickelt, der eine Anwendung als Plattform er-
maoglicht. In der Produktion im Labormalistab wurde die Sterische Exklusionschromatographie
(SXC) als Teilschritt der Produktreinigung vorgeschlagen und zeigte hohe Ausbeuten an infekti-
6sem Virus mit hoher Reinheit. Die SXC ist eine vor wenigen Jahren entwickelte Methode, die
nahe mit konventioneller Polyethylenglykol-(PEG)-prazipitation verwandt ist, wobei ein pordses
Chromatographiemedium Teil des Fallungsprozesses ist, an das sich Préazipitate anlagern und hier
zurlickgehalten werden. Die dafiir verantwortlichen préferentiellen und sterischen Exklusionsme-
chanismen sind durch eine Vielzahl an Prozessparametern bestimmt, wie beispielsweise die PEG-
Zusammensetzung, den Puffer inklusive des pH-Werts und der lonenstérke, und die Inkubations-
zeit der Komponenten. In dieser Arbeit wurden drei bisher wenig erforschte Parameter als kritisch
fur die Applikation der SXC auf das ORFV identifiziert: die Porengréfie der stationdren Phase,
die Mischungsstrategie der Komponenten, und die Zugabe verschiedener Salze zum Laufpuffer.
Im Detail verursachten kleine Porengrdfien und lange Inkubationszeiten Porenverblockungen und
damit Filtrationseffekte, welche die Operation der SXC durch starke Druckanstiege limitierten.
Dies ist besonders relevant, da die SXC durch die hohe Viskositét der PEG-Ldsungen mit erhoh-
tem Grunddruck betrieben wird. Daher ist eine Reduktion der PEG-Konzentration erwiinscht, was
durch den Zusatz von verschiedenen chaotropen Salzen, gezeigt fir Mg?*, ermdglicht werden
konnte. Als weiterer relevanter Punkt des Reinigungsprozesses von ORFV, wurde der Einfluss
von degradierenden und stabilisierenden Parametern auf die Infektiositat des Virus untersucht.
Zusammengefasst zeigte das ORFV eine hohe Robustheit gegenuber den Bedingungen klassi-
scher pharmazeutischer Produktionsprozesse. Nichtsdestotrotz sollte Hitzeexposition und Ultra-
schall nur nach griindlicher Prifung eingesetzt werden und eine Lagerung bei gekihlten Bedin-
gungen (4 °C) praferiert werden. In Bezug auf lonen, die in blichen Prozessschritten der Sepa-
ration eingesetzt werden, wurde der Einsatz von Ammoniumsalzen als kritisch identifiziert. Eine
Stabilisierung des ORFV hingegen wurde mit dem Zusatz von verschiedenen Proteinen, Zuckern
und einigen Aminosauren erreicht. Hieraus wurde ein Formulierungspuffer flir das ORFV vorge-
schlagen mit 1 % rekombinantem humanem Serumalbumin und 5 % Saccharose. Als Option flr
langere Lagerung bei erhohten Temperaturen, konnte gezeigt werden, dass das Albumin durch
Arginin ersetzt werden kann. Zusammenfassend kann diese umfassende Studie von stabilisieren-
den Lagerbedingungen und kritischen Prozessparametern der SXC fiir das ORFV die erfolgreiche
Etablierung eines groRskaligen pharmazeutischen Produktionsprozesses mit hohen infektitsen
Titern erméglichen.
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CHAPTER 1

CHAPTER 1: Introduction

The development and production of vaccines have been a renewed subject of major public atten-
tion since the start of the SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) pan-
demic in January 2020. In an unprecedented pace, the duration from initial idea to first vaccine
shot against SARS-CoV-2 took less than one year. Two and a half years later, nearly twenty
vaccines have been approved by different health agencies [2]. Nevertheless, hundreds of candi-
dates did not make it to market due to side-effects, reduced effectivities, and unestablished pro-
duction processes [2]. Due to the complexity of the virions, the lack of an established production
process is a common problem for new virus targets. Unlike production processes for proteins,
e.g., antibodies, those for viruses are not easily adaptable due to the viruses’ diversity. Addition-
ally, for so-called live (attenuated) viruses, the activity or efficacy relies on the infectivity, result-
ing in the need for gentle process conditions to ensure high infectivity yields. This multi-layered
issue was the key driver for this dissertation’s research project. It aimed to identify critical pa-
rameters for the purification of the Orf virus (ORFV) as part of a pharmaceutical production pro-
cess. In the first chapter, a broad overview of biological nanoparticles as well as an introduction
to virus(-like) products are given (section 1). This is followed by a description of common pro-
duction and especially purification processes of viral pharmaceuticals (section 2). In the subse-
guent sections, the steric exclusion chromatography (SXC) as a purification step is described
(section 3), along with its implementation in the ORFV production process (section 4). Finally,
the motivation for this dissertation project is brought into context and elaborated (section 5).

1. The use of biological nanoparticles as biotechnological products

Biological nanoparticles are diverse in their functions and applications. Among those are submi-
cron bacteria, viruses, viral vectors, virus-like particles (VLPs) as well as exosomes and other
vesicles [3]. In this group, pathogenic viruses (and bacteria) are a research target for centuries.
The first use of viruses as pharmaceutical products dates back 500 years. Although the causative
agent was still undetected, the first vaccines against smallpox were developed in the 17" century
[4]. In the late 18™ century, Edward Jenner started to inoculate humans with cowpox instead of
smallpox to confer immunity against smallpox itself [4]. Following this effort, the term vaccina-
tion (from Latin vacca, cow) was born. Several more vaccines against bacterial and viral diseases
were developed in the following 150 years, e.g., against cholera, anthrax, tetanus, diphtheria, and
pertussis [5]. In the second half of the 20" century, methods to use in vitro viral tissue and cell
culture started to develop. Additionally, images of viruses, and thus direct proof, became possible
[6]. Until the end of the 20™ century, the scientific world described viral nanoparticles only as
pathogens. This perception started to change with improvements in analytical tools and the use of
molecular genetics [5]. Today, viruses, VLPs, and viral vectors are used in various biotechnolog-
ical applications, such as pharmaceutical [7,8] and agricultural [9] products (Figure 1). Although
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Figure 1: Application examples of virus (-like) biotechnological products. Most of the common applications of
viruses, VLPs, and viral vectors are treatments of diseases, either as a preventative measure in form of vaccines, or as
a putative cure, e.g., as gene therapeutic or oncolytic agent. Out of this scope is the agricultural application such as
biological pesticides. In all cases, the specific infection of cells is the foundation for the working principle. The figure
is an adapted version of a conference presentation [1], and was prepared using biorender.com under the agreement
number UT24CAN25X.

all three nanoparticles can be described by their viral origin, their production and applications
differ considerably.

Defining virus (-like) particles and viral vectors

Viruses are a group of submicron, intracellular parasites, with sizes ranging from a few nanome-
ters to hundreds of nanometers. They store their genome in a capsid, which shields it from envi-
ronmental influences. However, the lack of a functional translational machinery means that vi-
ruses cannot replicate without using a host, which provides the tools for multiplying the virions
[11]. Such hosts can be cells from animals, plants, and bacteria, or, in rare cases, even other vi-
ruses [10]. Most viruses have a restricted host range [11], i.e., host tropism. To use a cell as a
replication machinery, virions start by attaching to the host cell, which is commonly achieved
through the binding of the viral surface proteins to specific cell receptors. The latter are often
strongly conserved proteins and present across multiple cells, important for fundamental cellular
functions [11]. The next step in the replication cycle is the uptake into the cell: the endocytosis.
In this step, the virion disintegrates to release its genomic information from the capsid [12], which,
in some cases, is wrapped by additional membranes or envelopes [13]. After obligate intracellular
replication by the host cell, maturation begins by reconstituting into full virus particles [12], which
are then released from the cell and can infect new hosts [11]. The complete replication process
varies between different virus families and is extremely complex [11].

The application of viruses as a biotechnological product relies on the viral host tropism and the
parasitic infection inducing cell death. Today, the host cell-restriction of viruses can be lifted by
genetic techniques such as incorporating foreign receptor-binding proteins into viruses, called
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pseudotyping. An example is the expression of glycoprotein G of the vesicular stomatitis virus on
the natively insect-infecting baculovirus [14,15], which enables the baculovirus to efficiently in-
fect or transduce a broad range of mammalian cell types [14]. Thus, genetically engineered viruses
open new possibilities for targeting specific cells for treatment.

This technique to modulate viral surface proteins is also used for VLPs. These nanostructures are
assembled by proteins derived from viral envelopes, surfaces, or cores; however, they do not
contain genomic information, which means they cannot replicate [16]. As such, VLPs resemble
virions on the outside with modified surfaces, and they can be used for a variety of applications,
e.g., immunotherapy, vaccination, and drug delivery [16].

Another technique for engineering viruses is the insertion of genes into the viral genome, which
are transferred into the target cell during the transduction process [17]. In this approach, the virus
acts as vehicle for delivery, thereby becoming a viral vector. The transferred genes may express
proteins, which can release their therapeutic effect in the targeted tissues. Furthermore, viral vec-
tors are applied as gene therapeutics, i.e., by modifying the expression of genes or correcting
dysfunctional genes in the host [18]. This can offer a cure for currently untreatable cancer types
[19] or hereditary diseases [20]. Common viral vectors are based on the adenovirus [21], the
adeno-associated virus (AAV) [22,23], the y-retrovirus [24], the lentivirus [25], or the baculovirus
[14,26]. An emerging platform for viral vector-based gene therapeutics is the ORFV.

The Orf virus

The ORFV belongs to the genus Parapoxvirus, family Poxviridae. One of its closest relatives is
the modified vaccinia Ankara (MVA) virus, an Orthopoxvirus, which is historically applied for
immunization against the variola virus, the causative agent of smallpox. All members of the fam-
ily Poxviridae belong to the largest known viruses of up to 400 nm and have a rod- or brick-like
shape [27]. The ORFV virions are approximately 140 — 200 nm wide and 220 — 300 nm long [28—
30] and of ovoid-shape (Figure 2). The virus is covered with characteristic surface filaments,
which are tubule-like structures that surround the virions in a left-turning spiral and has resulted
in the virus being often described as a ball of wool [31]. Other times, it is described by a criss-
cross pattern [32]. This is due to the superimposition of the lower and upper surface of single
virions, which is visible under transmission electron microscopy using negative staining [33]
(Figure 2A). The ORFV is a DNA virus, encoding approximately138 kbp [34], with its genome
stored in a complex core with two lateral bodies. It replicates in the cell’s cytoplasm [35] and
throughout the morphogenesis several forms of viral particles are produced [27,36]. The first ma-
ture and fully infectious ORFV form is the intracellular mature virion, which is enveloped by a
membrane derived from the cellular endoplasmic reticulum. These virions are further wrapped by
two additional membranes, likely from Golgi-origin. Eventually, the wrapped viral particles fuse
with the cell membrane, acquire an envelope in this budding process, and are then released as
extracellular mature virions (Figure 2B). Thus, at least two forms of infectious ORFV particles
may be produced [35]: one type carrying an inner membrane, the intracellular mature virion,
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Figure 2: Structure of the ORFV. (A) Image of an ORFV virion, taken with a transmission electron microscope using
negative staining (2 % uranyl acetate). Note the characteristic criss-cross pattern of the genus Parapoxvirus. The image
was taken at the Biomedizinisches Forschungszentrum Seltersberg with the kind support of Dr. Martin Hardt. (B) Sche-
matic diagram of an ORFV virion, showing the surface structure on the left and a cross-section through the center on
the right. The figure was prepared using biorender.com under the agreement number MB2506 XTEK.

which is released by cell lysis; and one type with an outer membrane and an envelope, extracel-
lular mature virion, which is released by budding.

The ORFV, in its wild form, is a zoonotic virus, which mainly infects sheep and goats [30], and
rarely humans [35]. Like all poxviruses, the ORFV primarily targets epithelial cells. It causes the
orf disease, which manifests as highly contagious skin lesions [37]. In humans, however, these
lesions are localized, and the disease is self-limited. Thus, the ORFV never reached the attention
of its relative, the variola virus.

Several vaccines against the orf disease have been developed, which are mainly based on attenu-
ated ORFV virions [37-40]. However, vaccination success was limited as hosts can be infected
repeatedly, indicating a short-lived immunity and the necessity of repeated immunization [38,41-
43]. This observation has brought attention to the ORFV as potential viral vector for human and
veterinary pharmaceutical application [34]. Other factors include a narrow host tropism, a lack of
systemic spread, a strong humoral and cellular immune response against the expressed antigens
without attacking the vector itself, and immunomodulatory effects even in non-permissive hosts
[44]. In several studies, the ORFV vector has been evaluated as recombinant vaccine [45-49],
including against SARS-CoV-2 [50], oncolytic and antiviral therapeutic [34,51-53], and im-
munomodulatory agent [41,54-56]. Most of the applications are based on the highly attenuated
ORFV strain D1701-V [44]. This recombinant vector lacks key virulence factors and allows for
encoding up to three transgenes, which can be expressed even in the absence of ORFV replication
[48].

The multitude of applications for the recombinant ORFV vector as pharmaceutical product high-
lights its versatility. However, therapeutic application is only possible with an efficient ORFV
production yielding high virus titers, appropriate storage conditions as well as an effective deliv-
ery of infectious virions to the patient.
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2. Production processes of viral pharmaceuticals

The need for production processes of viral pharmaceuticals arose with the first development of
vaccines. The early smallpox vaccines were based on infectious material from fresh pustules or
scab taken from humans suffering from smallpox or cowpox [4]. The practice of generating vac-
cines from living organisms, e.g., rabbits, horses, and chicken embryos, remained a standard pro-
cedure until the second half of the 20" century, when cell culture methods were developed [57].
While a considerable number of viral vaccines are still produced in chicken embryos today, pro-
duction processes have successively adapted to cell culture-based virus replication [58]. Through-
out the late 20™ century, impurity-based safety and efficiency concerns induced an extension of
the production processes from sole virus propagation to include a subsequent purification step
[58]. Although changed fundamentally, the following classification to describe the production
process is still valid today: upstream processing (USP) and downstream processing (DSP) (Fig-
ure 3). While the USP incorporates the production of the target itself, the DSP aims to separate
the target selectively from impurities. Thus, the DSP is also often referred to as purification. The
framework for this set-up is the safety of the pharmaceutical product, which is controlled by Good
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Figure 3: Schematic example production process of a viral pharmaceutical product. The process is performed
from top to bottom: upstream processing, downstream processing, and final product processes. The boxes in down-
stream processing indicate individual steps, which are connected in their consecutive order. The red arrows describe
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centration step or, in some cases, even prior to clarification. An inactivation step is not mandatory for all products and
only applied for some vaccines. Product processes include formulation as well as fill-and-finish. The figure was adapted
from Wolff and Reichl [62], and was prepared using biorender.com under the agreement number FP24CAMUDA.
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Manufacturing Practice (GMP) guidelines and standards [59]. Both USP and DSP are constantly
advancing, driven by new developments and the need for efficient and economically profitable
processes. Platform technologies are typically desired as they can be rapidly adapted to a variety
of targets [60,61], offer high yields and purity, and scalable throughput as well as the preservation
of the target product [62,63].

In this chapter, the steps of production processes for viral pharmaceuticals is explained with focus
on the DSP and the characterization of viral targets.

Upstream processing of viral pharmaceuticals

The USP aims to produce the target in high concentrations and quantities. For viruses (and viral
vectors), propagation is performed in cells. To take advantage of the cell culture production, op-
timal growth conditions for the cells, which support cell proliferation and virus replication, must
be provided. Therefore, different forms of bioreactors are used to supply a controlled and sterile
environment, which allows for online monitoring and control of critical parameters, e.g., oxygen
saturation, pH, temperature, and nutrient supply. After successful virus production, the cell cul-
ture broth is harvested with the target virus as well as impurities, e.g., residual growth media and
additives, cells, cell debris, cell-derived by-products and impurities, e.g., host cell protein (HCP)
and DNA, media components, and un-assembled or defect virus particles [61].

Downstream processing methods for viral pharmaceuticals

The next step, the DSP, aims to isolate the target from process- and product related impurities
[61]. Evidently, a high virus yield, a high virus concentration, and a low residual impurity content
are the main goals of the DSP. Worldwide, health agencies regulate the threshold values for re-
sidual HCP and host cell DNA tolerable in cell culture-derived vaccines. Although exact numbers
are often not stated [64], the concentration of double-stranded DNA (dsDNA) of 200 pb or longer
is frequently recommended below 10 ng per dose, and for HCP below 50 [65] or 100 pg mL™
[66,67]. Similar values are recommended for gene therapy vectors [68-70]. To achieve such im-
purity removal as well as appropriate product concentrations, the DSP for viral pharmaceuticals
is usually split into several steps: clarification, concentration, potential nuclease treatment, puri-
fication, polishing, and in some cases sterile filtration [61] (Figure 3). Clarification is the first
process step after the cell culture harvest, and its aim is to eliminate large contaminants, e.g., cells
and cell debris, using filtration or centrifugation. The subsequent concentration step is frequently
implemented to reduce the volume of the liquid to be processed while also reducing contaminant
levels by utilizing a selective unit operation, e.g., with centrifugation or chromatographic meth-
ods. To reduce the residual host cell DNA concentration, a nuclease treatment is often imple-
mented before or after the concentration step to enzymatically degrade the DNA, which facilitates
its separation from the target. The treatment requires specific buffer conditions as well as long
holding times, which can impair the target quality. Additionally, the removal of the nuclease must
be ensured throughout the subsequent DSP steps. The inactivation of virus aims to eliminate virus
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infectivity, which is only applied if virus replication in the host is not necessary or desired, e.g.,
for different vaccines. Common methods are gamma irradiation or heat as physical treatment as
well as formaldehyde or ethylenimine as chemical treatment [71]. Testing for effective inactiva-
tion is a mandatory procedure and ensures vaccine safety [71]. Challenges in inactivation may be
the conservation of the vaccine’s immunogenicity, which often is compensated by adjuvants [72].

Following the optional nuclease treatment and virus inactivation, purification and polishing steps
are implemented to selectively separate the target from residual impurities, e.g., by applying pre-
cipitation, filtration, or chromatographic techniques. While sterile filtration can be used to elimi-
nate microbial contaminations, it often causes high virus losses. Alternatively, a completely asep-
tic process can be implemented [73]. Finally, the product is formulated, meaning different sup-
plements are added to stabilize the virions for storage and transport, and then the formulated
product is filled into appropriate containers. The typical unit operations for the described steps
are illustrated in the following sections and their (dis-)advantages summarized in Table 1.

Centrifugation

Centrifugation-based process steps involve the concentration of the target or a specific separation
task such as impurity removal, e.g., cell debris. The method depends on differences in the density
and buoyancy between product and impurities. Although large-scale continuous centrifuges exist,
their use is limited by scaling and high investment costs [61]. Membrane-based filtration can be
an effective alternative [74].

Filtration

In filtration processes, selectivity is achieved by varying the pore size of the filter. Two main
types of filtration set-ups are available: depth filtration, also called dead-end filtration, and cross-
flow filtration, often referred to as tangential-flow or diafiltration [60]. In depth filtration, the feed
is completely processed through the filter membrane, and all particles or molecules smaller than
the filter-specific cut-off pass through in the permeate [75]. The permeate usually contains the
product, separated from the retained substances. The pore size further defines the type of depth-
filtration. Filtration with micrometer-sized pores is common for clarification (microfiltration),
while submicron pores for sterile filtration or purification steps (ultrafiltration) [76]. Cross-flow
filtration, on the contrary, uses a feed flow parallel to the filter membrane. Hence, the retained
molecules cannot build up on the filter, but are washed off. Generally, the target is desired to
remain in the retentate, and can be concentrated by repeated cycling [14]. The impurities are
washed out in the permeate. With this set-up, concentration, buffer-exchange, and polishing steps
can be achieved [77].

Precipitation

Precipitation is a very complex method, historically used for protein and antibody purification
[78,79]; however, unspecific precipitation of by-products along with the target molecules can
reduce the purity of the target [61]. To induce flocculation, a precipitation agent, e.g., salts or
polyethylene glycol (PEG), is introduced. After a hold-time, the precipitates can be separated by
either centrifugation or filtration. Additional removal of the precipitation agent is necessary. The



CHAPTER 1

fundamental concepts of this method will be described in detail later, when the closely related
SXC is introduced (section 3).

Table 1: Summary of advantages and disadvantages of typical downstream processing methods for viral phar-

maceuticals.

Method Advantages Disadvantages

Centrifugation + Cheap batch operation High investment costs
+ Robust processing Scale limited by set-up
+ Continuous set-up available Low to medium selectivity
+ Mild processing conditions

Filtration

Precipitation

+ o+ o+ o+

Robust processing
Variety of unit operations with set-up
Semi-continuous processing possible

Cheap batch operation

Medium to high selectivity

Easy scaling

Applicable for both selective product
and contaminant separation

Medium-prized consumables

Scale limited by filter size

Low selectivity

Potential loss of biological activity due to
shear forces

Removal of precipitation agent necessary
Potential loss of biological activity due to
precipitation agent

Sensitive to changes in educt composition

Cost-intensive consumables

Chromatography + High selectivity
+ Cheap operation Limited scaling
+ Semi-continuous processing possible Buffer exchange often necessary
+ Often mild processing conditions Potential loss of biological activity depend-
ing on buffer composition
- Sensitive to changes in educt composition
Chromatography

Chromatographic methods are defined as the separation of different components based on the
difference in the speed with which they pass through a medium. The distinct retention times can
be induced by different flow-paths, adsorption to the media, or affinities [61]. To take advantage
of any of these mechanisms, a suitable media, e.g., resin, membrane, or monolith, is needed. His-
torically, resins have been the standard stationary phase for chromatographic applications, and
are usually supplied as easily modifiable, synthetic micrometer-sized beads [80]. The beads them-
selves are highly porous, increasing their total surface area by orders of magnitudes. Most of the
resin-based columns were developed for protein purification, which limits their application for
viruses [80]. Although viruses contain proteins, they are also composed of lipids and nucleic ac-
ids. Additionally, viruses are several orders of magnitude bigger than most proteins. Thus, they
cannot penetrate resin pores due to their size and may precipitate in the void space within the
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packed resin bed. Mass transfer in resin beds is driven by diffusion, while convection occurs only
around the beads. However, for virus applications, convective mass transport is desired as they
are too big for diffusive transport. This favors the use of membranes and monoliths in viral DSP
applications [61]. Although the described differences between proteins and viruses induce the
need for new chromatographic methods, they can also be advantageous in separating target vi-
ruses from protein impurities.

A universally applied method to separate targets by size is size exclusion chromatography, in
which compounds of different size will have different retention times across the resin. The pore
size determines whether the compounds can enter certain pores and thereby defines the total ac-
cessible volume. Smaller molecules are retained longer, being able to diffuse into more space,
while bigger molecules are eluted first. Thus, target virus and impurities are expected to yield
different elution times in size exclusion chromatography. For viruses, this method is often used
as a gentle purification method or in a multi-modal approach [81].

Apart from size exclusion, selectivity in chromatography may be based in binding to the station-
ary phase, i.e., via flow-through as well as bind-and-elute methods. The latter two operate with
the retention of either impurities (flow-through) or the target (bind-and-elute) on the stationary
phase, while the respective other part is found in the flow-through fraction. Elution is purposely
induced by changing the binding conditions depending on the methods operating principle of ion
exchange, hydrophobic interaction or affinity chromatography.

lon exchange chromatography is a standard approach for virus purification [80]. It is based on
electrostatic interaction between the target and the ligand on the stationary phase. As such, anion
and cation exchangers are available. The binding can be reversed by increasing the salt concen-
tration and displacing the virions, or by changing the charge of the viruses, e.g., by adjusting the
pH. However, both approaches may reduce virus infectivity.

Hydrophobic interaction chromatography takes advantage of the virus composition, including
proteins and lipids. These have a hydrophobic component, which becomes dominant in certain
environments, e.g., by adding kosmotropic salts [82]. Thus, the virus particles hydrophobically
bind to the stationary phase and are released by eliminating the additional salt. The high salt con-
centrations can be a challenge for preserving virus infectivity and need to be evaluated carefully.

Affinity chromatography is one of the most specific methods available [83]. In this modality,
viruses are retained due to their selective binding to the affinity ligand, e.g., heparin. Reversing
the affinity binding, however, is more challenging, and harsh conditions have to be applied often,
which might impair the product’s integrity. Furthermore, affinity columns are often expensive
[61]. This approach, as well as ion exchange and hydrophobic interaction chromatography, is
most often employed in bind-and-elute mode [83].

Multi-modal, or mixed-mode, applications are advancing rapidly with new DSP challenges,
improved computational modelling approaches, and a better understanding of multi-modal inter-
actions [84]. They are a powerful tool, leveraging several target characteristics for retention by
combining aforementioned chromatographic principles, e.g., as ion exchange and hydrophobic
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interaction chromatography or combinations with size exclusion chromatography, often referred
to as restricted access matrices (RAM) [84].

The choice of a suitable purification process is dictated by the target characteristics. As described
in the different DSP methods, selectivity can be based on size (and the density), specific surface
composition, e.g., charge distribution, hydrophobicity, and specific affinity [63,80,81]. However,
a thorough virus characterization is necessary to take advantage of any of these traits. Addition-
ally, virus quantification methods need implementation for surveillance of the yields in each unit
operation.

Formulation and stabilization approaches

Throughout the extensive production processing, the infectious virions are exposed to a variety
of degrading conditions, e.g., shear, heat, salt, or pH stress. Hence, measures need to be taken to
preserve the virus infectivity [85]. The same accounts for preserving virus infectivity during han-
dling and storage after processing is complete, which is essential to ensure the delivery of a safe
and effective pharmaceutical product to the patient. To achieve this goal, an appropriate formu-
lation of the virus is generated by adding excipients, such as buffers, salts, amino acids, osmolytes,
sugars, proteins, antioxidants, and surfactants [86,87]. To investigate the efficacy of a formula-
tion, storage and forced degradation studies may be undertaken [88]. Suitable components are
often selected based on their capability to preserve the virus stability, safety in pharmaceuticals,
degree of interference with unit operations, economic considerations, and the simplicity of the
formulation. Analysis of the viral infectivity and aggregation are often the basis for the decision.

Characterization of viral targets

Viruses are complex submicron structures. Even within one strain, differences can be profound,
e.g., induced by the production cell line or the cultivation media [89]. Thus, the characterization
of the virion particles is essential for the development of the production process, in particular the
DSP and the formulation. For virion characterization, common initial traits of interest are the size
(and the dimensions), the concentration of virions, the charge (and the isoelectric point) as well
as the hydrophobicity. More advanced characterization methods target certain epitopes, e.g., sur-
face proteins. Along with virus characterization, virus recoveries also need to be quantified
throughout the production to inform the selection of pertinent processing steps. Multiple options
of analysis are available for these tasks and a selection of the most common methods is summa-
rized in Table 2.

Quantification of virions can be performed either directly or indirectly [90]. Direct methods are
based on counting the particle number, e.g., using imaging, nanoparticle tracking, tunable resis-
tive pulse sensing, or flow virometry. However, they are not able to differentiate between infec-
tious and non-infectious particles, an important characteristic for viral products. Indirect quanti-
fication may be based on virion infectivity as well as specific epitopes or content. Furthermore,

10



CHAPTER 1

Table 2: Methods for virus characterization and quantification. Evaluation of the specific methods was done qual-
itatively with a range from beneficial (+++) to disadvantageous (+) traits. Only the need for a standard is categorized
as required (+) and not required (-). The table was adapted from Lothert et al. [90]. ELISA, enzyme-linked immuno-
sorbent assay; PCR, polymerase chain reaction; ref., reference; STORM, stochastic optical reconstruction microscopy;
TCIDso; 50 % tissue culture infectious dose.
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* Preparative methods for detection and quantification, e.g., by UV- or light scattering detector or mass spectrometry.

simple detection methods such as UV-absorbance or more complex analysis such as mass spec-
trometry are implemented for quantification.

In general, virus characterization and quantification depend on well-prepared samples. Such prep-
aration should prevent interference of measurement and bias of the results caused by the presence
of impurities. Examples for impurities are nanoparticles of similar size that could affect size-
determination or unassembled viral subunits that might interfere with epitope-characterization.
The only exceptions from this limitation are assays based on viral infectivity, or in some cases
methods that use markers, e.g., antibodies. Thus, to perform physicochemical characterization of
charge, hydrophobicity, and for most size analysis methods, virions must be highly purified
[114,115]. In most cases, size-based methods such as ultracentrifugation are recommended for
this preparation task [113,116]. However, a method re-evaluation is necessary for every new tar-
get as the sample preparation is as complex as conventional DSP development.

3. The steric exclusion chromatography

As mentioned in section 2, the SXC is closely related to PEG-precipitation. The method combines
the adaptability of precipitation to nearly every biomolecule [117] with the following advantages
of a chromatographic approach: simplified scale-up, adjustable flow rates and throughput as well
as the option for continuous processing [80,118].

Although the SXC itself was first mentioned in 2012, the implementation of precipitating agents
in other chromatographic methods was reported before. Such approaches can be categorized as
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multi-modal and include size exclusion, hydrophobic interaction, and ion exchange chromatog-
raphy [119,120]. The use of precipitation as the only driving force of chromatographic separation
was first described by Lee et al. [121] for the purification of biological macromolecules. Since
then, a variety of SXC applications has been published [122], i.e., for immunoglobulins
[118,121,123,124], nucleic acids [125], and viruses [121,126-135]. Of special interest for this
work are the latter SXC applications, which proved the methods’ exceptional contaminant re-
moval and virus yield (Table 3).

The working principle behind the steric exclusion chromatography

As the name SXC suggests, the separation of viruses from contaminants by retaining the viruses
on the stationary phase is achieved by mutual steric exclusion without direct chemical interactions
[121]. The theoretical foundation of this complex process dates back to the works of Timasheff’s
laboratory on protein solvent interactions [119] and Ogston’s laboratory on excluded volume
[136]. The conclusion was drawn that the exclusion of cosolvents from protein surfaces stabilizes
proteins, e.g., by applying sugars. On the contrary, protein denaturants, e.g., urea, bind to unfolded
proteins [119]. Thus, preferential inclusion (or binding) and preferential exclusion determine the
interaction of cosolvents among each other. The origin of the exclusion effects has been explained
by (1) strong hydration, (2) preferential exclusion, and (3) steric exclusion [119,136]. (1) Strong
hydration prevents cosolvents from binding to the protein surface, leading to a deficient cosolvent
concentration in the hydration layer. (2) The reverse effect is known from strongly hydrated salts,
which can be preferentially excluded from protein surfaces due to their own hydration sheath.
Other examples include certain amino acids, e.g., glycine and alanine. (3) Polymers, e.g., PEG,
the most commonly applied polymer in SXC, may be sterically excluded from the protein surface
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Figure 4: Working principle of the SXC. Target with contaminants is mixed with a concentrated PEG solution and
loaded onto the stationary phase. The target virus and the stationary phase are covered in a PEG-deficient zone (blue).
The thickness of this zone is determined by the hydrodynamic diameter of the PEG molecules (Load I). With increasing
duration of residence time, targets associate according to their size to reduce the contact area of the PEG-deficient zone
and the high-PEG bulk surrounding. Excess water is released due to the self-association (arrows), which reduces the
PEG concentration in the bulk phase (Load I1). The virions associate at the stationary phase to further reduce the
contact area (Load I11), and contaminants can be washed out (Wash). By reducing the PEG concentration, the self-
association of the targets is reversed and a concentrated, purified product is eluted (Elute). The figure was adapted from
Eilts et al. [126], and was prepared using biorender.com under the agreement number RD2506XL3Q.
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due to their big hydrodynamic radius compared to water molecules. Imagining them as spheres,
they cannot fully occupy the hydration sheaths around proteins, which is filled with solvent (water
molecules). This leads to a polymer-deficiency in this layer (Figure 4, panel Load I). The last
effect (3) is the main cause for precipitation. In classical SXC, the presence of a polymer- / PEG-
deficient zone creates an osmotic pressure, which has been described to induce a depletion inter-
action mechanism. By self-association of the proteins, excess water is released, and the interface
of the bulk zone and the deficient zone is reduced, leading to a favorable decrease of free energy
(Figure 4, panel Load I1). Such intermolecular association occurs throughout precipitation and
SXC [137]. In the case of SXC, a porous stationary phase with a large surface area is a dominant
component in the system. Thus, proteins and their precipitates associate with each other without
a direct form of affinity and accrete at the stationary phase (Figure 4, panel Load I11/Wash)
[121]. For multi-modal SXC applications, preferential exclusion itself is an additive force to the
fundamental interaction of the protein with the stationary phase [119,120]. At this point, it should
be mentioned that SXC has also been shown to work in a bulk approach, in which magnetic par-
ticles covered in cellulose offered the surface area for accretion instead of a stationary phase on a
column [123]. While the targets accrete on the stationary phase, contaminants of smaller size than
the target are washed out (Figure 4, panel Load I11/Wash). Finally, the PEG concentration can
be reduced or completely omitted, which removes exclusion effects, which allows the target to
elute from the column in a purified and concentrated state (Figure 4, panel Elute). As can be
assumed from this introduction, the selectivity of binding in SXC is determined by a variety of
parameters.

Defining critical process parameters for the steric exclusion chromatography

To exploit the precipitation process, PEG must be the most abundant compound in the system
besides water. Thus, it is not surprising that any cosolvent interaction with PEG alters the precip-
itation efficiency. The size of the PEG molecules determines the size of the molecules that can be
excluded [136,137]. With increasing PEG molecular weight and concentration, target molecules
of smaller size can be excluded. Conversely, with increasing size and concentration of the target,
the PEG concentration may be reduced [117,138-140].

This is straightforward as the size of the PEG molecules determines the thickness of the PEG-
deficient zone and the PEG concentration increases the osmotic pressure, which drives the mo-
lecular self-association. The self-associating nature of the target is defined by its interaction with
the solutes. Strongly hydrophobic targets interact with the slightly hydrophobic PEG, thus coun-
teracting the preferential exclusion and limiting the binding to the hydrophilic stationary phase
[138]. In another case, a high surface charge increases target repulsion, but it can be resolved by
increasing the concentration or molecular weight of the PEG or by changing the buffer pH towards
neutral target charge [123,137,141]. Electrostatic repulsion can also be counteracted by increasing
the ionic strength of the solvent, i.e., introducing salt-induced charge shielding into the system.
However, specific salt ions act differently on proteins and PEG with regards to solubility, specific
binding, charge shielding, and compacting of the PEG molecules [81,137,138,141]. Thus, the ad-
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Table 3: Summary of recent column-based SXC applications to purify viruses. Alphabetically listed targets were
applied in the SXC in a pre-purified state, i.e., either using clarification (in some cases including nuclease treatment)
(= clarified) or after clarification and primary purification (= purified). The load was diluted with a PEG-enriched
solution, either prior to sample loading (offline) or continuously throughout column loading in the tubing of the chro-
matographic system (in-line). The pore size of the stationary phase is given in brackets. The loading was stopped after
a certain binding capacity was reached. The consecutive elution was analyzed for the virus yield and the contaminant
removal of HCP and DNA compared to the loading sample. The total virus recovery describes the combined virus
content in all chromatographic fractions, i.e., flow-through, wash, and elution (Figure 4). Approx., approximately; CE,
cellulose; CIM, convective interaction media; conc., concentration; IU, infectious units; MES, 2-(N-morpho-
lino)ethanesulfonic acid; MW, molecular weight; N/A, not available; PBS, phosphate buffered saline; PFU, plaque-
forming units; TRIS, tris(hydroxymethyl)aminomethane.
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dition of salts must be evaluated carefully. On the processing side, the critical parameters include
the flux and thus retention time, the purity of the applied sample, and the type of the stationary
phase. The accretion of the precipitates is enhanced on a hydrophilic stationary phase due to the
slightly hydrophobic nature of PEG [119]. For common SXC applications, membranes, mono-
liths, or cryogels have been successfully applied.

To explore critical process parameters in chromatography, model systems are often employed
[142,143]. While doing so, the differences between the model system and the final application
are essential for method transfer and should be considered to answer scientific questions. Further-
more, statistical design of experiments offers the opportunity to detect unheralded limitations and
explore their impact on the processing success.

Review of limitations and open questions

Although the SXC has proven its efficacy in purifying biological macromolecules in a variety of
applications, all these were of lab-scale. To implement the method in a large-scale pharmaceutical
production, limitations must be well defined, some of which have been addressed in recent pub-
lications and are summarized in the following.

e Resins as stationary phase which are often packed in columns, offer most of the surface
for binding within the porous beads, which is reached by diffusion. However, these are
not penetrable by most viruses [61]. Additionally, PEG increases the viscosity and makes
diffusion too slow to take advantage of the pores [119]. While reduced flow rates can
counteract this limitation, this would lead to an increased residence time, which in turn
would cause precipitation in the column void space and limit further processing by rapid
pore blockage. Hence, macro-porous systems, such as membranes or monoliths, are pref-
erable for SXC applications, especially for viruses, as they operate with convective mass
transport [118], and at higher flux which reduces the chance of precipitate-induced pore
blockage.

e Additionally, an increase in flux can help increase the throughput of the process. How-
ever, it reduces the residence time in the column and the contact time of the virus with
the stationary phase, which directly correlates with the chance for accretion and retention.
This is likely significant for systems with larger pore sizes, which would have reduced
contact areas. Such stationary phases may be implemented to reduce the system pressure
further and increase the throughput [118]. Hence, this is an optimization problem not
easily solved. Labisch et al. [135] proposed to use the membrane area of the first layer as
scaling factor.

e Another open question concerning the pore size is the space for precipitation. Larger pore
sizes allow for more layers of target molecules to build up without blocking the pores. It
has been postulated for the immunoglobulin M that a finite number of layers accretes
inside the pores until an equilibrium of molecules being washed out and new adherence
is established [121]. This effect has not yet been observed for viruses, as they tend to
build up until the pores are blocked and the resulting filtration effects increase the column
pressure exponentially [121,126].

e Mixing the PEG-enriched solution with the target before loading the column has been
performed in SXC for some viruses applications without issues [126-129,131]. However,
concerns of this strategy were risen and in-line mixing recommended [119,131]. In the
first approach, it can be assumed that precipitates form around nuclei such as cell debris
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before column loading. Whether they disintegrate due to shear forces in the pores and
where these precipitates deposit in the column are open for investigation. However, some
insight was provided by Tao et al. [118], who showed that y-globulin precipitates can
form inside cryogel monolith pores when using in-line mixing. Two studies with influ-
enza viruses [133] and lentiviruses [135],both using in-line mixing, revealed that the virus
particles are primarily retained on the top layers of membrane columns. The latter sug-
gests the presence of filtration effects, which are a limitation to the SXC method.

To pave the path for a platform application of the SXC, these urgent questions need further in-
vestigation.

4. Production of Orf virus pharmaceuticals

The first therapeutics based on the ORFV were vaccines against the orf disease, developed in the
1930s [37]. Today, approved drugs using ORFV are only available for veterinary applications,
e.g., as immunomodulatory agent in horses [56]. However, the literature at the time of this writing
is sparse with respect to the corresponding production processes, including USP and DSP.

Upstream processing of the Orf virus

The propagation of ORFV can be performed in vivo or in vitro. For orf disease vaccines, attenu-
ated live ORFV has been cultivated in tissue culture or live virus extracted from animal scab [37].
In vitro replication was reported to occur in ovine and bovine cells for wild type ORFV and in
certain cell lines for adapted ORFV isolates [43]. The highest infectious titers were reported for
sheep skin fibroblast cells and OA3.T sheep epithelial cells, while an order of magnitude less was
reported for human embryonic kidney (HEK-293) cells or primary ovine fetal turbinate cells
[144].

Downstream processing of the Orf virus

The DSP of scab-based material is unsophisticated. Scabs are desiccated, ground to powder, and
stored frozen or in the fridge [40]. It should be recognized that the risk of contaminations, e.g.,
bacteria from secondary infections, is high with this approach [37]. Thus, standards for pharma-
ceutical products, especially for human use, are not met. Therefore, cell culture-based production
processes followed by a complete DSP train are preferable.

In lab-based studies, sucrose density gradient centrifugation is regularly used for ORFV purifica-
tion [31,33,144-146]. This method yields high infectious ORFV titers and excellent purities. An-
other centrifugation approach, yielding lower purity [114], is the sucrose cushion ultracentrifuga-
tion [42,53]. While ORFV samples from centrifugal approaches have been used for preclinical
animal studies [51], their exact purities were not discussed. Another lab-based, micro-scale ap-
proach to generate material for preclinical studies is plaque-purification [46,147]. To replace these
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single-step purification processes, a lab-based DSP train was recently proposed for the prepara-
tion of high-titer ORFV samples for preclinical murine models [144]. First, a centrifugal clarifi-
cation step was recommended. To release additional virus, the cell pellet was processed by freeze-
thawing coupled with sonication and then centrifuged again. Both supernatants were combined
for a nuclease treatment and a subsequent two-step filtration process, i.e., depth and tangential-
flow filtration, followed by an iodixanol ultracentrifugation, a dialysis, and a PEG concentration
step. Recoveries of 85 % and higher were determined for both filtration steps. However, no quan-
tification of impurities was performed.

A study on the comparison of different purification methods for pre-clarified ORFV was pub-
lished by Lothert et al. [128], in which they evaluated steric exclusion, cation and anion exchange,
hydrophobic interaction, pseudo-affinity (sulfated cellulose), and multi-modal (Capto Core 700),
i.e., ion exchange and size exclusion, chromatography. The report showed that anion exchange
and SXC resulted in the highest ORFV yields (> 80 %) as the primary chromatographic purifica-
tion step. The SXC, however, offered the highest contaminant removal, i.e., > 99 % total protein
and 62 % dsDNA. As a secondary unit operation, the multi-modal resin performed best with 90 %
ORFV yield and an additional 36 % dsDNA removal. The two-step purified ORFV eluate yielded
roughly 80 % infectious ORFV, while containing a residual contaminant content of 24 ng mL™*
dsDNA (78 % removal) and a HCP concentration below the limit of detection (25 pg mL™). How-
ever, the final dSDNA content achieved with this process setup was above the regulatory limits
of 10 ng per dose. Therefore, a follow-up study implemented the combination of SXC and multi-
modal chromatography in a full lab-scale DSP set-up for pharmaceutical application [127]. This
included a freeze-thaw cell lysis step, a two-step depth filtration train, nuclease treatment, and the
two chromatographic steps SXC and multimodal. The implementation of the additional unit op-
erations increased the dsDNA removal to 94 %. Accordingly, the residual content was approxi-
mately 1 ng per 10° IU ORFV, conforming to regulatory limitations up to 107 IU ORFV per dose.
Additionally, the infectious virus yield in the chromatographic set-up was increased to 90 %, re-
sulting in a yield of 64 % for the overall process.

Although the presented study by Lothert et al. [127] reveals exceptional ORFV recoveries, a
large-scale application remains to be evaluated. Scale-up procedures often introduce unexpected
changes of degradation forces. Past studies have evaluated the stress-related response of infec-
tious ORFV particles throughout such processing steps. The virus is expected to remain infective
for months when preserved in scab material; however, exposure to environmental conditions in-
activates it quickly [43]. Other stress factors such as UV-C irradiation [53] and substances like
binary ethylamine [51] can reduce the ORFV infectivity. Thermal inactivation studies showed
that heating at 56 °C [43] is unfavorable, while freeze-thawing had little impact on the virus ac-
tivity [128,144]. Further studies on thermal, chemical, or mechanical stress are scarce for the
ORFV, but available for other poxviruses [148]. Nonetheless, some conclusions may be drawn
from available pharmaceutical products based on the ORFV or the closely related MVA virus.
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Selected Orf virus formulation options

Formulations for ORFV-based products aim towards the preservation of infectivity and the pre-
vention of virus aggregation. In the reviewed pharmaceutical products, ORFV and MVA, a close
relative of the ORFV, virus stability is conserved using excipients such as protein (HSA, lactal-
bumin, casein, gelatin), sugars (trehalose, sucrose, lactose, dextran), sugar alcohols (sorbitol and
mannitol), and a suitable buffer system of near neutral pH (Table 4).

Table 4: Formulation compositions of ORFV- and MVA virus-related pharmaceutical products. Products are
listed with and without health agency approval. For lyophilized products, only the buffer for the freeze-drying is de-
scribed, if not stated otherwise. HBSS, Hank’s balanced salt solution; HEPES, 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid; HSA, human serum albumin.

Virus strain Product type Trade name Stor_a_ge Excipients Ref.
condition
. . 5 % lactalbumin
ORFV orf dlseas_e vaccine N/A lyophilized 10 % trehalose or sucrose  [39]
Muk 59/05 (ovine)
HBSS
8 % dextran n40
. 6 % casein hydrolysate
(D)1R7Fo\i 'm?Z?]?TGOT:La;; Y zvLExis  lyophilized 8 % lactose [55]
g d 9 % sorbitol
NaOH for neutralization
2 % HSA
. smallpox vaccine - 5 % mannitol
MVA virus (human) ACAM2000 lyophilized 0.5-0.7 % NaCl [149,150]
6-8 mM HEPES
smallpox vaccine 140 mM NaCl
MVA virus P JYNNEOS lyophilized 10 mM TRIS [151]
(human) A
HCI for neutralization
gelatine
MVA virus smallpox vaccine Imvanex lyophilized NaCl [152]
(human) yop TRIS
HCI for neutralization
. Ad26.ZEBOV/ - NaCl
MVAvius 201 ‘:;‘;ﬁ')”e (- vABN - "q”;;’nfro' TRIS [153,154]
Filo NaOH for neutralization

In the reviewed pharmaceutical products, ORFV and MVA, a close relative of the ORFV, virus
stability is conserved using excipients such as protein (HSA, lactalbumin, casein, gelatin), sugars
(trehalose, sucrose, lactose, dextran), sugar alcohols (sorbitol and mannitol), and a suitable buffer
system of near neutral pH (Table 4). Additionally, sugars like sucrose were reported to prevent
the aggregation of concentrated ORFV [144]. The dominance of lyophilized products suggests
the ORFYV stability throughout a freezing process compared to liquid storage. Proteins and sugars
stabilize proteins during the phase transition and provide a matrix for the ORFV in the pulverized
form. In this state, some MVA vaccines are stable for years [150-152].
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5. Motivation of the dissertation project

The development time of new pharmaceutical products until they reach market approval is an
essential factor for rapid action against emerging diseases, as SARS-CoV-2 has clearly illustrated.
To prevent bottlenecks in the production process, limitations should be identified and eliminated
early on. Such constraints can generate reduced yields or loss of activity. For viral vectors, which
are commonly applied for gene therapeutic, oncolytic, or vaccine applications, the infectivity de-
termines the efficiency of the product. One such vector with potential pharmaceutical application
is the ORFV. The virus has gained increasing attention in the recent years for a variety of thera-
peutic applications. However, studies on the ORFV infectivity stability are scarce. Such studies
will aid in identifying relevant excipients for a stable product formulation and suitable additives
for infectivity preservation throughout the production process, where unforeseen deviations in the
process may occur. Additionally, suitable unit operations can be selected to reduce the impact of
mechanical and chemical stresses on infectivity stability. Thus, the objective of this dissertation
project is to extensively characterize the degrading conditions and stabilizing environments of the
ORFV. Therefore, pertinent sample preparation techniques must be identified and evaluated.

In the past, a full lab-scale production process implementing the SXC has been proposed for the
ORFYV to achieve high yields. However, little is known about the critical process parameters and
limitations for scale-up of the SXC with the ORFV. A deeper understanding of these questions
will likely improve the adoption of the SXC, as well as the full DSP, to different ORFV genotypes
in reduced time. Therefore, this dissertation project focuses on the identification of undescribed
critical process parameters in the SXC processing of the ORFV and their impact on the recoveries.

The elucidation of ORFV infectivity stability and SXC processing is proposed to the successful
implementation of a full, scalable DSP with high yields along with an effective formulation of the
final product.
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CHAPTER 2:  Physicochemical characterization of the Orf virus

The characterization of active pharmaceutical compounds is an important step in the development
of therapeutic products and their production processes. Not only from an economical perspective
are high yields and little losses desirable. Concerning active viral targets, the infectivity is fre-
quently the defining characteristic. Loss of infectivity can occur throughout the virus propagation
(USP), the purification (DSP) as well as the storage and distribution. Thus, degrading forces and
ways to stabilize the virions need to be identified. Concerning the processing itself, thermal, me-
chanical, and chemical stress are most commonly causes for infectivity loss. Throughout storage
and distribution, thermal and mechanical extrema should be characterized as well as the duration
of the storage. For such tests, suitable samples need to be prepared to guarantee representative
results. Preparations should be of high infectious titer and intact virus particles as well as free of
interfering substances. After the characterization of the virus target and the identification of deg-
radation conditions, a formulation with stabilizing excipients can be tested. Additives commonly
applied for viral targets include proteins, amino acids, salts, detergents, antioxidants, or buffers.
Some of these may even be implemented throughout the production process if they do not limit
the unit operations, supplying additional protection against infectious virus loss.

For the ORFV, few authors published results on ORFV-specific characteristics, infectivity stabil-
ity, and degrading conditions as well as methods to prepare samples to study these traits. How-
ever, to ensure a streamlined process set-up, a thorough study of these research questions is ex-
pedient, which is covered in this chapter. Here, three consecutive studies engaging with virus
characterization and formulation are presented. In part A, the preparation of samples that are
suitable to perform a characterization of ORFV were evaluated. For this purpose, three different
methods were compared concerning the infectious ORFV yield and recovery, impurity removal,
economic and preparation concerns as well as by using size and electrophoretic mobility meas-
urements. The SXC and ultracentrifugation were identified as suitable. These two methods were
applied in the studies in part B and C. Here, critical degradation parameters in common vaccine
production processes were tested (B) and stabilizing excipients evaluated (C). In short, the ORFV
is very stable against most environmental influences and can be easily stabilized with a protein at
neutral pH. If proteins are not applicable throughout the processing, several sugars and amino
acids revealed preserving effects on the ORFV.

In conclusion, the studies undertaken equip the reader with tools to prepare the ORFV for further
analysis and a thorough knowledge of degrading conditions. Additionally, options to stabilize the
virus against infectivity loss in such environments is presented, which might be adapted for for-
mulation finding or throughout the processing.
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Part A: Sample preparation methods for Orf virus characterization

Eilts, F.; Steger, M.; Pagallies, F.; Rziha, H.-J.; Hardt, M.; Amann, R.; Wolff, M. W. (2022).
Comparison of sample preparation techniques for the physicochemical characterization of Orf
virus particles. Journal of Virological Methods 310, 114614. doi: 10.1016/j.jvi-
romet.2022.114614
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ARTICLE INFO ABSTRACT

Keywords: The determination of the electrostatic charge of biological nanoparticles requires a purified, mono-disperse, and
Tsoelectric point concentrated sample. Previous studies proofed an impact of the preparation protocol on the stability and electro-
Orf virus

hydrodynamics of viruses, whereas commonly used methods are often complex and do not allow the required
sample throughput. In the present study, the application of the (I) steric exclusion chromatography (SXC) for the
Orf virus (ORFV) purification and subsequent physicochemical characterization was evaluated and compared to
(II) SXC followed by centrifugal diafiltration and (III) sucrose cushion ultracentrifugation. The three methods
were characterized in terms of protein removal, size distribution, infectious virus recovery, visual appearance,
and electrophoretic mobility as a function of pH. All preparation techniques achieved a protein removal of more
than 99 %, and (I) an infectious ORFV recovery of more than 85 %. Monodisperse samples were realized by (1)
and (I11). In summary, ORFV samples prepared by (I) and (II[) displayed comparable quality. Additionally, (I}
offered the shortest operation time and easy application. Based on the obtained data, the three procedures were
ranked according to eight criteria of possible practical relevance, which delineate the potential of SXC as virus
preparation method for physicochemical analysis.

Surface charge

Transmission electron microscopy
Viral vector vaccine

Zeta potential

1. Introduction Now, a chicken-egg-question arises: An efficient sample preparation

procedure is indispensable for a thorough characterization of the target

Tao study the mechanisms of virus interaction with surfaces and their
aggregation behavior, an extensive physicochemical characterization is
often a necessity (Langlet et al., 2008). This is the case for environmental
applications as well as for pharmaceutical production, especially
downstream processing. However, the implementation of unpurified
virus material from a cell culture supernatant for this task is biased by
impurities, e.g., host cell protein, cell debris, and immature virions
(James et al., 2016; Michen and Graule, 2010). Thus, virus samples need
to be purified, preferably in short preparation times, with minimum
losses and without affecting the virus composition (James et al., 2016).

nanoplexes, however, every procedure depends on various properties of
the same, potentially changing the sample composition. Generally
spoken, a sample preparation must be reproducible and robust to ensure
the purification of the target virions from different origins, while
avoiding the accumulation of sub-groups selected by, e.g., size or
charge. Such an evaluation of the suitability of virus sample preparation
strategies for the physicochemical characterization of different bacte-
riophages was performed by Dika et al. (2013a) and Shi and Tarabara
(2018), who compared density gradient centrifugation, diafiltration
(DF), dialysis, and polyethylene glycol (PEG) precipitation. Both studies

Abbreviations: AM, ammonium molybdate; CPB, citrate phosphate buffer; DF, diafiltration; DLS, dynamic light scattering; Elu, elution; IU, infectious umits;
MWCO, molecular weight cut-off; ORFV, Orf virus; PBS, phosphate buffered saline; PEG, polyethylene glycol, PEG8000 corresponds to 8000 Da; PDI, polydispersity
index; pl, isoelectric point; SC, sucrose density gradient centrifugation; SXC, steric exclusion chromatography; SXC-DF, steric exclusion chromatography with
subsequent diafiltration; TEM, transmission electron microscopy; UAc, uranyl acetate.
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concluded that the presence of residual contaminants and viral aggre-
gates interfered with electrophoretic mobility measurements, and only
density gradient centrifugation fulfilled the requisites. However, the
application is very time-consuming and of limited sample throughput.
This underlines the need for alternative techniques.

A method that has not yet been evaluated [or the task of sample
preparation for physicochemical analysis is the steric exclusion chro-
matography (SXC). In the past, SXC has gaines increasing popularity as a
time- and cost-effective, easy-to-use, and efficient preparative purifica-
tion method for nanoparticles and macromolecules, such as viruses
(Labisch et al., 2022; Lothert et al., 2020a, 2020b, 2020¢, 2020d;
Marichal-Gallardo et al., 2017, 2021), latex nanoparticles (Filts et al..
2022), bacteriophages (Lee et al., 2012), nucleic acids (Levanova and
Poranen, 2018), and globulins (Gagnon et al., 2014; Lee et al., 2012; Tac
etal, 2015 Wang et al., 2014). An extensive description of the methods’
theory can be found elsewhere (Gagnon et al., 2014: Lee et al,, 2012),
These previous publications showed the methods’ high capacity to
deplete protein (> 99 %) and double-stranded DNA (> 50 %) as well as
to isolate and concentrate particles depending, on their size and charge.
Common drawbacks of the related PEG precipitation (Shi and Tarabara,
2018), such as residual PEG concentration in the final sample, have not
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been investigated for the SXC so far. However, a recent study on the Orf
virus (ORFV) showed a monodisperse size distribution and high purity
samples after SXC application (Lothert et al., 2020b). Additionally,
charge measurements were performed successfully. Due to these
promising results, and the ORFV application as a versatile recombinant
vaccine (Amann et al., 2013; Rohde et al., 2011; Rziha et al., 2019; van
Rooij et al., 2010) and oncolytic therapy (Rintoul et al,, 2012), this virus
was chosen for the presented study as a model virus. The ORFV iz an
ovoid-shaped DNA-virus of the genus Parapoxvirus, family Poxviridae,
that measures approximately 140 — 200 nm in width and 220 - 300 nm
in length (Nagington and Horne, 1962; Nitsche et al., 2007; Wang and
Luo, 2019). The characteristic virion surface resembles a ball of wool,
due to the tubule-like structure, which surrounds the envelope in a spiral
fashion (Spehner el al., 2004).

Usually ORFV has been prepared by sucrose density gradient
centrifugation (Joklik, 1962; Nagington et al., 1964; Nashiruddullah
et al., 2018; Spehner et al., 2004; van Vloten et al.,, 2021). The routinely
and standardized application make the centrifugation the current
gold-standard for lab-scale purification, allowing a concentration of the
virus to high titers with excellent purities. ORFV preparation only by SC
alone is used repeatedly (Reguzova et al., 2020; Rintoul et al., 2012).

Fig. 1. Overview and terms of sample preparation methods
to purify the Orf wirug (ORFV) for physicochemical anal-
ysis, After ORFY production, the clarified supernatant was
processed either by ullracenlrifugalion a 36 % sucrose
cushion (8C), or by steric exclusion chromatography (SXC).
The latter was performed with a 0.18 or 0.4 M NaCl
elution. After the SXC elution, half of the samples of both
elutions were subjected to an additional diafiltration step
(DF) with cellulose membrane filters of 30 kDa or 100 kDa
molecular weight cul-off (MWCO). Hence, seven different
preparation strategies were applied. For example, a sample
purified by SXC, eluted (Elu) with 0.4 M NacCl and subse-
quent DF with a 30KkDa filter umit, is referred to as
Elu0.4-30. Figure created with BioRender.com.

Abbreviation  Primary purification Secondary purification
Elu0.4 -

Elu0.4-30 SXC, elution buffer 0.4 M NaCl DF with 30 kDA MWCO
Elu0.4-100 DF with 100 kDA MWCO
EluQ.18 -

Elu0.18-30 SXC, elution buffer 0.18 M NaCl DF with 30 kDA MWCO
Elu0.18-100 DF with 100 kDA MWCO
sSC Ultracentrifugation through 36 % -

sucrose cussion
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The method aims to semi-purify and concentrate the viral particles from
cell debris and host-cell protein (James et al., 2016). Like the SXC, the
sole application of SC is less time-consuming than the density gradient
centrifugation procedure, but concurrently generates samples of lower
purity levels. To our knowledge, no studies on the recovery or purity
levels of ORFV samples purified by SC have been published yet.

In the presented study, three sample preparation methods with a
relatively low execution time were evaluated by comparing the purifi-
cation of the ORFV in terms of the impact on viral aggregation, viral
recovery, sample purity, and the determination of the electrophoretic
mobility as a function of pH. The tested methods were SXC, SXC fol-
lowed by DF (8XC-DF), and SC (Fig. 1). DF was applied as a secondary
preparation step to investigate the possibility to further purify and
concentrate the samples from SXC. To evaluate the prepared samples by
transmission electron microscopy (TEM), different staining protocols
were tested to visualize the single ORFV particles in their native buffer.
The results of the virus sample characterization were used to rank the
three preparation techniques according to an extended list of criteria of
potential practical relevance adapted from Shi and Tarabara (2018), i.e.,
monodispersity, size selectivity for ORFV, recovery and concentration of
infectious ORFV, protein removal, determination of zeta potential and
pl, execution time, and sample economics.

2. Materials and methods
2.1. Propagation and purification of the model virus

The production of ORFV in Vero cells was conducted as previously
described (Rziha et al., 2016), The attenuated ORFV strain D1701-V
expressing the green fluorescent protein AcGFP (Rziha et al., 2019)
was used in this study. After successful infection, the cell-culture was
subjected to one freeze-thaw cycle (—80 °C) and centrifuged for cell
debris removal. Afterwards, the supernatant was stored at — 80 °C until
further use. An overview of the sample preparation procedures for ORFV
purification (Sections 2.1.1 — 2.1.3) is displayed in Fig. 1, where the
nomenclature of the ORFV samples is defined.

2.1.1. Sucrese cushion ultracentrifugation (SC)

SC was carried out as described by (Rziha et al., 2016). The purifi-
cation started with either 150 mL or 900 mL clarified cell culture su-
pernatant, and the final volume for resuspension was 1 or 2 mL in
phosphate buffered saline (PBS), generating a 150- to 450-times con-
centration, respectively.

2.1.2. Steric exclusion chromatography (SXC)

The ORFV was purified via SXC as described before (Lothert et al.,
2020b) with minor changes. After harvest, the virus-cell-suspension was
clarified by stepwise centrifugation at 4 “C (300 x g, 5 min, and 4500 x g,
30 min) (Multifuge X1R, Heraeus). Briefly, every SXC run was per-
formed using freshly prepared regenerated cellulose membrane stacks
with a diameter of 47 mm and 1 um nominal pore diameter (Whatman
RC60, GE Healthcare). The loading and wash steps of SXC purification
were unchanged to the cited protocol, but the elution was performed
either with 0.4 M NaCl as stated by Lothert et al. (2020b), or 0.18 M
NaCl. The elution volume was 20 mL, 10 % of the load volume, aiming
for 10 x concentration. Samples, eluted from SXC, contained up to 1 %
PEG due to the residual loading buffer in the chromatographie column.

2.1.3. Centrifugal diafiltration (DF)

DF of the two different SXC elution fractions (0.18 and 0.4 M NaCl)
was performed to concentrate the virions and exchange the sample
buffer. Commercially available Amicon Ultra-4 spin column filters
(Merck Millipore) with a regenerated cellulose membrane and a mo-
lecular weight cut-off (MWCO) of 30 kDa or 100 kDa were used. The
active filter membrane surface area was 3 em®. According to the man-
ufacturer’s instructions, 4 mL of virus suspension was centrifuged and
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washed twice using a 20 mM TRIS buffer (pH 7.4) containing 180 mM
NaCl. Centrifugation was performed for at least 30 min until no changes
in the volume were detected anymore. For the highest concentration,
only the white-colored sediment was used for further experiments,
which was 100 pL for 100 kDa and 250 pL for 30 kDa membranes,
reaching a concentration of approximately 15 x and 40 x for the
respective units.

2.2. Size and structural analysis

2.2.1. Transmission electron microscopy (TEM)

The virus particle size and integrity were further evaluated by TEM
using conventional negative staining. After purification, the different
ORFV samples were treated equally, i.e., stored at — 80 °C until further
use. The 300-mesh copper grids (Plano) were prepared with polymer
support films of 1.2 % Formvar (Science Services), carbon-coated, and
ionized by glow-discharge. Negative staining was either performed by
the so-called drop-to-drop or the on-drop method, illustrated in Fig. 2. In
the drop-to-drop method, one drop of unfixed virus solution was directly
applied onto the copper grids and incubated for 3 — 7 min for adsorption
(Figs. 2, 1a and1b). The excess liquid was poured off by blotting (Figs. 2,
1c). Afterwards the grids were negatively stained by incubating the grid
for 5 s on a drop of a heavy metal-containing solution for three cycles,
while blotting in between (Fig. 2, 2). Finally, the sample was washed in
the same style with distilled water, blotted, and left for air-drying
(Figs. 2, 3). The on-drop method was varied by some details. First, the
copper grids were incubated on a drop of unfixed virus solution for
3-7 min (Figs. 2, 1a and 1b). Here, as well, the excess liquid was taken
off by blotting (Figs. 2, 1c and 1d). Afterwards, the grids were negatively
stained by incubating for 7 min on a drop of a heavy metal-containing
solution, but only for one cycle (Figs.. 2, 2a and 2b). Finally, the grid
was blotted (Figs. 2, 2¢ and 2d), no washing undertaken, and left for air-
drying (Figs. 2, 3). All grids were stored under the exclusion of light until
visualization in the transmission electron microscope.

Furthermore, to evaluate the appropriate virus structure resolution
of SXC and SC samples, different heavy metal-containing stains were
tested. The stains were aqueous solutions of 2% ammonium molybdate
(AM) (Agar Scientific), NanoW (Nanoprobes), and 1 % (SXC samples) or
2 % (SC samples) uranyl acetate (UAc) (Electron Microscopy Sciences).
All stains were 0.2 pm filtered. NanoW is a commercially available
ready-to-use stain based on tungsto acid with a neutral pH. The 2 % AM
stain was titrated to pH 7 = 0.5 with 5 M NaOH. The UAc stain (1 or 2
%) was prepared as an 0.15 M oxalic acid solution (Merck Millipore),
and the pH adjusted with 25 % ammonia (Carl Roth). No post-staining
fixation was done. Preparations were finally inspected by using a
EM912a/b (Zeiss) at 120 kV under zero-loss conditions, and images
were recorded with a slight under-focus using a 2k x 2k ssCCD camera
(TRS ‘Trondle Restlichtverstarkersysteme’, Moorenweis, Germany)
(Lothert et al., 2020Db). For image analysis and quantitative measure-
ments, the iTEM package (Olympus) was used.

2.2.2. Dynamic light scattering

The measurements of the purified virus samples® size distribution
were conducted via dynamic light scattering (DLS) with a Zetasizer
Nano Z590 (Malvern Panalytical) as described by Lothert et al. (2021).
The refractive index and viscosity values of the 0.2 pm filtered buffers
were assumed to be equal to water. The polydispersity index (PDI) itself
was caleulated by the Zetasizer software and indicates the width of a size
distribution with a single mean diameter (Malvern Instruments Ltd.,
2017).

2.3. Infectivity analysis
The quantification of infectious viral particles was conducted by

fluorescence-activated cell counting in a flow cytometer (Guava®
easyCyte HT, Merck Millipore), adapted without viability staining from
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Fig. 2. Preparation of grids by negative staining for transmission electron microscopy (TEM) analysis. All Orf virus (ORFV) samples prepared by negative staining
were either processed using (1) the so-called drop-to-drop (see upper illustration), or (II) the on-drop method (see lower illustration). Both methods were structured
first by a step for adsorption of the virus sample (1), followed by a washing/staining (2), and a drying step (3). The unfixed virus solution was freshly thawed, and a
drop of sample was brought into contact with the prepared 300-mesh cepper grids, either (I) by application directly onto the grid, or (II) by lying on the drop. After
incubation, the grids were stained either (I) in three cycles, each lasting 5 s, with a final wash step, or (II) by incubation on a drop of stain without washing. Last, all
grids were air-dried and stored under the exclusion of light until visualization in TEM. Figure created with BioRender.com.

Rziha et al. (2019). The infection rate, i.e., the percentage of green
fluorescent (infected) cells was standardized by virus plaque titration in
triplicates.

2.4. Total protein assay

Quantification of the total protein content via the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific) was undertaken according to
(Lothert et al., 2020c). The quantification limit is 25 pg mL~L. The
measurements were conducted in triplicates.

2.5. Measurement of the electrophoretic mobility

The measurements of the particles’ electrophoretic mobility, and
indirectly their zeta potential, were conducted using phase analysis light
scattering with a Zetasizer Nano ZS90, adapted from Lothert et al.
(2020c). All samples were diluted at least 1:10 to reduce the influence of
the sample buffer. If not stated otherwise, 0.1 M citrate phosphate buffer
(CPB) of varying pH was used as diluent to determine the isoelectric
point (pI). The conductivity of the CPB was adjusted to 15 mS cm 1
using NaCl. The virus samples were analyzed in triplicates, and the
obtained data was processed using the Smoluchowski model (f{(xa)
= 1.50) to calculate the zeta potential values from the electrophoretic
mobility values.
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3. Results
3.1. Electron microscopy of ORFV

For TEM analysis, a staining protocol is preferable, which allows for
electron microscopical resolution of ORFV particles in the presence of
the same buffer used for virus preparation. To this end, the on-drop and
drop-to-drop technique were compared as negative staining protocols
(see Fig. 2). The micrographs showed little difference in stain distribu-
tion, the resolution of viral particles, and the intactness of the support
films. Hence, to simplify the negative staining procedure, the on-drop
method was applied for all further preparations. Next, using the on-
drop method, the evaluation of the three different stains, AM, Nano
W, and UAc, resulting in the best integrity of ORFV particles prepared by
SC or SXC, was conducted. We observed an increased stability of the
ORFV’s integrity under neutral conditions. Therefore, all stains were
adjusted to pH 7 + 0.5, including UAc in oxalic acid solution (mostly
UAc is applied in aqueous solutions at acidic pH 4-5).

The SC-prepared samples (Fig. 3A1 to A3) indicated that staining
with 2 % UAc and NanoW displayed a good resolution of the charac-
teristic criss-cross pattern of intact mature ORFV, although NanoW-
staining resulted in some deformation of viral particles (Fig. 3A2). The
best presentation of mature ORFV particles, demonstrating intact tu-
bules formed to the characteristic ball-of-wool, was obtained with 2 %
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AM

NanoW

UAc

UAc staining (Fig. 3A3).

Next, we tested ORFV prepared by SXC and elution with 0.4 M NaCl
(Elu0.4), containing 1 % PEG. The presence of salt and PEG seemed to
slightly affect the integrity of the ORFV particles, independent from the
used stain. In all cases, the criss-cross pattern of the outer tubules was
not completely preserved anymore (Fig. 3 Bl to B3). Staining with

38

CHAPTER 2

Journal of Virological Methods 310 (2022) 114614

Fig. 3. Comparison of negative staining
Elu0.4 solutions for transmission electron
microscopic (TEM) analysis. The TEM
preparations of the Orf virus (ORFV)
were prepared as described in the ma-
terials and methods section, and the
staining was conducted by the on-drop
method (see Fig. 2). Virus prepared by
ultracentrifugation through a 36 % su-
crose cushion (SC) was stained with 2 %
ammonium molybdate (AM) (A1),
NanoW (A2), or 2 % UAc (A3). Samples
from steric exclusion chromatography
(SXC) with a 0.4M NaCl elution
(Elu0.4) were stained with 2 % AM
(B1), NanoW (B2), or 1 % UAc (B3). The
bars depict the indicated sizes.

NanoW resulted in additional small globules (10-20 nm in size)
attached to the virus particles (Fig. 3 B2). The UAc staining led to the
creation of larger beads (20-50 nm in size) deposited on the supporting
film on the grid. In summary, these results favored the use of the UAc-
staining for the electron microscopic analysis of the different ORFV
preparation procedures.
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TEM inspection was performed to evaluate the purity and integrity of
ORFV, prepared by the different SXC procedures. Here, no highly puri-
fied virus was analyzed, which allows the visualization of ORFV samples
that still contain aggregated virus and contaminating cellular material.
For comparison, SC-prepared ORFV is represented in Fig. 4A. As can be
seen in Fig. 4 (B and C) all samples from SXC and SXC-DF exhibited the
described white globules or beads (20-50 nm) on the supporting film of
the grid, reducing the particle’s contrast. Comparing the preparation by
SXC, using 0.18 (B1) or 0.4 M NaCl (C1), similar quantities of single
mature and intact ORFV particles were detected. Although the visible
number of virus particles appeared approximately 10-100 times lower
as compared to the SC samples, the degree of cellular contaminants was
reduced.

Furthermore, the application of DF was tested for a possible increase
of virus purity. However, the use of filters of either 30 or 100 kDa
exclusion size markedly impaired the photographic illustration of ORFV
particles (Fig. 4B2, B3, C2, and C3). This treatment resulted in a pro-
nounced accumulation of virus particles and the formation of electron-
dense layers, which impeded the recognition of the characteristic
ORFV. In addition, a closer inspection indicated that the DF also led to
the deformation or damage of the criss-cross order of the ORFV tubules
(Fig. 4B3 or C2 or C3).

3.2. Size measurements of ORFV samples by TEM and DLS

The size distributions of the ORFV samples were determined
orthogonally by TEM and DLS. The TEM analysis allowed the mea-
surement of the typical ORFV particles’ dimensions. DLS, on the other
hand, was applied to analyze the size distribution of the whole samples,
which can be used to identify aggregates and contaminants present in
the samples.

The TEM analysis showed an ORFV length between 292 and 331 nm
and a width of 177-193 nm, respectively (Fig. 5A). Significant differ-
ences of mean length values (@ = 0.05) were only found between the
Elu0.4- and Elu0.18-30-preparations. In general, the determined parti-
cle sizes were in good agreement with those reported in the literature,
displayed in Fig. 5A (Nagington and Horne, 1962; Nitsche et al., 2007;
Wang and Luo, 2019).

The DLS analysis revealed mean diameters of the virus samples
ranging from 183 to 254 nm with significant differences between almost
all preparations (« = 0.05) (Fig. 5B). Note that the ORFV is a rod-shaped
virus, but the calculation of the particle’s diameter from DLS measure-
ments assumes a sphere. Thus, the values of virus size obtained from
DLS, range between the width- and the length- values measured in TEM.
Samples from SXC, SC, and Elu0.18-30 showed the largest values
(241-269 nm), while measurements of Flu0.4-30, Elu0.4-100, and
Elu0.18-100 resulted in significantly smaller sizes (184-212 nm). Pu-
rification with 100 kDa MWCO, compared to 30 kDa, led to a reduced
cumulative mean diameter by 43 nm for a preceding 0.18 M NaCl
elution and a reduction by 19 nm for an elution with 0.4 M NaCl.
Furthermore, the mean PDI indicated the monodispersity of the mea-
surements, with a commonly stated border of 0.5. Samples from SXC
(0.32 and 0.36) as well as from SC (0.38) were well below (> 0.1) this
border. SXC-DF-prepared samples showed values in this range for
Elu0.4-100 (0.37), whereas the other three procedures were close to 0.5
(0.49, 0.53, and 0.48).

3.3. Infectivity and protein content of the different ORFV preparations

The level of residual contaminants of the prepared ORFV samples
was assessed by a total protein analysis (Table 1). All preparation
methods led to reductions of more than 99 % of the total protein load of
the final sample compared to the initial clarified cell culture superna-
tant. Starting with approximately 1.9 mgmL™! protein, the protein
concentration after SXC purification was below the assay detection limit
(LOD) (25 pg mL 1), Concentrating the SXC samples by DF resulted in
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residual protein  concentrations of 124-130 ug mL 1 and
57-64 ug mL * for a SXC elution with 0.18 M and 0.4 M NaCl, respec-
tively. The apparent increase of the SXC-DF’s protein concentrations is
due to the volume reduction after SXC by DF application. Samples from
SC contained 166 pg mL~" residual protein.

The recovery of the infectious ORFV particles varied between the
different preparation methods, Considering a 10-fold volumetric con-
centration by SXC application, using 0.18 M NacCl for elution (Flu0.18),
the starting total of 14.7 x 107 1U (infectious units) was recovered with
86 % of infectious titer, resulting in 6.3 x 10°IUmL " (12.6 x107 IU). A
recovery of 89 % infectious titer was found after an elution with 0.4 M
NaCl (Elu0.4), as 5.3 x 10% U mL ™ (10.6 %107 IU) was recovered from
the total applied 12.3 x 107 IU. Using DF for additional purification and
concentration of SXC, the samples showed approximately one log higher
viral titers than the respective starting material after an initial SXC pu-
rification, i.e., 2.2-8.5 x 107 TU mL™!, However, the application of DF
on SXC samples resulted in a reduction of the infectious titer recoveries.
DF of Elu0.18 yielded a 29 % recovery of infectious virus for 100 kDa
MWCO (Flu0.18-100), whereas 53 % were recovered using a 30 kDa
filter unit (Elu0.18-30). The DF of the Elu0.4-preparation obtained re-
coveries of 25 % or 28 % of infectious ORFV for 30 kDa (Elu0.4-30) or
100 kDa (Elu0.4-100) cut-off filters, respectively. Lastly, using starting
materials of 2.1-3.6 x 107 IU mL %, the SC samples had the highest
concentration of infectious particles with 1.1 x 10° 10 mL_l, with an
infectious particle recovery of approximately 9-31 %. The range refers
to both implemented initial cell culture volumes (150 and 900 mL).

3.4. Productivity of the preparation methods

Concerning the throughput of the preparation methods, the initial
volume for SXC was approximately 200 mL, and the processing time
approximately two hours, with an operation at 2 mL min~!. The dura-
tion of the handling for this method increases linearly with the loading
volume to the maximum loading capacity of the column. DF and SC on
the contrary, are limited by the design of the centrifuges. As DF was used
for a secondary processing of the SXC samples, the initial volume of
200 mL was assumed for further calculations. Additional processing
times of two to three hours can be expected depending on the number of
washing steps. For SC-preparation, the crude sample was either150 or
900 mL, and both needed the same handling time of 24-48 h.

With these parameters, the volumetric concentration factors of the
SXC, SXC+DF, and SC application were calculated, based on the initial
crude cell culture supernatant volume and the final sample volume after
purification (Table 1). The SXC procedure achieved a 10-fold volume
reduction, SC between 150- and 450-fold, SXC-DF with 30 kDa mem-
branes 150-fold, and SXC-DF with 100 kDa membranes 400-fold. As
previously mentioned, the concentration factor of the latter combined
the SXC- and DF-related shares.

3.5. Measurement of the electrophoretic mobility of purified ORFV

Data on the electrophoretic mobility of the different ORFV eluates
prepared by SXC, SXC-DF, and SC (Fig. 1) were collected as a function of
pH. This data was used for the zeta potential calculation and determi-
nation of the pl of the virus, the point of zero charge, visualized aty = 0.

First, no pl for the SXC-DF samples with 0.4 M NaCl elution
(Elu0.4-30 and Elu0.4-100) was determined, i.e., the zeta potential in
the assessed pH range from 2.6 to 7.6 yielded negative values. Therefore,
the point of an overall neutral charge could not be determined.

For the other five sample preparation procedures, the pH-dependent
functions of the zeta potential exhibited positive potentials at pH values
lower than the pl, and negative potentials at greater pH values (Fig. 6).
Both preparations derived from SXC, Elu0.18 and Elu0.4, had similar
pH-dependent potentials with a pI at pH 3.4 and pH 3.6, respectively.
The SC-purified sample showed higher moduli for the same pH value
than the SXC samples. Its pl was determined at pH 3.5. Last, the samples
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A sXc SXC-DF sc B sxc SXC-DF sc Fig. 5. Comparison of size measure-
400 — — ments of samples containing Orf virus
-] [ TEM (Length)|  (ORFV) after sample preparation. The
= L] TEM (Width) ORFV was purified by the preparation
— 300 < ‘e DLS strategies described in Fig. 1. Size
g g B measurments of the virus samples were
'6' — performed by transmission electron mi-
% 200 = croscopy (TEM) (A, green), and dy-
7] = namic light scattering (DLS) (B, purple).
£ = The viral particle’s length (dark green
= 100

bars) and width (light green bars) were
measured by TEM of detectable intact
mature ORFV particles (A). Behind the
bars, the published length and width
measurements of ORFV are indicated as
dark and light green shaded areas,
respectively (Nagington and [IHorne,
1962; Nitsche et al.,, 2007; Wang and
Luo, 2019), By applying DLS to the virus
samples, the obtained mean diameter of
the whole sample was assessed (B). The

values above the bars indicate the average polydispersity index of these measurements. ANOVA, Tukey test; n = 3; * @ = 0.05. the same letters indicate no sig-
nificance according to the Tukey test table (B). Columns show the mean values, and error bars show the standard deviations from at least 50 ORFV particles measured
in TEM and 9 DLS measurements. Elu, elution; SC, 36 % sucrose cushion ultracentrifugation, SXC, steric exclusion chromatography; SXC-DF, steric exclusion
chromatography followed by diafiltration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Overview of protein and infectious Orf virus (ORFV) concentrations after purification. After sample preparation, the protein and the infectious ORFV concentration
was assessed. Additionally, the final volume was noted to calculate each concentration factor. Hence, the protein reduction and the infectious ORFV recovery are
normalized to the concentration factors. Values in brackets state the respective infectious particle recovery only for the secondary preparation step (diafiltration, DF).

For nomenclature, see Fig. 1.

Sample Concentration factor” Total protein Protein reduction Infectious ORFV Recovery of infectious ORFV
mLmL ' pg mL ! % (ug pg ") TUmL ' % U IU ")
- MV sD MV MV sDh

Elu0.18 10 < LoD" - =99 6.3E +06 5.08E + 05 86

Elu0.4 10 < 10D" - »99 53E + 06 576 E + 05 89

Elu0.18-30 150 124 4.00 =99 5.8E + 07 8.24E | 06 53 (61)

Elu0.18-100 400 130 2.00 =99 8.5E +07 3.40E + 06 29 (34)

Elu0.4-30 150 64 2.79 »99 2.2E+07 6.27 E + 06 25(28)

Elu0.4-100 400 57 3.31 =99 6.6 E -+ 07 145E + 06 28(31)

sC 150-450 166 8.80 =99 1.1E-+09 1.54E + 09 9-31

n=3.

1U, infectious units; LOD, limit of detection; MV, mean value; SD, standard deviation; SC, ultracentrifugation through 36 % sucrose cushion.
% The concentration factor is the volumetric ratio of the initial cell culture supernatant and final sample.

b LOD for the Pierce BCA Protein Assay is 25 ug mL™".

purified by DF, after an 0.18 M NaCl elution from SXC, had the highest
pl at pH 3.8 and pH 4.1 for 100 kDa (Elu0.18-100) and 30 kDa
(Elu0.18-30) cut-offs, respectively.

4. Discussion

An important prerequisite for the charge measurements and the
isoelectric point determination of biological nanoparticles is a pure and
homogenous sample. As a consequence of our recent achievements of
chromatographic ORFV preparation (Lothert et al., 2020b, 2020c), this
work compares the three methods, SXC, SXC-DF and SC, in regard to
their ability to generate ORFV samples for physicochemical analysis.
The methods were assessed in terms of an extended list of criteria from
Shi and Tarabara (2018), including monodispersity, size selectivity,
recovery and concentration of infectious virus, protein removal, deter-
mination of zeta potential and pl value, processing time, and sample
economics. In addition, the integrity of ORFV particles was evaluated by
TEM. A comparison of different negative staining reagents revealed UAc
as the best option for the electron microscopic imaging of mature virions
after SXC or SC-preparation. The staining at neutral pH increased the
integrity of virions, presumably due to the sensitivity of ORFV to acidic
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pH. NanoW, a tungsten acid-based stain, caused some deformation of the
ORFYV viral particles. This is in accordance with earlier findings for the
penetration of phosphotungstic acid penetrating into ORFV particles
(Nagington et al., 1964).

The resolution quality of the ORFV particles by TEM depended on the
preparation technique. So far, a structural integrity assessment of SC-
prepared ORFV (Reguzova et al., 2020; Rintoul et al.,, 2012) was not
performed. The SC-derived samples showed very good imaging of the
characteristic criss-cross pattern of intact mature ORFV. In contrast, the
presentation of ORFV particles prepared by SXC as well as by SXC-DF
seemed to be affected by the presence of salt and PEG, exhibiting ir-
regularities of the surface tubules. Furthermore, the imaging of
SXC-prepared ORFV showed a lack of the particle’s contrast due to white
globules or beads covering the supporting film of the grid, which pre-
sumably consisted of PEG and salt crystals. A similar effect on the par-
ticles’ contrast was reported for 1 % trehalose and 0.1 % PEG (Carlo and
de Harris, 2011). Previous results of imaging of ORFV by TEM reported
similar findings for AM-staining (Lothert et al., 2020b). SXC-DF samples
had an increased density of white globules as compared to SXC without
DF (Fig. 3). This was not expected, because the DF devices of 30 and
100 kDa were applied to reduce the PEG and salt concentration.
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Fig. 6. pH-dependent zeta potential of purified Orf virus (ORFV). The prepared
ORFV samples (see Tig. 1) were analyzed concerning their pH-dependent
electrophoretic mobility. The latter values were used to calculate the zeta po-
tentials using the Smoluchowski model. The steric exclusion chromatography
(SXC) preparation was performed with an elution of either 0.18 M or 0.4 M
NaCl (squares), Elu0.18 and Elu0.4, respectively. Bath variants were further
processed by diafiltration (SXC-DF) with 30 kDa or 100 kDa filter units (di-
amonds), TluQ,18-30 and Clu0.18-100, respectively, The samples from ultra-
centrifugation through 36 % sucrose cushion (3C) (cireles) were not modified
any [urther. All samples were diluted 1:10 in a pH-adjusted citrate phosphate
bulfer (15 mS em ). Lines are a guide to the eye. The numbers above the graph
indicate the approximate iscelectric point (¥ = 0). The data shown are mean
values (n - 3) and their respective standard deviations.

Presumably, due to volume exclusion by membrane fouling or prefer-
ential hydration, the coiled structure of PEG was retained (Baek et al.,
2017). To prove this hypothesis, residual PEG should be quantified by, e.
g., HPLC-based methods. Additional stains, such as osmium tetroxide,
could be tested for improved contrasting of ORFV obtained by SXC and
SXC-DF.

The assessment of the ORFV particle size yielded similar results for
all purification techniques, indicating no preferential purification of
smaller virus size subpopulations. The presented results of the size of
ORFV (Tig. 5) were in agreement with reported values ranging 140 —
200 nm in width and 220-300 nm in length (Nagington and Horne,
1962; Nitsche et al., 2007; Wang and Luo, 2019), The TEM analysis and
the DLS measurements further indicated aggregation of ORFV particles
after DF-preparation, conforming with literature reports (Shi and Tar-
abara, 2018).

The determination of infectivity was another important criterion for
the quality of ORFV prepared by $XC or SXC-DF. The highest concen-
tration of infectious virus was achieved by SC, but with regard to the
applied input virus amount, the lowest recovery of 9-13 % was obtained
with this method. Conversely, high recoveries were achieved by SXC
(86-89 %), albeit the concentration of infectious ORFV was the lowest.
Lower virus titers after SXC are due to a limitation of the applicable
input volume, limited by the chromatographic column. A reduction of
regained infectivity by SXC-DF (25-53 %) might be caused by virus
adhesion to and virus entrapment in the membrane material. The for-
mation of virus aggregates after DF (Fig, 4) might also decrease virus
infectivity. Comparing the presented data with reports on other viruses
of similar sizes as, for example, measles virus (100-250 nm) or mumps
virus (150 nm), centrifugal DI with 100 kDa DI membrancs showed
slightly higher recoveries as compared to ultracentrifugation (Sviben
et al., 2016). However, both methods reached less than 40 % recovery,
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which is in the magnitude of the here presented results. After DF, the
ORFV concentration was increased by a factor of 15 and 40 for 30 kDa
and 100 kDa units, respectively (I'able 1). The difference is presumably
due to the smaller pore size of the 30 kDa units, which might enhance
membrane fouling by increased protein retention, and consequently a
reduced [lux (Loewe et al., 2019; Sviben et al., 2016).

Residual host cell protein is an unwanted contaminant in wirus pu-
rification. In this study, all preparation procedures reduced the detect-
able protein content of the final eluate by more than 99 %. The SXC-
preparations yielded the lowest protein contamination (below LOD),
conforming to previous results (Lothert et al., 2020c), The relative
protein levels of the preparations conformed with the visualization of
protein in TEM imaging. Concerning the residual protein
DF-preparations, presumably an increase of the active filler area of the
centrifugal [ilter units might improve contaminant removal. A high salt
concentration can be used in 8XC to increase virus recovery by dimin-
ishing electrostatic interactions (Lothert er al., 2020d). However, this
also increases the protein load, which is non-specifically bound to the
stationary phase and to the virions, and hence, co-eluted with elevated
salt levels. Therefore, a higher protein load in the Elu0.4 samples after
DF had been expected, which, however, was not the case (Table 1). One
explanation could be a facilitated protein passage through the DF
membranes in the presence of a higher salt concentration (Callahan
et al., 2014).

The use of the zeta potential to describe the surface charge of soft
particles, e.g., viruses in contrast to hard colloids, can be questioned
(Dika et al., 2013b, 2015). Nevertheless, the practical application of the
zeta potential and the pl value is common in biotechnological industry,
and was therefore used in the present study. The measurement of the
pH-dependent zeta potential of the prepared samples identified the pl of
ORFV. Coinciding pl values between pH 3.4 and 3.6 were found for the
samples prepared by SXC and SC (Fig. 5). Elution after $XC with an
increased salt concentration resulted in a slightly reduced pT value, This
could indicate an Interaction of salt with the viral surface (Langlet et al.,
2008).

Concerning SXC-DF-prepared samples, no pl was determined [or
samples from the 0.4 M NaCl elution, and the pT for 0.18 M NaCl elution
was at pll 3.8 and 4.1. Additionally, the moduli of the zeta potentials of
ORFV in the SXC-DF samples were lower than for 8C- and $XC-derived
samples. This could be attributed to an increased PEG concentration.
PEG coating covered the charge of MS2 phages and their inner capsids
(Dika et al., 2013a). Conclusively, the deviating values of the different
ORFV preparation methods are explained by a higher residual protein
concentration and polydispersity after DF-preparation (Shi and Tar-
abara, 2018).

The previously reported higher pl value of approximately pH 4.6 for
the ORFV strain D1701-V (Lothert et al., 2020b) might be due to the
used TRIS buffer, which has a poor buffer capacity below pH 7.4. The
present work measured the pI value in CPB that can buffer between pH
2.6 and pH 7.6. A reduced electrophoretic mobility indicating a higher
pl was reported for TRIS-MgClu, compared to NaCl (Shi and Tarabara,
2018), Additionally, phosphates in the CPB are known to form com-
plexes with amino functional groups of viral proteins, thereby poten-
tially neutralizing the positive charge and leading to a relative decrease
in pI (Langlet ot al., 2008; Michen and Graule, 2010; Yuan et al., 2008).
This stresses that the zeta potential as well as the pl value are systemic
parameters dependent on the solvent (Langlet et al., 2008), Described pl
values of other poxviruses, range between pH 2.3 and 5.9 (Michen and
Graule, 2010). Interestingly, lower pl values were obtained for viruses of
higher purity, c.g., prepared by differential centrifugation combined
with density gradient centrifugation, or by using trichlorotrifluoro-
ethane (Douglas et al., 1966, 1969). A similar effect is suggested for the
results of the present study.

‘The obtained results were ranked by elght criteria (l'able 2) adopted
from Shi and Tarabara (2018). The SXC and SC showed an equally good
monodispersity of the samples (++-). SXC-DF samples revealed a high

in
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Table 2

Ranking of the three preparation methods for physiochemical characterization
of the Orf virus (ORFV). The different preparation techniques were compared
concerning their suitability for preparing ORFV samples for physicochemical
characterization. The criteria were adapted from Shi and Tarabara (2018). In
this overview, the sample preparation methods were summarized as steric
exclusion chromatography (SXC) for both 0.18 and 0.4 M NacCl elution strate-
gles, and the SXC followed by diafiltration (SXC-DF) combining the four pro-
cedures, Elu0.18-30, Elu0.18-100, Elu0.4-30, and Elu0.4-100. The last method
was ultracentrifugation through 36 % sucrose cushion (SC). For nomenclature,
see Fig. 1.

Criterion Preparation method

36% sucrose
cushion
ultracentrifugation
(SC)

Steric exclusion
chromatography
+ diafiltration
(SXC-DF)

Steric exclusion
chromategraphy
(SXC)

Mono-dispersity  +++ + +++
of particle size
distribution

Size selectivity
for ORFV

Recovery of
infectious
ORFV
particles

Concentration
of infectious
ORFV
particles

Reduction of b
protein
concentration

Determination
of zeta
potential and
isoelectric
point

Expenditure of
time

Costs

+H+ 4 +++

+H+ ++

++ ++

A R

+H+ ++ e

+H+ ++ ot

++-+ corresponds to highest ranking. Costs were estimated without equipment.

polydispersity (PDI ~ 0.5) and small cumulative mean diameters (-),
which is probably caused by present residual protein. The dimensions of
the ORFV, measured by TEM, were comparable to literature values for
all three preparation methods (+-++). The recovery rate of the obtained
ORFV infectivity favored SXC (+++), combined with the lowest final
protein contamination (++-). The concentration of infectious ORFV
was the highest for SC (+++), and the lowest for SXC (+). The deter-
mination of the zeta potential and the pI value of SXC- and SC-derived
samples showed values within 0.2 pH steps (+++), while the
DF-preparation caused deviations, or prevented the determination of a
pl (+). However, the accuracy of these measurements needs confirma-
tion using ORFV that is prepared by isopycnic centrifugation, or in
different solution compositions. Finally, the criteria regarding time and
cost investment per sample also favored the SXC method (+++). Con-
cerning the application time, the preparation by SXC is 30-120 min,
depending on the loading volume, while DF adds an additional 3 h.
However, compared to other methods, such as SC (1-2 days), both
procedures are rapid. Conclusively, the SXC method represents an
attractive alternative to other conventional ultracentrifugation tech-
niques to prepare pure ORFV not only for analytical purposes.

5. Conclusion

The presented results show that the preparation of Parapoxvirus
ORFV by the chromatographic method SXC is suitable for physico-
chemical characterization. The analysis of the zeta potential allowed the
determination of a pl value of 3.4. Infectious virus was obtained with a
high recovery of almost 90 % of the input infectivity. TEM imaging
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showed mature virions of the characteristic morphology of ORFV, which
contained very low or absent residual cell protein. The high mono-
dispersity indicates the absence of aggregates. Altogether, the SXC was
superior to the compared methods of SXC-DF or SC. Thus, it represents
an alternative method to the commonly used differential and density
gradient ultracentrifugation, which are time-consuming and allow for
only a limited sample throughput. Furthermore, SC, without the
following density gradient centrifugation, can be a valuable preparation
method, while saving time and costs for purification.
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A promising new vaccine platform is based on the Orf virus, a viral vector of the genus Parapoxvirus,
which is currently being tested in phase I clinical trials. The application as a vaccine platform mandates
a well-characterised, robust, and efficient production process. To identify critical process parameters in
the production process affecting the virus' infectivity, the Orf virus was subjected to forced degradation
studies, including thermal, pH, chemical, and mechanical stress conditions. The tests indicated a robust
virus infectivity within a pH range of 5-7.4 and in the presence of the tested buffering substances
(TRIS, HEPES, PBS). The ionic strength up to 0.5 M had no influence on the Orf virus’ infectivity stability
for NaCl and MgCl,, while NH,Cl destabilized significantly. Furthermore, short-term thermal stress of 2 d
up to 37 °C and repeated freeze-thaw cycles (20 cycles) did not affect the virus’ infectivity. The addition of
recombinant human serum albumin was found to reduce virus inactivation. Last, the Orf virus showed a
low shear sensitivity induced by peristaltic pumps and mixing, but was sensitive to ultrasonication. The
isoelectric point of the applied Orf virus genotype D1707-V was determined at pH 3.5. The broad picture
of the Orf virus' infectivity stability against environmental parameters is an important contribution for
the identification of critical process parameters for the production process, and supports the develop-
ment of a stable pharmaceutical formulation. The work is specifically relevant for enveloped (large
DNA) viruses, like the Orf virus and like most vectored vaccine approaches.

@ 2023 Elsevier Ltd. All rights reserved.

1. Introduction

[1-3]. Its ovoid form is enveloped by a characteristic tubule-like
structure, assembled in a left-turning spiral around the virus [4].

Since the beginning of 2020, the world-wide endeavour to
develope vaccines against COVID-19 exhibited the importance of
rapidly available vaccines and production platforms, such as mRNA
or viral vectars. A promising viral vector to possibly fulfill such a
task is the Orf virus (ORFV), a member of the genus Parapoxvirus,
which contains a linear double-stranded DNA and measures
approximately 140-200 nm in width and 220-300 nm in length

Abbreviations: CPB, citrate-phosphate buffer; DLS, dynamic light scattering;
DMEM, Dulbecco’s Modified Eagle’s Medium; DSP, downstream processing; FCS,
fetal calf serum; GFP, green fluorescent protein; IU, infectious unit; MVA, Modified
Vaccinia Ankara; ORFV, Orf virus; PBS, phosphate buffered saline; PCTRL, positive
control; pl, isoelectric point; rHSA, recombinant human serum albumin.

* Corresponding author.
E-mail address: michael.wolff@lse.thm.de (M.W. Wolff).

https://doi.org/10.1016/j.vaccine.2023.06.047
0264-410X/© 2023 Elsevier Ltd. All rights reserved.

46

The wild-type ORFV causes contagious ecthyma, also known as
Orf, a zoonotic disease, which affects mainly sheep and goats
worldwide [3]. Several live vaccines were developed against the
disease [5-7], but the vaccination success is limited especially
due to a short-lived immunity [7-10]. This feature is a key advan-
tage for the use as a vector vaccine that can be administered mul-
tiple times. The highly attenuated ORFV strain D1701-V offers the
advantage of a viral vector with a potent immune response [11,12],
which is accompanied by a short-lived duration of the ORFV-
specific immunity, allowing re-immunization [8,9,13,14]. Other
favourable properties of D1701-V are a restricted host range, the
induction of strong B- and T-cell immune responses to express
antigens, and the lack of systemic spread [9,12,14]. In recent years,
attenuated ORFV-strains gained increased attention as a
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pharmaceutical for human and veterinary applications [15]. Stud-
ies showed its versatility as an oncolytic treatment [13,16,17], an
immunomodulatory agent [18], and as a viral vector platform
[12,19-24]. A recent study explores its potential as anti-SARS-
CoV-2 vaccine [25].

Previously, we established a lab-scale downstream processing
(DSP) train for an ORFV vector including clarification, capture,
and polishing [26,27]. However, to be implemented as a robust
production process, data on critical process parameters and degra-
dation forces that could possibly reduce the ORFV infectivity recov-
ery is lacking. Such parameters can be investigated by applying
forced degradation studies as recommended by the ICH (Interna-
tional Conference of Harmonisation) guidelines for the pharmaceu-
tical industry [28]. The employment of these guidelines is aimed at
revealing important degradation pathways, which might be indica-
tors for a potency loss of biological drugs or the formation of impu-
rities of concern, thus, ensuring an adequate quality of
biopharmaceutical products [29]. Forced degradation studies are
undertaken for an intentional breakdown of a specific biological
drug under suitable stress conditions, which lead to an accelerated
chemical and physical degradation [30]. Examples for the applica-
tion of such studies are the evaluation of process-related stress fac-
tors for viral pharmaceuticals [2831-34], the identification of
potential formulation additives and storage conditions [29,31,32],
as well as the development of analytical methods [29,30].
However, few studies have been published on degradation path-
ways and the underlying factors of the ORFV. Relevant articles
include investigations on the stress-related response of infectious
ORFV particles with regard to three freeze-thaw cycles [27],
Iyophilisation [5], and the addition of stabilizers, such as lactalbu-
min, trehalose, or sucrose [5]. Further literature data indicated a
complete virus inactivation by UV-C irradiation for 300 s [13] or
binary ethylamine [21]. Certainly, the documented results are an
asset for the development of stable formulations and the sample
handling for analytics, but to our knowledge no essential informa-
tion about thermal, chemical, or mechanical stress studies of the
ORFV is available. Concerning other poxviruses, which are known
to be very stable, an extensive review was published by Rhein-
baben et al. [35].

To unveil possible sources of inactivation, often encountered in
pharmaceutical production, we performed a series of forced degra-
dation studies on the ORFV. Concerning the DSP, this especially
accounts for thermal stress in the bioreactor cultivation, mechani-
cal stress by stirrers, pumps, and membranes, as well as chemical
stress due to potentially occurring variations in pH, ionic strength,
and additives. Hence, this work targeted relevant parameters such
as temperature, freeze-thaw cycles, shear stress, and buffer com-
positions, including ionic strength, inorganic salts, additives as well
as pH. As the ORFV serves as an infective viral vector, changes in
the infectious titer were the focus of this work and stability was
used as synonym for the preservation of infectivity. The results
from this work are an important tool for the optimization of the
existing production process of the ORFV for vaccine applications,
as well as for an acceleration of future process and formulation
developments.

2. Resulis

The degradation investigations were executed with cell culture-
derived ORFV, purified either using ultracentrifugation [36] or an
established DSP train [26]. According to a recent study, ORFV pre-
pared from such protocols was of comparable quality with high
infectivity recoveries and morphological integrity [27]. The grade
of purity of the total protein and the dsDNA content was compara-
ble in both purification protocols [37].
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2.1. Temperature-dependent infectivity

In this study, the ORFV was incubated over a period of 14d at 4
and 37 °C, and samples were taken after 1, 2, 7, and 14 d. The tem-
perature were chosen to represent long-term storage (4 °C) and
cultivation/production in a bioreactor environment (37 °C). Addi-
tionally, the influence of an rHSA supplementation at 0.25 % and
0.5 % was investigated. The reduction of infectivity was compared
to the ORFV initial titer of 4.5 x 10° U mL~! (IU, infectious unit).
The data related to incubation at 4 °C indicated no significant
change in the viral titer for the sampling intervals 1, 2, and 7 d
(Fig. 1A). After 14 d, a significant ORFV infectivity decrease was
observed at 4 °C for the non-supplemented sample (& = 0.05) to
approximately 2.6 x 10°IUmL ! (0.2 log). Both rHSA concentra-
tions stabilized the virus in the same time interval, showing no sig-
nificant reduction of the infectivity losses. Furthermore, we
observed that at 22 °C the ORFV titer was comparable to storage
at 4 =C over a period of 14 d (data not published).

At 37 °C, the viral titer showed no significant alteration after 1
and 2 d of incubation (Fig. 1B). After 7 d, the ORFV infectious titer
of the non-supplemented sample decreased to 1.3 x 10°1UmL !
(0.3 log) and after 14d to 0.4 x 10°IUmL ! (1 log), indicating a
significance at o = 0.05 and o = 0.01, respectively. As was observed
for 4 °C, the addition of rHSA stabilized the ORFV at 37 °C, showing
no pronounced decline after 7d for both rHSA concentrations,
0.25% and 0.5%. After 14d, however, only the samples with
0.5 % rHSA showed a significant stabilization, whereas the samples
with 0.25 % rHSA exhibited a titer reduction of roughly 0.3 log to
1.4 x 105U mL~". Hence, the results indicated that virus process-
ing without a noteworthy ORFV infectious titer loss can be per-
formed safely without a supplementation of rHSA at 4 °C for a
period of up to 7d and at 37 “Cup to 2 d.

2.2. Freeze-thaw induced changes in size and infectivity

The ORFV was subjected to 2, 5, and 8 freeze-thaw cycles, and
the infectivity of the samples was determined. The influence of
rHSA on this process was investigated as for the previous studies
by the addition of 025% or 05% compared to a non-
supplemented sample with an initial infectious titer of 4.5 x 10° -
IU mL~. The experiment showed no significant loss of titer for any
rHSA concentration, 0%, 0.25%, and 0.5%, (o = 0.05) after the
applied eight freeze-thaw cycles (Fig. 2A), with titers ranging from
3.2 x 10°1IUmML™" to 4.5 x 10°1U mL™'. A supplementary study
investigated the size distribution of the ORFV after 1, 5, and
20 freeze-thaw cycles without rHSA addition applying dynamic
light scattering (DLS) (Fig. 2B). The measure for statistical compar-
ison was the ORFV size determined after one freeze-thaw cycle.
While the size after one freeze-thaw cycle ranged between 160
and 220 nm, a significant increase was detected after five cycles
to 220-340 nm (o = 0.01), and further after 20 repetitions to
280-440 nm. To conclude, the ORFV titer was not affected by up
to eight freeze-thaw cycles, but a significant increase in the sample
size distribution was observed after five freeze-thaw cycles.

2.3. The isoelectric point (pl) of the ORFV

To determine the ORFV’s point of zero charge, the pI, all samples
were diluted in pre-titrated buffers. The pH-dependent charge dis-
tribution on the ORFV surface showed a positive charge for pH 3.0-
3.4 and a negative charge for pH 3.8-7.4, indicating the location of
the pl between pH 3.4 and pH 3.8 (Fig. 3A). Using a polynomial fit,
the pl was presumed to be approximately pH 3.5. A comparable
charge distribution was determined for 6 °C and 22 °C.

The location of the pl was further investigated by size-based
measurements. Fig. 3B depicts the size distribution of the ORFV
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Fig. 1. Influence of the incubation temperature on the Orf virus (ORFV) infectivity. ORFV aliquots were non-supplemented (open circles) or supplemented with 0.25 %
(black squares) and 0.5 % (grey triangles) recombinant human serum albumin (rHSA) and stored at 4 °C (A) and 37 °C (B) over the course of 14 d. The reference value (ref.)
represents the initial infectious virus concentration on 0d. The lines are guide to the eye, ANOVA, Tukey; n = 3; " = 0,05; “" = 0,01, Data are mean values with standard

deviations as error bars.
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Fig. 2. Freeze-thaw stability (-80 °C, 22 °C) of the Orf virus' (ORFV) infectivity. ORFV aliquots were unsupplemented (open circles) or supplemented with 0.25 % (black
squares) and 0.5 % (grey traingles) recombinant human serum albumin (rHSA). All samples were frozen at —80 °C and thawed in a water bath at room temperature (22 °C),
representing one cycle. The influence on the infectivity compared to a reference value (ref.) after one freeze-thaw cycle is shown in (A). Here, data are mean values with the
respective standard deviation as error bars. (B) represents the size distribution of the ORFV depending on the number of freeze-thaw cycles. All measurements are shown and
compared to one freeze-thaw cycle. ANOVA, Tukey; n = 3; **x = 0.01; *** o = 0.001.

samples as a function of the pH for an incubation time of up
to15 min, while Fig. 3C displays the full kinetics over 5 h for
pH 2, 3, 4, and 5. After 15 min of incubation (Fig. 3B), a significant
increase in size, as compared to the ORFV size determined at
pH 7.4, was observed, at pH2 (o 0.05) to approximately
800 nm, at pH3 (x 0.001) to 1600-3000 nm, and at pH4
(¢ = 0.001) to 1500-2700 nm. Further, the size distribution at
pH5, 6, and 7.4 remained monodisperse and stable at roughly
250 nm for this time interval. A similar picture as for the size dis-
tributions after 15 min of incubation was detected for the pH-
dependent kinetics over the course of 5 h (Fig. 3C). These illus-
trated a stable size at pH 5 (250 nm) and a size increase to approx-
imately 1000 nm for pH 2, and several micrometers for pH 3 and 4.
These summarized results indicated an acidic pl at approximately
pH 3.5 of the ORFV.

2.4. pH stress and buffering system

In order to study suitable ranges of pH and possible buffering
substances for production, the ORFV was incubated at 4 °C for up

4733

48

to 60 d at pH 2-10 (for the composition of the buffers see section
5.4.4). Furthermore, the buffers HEPES, TRIS, PBS (phosphate buf-
fered saline), and CPB (citrate-phosphate buffer) were tested. No
excipients, e.g., rHSA, were added. Additionally, the ORFV was
incubated in DMEM (Dulbecco’s Modified Eagle’s Medium), which
was supplemented with 5% fetal calf serum (FCS), as a positive
control (PCTRL). The point of reference for statistical analysis was
the initial ORFV sample on day zero with 10.0 x 10° IU mL~!. After
1 d of incubation, the ORFV infectivity was reduced significantly for
pH 2-4 (2 = 0.001) below the limit of detection (10* [U mL™"), and
for pH 10 (2 = 0.001) by 0.5 log to 5.4 x 10° [U mL~" (Fig. 4A). The
titer of the ORFV incubated at pH 10 was further reduced after 2 d
to 2.0 x 10°IU mL '. Concerning the other tested pH values, pH 5,
6, and 7.4 had an insignificant influence on the ORFV infectious
titer after 1 d of storage, but rather exhibited a significant viral titer
loss after 2 d (o = 0.001). pH 6 showed the highest infectious virus
recoveries for 1d (9.7 x 10°IUmL™") and 2d of incubation
(74 % 10°1UmL™"), whereas after 14d, differences between
pH5, 6, and 7.4 were insignificant. Last, the control samples
(PCTRL) revealed an increased stabilization of the ORFV infectivity
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pl (pH 3.5)
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Fig. 3. Measurements of the isoelectric point (pl) of the Orf virus (ORFV). (A) The charge of the ORFV was measured depending on the pH at 6 °C (black squares) and 22 “C
(open circles). All aliquots were diluted 1:20 in titrated 0.1 M citrate-phopshate buffer, A third-order polynomial fit is plotted for 6 °C (solid line) and 22 °C (dashed line), both
exhibiting y = 0 at pH 3.5, showing the pl, the point of zero charge. (B) and (C) depict pH-dependent measurements of the ORFVY's size distribution after 15 min (B) and as
kinetic over 5 h (C) at 22 =C including the data from (B). ORFV aliquots were diluted 1:20 in titrated 0.1 M KCI-HCL buffer (pH 2) (grey squares) or 0.1 M citrate-phopshate
buffer {(pH 3-7.4) (open squares (pH 3), grey circles (pH 4), black circles (pH 5) and measured by dynamic light scattering (DLS).The solid line in (B) serves as a guide to the eye,
while the dashed line represents the pH value for the net zero charge (pi) from (A). The size distribution at pH 7.4 served as a reference for the statistical analysis. ANOVA, Tukey; n=3;

*o = 0.05; *** o = 0.001. All data points are shown.

in the presence of DMEM + 5 % FCS compared to an untreated sam-
ple on day zero. Unlike the incubation without FCS, the infectious
titer of the ORFV remained stable for 14 d and reduced by 0.3 log to
7.4 x 10°IUmL ' (%= 0.01) after 30 d, and by 0.4 log to 6.6 x 107 -
IUmL ! (o = 0.001) after 60 d. In both time intervals, the infectious
titer for all other samples was below the limit of detection. Con-
cerning the four buffers tested, only for CPB a significant influence
of the buffering system by a 0.2 log reduction to 8.2 x 10° IU mL~]
was detected after 24 h, compared to an untreated sample
(o = 0.05) (Fig. 4B). After 48 h. HEPES samples preserved the high-
est infectious titer (7.9 x 10° IU mL™"), followed by PBS (7.3 x 10° -
IUmL™"), TRIS (6.3 x 101U mL™"), and CPB (5.5 x 10° TUmL™"). In
conclusion, the ORFV showed the highest stability for pH 5, 6, and
7.4, while the buffers HEPES, PBS, and TRIS could be used without
any significant infectivity reduction.

2.5. Influence of ionic strength and salt type

The aim of this investigation was to evaluate the stability of the
ORFV in the presence of NH4Cl, NaCl, MgCl;, while three different
conductivities were chosen: 15, 35, and 45 mS cm ™', correspond-
ing to one-, two-, and three-time physiological conditions. The cor-
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responding molarity can be obtained from Table 1. For statistical
analysis, the samples were compared to an untreated ORFV sample
on day zero with 10.0 x 10° IU mL™". The conducted experiments
indicated an insignificant difference of the ORFV infectivity in the
presence of NaCl and MgCl; compared to the reference value of
up to 24 h (Fig. 5A + B). Furthermore, for these two salts, the infec-
tivity reduction was independent of the ionic strength for up to
48 h, but showed a pronounced decrease compared to the initial
ORFV concentration of 0.3-0.4log to 6.3-7.3 x 10°IUmL™"
(o = 0.001). After 7 d, a significant difference developed between
the highest (45 mS cm™") and the other two (15 and 35 mS cm™")
ionic strengths for NaCl, and between the highest and lowest ionic
strength (15 and 45 mScm™') for MgCl, (2 = 0.001). The lowest
titers were observed for the samples containing 45 mS cm ! salt,
ie., 2.5 x 10°IUmL™! and 2.2 x 101U mL~! for NaCl and MgCls,
respectively. The incubation with NH,Cl reduced the ORFV signifi-
cantly after 24 h by 0.7 log to 3.0 x 10° JUmL™! for 15mScm™,
which lowered to 1.2 x 10°IUmL™" after 7d incubation time
(Fig. 5C). Concerning 35mScm~', the infectious titer was
0.3 x 10° IU mL " after 24 h, leveling to the limit of detection (10* -
IUmL ') after 48 h, whereas the highest concentration was below
the detection limit at all sampling times. The impact of NH,Cl on
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Fig. 4. pH- and buffer-dependent infectivity of the Orf virus (ORFV). (A) The pH-dependent infectivity was determined for pH 2-10. ORFV aliquots were diluted 1:50 in
titrated 0.1 M KCI-HCL buffer {pH 2), 0.1 M citrate-phopshate buffer (pH3-7.4), 0.1 M carbonate buffer (pH 10), or DMEM (Dulbecco's Modified Eagle’s Medium)
supplemented with 5 % fetal calf serum (pH 7.4), here called PCTRL (positive control). The aliquots were stored under the exclusion of light at 4 =C. Samples were taken after 1,
2, 14, 30, and 60 d. The infectivity was compared to an untreated and non-supplemtented reference value (ref.) on 0d. An ANOVA with Tukey test was performed and
significant levels are given for a comparisen with the PCTRL. (B) represents the ORFV diluted 1:50 in different buffering systems (pH 7.4), 0.02 M TRIS PBS, 0.05 M HEPES, and
0.1 M citrate-phopshate buffer (CPB) stored for 24 or 48 h. Virus titers were compared to an untreated reference sample (ref.).LOD, Limit of detection. ANOVA, Tukey; n = 3;
*o = 0.05; **o = 0.01; ™" z = 0.001. Data are mean values with standard deviations as error bars.

Table 1

Conversion of conductivity to molarity of NH,CI, NaCl, and MgCl,. Corresponding
molarities to conductivities applied for the stability study of the Orf virus (ORFV) in
presence of salts.

Salt Conductivity Molarity
mS em™! M
NH,Cl 15 020
35 0.45
45 0.60
NacCl 15 015
35 037
45 0.45
MgCly 15 0.09
35 0.26
45 034

the Vero cell culture was considered, which was not observed for
NaCl and MgCl; (data not published). Hence, the concentration of
NaCl and MgCl, (15-45 mS cm ') did not affect the ORFV titer loss
for up to 7 d, whereas NH4Cl reduced the infectivity by several log
scales.
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2.6. Mechanical stress

The ORFV was subjected to 60 min of cyclic pumping at a flow
rate of 23.5 mL min~', using a peristaltic pump with a
1/16” x 3/16” tubing of 60 cm length, and samples taken after 15,
30, and 60 min. The calculated shear stress in the tubing was
999 mPas and the shear rate at 997 s !, while the volumetric
power input summed up to 10 >WmL ! (see Equation (1) and
(2). The flow was laminar (Re = 312). Compared to an untreated
sample of 1.8 x 108 IUmL !, the infectious ORFV titer decreased
significantly after 30 min by < 0.1log to 1.6 x 10°IUmL™"
(o 0.05) (Fig. 6A) and further by approximately 0.2 log to
0.9 x 10%IUmL™! after 60 min (x = 0.001). Furthermore, ORFV
samples with a starting titer of 6.7x 108 I[U mL™" were stressed in
an ultrasonication bath for 05, 1, 2, and 3 min with a
0.1 W mL ' volumetric power input (Fig. 6B). After 2 min, a
significant decrease in infectivity (x = 0.05) by < 0.1log to
6.0 x 10°1U mL~! was observed. Last, mixing by vortex was used
to induce mechanical stress. The treatment of up to 3 min at
2700 min~" did not result in a significant change of the ORFV initial
titer of 6.7 x 10°IU mL™' ( = 0.05) (Fig. 6C).
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Fig. 5. Stability of the Orf virus (ORFV) in the presence of salts. The time-dependent stability of the ORFV in the presence of NaCl (A), MgCl, (B), and NH4CI (C), each
adjusted to a conductivity of 15 (open circles), 35 (black squares), or 45 mS cm ™' (grey triangles), was recorded. ORFV aliquots were diluted 1:50 in salt-containing TRIS buffer
(pH 7.4) and stored at 4 °C. Samples were taken after 1, 2, and 14 d and the virus titer compared to a reference value (ref.) on 0 d.LOD, Limit of detection. ANOVA, Tukey: rn = 3;

***5 = 0.001. Data are mean values with standard deviations as etror bars.

3. Discussion

Generally, viruses degrade over time when subjected to harsh
environmental conditions of thermal stress, freeze-thawing, pH,
ionic strength, or mechanical stress. Such degradation processes
may be induced by aggregation, denaturation, or oxidation [31].
Forced degradation studies are a powerful tool for the identifica-
tion of, firstly, critical process parameters affecting the product
yield and quality of production processes; and secondly, initial
indications on restrictions that need to be considered for the pro-
duct formulation and analytical methods. The focus on virus infec-
tivity as a stability factor for viral vectors is particularly relevant
due to their mechanism of operation. In this study, we conducted
forced degradation studies of the ORFV, a promising viral vector,
based on its infectivity recovery.

3.1. Temperature-dependent infectivity

Live (attenuated) viruses are known to be heat-sensitive [38].
Although the DSP is generally done in the shortest possible time-
frame, infectivity losses during production and storage are an
important factor to consider. Here, the ORFV was subjected to a
storage at 4 °C and 37 °C. After 14 d at 4 °C, the virus titer reduced
by 0.1-0.2 log, showing a significant stabilization in the presence
of at least 0.25% rHSA. When stored at 37 °C, the ORFV titer
reduced by 1 log for the non-supplemented sample, and approxi-
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mately 0.3 log for the supplemented samples over the same period.
As expected, the higher storage temperature destabilized the ORFV
infectivity more evidently. This has previously been demonstrated
by a live ORFV vaccine [5] and related vaccinia-based live vaccines,
such as the Ebola vaccine MVA-BN®-Filo [39] or the smallpox vac-
cines ACAM2000® [40] and Dryvax® [41,42]. The titer of the non-
stabilized live ORFV vaccine against the orf disease using the geno-
type Muk 59/05, reduced by >2 log within 14 d at 37 °C [5]. This
infectivity loss is more than twice the reduction observed in our
study (1log). The Dryvax® vaccine, reconstituted in non-
supplemented buffer (PBS), exhibited a 0-0.3 log virus titer reduc-
tion at 2-8 °C after 7 d of storage [42], corresponding to the titer
loss of the presented results (0.1-0.2 log). Higher stabilities have
been reported for vaccinia from cell cultures for unpurified virus
[43]. However, it should be considered that the purified virus is
generally less stable [35].

Furthermore, an increased stabilization in the presence of rHSA
was observed for both tested temperatures, 4 °C and 37 °C. Stabi-
lization by albumin is known from other viruses, such as the vac-
cinia virus in the ACAM2000 vaccine (2 % human serum albumin)
[40], the ORFV Muk 59/05 vaccine (5 % lactalbumin) [5], the Ebola
vaccinia virus vaccine (0.25% rtHSA) [39], or the M—-M-R%,
(mumps, measles, rubella) vaccine (rHSA in cell culture produc-
tion) [44].

Considering these studies and the presented results, the tem-
perature stability of the ORFV infectivity as well as the impact of
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Fig. 6. Short-term mechanical stability of the Orf virus (ORFV). (A) 20 mL of ORFV was cycled through a persitaltic pump with 1/16” x 3/16” tubing (60 cm length) at
23.5 mL min~', corresponding to 10-* W mL~". Samples were taken after 0, 15, 30, and 60 min. Furthermore, ORFV aliquots were subjected to (B) ultrasonication (0.1 W mL™"
and 35 kHz) and (C) vortexing (2,700 min~') and separate samples used for each time interval of 0, 0.5, 1, 2, and 3 min. Infectivity was compared to an untreated reference
sample (ref.).ref, reference sample; ANOVA, Tukey; n = 3; *& = 0.05; **z = 0.01; ***z = 0.001. Data are mean values with standard deviations as error bars.

stabilizing excipients were in the range of related viruses and their
vaccine candidates.

3.2. Freeze-thaw-induced changes in size and infectivity

The preservation of the viral infectivity after repeated freeze-
thaw cycles is an important characteristic for the production pro-
cess development. First, freeze-thaw methods are often applied
in small-scale applications for cell lysis to improve the recovery
of a cell-associated virus, combined with a hypotonic burst and
sonication [45]. Second, sample freezing allows for flexibility of
any process-accompanying product analysis. Finally, the infectivity
preservation throughout freeze-thawing may be an indicator for a
lyophilisation process for the formulation development [46].

In this work, the ORFV was subjected to up to eight freeze-thaw
cycles with and without the addition of 0.25 % or 0.5 % rHSA, which
was applied as a cryoprotectant [47]. In neither of the formula-
tions, a significant loss in infectious titer was detected. Comparing
the stability of the virus titer with literature data, a recent study
[27] showed no substantial reduction in the virus titer of non-
supplemented samples after three freeze-thaw cycles of the same
ORFV strain D1701-V. A similar result was obtained for the Modi-
fied Vaccinia Ankara (MVA) MVA-BN®-Filo Ebola vaccine, which
was subjected to five freeze-thaw cycles [39]. On the contrary, Vlo-
ten et al. reported a 70 % loss of infectious particles of a not further
specified ORFV after the first freeze-thaw cycle, however, no fur-
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ther inactivation for the following four cycles was observed [48].
The summarized results from this study and the literature data
suggest a similar freeze-thaw infectivity stability of the ORFV
strain used in this study with recent results on the ORFV and the
related MVA virus, and opens the possibility for up to eight
freeze-thaw cycles without a substantial titer loss, with and with-
out an rHSA addition of 0.25 % or 0.5 %.

However, concerning the size distribution of the ORFV in the
course of repeated freeze-thaw cycles in the present study, already
after five freeze-thaw cycles a notable increment in size by approx-
imately 24 % for the non-supplemented ORFV was visible, increas-
ing to >38 % for 20 freeze-thaw cycles. This result was surprising
considering the limited titer reduction and might be attributed to
non-infectious ORFV particles, which are part of the aggregation
process but not detected with the infectivity assay. To our knowl-
edge, no comparable studies of the ORFV are available and little is
provided in literature on related viruses throughout phase transi-
tions. Without stating exact numbers, the assessment report for
the MVA virus-based IMVANEX, a smallpox vaccine formulated in
TRIS and NaCl, indicated a shift in the range of particle sizes over
time following the storage at —20 °C [49]. Generally, an aggrega-
tion of viral particles caused by freeze-thawing has been observed
repeatedly [50] and should be further characterised for the ORFV in
the presence of stabilizing agents, to prevent the formation of
(sub-)visible particles in the drug product and an impeding of
the DSP and the analysis.
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3.3. The pl of the ORFV

The pH-dependent charge and, accordingly the pl, the point of
zero charge, highly influences the aggregation, adhesion, and
adsorption behaviour of macromolecules and nanoplexes [51].
Hence, the surface charge of viruses is decisive for several DSP unit
operations such as ion exchange, precipitation, or filtration. How-
ever, the determination of the pl of complex structures like viruses
is relatively challenging. Accordingly, it must be understood that
the pl of viruses is a point of reference rather than a fact. In the data
presented here, the pl of the ORFV was determined at pH 3.5 via a
charge-based method, and did not vary due to a temperature
change from 6 to 22 °C, which suggests a neglectable
temperature-dependency of the ORFV surface charge. The value
of pH 3.5 for the pl was supported by pH-dependent size distribu-
tion measurements, showing an increase in size at pH 2, 3, and 4,
but not at higher pH values. Interestingly, although pH2 and
pH 5 are equidistant from the pl at pH 3.5, a size increment at
pH 2 was observable, but not at pH 5. We suspect an increased
aggregation behaviour at pH 2 due to protein denaturation, which
might also be the cause of the infectivity loss observed at this pH
value (see section 2.4).

[n a recent publication on the same ORFV strain D1701-V, the pl
was measured to be pH 4.6 [27]. This discrepancy may be due to
the different buffering system (20 mM TRIS), compared to 0.1 M
CPB, or the purity of the samples. The subject is further discussed
in our previous publication on the purification ORFV samples [37].

To conclude, the pl of the ORFV, strain D1707-V, was deter-
mined with pH 3.5 in 0.1 M CPB buffer, and reduced aggregation
behaviour was observed for pH 5-7.4.

3.4. pH stress and buffering system

As described for the pl, the pH is an important tool to adapt and
optimize DSP strategies for higher recoveries. Nevertheless, the
stability, i.e., aggregation and infectivity, of the target virus must
be guaranteed for pH changes and the chosen buffer. In the con-
ducted experiments, the range of the pH stability for the ORFV
infectivity was determined between pH5 and pH 7.4. At these
PH values, viral infectivity was preserved for 1 d without a notable
reduction. Of the four tested buffers, only CPB showed a significant
decrease in virus titer by 0.2 log after 1 d, although this buffer has
been reported to increase the thermal stability of the vaccinia virus
by bisecting the reaction velocity compared to distilled water
[52,53]. The buffering substance with the lowest infectivity reduc-
tion after 2 d was HEPES (0.2 log), followed by PBS (0.3 log), TRIS
(0.4 log) and CPB (>0.4 log). Compared to literature, a high infectiv-
ity stability across the pH range of pH4.5 to pH 10 has been
reported for poxviruses [35], and the obtained results for the ORFV
(pH 5-7.4) are within these values. This also accounts for the high
infectivity preservation in the presence of different buffering sub-
stances (HEPES, PBS, TRIS, CPB). In comparison with other pox-
viruses, the vaccinia-based vaccines are formulated in 6-8 mM
HEPES at pH 6.5-7.5 (ACAM2000® [40]), in 10 mM TRIS buffer at
pH 7.7 (JYNNEOS™ [54] and IMVANEX [49]). The decision for an
appropriate buffering substance might depend on the virus stabil-
ity, the DSP unit operation, the pharmaceutical application, and
economics. Thus, the results suggested that the buffer for the ORFV
DSP and formulation can be chosen from HEPES, TRIS, and PBS,
titrated to pH 5-7.4, and for short-term incubation pH 10.

3.5. Influence of ionic strength and salt type
Just as the variation in pH, the salt type and concentration are

utilized throughout the DSP to optimize and/or prevent adsorption
processes. The salts NaCl, MgCl,, and NH,Cl were chosen due to

4738

53

CHAPTER 2

Vaccine 41 (2023) 4731-4742

their frequent application in DSP processes and formulations. NaCl
is commonly supplemented as an additive in formulations or elu-
tion processes, e.g., for an ion exchange, while kosmotropic salts,
such as NH,4Cl and (NH,4),504, are frequently added for a hydropho-
bic interaction chromatography [55]. MgCl; is known as a stabi-
lizer in vaccine formulations [56], as well as a supplement for
different nuclease treatments [26]. The conducted experiments
indicated no influence of MgCl, and NaCl up to 45 mScm™! on
ORFV infectivity stability, and only after 7 d an increasing ionic
strength (45 mS cm™!) showed a substantial titer reduction of
0.1-0.2 log compared to lower salt concentrations (15 mS cm™').
On the contrary, NH,Cl reduced the ORFV titer significantly already
for 15 mS cm™'. Correlated with literature data, 15 mS cm™' NaCl
has been used as a formulation buffer for the vaccinia-based vacci-
nes ACAM2000® (85-120 mM) [40] and JYNNEOS™ (140 mM)
[54], indicating a high stability in the presence of this salt concen-
tration. Furthermore, Lothert et al. [27] used 0.4 M NaCl (approx.
45mScm™") for their freeze-thaw stability studies, which were
already described in section 3.2, indicating a tolerance of the ORFV
infectivity against this salt concentration. Furthermore, the virus
inactivation due to NH,4Cl has been reported in literature, e.g., for
poliovirus [57], as would be expected based on its kosmotropic
function. Hence, the application of NaCl and MgCl, in DSP opera-
tions can be undertaken without reservations with up to
45mScm™!,

3.6. Mechanical stress

Mechanical stress affects viral particles throughout the biotech-
nological production process, i.e., liquid handling and mixing by
pumps and tubing as well as in the unit operations themselves,
such as during filtration [58] or chromatography [59]. To investi-
gate the shear sensitivity of the ORFV, three different methods,
pumping, ultrasonication, and mixing by vortex, exemplary for
the DSP, were applied. The pumping in peristaltic pumps is ubiqui-
tous in the DSP. The ORFV was stressed for up to 60 min by cycling
in a peristaltic pump, with roughly one complete volumetric cycle
per minute. The applied shear stress of 999 mPa with a volumetric
power input of 107> W mL ! led to a significant loss of infectivity
(<0.1 log) after 30 min. A similar study conducted for the measles
virus indicated a considerable degradation after 60 min with three
cycles per minute, and shear stress of 295 mPa [28]. Using Equa-
tion (1), the volumetric power input of this experiment with
measles can be calculated to be approximately 0.07 x 10 >WmL .
Loewe et al. [28] also pointed out that the applied shear rate in
their experiment with measles was low compared to conventional
tangential flow filtration systems, and the peristaltic pump head
may therefore have induced the degradation. The comparison of
our results with the described measles study [28] might indicate
that the 15-times higher applied power input and three-times
higher shear stress inactivated the ORFV more effectively than
the cycling in the peristaltic pump itself.

As a second method, an ultrasonication of ORFY samples was
conducted for up to 3 min at 0.1 W mL~" and 35 kHz, showing a
substantial ORFV infectivity loss (<0.1 log) after 2 min. The applica-
tion of ultrasonication may be applied for a cell lysis after biotech-
nological production to release the viral particles, but it can also
damage [60] or inactivate [61] enveloped viruses. A study for the
lymphocytic choriomeningitis virus used sonication as a sample
preparation method for three times 15 s [45], while 1 min at
45 kHz has been used for the MVA virus [62] with no reduction
in the virus titer. An additional study used sonication (582, 862,
and 1142 kHz) for 10-15 s with 0.24 W mL ! to disintegrate tana-
pox virus aggregates without an infectious virus titer loss [61]. All
three applications lie within the applied spectrum for the ORFV in
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our study, although it should be noted that the samples in this
experiment were not cooled.

Last, the ORFV was subjected to up to 3 min of orbital mixing by
a vortex, resulting in no significant change of the virus titer.
Although the exact power input by this method is hard to deter-
mine, this finding is of practical interest for the lab-scale sample
handling.

In conclusion, the ORFV shows a high robustness against the
applied mixing procedure, but a sensitivity towards ultrasonica-
tion and shear stress, induced by pumping in a peristaltic pump.

4. Conclusion

The development of an efficient and robust production process
for the pharmaceutical industry requires an extensive knowledge
of the target. In the presented work, forced degradation studies of
the ORFV were applied to elucidate possible critical process
parameters for the development of a large-scale DSP process,
and for formulation studies focused on ORFV infectivity preserva-
tion. The investigations included thermal, freeze-thaw, chemical
(salts and buffers), and mechanical stress conditions. Additionally,
the pl of the ORFV was determined at pH 3.5 in 0.1 M CPB. The
findings of the chemical stress studies showed a high robustness
of the ORFV infectivity against a storage in pH 5 to pH 7.4, differ-
ent buffers {TRIS, PBS, HEPES), and certain salts (MgCl,, NaCl) up
to 45 mS cm~'. These results offer a degree of flexibility for the
DSP and formulation, based on recovery and economic rationales.
Furthermore, the applied thermal stress elucidated that an incu-
bation of ORFV at 37 °C showed no virus titer loss up to 2d,
and rHSA supplementation increased the stability. Based on the
increased infectivity preservation in presence of rHSA, this addi-
tive could be considered as a valuable excipient. The testing of
the freeze-thaw stability of the ORFV revealed a complete infec-
tivity preservation up to 20 freeze-thaw cycles (—80 °C [ room
temperature), but increased the aggregation of the virus. Hence,
a lyophilisation of the ORFV genotype in our study might be a
promising option for formulation, but needs further investigation.
However, different chemical stress conditions reduced the ORFV
viral titer, i.e., the addition of NH4Cl (15-45 mS cm 1), the buffer-
ing substance CPB (0.1 M), acidic pH values (up to pH 4). Addi-
tionally, the ORFV infectivity reduction only tolerated
mechanical stress induced by pumping in a peristaltic pump
(15 min), ultrasonication (2 min), and mixing by a vortex
(3 min). Hence, the shear stress should be evaluated carefully in
unit operations such as filtration. To conclude, several limitations
in the application of DSP unit operations were identified by forced
degradation studies, which might reduce the recovery and pro-
duct quality. This knowledge will accelerate the optimisation of
any ORFV DSP, or help to implement new unit operations and for-
mulation considerations.

5. Material and methods
5.1. Orf virus (ORFV) propagation

The production of ORFV, strain D1701-V and including a green
fluorescent (GFP) marker gene, in Vero cells was conducted as pre-
viously described [19]. In short, adherent Vero cells were propa-
gated in Dulbecco’s Modified Eagle's Medium (DMEM) (Gibco,
Waltham, US-MA) + 5 % fetal calf serum (FCS) (Capricorn Scientific,
Ebsdorfergrund, GER) in T225 CytoOne® flasks (Starlab Interna-
tional, Hamburg, GER) and infected at a multiplicity of infection
of 0.05. To terminate virus production at 70 % cytopathic effect of
the cell layer cell culture flasks were subjected to a freeze-thaw-
cycle (70 °C, 37 °C).
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5.2. Virus purification

ORFV from a Vero cell culture was purified either by ultracen-
trifugation or by a complete DSP train. The latter was performed
as described by Lothert et al. [26] via a two-step filtration (5 pm
and 0.65 pm) or centrifugation (300 x g for 15 min and 4500 x g
for 30 min), steric exclusion chromatography, and Capto Core
700. The ultracentrifugation through 36 % sucrose cushion of the
ORFV was prepared according to [36] without the subsequent
sucrose density gradient centrifugation. In short, 900 mL cell cul-
ture supernatant were clarified and subsequently purified via the
centrifugation train (TFA20-rotor, Beckman Coulter, Krefeld, Ger-
many). The final sample volume was 2 mL.

5.3. Analysis of infectivity

The quantification of infectious viral particles was conducted by
fluorescence-activated cell counting in either a flow cytometer
(Guava easyCyte HT, Merck Millipore, Burlington, US-MA) as previ-
ously described [19,63], or a real-time image-based quantification
with the Incucyte life cell analysis system (Incucyte S3, Sartorius,
Royston, UK) adapted from Labisch et al. [64]. Adaption: On day
three no staining was performed, due to the use of a GFP-
construct. The read-out took place 24 h post-infection. Measure-
ments were performed at least in triplicates.

5.4. Influence of stress parameters on ORFV infectivity

5.4.1. Temperature

Purified ORFV was incubated for 24 h, 48 h, 7 d, and 14 d at 4 °C
in a fridge, and at 37 °C in an incubator (HeraCell 160i, Thermo
Fisher Scientific, Waltham, MA, USA). Samples were supplemented
either with (0.25 % or 0.5 %) or without recombinant human serum
albumin (rHSA). The rHSA, Recombumin® Prime, was kindly pro-
vided by Albumedix (Nottingham, UK). All samples were stored
under the exclusion of light. After incubation, the samples were
immediately prepared for an infectivity analysis. The positive con-
trol was the untreated sample on day zero.

5.4.2. Freeze-thaw cycles

The purified ORFV suspension was aliquoted in 1.5-mL tubes
and frozen at -80 °C. Afterwards, the tubes were thawed by an
incubation in a water bath at room temperature until no ice was
visible. This procedure was repeated for 1, 2, 5, and 8 freeze-
thaw cycles with and without the addition of rHSA (0.25% or
0.5 %). The single freeze-thaw cycle served as a positive control.
Additionally, non-supplemented samples were treated with the
same procedure but for 1, 5, and 20 cycles and the size distribution
of the thawed virus suspension was measured by dynamic light
scattering (DLS) using a Zetasizer Nano ZS90 (Malvern Panalytical,
Malvern, UK) and micro cuvettes DTS1070 (Sarstedt, Nuermbrecht,
Germany). The data was processed with the corresponding Zeta-
sizer software, version 7.13. The refractive index and viscosity
were assumed to be equal to water.

5.4.3. Buffers and inorganic salts

Purified ORFV was diluted 1:50 in 20 mM TRIS, 50 mM HEPES,
0.1 M CPB (citrate-phosphate buffer) or PBS (phosphate buffered
saline), all at pH 7.4, and adjusted to 15 mS/cm with NaCl. Ionic
strength measurements were conducted with NH4Cl, NaCl, and
MgCly, at 15, 35, or 45 mS/cm, using a 1:50 dilution with ORFV sus-
pension, All samples were stored at 4 °C under the exclusion of
light, and samples were taken after 24 h and 48 h. The positive con-
trol was an ORFV suspension diluted 1:50 in DMEM (pH 7.2), sup-
plemented with 5 % FCS.
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5.4.4. pH and isoelectric point (pI)

The ORFV suspension was diluted 1:50 in 0.1 M HCI-KCI buffer
(pH 2),0.1 M CPB (pH 3-7.4), or 0.1 M carbonate buffer (pH 10), all
adjusted to a constant jonic strength of 15 mScm™' with NaCl
Controls were incubated in DMEM (pH 7.2), supplemented with
5% FCS. These were stored at 4 °C under the exclusion of light,
and samples for infectivity determination were taken after 24 h,
48 h, 14 d, 30d, and 60 d.

Measurements of the ORFV pl were undertaken via a size-based
and a charge-based approach, both performed with the Zetasizer
Nano Z590 system. The size-based approach, measured by DLS
(see section 5.4.2), was implemented to either determine the size
distribution after 15 min of incubation, or to record a time-
dependent size distribution in duplicates (n = 2), measuring every
5 min. The charge measurements were conducted via phase anal-
ysis light scattering in ZENO118 cuvettes (Malvern Panalytical,
Malvern, UK). The respective zeta potential was calculated using
the Smoluchowski equation. All samples for the pl assessment
were diluted 1:20 in 0.1 M HCI-KCI buffer (pH2) or 0.1 M CPB
(pH 3 7.4). Only the charge-based measurements were conducted
with pre-purified ORFV, which was concentrated using spin col-
umn filters with a 30 kDa molecular weight cut-off (regenerated
cellulose, Amicon® Ultra-15, Merck, Darmstadt, GER) instead of
the Capto Core700 application, described in Section 5.2.

5.4.5. Mechanical stress

The influence of mechanical stress on the ORFV infectivity was
investigated by cycling the purified ORFV samples through a peri-
staltic pump (#120U, Watson Marlow, Marlow, UK) setup at a flow
rate of 235 mL min '. Here, a tube (ambrCF TuFLux SIL
1/16" x 3/16” tubing, 60 cm) was connected to the peristaltic pump
and a reservoir containing 20 mL of the ORFV sample. Pumping
was performed for 15, 30, and 60 min. A sample incubated for
15, 30, or 60 min at room temperature served as a negative control.
Shear stress and the shear rate for a tube were calculated according
to [28], assuming water at 20 °C (viscosity of 1.002 mPas and a
density of 998 kg m™>). The volumetric energy input induced in
the tubes was calculated as follows:

y =T =

]

P [W] represents the power input, V [m?] the specific volume, 7
[mPa] the shear stress, and } [s '] the shear rate. Shear rate and
shear stress are related as:
T="7U

(2)

Furthermore, ultrasonication (Sonorex RK510H, 66L and
640 W, Bandelin, Berlin, GER) at 0.1 W mL™" and 35 kHz, and vor-
texing (Genie-2 Mixer, Scientific Industries, Bohemia, NY, USA) at
the highest speed (2,700 min~') were applied without cooling.
For sampling, time intervals of 0.5, 1, 2, and 3 min were chosen
for mixing with vortex and ultrasonication, respectively. An
untreated sample stored at room temperature for the correspond-
ing time intervals served as a negative control.

5.5. Statistical analysis

All experiments were conducted in triplicates (n = 3) unless sta-
ted otherwise, and mean values as well as standard deviations
were calculated from these. An analysis of significance was per-
formed via an appropriate ANOVA with a Tukey test (OriginPro
2018G, OriginLab, Northampton, MA, USA). Degrees of significance
are expressed as * for o = 0.05, ™ for & = 0.01, and *** for o = 0.001.
Insignificant differences between samples were declared as such if
tested negative for o = 0.05.
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ARTICLE INFO ABSTRACT

Keywords: The Orf virus (ORFV) is a promising candidate for vector vaccines as well as for immunomodulatory and
Formulation oncolytic therapies. However, few publications are available on its infectivity degradation or on suitable addi-
Poxvirus

tives for prolonging its viral stability. In this study, the non-supplemented ORFV itself showed a very high
stability at storage temperatures up to 28 °C, with a linear titer loss of 0.10 log infectious particles per day at 4 °C
over a period of five weeks. To prolong this inherent stability, thirty additives, i.e., detergents, sugars, proteins,
salts, and buffers as well as amino acids, were tested for their time- and temperature-dependent influence on the
ORFV infectivity. A stabilizing effect on the infectivity was identified for the addition of all tested proteins, i.e.,
gelatine, bovine serum albumin, and recombinant human serum albumin (rHSA), of several sugars, i.e.,
mannitol, galactose, sucrose, and trehalose, of amino acids, i.e., arginine and proline, of the detergent Pluronic
F68, and of the salt NaySO4. The infectivity preservation was especially pronounced for proteins in liquid and
frozen formulations, sugars in frozen state, and arginine und Pluronic in liquid formulations at high storage
temperatures (37 °C). The addition of 1% rHSA with and without 5% sucrose was evaluated as a very stable
formulation with a high safety profile and economic validity at storage temperatures up to 28 °C. At increased
temperatures, the supplementation with 200 mM arginine performed better than with rHSA. In summary, this
comprehensive data provides different options for a stable ORFV formulation, considering temperature, storage
time, economic aspects, and downstream processing integrity.

Recombinant human serum albumin
SARS-CoV-2 vaccine
Thermo-stability

Vector vaccines

viral vectors

immune response,(ii) a long-term protective immunity against the target
antigens without attacking the ORFV vector (Rziha and Biittner, 2020),
(iii) a short-lived duration of the ORFV-specific immunity, which allows
for re-immunization (Fischer et al., 2003; Reguzova et al., 2020; Rintoul

1. Introduction

More recently, the Orf virus (ORFV), Parapoxvirus ovis, has gained
attention as a viral vector and has been tested as an immunomodulatory

(Fleming et al., 2015) and oncolytic agent (2018; Rintoul et al., 2012;
Schneider et al., 2020) as well as a vector vaccine (Amann et al., 2013;
Friebe et al., 2018; Rohde et al., 2011, 2013; Rziha et al., 2016, 2019;
van Rooij et al., 2010), among these as anti-SARS-CoV-2 vaccine (Reg-
uzova et al.,, 2023). The ovoid virus is roughly 140x300 nm in size
(Nagington and Horne, 1962; Nitsche et al., 2007; Wang and Luo, 2019)
and covered by a tubule-like structure (Spehner et al., 2004), resembling
a ball of wool. Recombinant ORFV like the D1701-V vector possess
several beneficial characteristics for pharmaceutical application (Miiller
et al, 2022), i.e., for (i) the mediation of a strong humoral and cellular

et al., 2012; Rziha and Biittner, 2020), (iv) a restricted host range, and
(v) the lack of systemic spread (Fischer et al., 2003; Reguzova et al.,
2020; Rziha et al., 2019).

The potency of the live ORFV as a pharmaceutical product is deter-
mined by its infectivity, which must be monitored for an effective
application. This accounts for the extensive production process,
including the virus propagation, the purification, the formulation, as
well as the storage and the distribution until the application. Concerning
the ORFV, a recent work from our group tested process-related param-
eters such as the shear force, the heat- and freeze-thaw stress, the pH,

Abbreviations: DOE, design of experiments; FCS, fetal calf serum; IU, infectious units; MVA virus, modified vaccinia Ankara virus; NCTRL, negative control; ORFV,
Orf virus; PCTRL, positive control; rHSA, recombinant human serum albumin (-E, Exbumin; -R, Recombumin Prime); TRIS, tris(hydroxymethyl)aminomethane.
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and the ionic strength (Filts et al,, 2023). All tests indicated that the
ORFV, like other poxviruses, is very robust against changes in environ-
mental conditions. Next to applying this knowledge on environmental
factors, the implementation of a stable formulation can reduce infec-
tivity losses, especially throughout distribution and long-term storage.
Potential excipients are evaluated with regard to the potency of the
active pharmaceutical ingredient in terms of its infectivity preservation,
the simplicity of the formulation composition as well as economic con-
siderations for the formulation by reducing unit operations, material,
and energy input (Cardoso et al, 2017), e.g., due to lyophilization
([umru et al.,, 2018. Data on the composition of formulations for the
ORFV is scarce. A report studies suitable formulations for an lyophilized
ORFV vaccine against the natural Orf disease itself (Bora et al., 2015).
Here, the addition of the protein lactalbumin, combined with the sugars
sucrose or trehalose, revealed the best stabilizing effects even at elevated
temperatures. Further conclusions may be drawn from formulations for
the closely related modified vaccinia Ankara (MVA) virus, which has
been traditionally used as a smallpox vaccine (Volz and Sutter, 2017)
and found further application as a viral vector against other infectious
diseases such as influenza (Rimmelzwaan and Sutter, 2009), Ebola
(Capelle et al., 2018) or COVID-19 (Garcia-Arriaza and Esteban, 2014).
Selected marketed MVA-virus-based vaccines targeting smallpox are
ACAM2000, JYNNEOS, and Imvanex. All three candidates are lyophi-
lized, and a stable storage is possible for several years. The infectivity
stabilization is conveyed by the addition of proteins (ACAM2000 (FDA,
2022a; Kumru et al. 2014)), sugars (ACAM2000 (FDA, 2022a; Kumru
et al. 2014)), salts, and a suitable buffering system (Bavarian Nordic
A/S, 2021; European Medicines Agency, 2013; FDA, 2022a; Greenberg
and Kennedy, 2008; Kumru et al., 2014).

Based on the existing knowledge of the ORFV und MVA virus sta-
bility, we investigated the infectivity preservation of the ORFV in the
presence of different liquid formulation buffers and additives, i.e., salts,
amino acids, osmolytes, sugars, proteins, and surfactants. Additionally,
the heat stability of the ORFV was analyzed, and the applicability of
accelerated stability studies at elevated temperatures was evaluated.
Finally, combinations of several excipients were used to propose options
for ORFV formulations with an increased infectivity stability, consid-
ering potency and economics.

2. Materials and methods

Relative concentrations were provided in v/v for the liquid starting
material, i.e., fetal calf serum (FCS), Pluronic, and Tween, and in w/v for
the other substances.

2.1. Propagation and purification of the ORFV

For all experiments, the ORFV genotype D1701-V was used,
expressing the green fluorescent protein AcGFP (D1701-V-GFP) (Rziha
et al., 2019). The amplification of the virus in Vero cells, using DMEM
(Gibco) with 5% FCS (Capricorn), was executed as previously reported
by Rziha et al. (2016). After successful infection, the cell-culture was
subjected to one freeze-thaw cycle (—80 °) and cell debris was removed
by centrifugation (clarification) as previously described (Eilts et al.,
2022b). For each set of experiments, several batches from this procedure
were pooled to generate one stock. After the initial centrifugal clarifi-
cation, the propagated ORFV was concentrated and purified, using a
37% sucrose cushion ultracentrifugation as described by Rziha et al
(2016). The infectious titer of the purified ORFV solution was > 5 x 10*
IU mL! (infectious units per mL). For one set of comparative studies
(Section 3.1.2, rHSA), the ORFV was not prepared by ultracentrifuga-
tion, but by steric exclusion chromatography and Capto Core 700
chromatography, as reported by Lothert et al. (2020a). The latter
preparation reached an infectious titer of 8 x 10° IU mL L. The methods
were studied recently to generate comparable ORFV starting material
(Eilts et al., 2022¢). The ORFV titer was quantified by a flow cytometric
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assay described in Section 2.4.1 if not stated otherwise. All dilutions of
the concentrated ORFV preparations were performed in the intended
formulation buffer.

2.2. Stability studies of the candidate formulations

All substances were at least of analytical grade and their suppliers are
listed in the Supplementary Material S1. The excipients were prepared
in a concentrated manner in the intended buffer, i.e., 20 mM TRIS with
either 20 or 180 mM NaCl or PBS, prior to their use. If not stated
otherwise, the 20 mM TRIS buffer with 180 mM NaCl was applied. Each
excipient (Table 1) solution was titrated to a neutral pH using HCI, 0.2
um sterile filtered, and stored at 4 °C. Next, the concentrated excipients
were combined according to their intended final concentration, again in
the respective buffer. If not indicated otherwise, samples were supple-
mented with 1% penicillin/streptomycin (Sigma Aldrich). Last, the
concentrated ORFV was added to achieve a final concentration of
approximately 1 x 107 IU mL™. This time point was labeled as the start
of the experimental kinetics to. Throughout the studies on ORFV titer
reduction, the influence of the initial titer was decisive. We observed
that a higher titer reduces the relative ORFV degradation compared to
lower initial titer, which might be due to, e.g., adsorption of the ORFV to
the storage containers or initial aggregation (Kline et al., 2005). Thus,
the experiments were conducted with the same starting titer, if possible.

All formulated ORFV samples were stored either in 1.5 mL plastic
tubes (crimp vial, VWR) or in 96-deepwell plates (1000 pL protein
LoBind, Eppendorf). In the deep well plates, the surrounding wells were
filled with 800 pL sterile PBS to reduce evaporation and sample volume
reduction effects. The storage was done under the exclusion of light
either in a freezer (—20 and —80 °C), in a fridge (4 °C), at controlled
room temperature (22 °C), or in an incubator (28 and 37 °C). Samples

Table 1

Overview of single additives for the ORFV infectivity stability study.

All listed substances were applied as described in the main text. The supple-
mentation was performed without other excipients, using the concentration
ranges stated in the table. BSA, bovine serum albumin; EDTA, ethyl-
enediaminetetraacetic acid; PBS, phosphate buffered saline; rHSA, recombinant
human serum albumin; TRIS, tris(hydroxymethyl)aminomethane.

Section Substance (Product name) Concentration
3.1.1 Arginine 0 - 300 mM
312 BSA 2%

311 CaCl, 2 - 150 mM
3.1.3 Dextran 40 0.5%

3.1.3 Galactose 2.5 - 10%
3.1.2 Gelatine type A, hydrolized 0.5%

3.1.3 Glucose 2.5 -10%
311 Glutamine 50 mM
311 Glycine 50 mM
31.1 Histidine 50 mM
3.1.1 KCl 0 - 200 mM
3.1.3 Lactose 10%

313 Mannitol 0-10%
3.1.1 Methionine 50 mM
311 MgCla 0-150 mM
3.1.1 MgSO, 0 - 200 mM
3.1.1 NaCl 0 - 200 mM
3.1.1 NaNO3 0 - 200 mM
311 NazS0,4 0 - 200 mM
3.2.7 PBS Pure

3.1.1 Poloxamere 188 (Pluronic F68) 0.05%
3.21 Proline 0 - 150 mM
3.1.2 rHSA-R (Recombumin Prime) 0-2%
3.1.2 rHSA-E (Exbumin) 0- 2%
313 Sucrose 0 - 20%
31.3 Trehalose 0-20%
3.27 TRIS 20 mM
3.1.1 Tryptophane 50 mM
3.1.1 Tween 20 0.05%
311 Tween 80 0.05%
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were frozen directly in the mentioned 96-well plates without further
temperature control. The plates were filled to at least 80% of the wells,
starting with 800 L each, while the surrounding wells were filled with
PBS to weaken the volumetric effect of sampling. Thawing was con-
ducted at room temperature without temperature control if not stated
otherwise. After sampling, the plates were directly frozen again. A
control with non-supplemented ORFV material, only diluted in the
intended buffer, was used to monitor any material-specific changes
(negative control, NCTRL). Additionally, respective positive controls
(PCTRL) were implemented, with ORFV in DMEM -+ 5% FCS as a stan-
dard with a high infectivity stability (Eilts et al., 2023).

2.2.1. Single component stability studies

For the infectivity stability studies of the ORFV, several excipients
were tested in pure state (Table 1) as well as combined with others
(Table 2).

The samples for studies with inorganic salts (KCl, NaCl, NaNOs,
MgCly, (NH4)2804, Nay804, and MgSO,4) were prepared in a 20 mM
TRIS-HCI buffer, pH 7.4, without any further NaCl supplementation, to
study the influence of the individual salts, Furthermore, no antibiotics
were added for these experiments.

2.2.2, Multi-component stability studies

For the studies with combined excipients, several different salts,
sugars, amino acids, and proteins were mixed Table 2). Furthermore,
two different experimental sets were planned and evaluated, using a
design of experiments (DOE)-based approach, which is further deseribed
in Section 2.3: ((1) the amino acids arginine and proline, combined with
MgCly, and (2) sucrose, rHSA-E, i.e., (recombinant human serum albu-
min Exbumin), and arginine.

2.3. Statistical evaluation

Two sets of experiments with combined additives were planned and
statistically evaluated via a DOE-based approach (Design Expert 12,
Stat-Ease), which were the interaction of MgCly, arginine, and proline
(Section 3.2.1) on the one hand, and the interaction of sucrose, rHSA-E,
and arginine (Section 3.2.6) on the other hand. The designs and their
respective analysis can be found in the Supplementary Material S3 to
S4. All other experiments were analyzed via ANOVA with Tukey test or
Student t-test, as was appropriate (OriginPro 2021b, Originlab

Table 2

Overview of studies with combined additives for ORFV infectivity stability.
The combination of additives was chosen according to previous findings,
explained in the results and discussion section. The experiments were performed
as described in the main text. PBS, phosphate buffered saline; rHSA-E, recom-
binant human serum albumin purchased from Invitria (Exbumin); TRIS, tris
(hydroxymethyl)aminomethane,

Section  Excipient Concentration  Buffer
3.2.2 CaCly 0-5mM 20 mM TRIS + 180 mM NacCl
MgCl 0-5mM
3.2.2 MgClx 0-2mM 20 mM TRIS
NaCl 20 - 180 mM
3.21 Arginine 30 - 120 mM 20 mM TRIS + 180 mM NacCl
Proline 30 - 120 mM
MgCl, 2-8mM
3.23 Sucrose 0-20% 20 mM TRIS + 180 mM NaCl + 2 mM
MgCl,
Trehalose 0 - 20%
3.25 Sucrose 0-5% 20 mM TRIS + 180 mM NaCl
rHSA-E 0-2%
MgCl, 0-2mM
3.2.6 Arginine 0-300 mM 20 mM TRIS + 180 mM NacCl
rHSAE 0-2%
Sucrose 0-25%
3.27 rHSA-E 0-1% PBS or 20 mM TRIS + 20/180 mM Nacl
Sucrose 0-5%

CHAPTER 2

Virus Research 336 (2023) 199213

Corporation).
2.4. Analytics of formulated samples

2.4.1. ORFV infectivity titration

The quantification of infectious ORFV particles was performed by a
flow cytometric assay, using fluorescence-activated cell counting
(Guava easyCyte HT, Merck Millipore), adapted without viability
staining from (2019). After sample fixation with 1% paraformaldehyde,
2% FCS, and 2 mM EDTA (VWR International) in PBS, the read-out was
conducted within 48 h. The quantification was based on the ratio of
fluorescent (infected) to non-fluorescent cells, which was standardized
by virus plaque titration in triplicates. Each sample was prepared at least
in two different dilutions, and each dilution was titrated at least in du-
plicates. The standard deviation of the ORFV infectivity within one
measurement set was determined below 10%, and increased up to 20%
between different sampling points, i.e., days.

2.4.2. Size measurements

Particle size distribution measurements were conducted using a
Zetasizer Nano ZS90 (Malvern Panalytical), as previously described
(Lothert et al., 2020c). The refractive index and viscosity of the samples
were adjusted accordingly.

2.4.3. Solvent characterization

The formulated solvents were characterized concerning their pH
(InLab Micro-Pro-I1SM, FiveEasy, Mettler Toledo), viscosity (MCR 102,
Anton Paar), osmolality (OM806, Loser), conductivity (InLab Expert-
Pro-ISM, SG78, Mettler Toledo), and refractive index (AR-4, Abbe).

3. Results
3.1. Impact of single additives on ORFV infectivity

3.1.1. Detergents, amino acids, and inorganic salts

First, a screening of the stabilizing effect on the ORFV infectivity of
different detergents, amino acids, and inorganic salts as single additives
was performed (Table 3). Out of the fifteen substances tested, Pluronic
F68 (0.5%), arginine (100 and 200 mM), and Na3SO4 (20 mM) reduced

Table 3

Effect of single additives on ORFV infectivity stability at 4 °C and up to 14
d storage. Non-supplemented samples showed an infectious ORFV titer reduc-
tion of nearly 3 log IU mL ™!, compared to the initial sample (1 x 10° IU mL ).
For substances with a significantly stabilizing effect, the titer compared to the
starting titer of 1 x 107 U mL ™" is listed.

Type Substance Concentration  Stabilizing effect Titer
Detergent Tween 20 0.5% no effect
Tween 80 0.5% no effect
Pluronic 0.5% stabilizing 4% 10° 1
F68 mL 1 %
10° [U mL !
Amino arginine 50 - 300 mM slight stabilization 2 x 10° U
acids at 100 and 200 mL ' =2 x
mM 10° [U mL !
glutamine 50 mM no effect
glycine 50 mM no effect
histidine 50 mM no effect
methionine 50 mM no effect
tryptophane 50 mM no effect
Inorganic KCl1 20 - 200 mM no effect
salts
NaCl 20 - 200 mM no effect
NaNO4 20 - 200 mM no effect
MgCl,, 20 - 200 mM no effect
NasS0, 20 - 200 mM slight stabilization 3 x 10° U
at 20 mM mL ' =1 x
10° [U mL™!
MgSO0,, 20 - 200 mM no effect




F. Eilts et al.

the infectivity loss of the infectious virus over a period of 14 d at 4 °C. A
non-supplemented control revealed an infectious ORFV loss of nearly 3
log TU mL™! (from 1 x 10° TUmL ™ t0 3.7 x 10" TUmL ™ £ 5 x 10° 1U
mL™). Furthermore, the supplementation of Pluronic F68 increased the
cryostability of the ORFV significantly. The formulation was subjected
to up to 20 freeze-thaw cycles (—80 °C - 37 °C), and the infectious titer
was reduced by roughly 0.5 log TU mL ! (from 1 x 107 IUmL ' to 5 %
10' U mL ! + 2 x 10" TU mL ™Y, compared with non-supplemented
samples, which lost 3 log IU mL~! (from 1 x 10° U mL™ ! to 5 x 10*
WmL'+2x10'0 mL‘l). Another observation was that the stabi-
lizing effect of arginine on the ORFV infectivity was more pronounced at
elevated temperatures (37 °C). The effect of arginine is further explored
in Sections 3.2.1, 3.2.3, and 3.2.6.

3.1.2. Proteins

From our previous study, the stabilizing effect of proteins on the
ORFV infectivity was known (Eilts et al., 2023). Thus, we evaluated the
addition of two animal-derived proteins as stabilizing agents, i.e.,
bovine serum albumin (BSA), 2%, and gelatine type A, 0.5% (Table 4).
Both additives acted as potent cryoprotectants, causing little ORFV titer
reduction from 1 x 107 IU mL ™! in up to 20 freeze-thaw cycles (< 0.5 log
U mL ') compared with a non-supplemented control (titer loss of 3 log
IU mL™Y) (see Section 3.1.1). Additionally, a similarly strong stabiliza-
tion of the ORFV infectivity was observed in a liquid state for both
proteins at all tested temperatures between 4 °C and 37 °C.

Next, recombinant human serum albumin (rHSA) procured from two
different manufacturing companies, i.e., InVitria (Exbumin, rHSA-E) and
Albumedix Ltd. (Recombumin Prime, rHSA-R), was tested (Table 4). rHSA
is free of compounds of animal or human origin. Both proteins stabilized
the Orf virus less effectively than the animal-derived BSA and gelatine.
After 14 d of incubation, a temperature-dependent stabilizing effect on
the ORFV infectious titer was visible with increasing titer reduction with
elevated temperatures (Fig. 1). At all tested temperatures up to 28 °C,
the supplementation with one of the proteins, rHSA-E, maintained the
initial infectious titer to a higher degree than its omission by approxi-
mately 0.1 -0.3 log IU mL~! (Fig. 1A). At 37 °C, on the contrary, the two
rHSA variants revealed differences in their effect on the ORFV stability.
On the one hand, the application of 2% rHSA-E caused significantly
higher infectious titers than the NCTRL (A = 0.3 log IU mL‘l), whereas
the addition of 1% rHSA-E caused increased ORFV inactivation by
roughly 0.5 log IU mL™! (Fig. 1A). On the other hand, all rHSA-R-
supplemented samples (1% and 2%) revealed an increased infectivity
stability of the ORFV (Fig. 1B).

3.1.3. Sugars

We tested galactose, glucose, lactose, mannitol, sucrose, and treha-
lose, each at a concentration of 10%, for their stabilizing effect on the
ORFV at —80, 4, 22, and 37 °C (Table 4). The addition of any sugar,
except glucose, preserved the ORFV infectivity in up to 20 freeze-thaw

Table 4
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cycles. Especially mannitol, sucrose, and lactose acted as potent cryo-
protectants, i.e., the reduction from the starting titer was less than 0.5
log 1U mL ™! compared to nearly 3 log 1U mL~! for a non-supplemented
control. At 4 °C, all supplemented sugars, apart from lactose and
glucose, showed a titer loss of less than 0.5 log IU mL™, indicating the
stabilizing properties of sugars. At 22 °C, trehalose and galactose sta-
bilized the best. Incubation at 37 °C, reduced the ORFV titer signifi-
cantly for all sugar supplementations, and only trehalose and sucrose
compositions maintained an infectious titer with a loss less than 1.5 log
IU mL~ % Furthermore, concentration-dependent studies of galactose,
sucrose, trehalose, and glucose indicated an increased ORFV stability
with an increased carbohydrate concentration (2.5 - 10%) at all
temperatures.

3.2. Infectivity stability of ORFV in the presence of combined additives

3.2.1. MgCly, arginine, and proline

Based on the potential stabilizing effect of arginine (Section 3.1) on
the ORFV infectivity, the amino acid was combined with MgCl; and a
second amino acid, proline. The formulation experiments were planned
using a DOE-based approach (Supplementary Material 83), and eval-
uated for 2 — 8 mM MgCl, as well as 30 — 120 mM arginine and proline.
The storage was performed at 4 °C and at 37 °C.

First, the model at 4 °C is presented. According to the statistical
model, all three components themselves had a significant influence on
the ORFV infectivity. A relatively constant ORFV recovery (< 0.7 log [U
mL ! loss, equals 50%) was maintained for all combinations over the
full period of 35 d (Fig. 2A). The optimum formulation was predicted for
90 — 120 mM arginine for all MgCl, concentrations. Concerning proline,
the infectious ORFV recovery increased in a linear manner towards 120
mM. Thus, the concentration for a maximum stabilization was not
covered by this design. However, the impact of proline on the ORFV titer
stability was less pronounced than for arginine with roughly 10% be-
tween the optimum and minimum. Last, MgCly, like proline, showed a
linear relationship with the infectious titer, and an optimum at 2 mM
MgCly. An increase to 10 mM caused a decrease of infectivity by 10 -
15% (~ 0.2 log U mL 1),

At 37 °C, the statistical model predicted a linear influence of arginine
and MgCl; on the infectivity of the ORFV. The addition of proline was
not significant and set to 0 mM in Fig. 2B. The incubation of the samples
at 37 °C caused a considerable decrease of infectivity after 7 d of roughly
50% (0.7 log IU mL ). Furthermore, the influence of the additives,
MgClz and arginine, on each sampling point was less pronounced at
37 °C compared to 4 °C. Compared with the optimum, the ORFV re-
covery varied by < 15% at 37 °C, however, by 15 — 30% at 4 °C. Like at
4 °C, the addition of MgCl; caused the highest ORFV titer at 2 mM. Yet,
arginine had an optimum concentration at 120 mM at 37 °C.

Next to the analysis of the infectious titer, the size distribution of
each sample was assessed. During the storage time, we observed a slight

Effect of single additives on ORFV infectivity stability for up to 14 d storage time. Non-supplemented samples showed an infectious ORFV titer reduction of nearly 3 log
IU mL ™!, compared to the initial sample. The (-) destabilizing or (+-) stabilizing effect was rated according to a significant difference compared with non-
supplemented controls. The rating slightly stabilizing (+) was attributed if significance was not observed in every batch. Values for the titers can be found in the

Supplementary Material $2. N/A, not assessed.

Type Substance Concentration Stabilizing effect at Comment
-80°C 4°C 22°C 37°C
Protein gelatine 0.5% ++ ++ ++ ++
BSA 2% ++ ++ ++ ++
rHSA R 1-2% ++ ++ N/A ++
rHSA-E 1-2% 4+ +4 ++ + At 37 °C stabilization only with 2%, and not 1%
Sugar galactose 2.5-10% ++ ++ ++ - increasing stabilization with increasing concentration
glucose 2.5-10% + + ++ increasing stabilization with increasing concentration
lactose 10% ++ + + -
mannitol 10% ++ ++ ++ -
sticrose: 2.5-10% ++ ++ + + increasing stabilization with increasing concentration
trehalose 2.5-10% ++ ++ ++ + increasing stabilization with increasing concentration
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rHSA from two different companies, Exbumin (rHSA-E, A) and Recombumin Prime (rHSA-R, B), was tested for its effect on the ORFV infectivity over time. The
samples were stored at temperature between 4 °C and 37 °C. The ORFV was supplemented with 0% (NCTRL) to 2% rHSA. The initial infectious ORFV concentration
(Cintiat) Was 1.1 X E7 TU mL ' (A) and 4.0 x E6 IU mL ™! (B). Lines are only guide to the eye. The samples were statistically compared by ANOVA with Tukey test (a =
0.05). Asterisks indicate significant differences compared to the negative control (NCTRL). n = 4.

reduction of particle aggregations in samples with increased arginine
concentrations (data not shown). This effect was especially visible for
elevated temperatures, where aggregation in the presence of albumin
was detected, correlating with a decrease of infectivity for these
conditions.

The infectivity of the ORFV was evaluated at 4 °C (A) and at 37 °C
(B), depending on the arginine, proline, and MgCl; concentrations using
a DOE-based approach (Supplementary Material $3). In the contour
plots, the infectivity recovery of the ORFV at each sampling time (7, 14,
21, or 35 d) is reported relative to the initial concentration of 1.1 x 107
IU mL ', Blue coloring indicates the lowest ORFV infectivity recovery,
followed by green and yellow, while red represents the highest.

3.2.2. NaCl, MgCls, and CaCly

The influence of NaCl (20 and 180 mM) combined with MgCl; and
CacCl; (0.5 - 5 mM) on the ORFV infectivity was tested as formulations in
20 mM TRIS buffer. First, an initial reduction of titer was observed for all
samples apart from the protein-supplemented ones (PCTRL) (Fig. 3A).
We attributed this to the adsorption of the ORFV to the storage
container, which was prevented in the presence of FCS. Concerning
NaCl. For an addition of either 20 or 180 mM NaCl, no difference in the
ORFV titer was observed for any combination at 4 or 22 °C. MgCl, and
CaCly, on the contrary, slightly reduced the ORFV titer (10 — 20%, equals
up to 0.3 log IU mL 1) with increasing storage time compared with a
non-supplemented NCTRL at 4 °C (Fig. 3A). Additionally, we observed
that the addition of 150 mM CaCl, caused ORFV titer reduction at
different temperatures (—20, 4, 22, 37 °C) (data not shown).

Concerning a temperature-dependent study for the addition of 2 mM
MgCly, the MgClz-supplementation significantly improved the stability
of the infectious ORFV by 0.4 log IU mL™! at 37 °C (Fig. 3B).

The ORFV was prepared in the intended formulations and stored
over a period of up to 21 d The incubation time and temperatures are
indicated in the respective graphs.

(A) The impact of combined MgCl; and CaCl; on the ORFV infec-
tivity at 4 °C was assessed over time, Samples containing O mM addi-
tional salts were of either pure buffer (NCTRL) or contained DMEM -+
5% FCS as positive control (PCTRL). Significant deviations from the
initial ORFV concentration are marked by an asterisk.

(B) The temperature-dependent influence of 2 mM MgCl; on the
ORFV infectivity, compared to the omission of MgCl,, was assessed. The
initial infectious titer (ipa)) was 1.1 x E7 TU mL ™!, Asterisks indicate
significant difference between the two set-ups at each temperature. n =
4.

(C) Over the period of 21 d, the influence of O — 300 mM arginine and

1% rHSA-E (PCTRL) on the ORFV infectivity was assessed. 0 mM argi-
nine represents a non-supplemented control (NCTRL). The ORFV in-
fectious titer was normalized to the initial concentration (100%) of 1.1
% 107 TU mL™L. An asterisk indicates a significant difference between 0,
100, 200, and 300 mM arginine in each temperature group (4, 22, 28 or
27 °C), while crosses show a significant difference between the sample
with and without 1% rHSA-E addition (0 and 200 mM arginine), as well
in the respective temperature group. n = 4.

(D) Sucrose and trehalose were applied at a concentration of 20%,
either single or combined, at 20% each. A negative control (NCTRL)
consisted of pure buffer. The samples were stored at 4, 22, 28, and 37 °C,
and analyzed for their infectious ORFV titer after 14 d incubation time.
The initial titer was 1.1 x 10 ITUmL™'. n = 4.

(E) rHSA-E (0% squares, 1% triangles, 2% circles), sucrose, and
MgCl, (0 mM gray, 2 mM black) were tested in different combinations,
shown in the table next to the plot, which is ordered according to the
data points next to it. The samples were stored at 4, 22, 28, and 37 °C,
and analyzed for their infectious ORFV titer after 14 d incubation time.
The initial titer was 1.1 x 10’ IU mL *. n = 4. The data from (B) is
replicated in this figure.

Statistical analysis was done by ANOVA with a Tukey test, *, a =
0.05;***, @ = 0.001. n = 3 if not stated otherwise. The full Tukey test
results of graph (C) may be found in the Supplementary Material §5.

3.2.3. rHSA and arginine

To analyze the interaction of rHSA and arginine in stabilizing the
ORFV, 1% rHSA-E was combined with 200 mM arginine (Fig. 3C). At 4
and 22 °C, the addition of 1% rHSA-E caused significantly higher ORFV
titers of up to 0.3 log IU mL ™! compared with the addition of 0 - 300 mM
arginine without albumin, conforming with the results from the previ-
ous sections. Only a slight increase in infectious titer of less than 0.5 log
1U mL ™! was observed by combining 1% rHSA-E with 200 mM arginine
at 22 °C. Additionally, this stabilizing effect was less pronounced with
increasing storage time (data not shown). By increasing the temperature
to 28 or 37 °C, a supplementation with 100 or 200 mM arginine without
albumin revealed a significantly higher infectivity preservation than
only rHSA-E or no supplementation.

3.2.4. Sugar combination: sucrose, trehalose

Two of the most stabilizing carbohydrates, trehalose and sucrose
(Section 3.1.3), were additionally tested at a concentration of 20% as
single and combined supplements with 20% each, 40% in total (Fig. 3D).
The high concentrations were chosen the cover the experimental design

space for a DOE-application. Both additives had a comparable
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Fig. 2. Infectivity recovery of ORFV in the presence of arginine, proline, and MgCl,.

stabilizing effect on the ORFV infectious titer at all tested temperatures,
i.e., after 14 d incubation time no infectivity loss at 4 °C, 0.3 — 0.4 log IU
mL ! at 22 °C, and 0.4 — 0.5 log IU mL ™! at 28 °C. At these three tem-
peratures, the combination of both sugars, with 40% in total, caused
significantly lower ORFV titers of 0.2 — 0.3 log IU mL . Only at 37 °C,
this formulation stabilized the ORFV comparable to their single
supplementation.

65

3.2.5. Sucrose, rHSA-E, MgCl,

Next, the temperature-dependent storage of the ORFV in formula-
tions combined with sucrose (0% or 5%), rHSA-E (0%, 1%, or 2%), and
MgCl, (0 or 2 mM) was evaluated. After 14 d storage, the ORFV infec-
tious titer was assessed, revealing significant differences between the
formulation composition (Fig. 3E). At 4 and 22 °C, the addition of any
additive combination reduced the ORFV infectivity losses. A notable
preservation of the ORFV infectivity was achieved with 1% rHSA-E
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Fig. 3. ORFV infectivity stability

combined with 5% sucrose (2 and 0 mM MgCl), 2% rHSA-E, and 2 mM
MgCly, in this order, with less than 0.2 log IU mL™! infectivity loss at
4 °C and 0.3 log TU mL ™! at22 °C. Additionally, 2% rHSA-E combined
with 2 mM MgCl; (black circles) did not improve the stability compared
with the non-supplemented buffer (gray squares), i.e., both showing
approximately 0.3 log IU mL ! loss at 4 °C, 0.6 log IU mL ! loss at 22 °C,
and 0.7 log IU mL~! loss at 28 °C. At 37 °C, a supplementation with 2
mM MgCl; generally reduced the ORFV infectivity (black symbols). The
same accounted for 5% sucrose and rHSA-E, which was even more
pronounced in combination with MgCl;. The most stabilizing formula-
tion at this temperature was the non-supplemented buffer (gray square),
followed by 2% rHSA-E (gray circle), both with roughly 1 log IU mL ™!
ORFV infectivity loss.
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3.2.6. Sucrose, rHSA-E, arginine

In a final experimental set-up, sucrose (0 — 25%), arginine (O — 300
mM), and rHSA-E (0 - 2%) were tested in a DOE-based approach
(Supplementary Material $4). Comparing the samples without a rHSA-
E addition, sucrose and arginine significantly increased the ORFV sta-
bility (Fig. 4A). At 4 °C, sucrose and arginine stabilized the ORFV in a
comparable manner, while preservation with sucrose was better at
higher concentrations (15 — 20%), whereas arginine stabilized at me-
dium to high concentrations (100 — 300 mM). At 22 °C, on the other
hand, sucrose had a minor stabilizing influence, and its omission was
possible without ORFV titer losses. At this temperature, 22 °C, arginine
improved the infectivity stability at its highest concentration of 300 mM
up to 15% (0.2 log IU mL 1) after 35 d incubation. In solid state at



CHAPTER 2

F. Eilts et al. Virus Research 336 (2023) 199213
A 10 [ o 2d 354
25 / |
—20 B8 B4 T i
: I w
g 8" g g
* G 26 s ]
z a4 @ @
2 5 W R 2
0 ‘\ J‘ ,_z 0 0
0 100 200 300 0 60 120 180 240 300 o 100 200 300
Arginine [mM] Arginine [mM] Arginine [mM]
25
20 o =
@ ™ ]
v 15 @
° 8 g g
~ 1=
a 2" F E
R® 5 2 B
0 0
o 100 200 300 0 60 120 180 240 300
Arginine [mM] Arginine [mM] Arginine [mM]
=
w
o @
£
0
0 100 200 300
Arginine [mM]
B vmm 2d 14d 35d
O / 120 o e
] & 2
g g & e g g B g
< o
F 2 2
R 5 £ ES e
u0 05 1 15 2 o 05 1 15 2
% rHSA-E [-] % rHSA-E [-]
E N i
Q a ]
v
e ¢ 8 8
o 5 o o
o~ @ 2 2
& ® =
o 0
0 05 1 15 2 o 05 1 15 2 o 05 1 15 2
% rHSA-E [-] % rHSA-E [-] % rHSA-E [-]
[
4 8
(-] o
o @
S
0
0 05 1 15 2
% rHSA-E [-]

Fig. 4. Infectivity recovery of ORFV in presence of arginine and sucrose.

—20 °C, the ORFV was best stabilized by roughly 15% sucrose with
nearly full recovery.

The ORFV was combined with sucrose and arginine to evaluate
formulations without rHSA-E addition (0%) (A) compared with formu-
lations with rHSA-E (B). The samples were stored at —20, 4 and 22 °C
and samples were taken after 2, 14, and 22 d In the contour plots, the
infectivity recovery of the ORFV is reported a percentage relative to the
initial concentration of 1.1 x 107 [U mL .

Blue coloring indicates the lowest ORFV infectivity recovery,
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followed by green and yellow, while red represents the highest.

The addition of rHSA-E increased the infectivity recovery of the
ORFV effectively, i.e., the infectious titer was increased by roughly 30%
(0.5 log 1U mL™Y) for all tested temperatures and sampling times
compared to non-supplemented samples (Fig. 4B). However, the statis-
tical analysis suggested no significant influence of sucrose and/or argi-
nine in the presence of rHSA at both tested temperatures, 4 and 22 °C.
This suggests the dominant character of the stabilization by proteins.

For all tested temperatures and incubation times, the optimal rHSA-E
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concentration was at least 1%, while most models predict 1.5 - 1.7%.
Additionally, the recovery of the ORFV was increased by the addition of
sucrose, which was optimal at a concentration of 23 - 25%, except for
22 °C after 35 d, where the concentration was predicted at low sucrose
concentrations. Last, arginine stabilized the ORFV at high concentra-
tions of 200 — 300 mM in all liquid formulations combined with rHSA-E.
However, at —20 °C, arginine had no effect on the ORFV infectious titer
(data not shown).
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Table 5

Overview of stabilizing effects of additives on ORFV infectivity stability.

The stabilizing effect of the substances was rated as (-) destabilizing or (+)
stabilizing, depending on their statistically significant impact on the ORFV
preservation compared to non-supplemented controls. The rating between
slightly stabilizing (+) and strongly stabilizing (4+++) was performed as internal
comparison of all stabilizing components, while (+++) was attributed to the
highest stabilizing effects observed. All listed substances were applied as
described in the main text. BSA, bovine serum albumin; EDTA, ethyl-
enediaminetetraacetic acid; PBS, phosphate buffered saline; rHSA, recombinant

3.2.7. Buffers human serum albumin; TRIS, tris(thydroxymethyl)aminomethane.
To investigate the influence of the buffering system for one of the - - -
i L. L ) R N N Stabilizing Substance Concentration  Comment
best suited excipient combinations from this study (1% rHSA-E and 5% effect (Product name)
sucrose), the ORFV was prepared in three different buffers: (1) PBS, (2)
20 mM TRIS with 20 mM NaCl, and (3) 20 mM TRIS with 180 mM NaCl e pan o at el conditions
m wit m aCl, and (3) 20 m witl . m atlL Gelatine type A 0.5% at all conditions
Half of the samples were supplemented with the respective formulation T+ Mannitol 0-10% ++ at all conditions +++
of 1% rHSA-E and 5% sucrose (PCTRL). The relative infectivity recovery at —20 °C only alone
was assessed in a temperature-dependent manner, and samples were without trehalose and
e . - sucrose
take'n. after 2, 14, ?md 21 d (Fig. a.). Without thf:' stfpplement:.ltlon.of Sucrose 0 — 20% ot at all conditions 44+
stabilizers, the choice of the buffering substance indicates a minor in- al —20°C
fluence on the infectivity recovery (A < 15%, equals 0.2 log IU mL™1). Galactose 2.5-10% 4+ at all conditions except
Additionally, at 4 °C, PBS seems to have a reinforcing stabilizing effect at 37 °C +++ at —20 °C
on the ORFV combined with 1% rHSA-E and 5% sucrose (PCTRL) Trehalose 0 -20% +|+ f:n*dlt“’""d""’"" T
. | . at — C
c.ompared_ with TRIS. In other words, the PBS PC_ITRL had the highest Poloxamere 188 0.05% o+ at all conditions
titers, while the PBS NCTRL had the lowest. The influence of the NaCl (Pluronic F68)
concentration (20 or 180 mM) in the TRIS buffer was neglectable as Arginine 0 - 300 mM ++ at 37 °C
already described in the previous sections. Dextran 40 0.5% +tard®C
Three different buffers, PBS, 20 mM TRIS with 20 mM NacCl and with + Glucose 25-10% irz'g "]Cl conditions ++-+ at
180 mM NaCl, were tested as diluent for the ORFV. The buffers were Lactose 10% + at all conditions except at
either pure (NCTRL) or supplemented with 1% rHSA-E and 5% sucrose 37 °C 44+ at —20 °C
(PCTRL). All combinations were stored at 4 — 37 °C, except 20 mM TRIS Glutamine 50 mM +at4°C
with 20 mM NacCl, which was stored at 4 and 22 °C. Samples were taken Glycine 50 mM +at4°C
after 2 (A), 14 (B) d21d(C) d the initial trati 1.1 Histidine 50 mM +at4°C
?l "1 > an » an € nitial concentration was 1.1 x Methionine 50 mM +at4°C
10" IUmL ". n = 4. Proline 0 -150 mM + in combination with 120
mM arginine
3.3. Summary of the excipient’s effects on the ORFV infectivity stabili rHSAR 0-2% + at all conditions except at
Y f P 'ff f o4 1y (Recombumin 37 °C
L . Prime)
Last, a summary of the stabilizing effect of all tested substances is rHSA E (Exbumin) 0 — 2% + at all conditions except at
given in this section to facilitate a quick overview of the results 37°C
(Table 5). Tryptophane 50 mM +at4°C
Tween 80 0.05% +at 22°C
MgCl, 0 - 150 mM No effect + in combination
3.4. Modeling the degradation kinetics of ORFV' with sucrose and rHSA +
except at 37 °C
The reaction rates of the ORFV infectivity degradation can be valu- / Kkal 0-200mM  noeffect
able for an extrapolation of the infectivity loss under prolonged storage MgS0, 0 - 200 mM o effect
po i _P g e NaCl 0 - 200 mM no effect
Although, for approval of pharmaceuticals, such estimates need exper- NaNOs 0 - 200 mM no effect
imental verification, these models can be useful tools. Thus, the reaction NaySOy 0 - 200 mM no effect
rate constant k was determined for the most promising ORFV formula- TRIS 20 mM no effect
tions 1 or 2% rHSA-E, as well as 1% rHSA-E with 5% sucrose, and non- Tween 20 0.05% no effect
1 d 1 ideri he d dati ki N £ th - PBS pure at all conditions
supplemented samples. Considering the degradation kinetics of the cacl, 2150 mM at all conditions
ORFV infectivity, the non-supplemented virus was destabilized with
increasing time and temperature. The data for the tested temperatures,
4, 22, 28, and 37 °C, could be described by an exponential regression of
A B PBS —8—NCTRL—-O- PCTRL C PBS —8—NCTRL-O- PCTRL
2d 14d TRIS 20 MM NaCl —#— NCTRL—DO- PCTRL| 21d TRIS 20 mM NaCl —#—NCTRL -0~ PCTRL
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Fig. 5. Testing different buffering systems for an ORFV formulation.
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Fig. 6. Degradation kinetics of the ORFV.

first order decay (Fig. 6A). A similar behavior was observed for the
supplementation with 1% or 2% rHSA-E as well as 1% rHSA-E with 5%

sucrose (Fig. 7).

Using this data, the reaction rate as a function of temperature T and

the related thermodynamic parameters was estimated according to

(Hahon and Kozikowski, 1961) with

kgT

A pre-exponential Arrhenius factor [s l]
Ep activation energy [J mol 1],

The reaction rate constant k (Ink) was derived from the slope of
Figs. 6A and 7, and plotted against the reciprocal of the absolute tem-
perature (T 1) according to an Arrhenius plot (Fig. 6B). In an Arrhenius
plot, for linear relationships, degradation follows the same thermody-

k= . e n namic principles, defined by enthalpy and entropy of activation. Thus,
temperatures within may be varied for the accelerated degradation
where studies.
The relation of the specific reaction rate for the inactivation of the
k reaction rate constant [s ] ORFV and the absolute temperature was not linear for the full tested
kg Boltzmann's constant [J K 1] temperature range from 4 to 37 °C. Hence, enthalpy and entropy of
h Planck’s constant [J s] activation were not determined from this data set. However, storage at
H enthalpy of activation [J mol™ '] the temperatures 4, 22, 28 °C revealed a linear relationship with little
R gas constant [J mol ™! K] variation of the reaction rate (Fig. 6B). The highest value of the reaction
§ entropy of activation [J mol T 1. rate was determined for both formulations with 1% rHSA, correspond-
ing to the slowest degradation.
Furthermore, the reaction rate constant k can be defined as (A) The ORFV, with an initial concentration (cinia) of 1 x 107 IU
mL’l, was stored in 20 mM TRIS with 180 mM NaCl without other
k= Aet 2 supplements at four different temperatures. A linear regression was
fitted to the half-logarithmic data set (n = 3). The fit data is displayed in
Where the table. (B) The specific reaction rate constants k, according to Eqs.
P g
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Fig. 7. Time-dependent storage of the ORFV.
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(1)-2, were derived from (A) and Fig. 7. The relationship of k and the
absolute temperature is shown according to the Arrhenius plot.

The ORFV, with an initial concentration (¢ipitja) of 1 x 107 IU mL ™},
was supplemented with rHSA-E (HSA), MgCl, (MC), Sucrose (Suc) ac-
cording to the presented table. The formulations were stored at 4 °C (A),
22 °C(B), 28 °C (C), 37 °C (D). n = 3. The data presented is in part shown
in figure Fig. 3E, and replicated here to facilitate comparison.

4. Discussion

Few studies concerning the infectivity stability of the ORFV have
been published by now. A recent study from our group identified calf
serum and recombinant albumin, rHSA, as stabilizing agents in liquid
ORFV formulations, while phosphate and citrate buffers as well as
ammonium salts reduced the infectivity (Filts et al., 2023). Other pub-
lications on lyophilized vaccines of the ORFV and the closely related
MVA virus reported an increased stability in formulations supplemented
with different proteins, e.g., lactalbumin (Bora et al., 2015) and human
albumin (FDA, 2022a), and sugars, e.g., sucrose (Bora et al,, 2015),
trehalose (Bora et al., 2015), and mannitol (FDA, 2022a). In this study,
we could confirm the findings of these previous publications, and
additionally tested a wide range of detergents, salts and buffers, sugars,
proteins as well as amino acids as excipients to propose suitable stable
formulation options for an ORFV vector vaccine.

First, it should be noted that the ORFV, comparable to other viruses
of the family Poxviridae such as the MVA virus (Kaplan, 1958) or the
variola (smallpox) virus (Hahon and Kozikowski, 1961), has an
extremely high infectivity conservation over a long period of time. Thus,
significant differences in the infectious titer were often first detected
after days of storage, or at elevated temperatures, e.g., at 37 °C, where
degradation was significantly different from temperatures of 28 °C or
lower (Fig. 6B). This effect is reinforced by the small standard deviation
in the infectivity assay within one set of measurements (< 10%), how-
ever, a pronounced effect between different days, i.e., sampling points,
of measurements (up to 20%), which is visible, e.g., in Figs. 3D and 5.
Thus, for an evaluation of significant differences, this should be kept in
mind. Nevertheless, throughout the studies on a liquid formulation for
an ORFV vector vaccine, stabilizing effects were identified for different
excipients from the groups, detergents, salts and buffers, sugars, pro-
teins, and amino acids.

For comparative reasons, the initial ORFV titer had a constant con-
centration. This approach was chosen, as a higher relative titer reduc-
tion was observed for samples with a lower initial titer, especially
without protein supplementation. One explanation for this behavior was
virus adsorption to the storage container.

Initially, an appropriate buffering system needed to be defined for a
liquid formulation, as well as a possible reconstitution buffer, if lyoph-
ilization is applied. We hereby considered the stability of the ORFV, a
possible adaption in the downstream process, and the interference with
unit operations as well as the economics of the substances. In our recent
work, the TRIS and PBS buffering systems were among the ones with the
highest infectivity recovery at 4 °C (Eilts et al., 2023). We extended the
experiments for these two buffers over a wider temperature range and
found that PBS reduced the ORFV infectivity compared with TRIS by 0.1
—-0.2 log at 4 °C to 28 °C without the addition of other excipients (Fig. 5).
Thus, a 20 mM TRIS buffer with either 20 or 180 mM NaCl was identified
as the buffer of choice, conforming with the buffering system of a pro-
posed production process (Lothert et al., 2020a, 2020b) as well as of
several MVA virus vaccine formulations (Bavarian Nordic A/S, 2021;
European Medicines Agency, 2013; FDA, 2022a; Greenberg and Ken-
nedy, 2008; Kumru et al., 2014). With this knowledge, suitable salts
were tested, keeping a parental application as a vaccine in mind. Salts
mainly influence the tonicity and osmolarity as well as the viscosity of
the formulation. A typical range for injections is around 300 mOsmol
kg'l, which corresponds to an isotonic solution. Furthermore, salts can
inhibit aggregation and adhesion processes of viruses, improving the
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storage stability of pharmaceuticals (Tlaxca et al., 2015). Last, different
salts are applied in the virus purification process, and may persist as
residues, if not removed by consecutive unit operations. Thus, their
presence should be evaluated concerning beneficial or disadvantageous
effects on the virus stability. The salts KCl, NaCl, NaNO3, and MgSO4 had
no effect on the ORFV infectivity at 4 °C, CaCl, reduced the virus titer by
roughly 0.2 log (Fig. 3A), and NaySO,4 stabilized the virus slightly by 0.2
log at 20 mM (Table 3). Thus, the addition of CaCl; is not recommended
for an ORFV formulation. The findings on MgSO,4 conform with earlier
studies on the ORFV infectivity stability by (Bora et al., 2015). Addi-
tionally, MgCly, in the range of 0.5 — 2 mM, increased the ORFV stability
most significantly at 37 °C, which was especially pronounced with 2 log
of infectious titer after three weeks of storage for otherwise
non-supplemented samples (Fig. 7). Thus, its addition might be recon-
sidered if a high storage temperature might be expected, e.g., in tropical
regions. However, a MgCly, supplementation is not recommended for
liquid long-term storage under cooled conditions. As MgCl; is frequently
added in viral pharmaceutical production processes throughout the
nuclease treatment (Lothert et al., 2020a), this information directs to-
wards a timely rebuffering of the drug substance.

Next, several detergents were assessed as additives. Apart from the
infectivity preservation, this group of chemicals can prevent an aggre-
gation of the ORFV and adsorption to storage containers, which was
assumed throughout the degradation experiments on different salts
(Section 3.1.1). From the tested detergents, Tween20, Tween80, and
Pluronic F68, only 0.5% Pluronic F68 had a slightly stabilizing effect on
the liquid ORFV formulation with approximately 0.5 log IU mL™!
(Table 3). This result can be explained by the degrading effect on the
lipids of the budded poxvirus (Feroz et al., 2022). Thus, no further ex-
periments with detergents as excipients were conducted.

In general, amino acids are supplemented for their stabilizing and
bulking properties as well as their influence on tonicity, pH, and vis-
cosity. In this study, glutamine, glycine, histidine, methionine, and
tryptophane had no effect on the virus titer (Table 3). But arginine was
found to stabilize the ORFV by 0.1 - 0.2 log IU mL ! (Fig. 2), especially
at concentrations of 100 — 200 mM, and proline to a lesser extent (0.1 log
U mL’l) and only at 4 °C in combination with arginine at concentra-
tions of approximately 120 mM (Fig. 2). The amino acids arginine
(Arakawa et al.,, 2007; Kim et al., 2016; Miyatake et al., 2016; Ohtake
et al, 2011) and proline (Bolli et al., 2010; Jensen et al., 2014) are often
applied in pharmaceutical formulations to prevent protein aggregation
by increasing the protein solubility. Furthermore, both are safe to use in
humans and have been applied in different vaccines, e.g., arginine in the
Dengue virus-based Dengvaxia (EMA, 2022a) and the influenza vaccine
FluMist (FDA, 2022b). However, arginine can reduce the transition
melting temperature of proteins, which could lead to denaturation (Kim
et al, 2016). In this study, on the contrary, arginine was found to sta-
bilize the ORFV infectivity at temperatures of 37 °C by 0.1 - 0.2 log
(Fig. 3C). Additionally, a slight reduction of aggregation in
arginine-supplemented samples was observed. Thus, 100 — 200 mM
arginine might be a valid liquid formulation option, especially for
increased storage temperatures, however, arginine should be omitted for
frozen formulations. Additionally, the supplementation with proline
might be an option for further studies.

The addition of different proteins for the stabilization of viruses in
vaccines has been applied in the past for multiple vaccines. Proteins are
especially supplemented to thermo-stabilize viruses by steric hindrance
via protein-protein interaction (Chen and Kristensen, 2009). Among
these are gelatine, supplemented in the varicella zoster-based Varivax
(MSD Sharp & Dohme GmBH, 2022) and the influenza vaccine FluMist
(FDA, 2022b), HSA, applied in the modified vaccinia Ankara-based
ACAM2000 vaccine (FDA, 2022a), and recombinant albumin (rHSA),
supplemented in the mumps-measles-rubella vaccine MMRII (Wied-
mann et al, 2015) and in the Vesicular stomatitis virus-based Ebola
vaccine Ervebo (EMA, 2022b). Concerning the ORFV, BSA and gelatine
type A were found to be potent cryoprotectants (A = 2.5 log IU mL™!
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after 20 freeze thaw cycles) as well as strong stabilizers in liquid for-
mulations. However, considering current trends in the safety of phar-
maceutical products and in the short time frames for approval, it is
preferable to use alternatives like rHSA, which avoid extensive testing
for donor-derived pathogens, facilitating manufacturing and admission
processes as well as a market-release (Bosse et al., 2005; Wiedmann
et al,, 2015). Thus, in this study, only recombinant rHSA forms were
used for further formulation characterizations, which were Recombumin
Prime (rHSA-E) and Exbumin (rHSA-E). We observed a higher infectivity
stability with the supplementation of both rHSA forms by 0.1 - 0.3 log IU
mL~!(

Fig. 1), while 1% rHSA-R might stabilize the virus more efficiently
than rHSA-E. However, more experiments need to be conducted on this
question. Interestingly, at elevated temperatures of 37 °C, the addition
of rHSA-E, especially 2%, caused a decrease of the ORFV infectivity
compared with non-supplemented samples (Fig. 7D). Here, the addition
of arginine was able to increase the virus stability (Fig. 3C). This is
further supported by the observation that arginine prevented an ORFV
aggregation at elevated temperatures compared with the addition of
rHSA-E.

Another additive, frequently applied in poxvirus vaccines (Bora
et al., 2015; FDA, 2022a), are sugars. They act as stabilizers, cryo- and
lyoprotectants, as bulking agents, and improve reconstitution. Further-
more, sugars influence the tonicity of the formulation, without
increasing the ionic strength, and increase the viscosity. However,
especially for long-term storage or lyophilization, attention should be
paid to the potentially reactive effect of reducing sugars, e.g., glucose,
fructose, or lactose, with proteins (Li et al., 1996). Such effects were not
investigated in this study but are crucial for understanding modifica-
tions in protein structure of formulated products. Out of the tested
carbohydrates, sucrose and trehalose acted beneficial on the ORFV
infectivity recovery at all tested temperatures with at least 0.3 log higher
titers compared with no supplementation (—80 — 37 °C), and, addi-
tionally, galactose, lactose, and mannitol were potent cryoprotectants
(A2loglU mL Y (Table 4). All sugars were more potent with increasing
concentrations (up to 20%). However, the high osmolarity (1000 - 1200
mOsm kgﬁio) and viscosity (2 mPas) with a 20% sugar supplementation
should be considered as impracticable for parenteral application.
Additionally, further problems arise with high viscosities: processabil-
ity, homogeneity and stability of formulation, and temperature sensi-
tivity due to reduced mixing.

Overall, the combination of 5% sucrose and 1% rHSA-E proved to be
an efficient stabilizing agent for liquid and frozen formulations (Fig. 4).
This combination is currently being used in clinical trials for a SARS-
CoV-2 vaccine candidate based on the ORFV vector (ClinicalTrials.gov
identifier: NCT05389319 and NCT05367843). For future formulations,
the addition of arginine might be a suitable alternative for the storage at
elevated temperatures.

Considering the storage temperature for the ORFV, the lowest tested
temperature for liquid formulations, 4 °C, proved to have the least
degrading effects on the virus. Interestingly, a storage at 22 or 28 °C did
not result in a difference in their reaction constant and thus degradation
kinetics (Fig. 6A). Furthermore, for accelerated degradation studies at
increased temperatures, 28 °C was tested as the maximum temperature,
as a presumably linear relationship was not given for the next higher
temperature 37 °C (Fig. 6A).

5. Conclusion

This study presents a comprehensive overview of the infectivity
stability of the ORFV in the presence of several additives, i.e., de-
tergents, salts and buffers, sugars, proteins as well as amino acids. The
presented data indicates a high stability of the ORFV virus over several
weeks of storage, and at temperatures up to 28 °C (Fig. 6B). For non-
supplemented formulations, a loss of 0.10 log infectious particles per
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day at 4 °C (107%99% and 0.12 log infectious particles per day at 37 °C
(1041’054), can be expected (Fig. 6A). The degradation process was
reduced by supplementation with different additives, while proteins
showed the best results in a liquid state and sugars, especially mannitol,
galactose, sucrose, and trehalose, as well as proteins in a frozen state.
The supplementation with proteins in a liquid state was especially
beneficial at 4 °C, where the degradation kinetics revealed a signifi-
cantly higher ORFV stability for the supplementation with 1% rHSA, a
recombinant albumin, with and without 5% sucrose (Fig. 6B). However,
at temperatures of 37 °C, the degradation reaction rates were non-linear
and different mechanisms of degradation are present compared with
lower temperatures. On the contrary to rHSA, arginine at approximately
200 mM reduced the loss of infectious viruses at elevated temperatures,
e.g., 37 °C, however, not in a frozen state. Thus, for the storage of the
ORFV in liquid formulations at room temperature or higher tempera-
tures, a formulation with an arginine addition is recommended, whereas
for the storage at 4 °C or in a solid state, rHSA and sucrose should be
added as stabilizers. In a next step, ORFV lyophilization studies should
be conducted to take advantage of the presented results on cry-
opreservatives and possible reconstitution buffers for an ORFV vector
vaccine application. Additionally, data on long-term preservation of the
ORFV with the suggested formulations will be essential for pharma-
ceutical approval.
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S1: List of excipients for ORFYV infectivity stability studies

Table S1.1: List of excipients

Substance (Product name) Concentration Manufacturer
Arginine 0—-300mM Carl Roth
BSA 2% Carl Roth
CaClz 2150 mM Sigma Aldrich
Dextran 40 0.5% Sigma Aldrich
Galactose 25-10% Sigma Aldrich
Gelatine type A 0.5% Sigma Aldrich
Glucose 25-10% Carl Roth
Glutamine 50 mM Carl Roth
Glycine 50 mM Sigma Aldrich
Histidine 50 mM Carl Roth

KCl 0-200 mM Carl Roth
Lactose 10% Sigma Aldrich
Mannitol 0-10% VWR
Mcthionine 50 mM Sigma Aldrich
MegClz 0~ 150 mM Sigma Aldrich
MgSO4 0—200 mM Sigma Aldrich
NaCl 0 —200 mM VWR

NaNO; 0-200 mM Sigma Aldrich
NazS0a4 0-200 mM AppliChem
PBS pure Biochrom
ﬁzg;xamere 188 (Pluronic 0.05 % Gibeo

Proline 0—-150 mM Alla Acsar
rP]rIlzi-)R (Recombumin 0-2% Albumedis
rHSA-E (Exbumin) 0-2% InVitria
Sucrosc 0-20% Sigma Aldrich
Trehalose 0-20% AppliChem
TRIS 20 mM Carl Roth
Tryplophane 50 mM Sigma Aldrich
Tween 20 0.05 % Sigma Aldrich
Tween 80 0.05 % Carl Roth
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S2: Metrix of DOE-based evaluation of MgCl,, arginine, and proline

CHAPTER 2

The DOE was built with the Design Expert Software (DX11, Stat-Ease Ine.). The components are coded

as A arginine, B proline, and C MgCl,. The separate sampling times are generated with the same samples

from the same design set-up. They were planned by a central-composite response surface design and

were evaluated via the historical data option.

Table S2.1: Experiment design

File Version 12.0.12.0

Study Type Response Surface Subtype Split-plot
Design Type Historical Data Runs 120.00
Design Model Quadratic Blocks No Blocks
Groups 3.00 Build Time (ms) 1.0000

Table S2.2: ANOVA (REML) for historical data evaluation at 4 °C

Source Term df Errordf F-value p-value

Whole-plot 2 Not defined™

d-Time 1 Not defined®

d? 1 Not defined™"

Subplot 12 105.09  14.05 <0.0001 significant
A-Arginine 1 105.00 60.81 <0.0001 significant
B-Proline 105.00 15.30 0.0002 significant
C-MgCI2 105.00  25.90 < 0.0001 significant
AB 105.00 0.5257 0.4700

1

1

1

AC 1 105.00  2.89 0.0918
Ad 1 105.00 1.79  0.1840
BC 1 105.00 0.8596 0.3560
Bd 1 105.00 0.6481 0.4226
Cd 1 105.00 0.0882 0.7671
A? 1 105.36  48.09 <0.0001 significant
B? 1 105.18 0.1217 0.7279

c 1 105.34 0.0451 0.8322

Table S2.3: ANOVA (REML) for historical data evaluation at 37 °C

Source Term df Error df F-value p-value

Whole-plot 1 109.00 327.14 <0.0001 significant
d-Time 1 109.00 327.14 <0.0001
Subplot 9 109.00 2.86 0.0046 significant
A-Arginine 1 109.00 896 0.0034 significant
B-Proline 1 109.00 0.1491 0.7002
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C-MeCL2
AB
AC
Ad
BC
Bd
cd

109.00
109.00
109.00
109.00
109.00
109.00
109.00

8.72
0.0843
0.5947

1.04
0.1346
0.0730

2.18

0.0039 significant

0.7721
0.4423
0.3096
0.7144
0.7876
0.1425
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53: Metrix of DOE-based evaluation of sucrose, arginine, and rHSA

CHAPTER 2

The DOE was built with the Design Expert Software (DX11, Stat-Ease Ine.). The components are coded

as A arginine, BrHSA, and C sucrose. The separate sampling times are generated with the same samples

from the same design set-up but evaluated separately.

Table $3.1: Experiment design

File Version 12.0.12.0

Study Type Response Surface Subtype Randomized
Design Type [-optimal Coordinate Exchange Runs  23.00
Design Model  Quadratic Blocks No Blocks

Build Time (ms) 40.00

Table S3.2: ANOVA 2 d incubation at 4 °C

Source Sum of Squares df Mean Square F-value p-value

Model 6266.94 6 1044.49  9.43 <0.0001 significant
A-Arginine 276.49 1 27649 250 0.1231

B-rHSA 4564.00 1 4564.00  41.20 <0.0001 significant
C-Sucrose 290.70 1 290.70  2.62 0.1142

AB 119.61 1 119.61 1.08 03059

AC 332,57 1 332.57  3.00 0.0919 significant
BC 292,02 1 202,02 264 0.1134

Residual 3876.98 35 110.77

Lack of Fit 2300.58 21 109.55 0.9729 0.5352 not significant
Pure Error 1576.40 14 112.60

Cor Total 10143.91 41

Table $3.3: ANOVA 2 d incubation at 22 °C

Source Sum of Squares df Mean Square F-value p-value
Model 9658.99 9 1073.22  17.20 <0.0001 significant

A-Arginine 189.82 1 189.82  3.04 0.0907 significant
B-rHSA 5209.02 1 5209.02  83.48 <0.0001 significant
C-Sucrose 42,08 1 42.08 0.6743 04176

AB 6.15 1 6.15 0.0985 0.7556

AC 8583 1 85.83 1.38 0.2495

BC 90.35 1 90.35 1.45 0.2377

A2 501 1 5.01 0.0803 0.7787

B2 1623.27 1 1623.27  26.02 < 0.0001 significant
c: 6.62 1 6.62 0.1061 0.7467

Residual 1996.69 32 62.40
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Lack of Fit
Pure Error
Cor Total

1330.49 18
666.20 14

11655.69 41

73.92
47.59

Table $3.4: ANOVA 14 d incubation at 4 °C

Source
Model
A-Arginine
B-rHSA
C-Sucrose
AB
AC
BC
AZ
BZ
CZ
Residual
Lack of Fit
Pure Error
Cor Total

Table 83.5: ANOVA 14 d incubation at 22 °C

Source
Model
A-Arginine
B-rHSA
C-Sucrose
AB
AC
BC
AZ
B2
C2
Residual
Lack of Fit
Pure Error
Cor Total

7474.05 9
41.91 1
3944.13 1
308.91 1
1.05 1
0.0281 1
9921 1
31.60 1
991.40 1
10.99
1266.63 32
616.86 18
649.77 14
8740.68 41

546.49
4523.09
32.40
17.25
28.07
607.82
287.22
2395.56
126.44
2426.73 32
2190.73 18
236.00 14

1
1
1
1
1
1
1
1
1

14037.52 41

830.45
41.91
3944.13
308.91
1.05
0.0281
99.21
31.60
991.40
10.99
39.58
34.27
46.41

1290.09
546.49
4523.09
32.40
17.25
29.07
607.82
287.22
2395.56
126.44
75.84
121.71
16.86

Table 83.6: ANOVA 35 d incubation at 4 °C

Source
Model
A-Arginine

0.0060 9

4.831E-07 1

0.0007

4.831E-07

1.55 0.2038 not significant

Sum of Squares df Mean Square F-value p-value

20.98 < 0.0001 significant
1.06 03112
99.64 < 0.0001 significant
7.80  0.0087 significant
0.0265 0.8716
0.0007 0.9789
251 0.1232
0.7983 0.3783
25.05 < 0.0001 significant
0.2778 0.6018

0.7384 0.7311 not significant

Sum of Squares df Mean Square F-value p-value
11610.79 9

17.01 < 0.0001 significant
721 0.0114
59.64 < 0.0001 significant
0.4272 05180
0.2274  0.6367
0.3833 0.5402
8.02  0.0080 significant
3.79  0.0605
31.59 <0.0001 significant
1.67 0.2059

7.22  0.0003 significant

Sum of Squares df Mean Square F-value p-value

31.62 < 0.0001 significant
0.0230  0.8807
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B-rHSA 0.0024 1 0.0024 113.51 <0.0001 significant
C-Sucrose 0.0000 1 0.0000 0.8846 0.3553

AB 0.0002 1 0.0002 8.18 0.0081 significant
AC 0.0001 1 0.0001 2,76 0.1084

BC 0.0001 1 0.0001 276  0.1085

A2 3.972E-06 1 3.972E-06 0.1889 0.6673

B2 0.0015 1 0.0015  71.24 <0.0001 significant
C? 2.215E-06 1 2.215E-06 0.1053 0.7480

Residual 0.0006 27 0.0000

Lack of Fit 0.0004 16 0.0000 2.08 0.1106 not significant
Pure Error 0.0001 11 0.0000

Cor Total 0.0066 36

Table S3.7: ANOVA 35 d incubation at 22 °C

Source Sum of Squares df Mean Square F-value p-value
Model 1882.14 9 209.13  25.52 <0.0001 significant

A-Arginine 286.89 1 286.89 35.01 <0.0001 significant
B-rHSA 23425 1 234.25  28.59 <0.0001 significant
C-Sucrose 26.76 1 26.76 327 0.0819

AB 79.41 1 7941 9.69  0.0043 significant
AC 143.46 1 14346 17.51 0.0003 significant
BC 105.85 1 105.85 1292 0.0013 significant
A? 40.52 1 40.52 495 0.0347

B® 373.94 1 373.94  45.63 <0.0001 significant
C? 275 1 2.75 03354 0.5673

Residual 221.2527 8.19

Lack of Fit 162.42 16 10.15 1.90  0.1421 not significant
Pure Error 58.83 11 5.35

Cor Total 2103.39 36

Table S3.8: ANOVA 35 d incubation at -2(0 °C

Source Sum of Squares df Mean Square F-value p-value

Model 424 9 04715  18.90 <0.0001 significant
A-Arginine 0.0044 1 0.0044 0.1751 0.6783

B-rHSA 02861 1 0.2861 11.47 0.0018 significant
C-Sucrose 1.24 1 1.24  49.79 <0.0001 significant
AB 0.1046 1 0.1046  4.19 0.0486

AC 02633 1 0.2633  10.56 0.0027 significant
BC 0.0781 1 0.0781 3.13  0.0861

A? 0.0133 1 0.0133 0.5315 04711

B? 0.5076 1 0.5076  20.35 <0.0001 significant
c: 0.5035 1 0.5035  20.19<0.0001 significant
Residual 0.8230 33 0.0249
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Lack of Fit 0.3388 18 0.0188 0.5832 0.8625 not significant
Pure Error 0.4842 15 0.0323
Cor Total 5.07 42
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CHAPTER 2

S4: Tukey test results for rHSA-E, sucrose and MgCl:

Table S4.1: Tukey test results of Orf virus infectivity recovery in presence of arginine. Three-way
ANOVA with Tukey test was performed (o = 0.05). All factors, sample type, temperature, and time,
were significant as well as their respective interactions. The same letter indicates no significant
difference between the individual combinations. Part of the results are visualized in section Fehler!

Verweisquelle konnte nicht gefunden werden..
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CHAPTER 3

CHAPTER 3:  Applying the steric exclusion chromatography for
Orf virus downstream processing

To transfer biopharmaceutical production processes from lab to production scale, possible limi-
tations need to be identified. Acquiring the knowledge of degrading conditions for the ORFV was
the first step in the process (Chapter 2). Next, the implemented purification methods must be
characterized. In previous studies the SXC was identified as suitable chromatographic purification
step as part of a purification train to process the ORFV from cell culture broth to formulation.
High yields of infectious virus with impurity removal sufficient to conform with regulatory limi-
tations were reported for this set-up [127]. However, the yields of the SXC varied depending on
the feed material [127,128], indicating unidentified variables, which need to be addressed for
scale-up procedures.

In this chapter, the identification of critical process parameters for the processing of the ORFV
using the SXC is presented. In part A, a model system with nanometer-sized latex particles,
which corresponds to the ORFV in size and charge, was tested. However, a comparison with the
virus itself revealed the need for further adaptation of a model process. Nevertheless, the nano-
particles were used to improve the understanding of target precipitation throughout the SXC.
These studies were extended to the ORFV in part B. Here, the virus was processed in the SXC
by changing the PEG concentration, the incubation time before column loading, the composition
of the added salts and their ionic strength, the elution conditions as well as the membrane pore
size. All aforementioned parameters were identified as critical, while the salt composition and
concentration were the most complex variables. The latter might even offer the option to reduce
the PEG concentration while maintaining high yields. This option could help to counteract pres-
sure problems throughout processing.

In conclusion, the characterization of the SXC with a model is a valuable tool for understanding
the methods working principle and limitations more deeply. However, such a system needs indi-
vidual optimization to represent the target of interest. Concerning the ORFV, unexplored critical
process parameters were characterized, which equip the reader with a deeper understanding of
the SXCs limitation due to excess precipitation and filtration effects. These parameters should
be addressed throughout scale-up or adaption to other genotypes.
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CHAPTER 3

Part A: Evaluation of a model system for the steric exclusion chroma-
tography

Eilts, F.; Steger, M.; Lothert, K.; Wolff, M. W. (2022). The suitability of latex particles to
evaluate critical process parameters in steric exclusion chromatography. Membranes 12 (5), 488.
doi: 10.3390/membranes12050488
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Abstract: The steric exclusion chromatography (SXC) is a rather new method for the purification
of large biomolecules and biological nanoparticles based on the principles of precipitation. The
mutual steric exclusion of a nonionic organic polymer, i.e., polyethylene glycol (PEG), induces
target precipitation and leads to their retention on the chromatographic stationary phase. In this
work, we investigated the application of latex particles in the SXC by altering the particle’s surface
charge as well as the PEG concentration and correlated both with their aggregation behavior. The
parameters of interest were offline precipitation kinetics, the product recovery and yield, and the
chromatographic column blockage. Sulfated and hydroxylated polystyrene particles were first
characterized concerning their aggregation behavior and charge in the presence of PEG and different
pH conditions. Subsequently, the SXC performance was evaluated based on the preliminary tests.
The studies showed (1) that the SXC process with latex particles was limited by aggregation and
pore blockage, while (2) not the aggregate size itself, but rather the aggregation kinetics dominated
the recoveries, and (3) functionalized polystyrene particles were only suitable to a limited extent to
represent biological nanoparticles of comparable size and charge.

Keywords: aggregation; crowding out; downstream processing; pH; polyethylene glycol; SXC;
precipitation

1. Introduction

The steric exclusion chromatography (5XC), as an upcoming purification technique
for biological macromolecules and viruses, was first introduced by the work of Lee et al. [1]
in 2012. The authors described the method to be based on the molecule capture at a
hydrophilic surface without direct chemical interactions, but induced by mutual steric ex-
clusion. The working principle of the SXC is closely related to precipitation, and extensively
described elsewhere [1,2]. Here, only a summary of the core concepts relevant for this work
is presented, and their impact on the SXC operation. This is visualized schematically in
Figure 1. First, the SXC is often operated with polyethylene glycol (PEG), which serves as
the driving force for strong mutual steric exclusion of chemically non-reactive solutes from
one another [3,4]. This process leads to a deficient zone around given solute molecules, e.g.,
virus particles. Here, the concentration of the crowding solutes, in this case PEG, is lower
than in the bulk solution [5,6]. The deficiency is caused by two phenomena [2]: On the one
hand, the deficient zone is incompletely filled by the PEG spheres due to the fact that two
solid objects cannot exist in the same place at the same time. On the other hand, the water
molecules, which are smaller in size than the PEG, occupy the free space by preferential
inclusion, consequently, leading to a lower PEG concentration in the PEG-deficient zone.
The presence of the PEG-deficient (around virus particles and the stationary chromato-
graphic phase) and PEG-concentrated (bulk solution) zones causes an unfavorable increase
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in free energy (Figure 1A, Load). Hence, the system strives for a thermodynamic stability,
realized by depletion effects [7], which are defined by the solubility of the solutes [8].
This implies that solvent (water molecules) from the PEG-deficient zones is released by
the association of the virus particles and their accretion at a surface, e.g., the stationary
phase. Hence, the target viruses arrange themselves on the chromatographic material,
while contaminants may be washed out (Figure 1A, Wash). To reverse the binding, the PEG
content is reduced, or omitted, and the virus particles are eluted in a concentrated, purified
state (Figure 1A, Elute).

@ <
Particles PEG + PEG-deficient Contaminants
hydrodynamic  zone e.q. cell debris, protein, dsDNA
radius
A
Elute
(+ salt)
e =
o 9 N ..
o0~ 90O
- Eluate

Steric exclusion chromatography

. lowe PEG high l
concentration
low PEG . high
molecular weight
lowe Particle high
concentration
high Particle low
charge
yes Surfactant no

Figure 1. Theory of working principle and influencing factors of the steric exclusion chromatography
(SXC). The SXC is a chromatographic method based on the core-concepts of polyethylene glycol (PEG)
precipitation: (A) represents the steps of the method’s application as a chromatographic purification
technique. (B) depicts a selection of parameters influencing the target aggregation and accretion
behavior, which were found to be critical for the SXC. Created with bioRender.com.

The selective interaction of virus particles depends on several factors related to their
characteristics and the solution composition. The two most important ones for this work
are (1) the size and concentration of the solutes, which determine the extent of the mutual
steric exclusion. Thus, the smaller and the lower concentrated the virus particles are, the
higher concentrated and the higher the molecular weight of the PEG must be, and vice
versa [4,5,9]. (2) Accordingly, the chemical surface characteristics of the virus particles
determine repulsive and attractive forces and can therefore prevent accretion [6,10,11]. This
effect may be augmented by changes in pH, temperature, and salt composition, all having
a direct impact on the electrostatic behavior and selubility [1,2,12].

For the operation of the SXC, considerations of practical relevance include the use of a
liquid chromatographic (LC) system. As explained, the SXC is based on precipitation of the
targets with retention at the stationary phase. Thus, the process is also limited by the target
association itself, which can cause pore blockage of the adsorbent, if either the capacity of
the column is reached, or bigger precipitates are formed throughout loading. Therefore,
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pressure limits are of utmost importance for the stationary phase as well as for the LC
system. In the past, convective media, such as monoliths [1,2,13,14] and membranes [15-19],
were applied to counteract diffusion limitations and clogging caused by the virus particles’
large size. As a secondary effect, the high viscosity of the PEG solutions was easier to
handle with these stationary phases. Last, in-line mixing, representing the blending in
the mixer and tubes of the LC immediately before loading onto the stationary phase, was
proposed to reduce a possible pressure increase [1,18], but several authors worked on a
laboratory scale with off-line mixing without describing such limitations [10,15-18].

As concluded from these concepts, the role of charge-induced and pre-column ag-
gregation has not yet been discussed. We aimed to tackle this question with an artificial
particle system. Certainly, the latter remains to be validated with corresponding biologi-
cal nanoparticles, e.g., viruses; nevertheless, the advantages concerning the continuity of
the system prevailed. More precisely, viruses are heterogeneous particles with batch-to-
batch variances. Additionally, virus inactivation may impede quantification. Therefore,
in this work, polystyrene calibration particles (CP) were selected, as they are stable in
harsh environmental conditions, i.e., degradation was unexpected, and recovery losses
may be attributed to retention on the stationary phase. Furthermore, CP of varying sizes
are easily available with different functionalization and have previously been used for
chromatographic modeling [20,21]. This article reports first results from the experimental
evaluation of the suitability of latex particles to identify critical process parameters of SXC
applications, and the role of target aggregation in the process.

2. Materials and Methods

All chemicals were purchased from Carl Roth (Karlsruhe, Germany) if not indi-
cated otherwise.

2.1. Polystyrene Calibration Particles Characterization

CP particles with 190 nm mean diameter, were purchased with two types of surface
functionalization, either sulfate-or hydroxyl-groups, CPS and CPH, respectively (Polybead,
Polysciences Europe, Hirschberg a. d. Bergstrasse, Germany). Size distribution and charge
measurements were performed with a Zetasizer Nano Z590 and the corresponding Ze-
tasizer software (version 7.13) (both Malvern Panalytical, Malvern, UK) according to
Lothert et al. [16] with the deviation of the pre-set “polystyrene latex”. CP with a final
concentration of 10'? particles mL~' were prepared in 0.1 M citrate phosphate buffer (CPB),
the conductivity (15 mS em™") adjusted with NaCl. Depending on the experiment, the
CPB was of varying pH (3.0-7.4), PEGggno concentration (0-10% (z/7)), 8000 Da molecular
weight, and polysorbate 20 (Tween 20) addition (0% or 0.03%). Every sample preparation
was carried out directly before analysis, including 2 min ultrasonication and 30 s mixing by
vortex. Kinetics were recorded automatically with a measurement every 5 min.

2.2. Steric Exclusion Chromatography

All SXC experiments were conducted on an Akta Pure 25 (Cytiva, Marlborough,
MA, USA) with online UV (260 nm), pre-column pressure, and dynamic light scattering
(DLS) (Nano DLS Particle Size Analyzer, Brookhaven Instruments, Holtsville, NY, USA)
monitoring, controlled via the Unicorn 7.1 software (Cytiva, Marlborough, MA, USA). The
execution of the SXC runs was adapted from Lothert et al. [17] with minor adjustments. In
short, the single-use adsorbent was a stack of ten layers of regenerated cellulose membranes
(Whatman, Maidstone, UK), 13 mm in diameter and 1 pym nominal pore size, inserted into a
stainless-steel filter holder (Pall Life Sciences, Port Washington, NY, USA). Before assembly,
the membranes were left for swelling in PBS overnight. The volume of the stationary phase
was (0.1 mL. However, the effective column volume was 1.2 mL, including connectors and
fittings. The prepared membranes were equilibrated with 10 mL CPB of the desired pH
and PEGgngp concentration. For the batch loading (10 mL), the CP were diluted in the
respective equilibration buffer aiming for a concentration of 10'? particles mL~", filled
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into a 10 mL superloop, and loaded onto the column. Afterwards, no washing step was
performed as no contaminants were present, but the CP were eluted with 20 mL CPB,
always at pH 7.4, without PEGggno, but supplemented with 0.03% polysorbate 20. The flow
rate for all steps was set to 0.5 mL min—'. The quantification of the CP was performed
indirectly via measurement of the optical density at 260 nm. The relative recoveries were
determined based on the concentration of the initial load sample. All experiments were
carried out in triplicates.

3. Results
3.1. Polystyrene Particle Characterization

For comparative reasons, the CI’ were chosen to be spherical and of an average size
(190 nm) of viruses, which were successfully purified by the SXC in previous studies [15,17,19].
In order to characterize the CP aggregation behavior, the pH-and PEGgyy-dependent size
and charge distributions were assessed. Their concentration was chosen according to
previous size and charge measurements, indicating a concentration-independent plateau
for 10°-10 particles mL~! (data not shown). Firstly, CPH and CPS samples were titrated
to pH 3.0-7 .4 without the addition of PEGggpg (Figure 2A,B). Concerning the pH-dependent
size (Figure 2A), CPS revealed constant values of 231 £ 3 nm, also in the presence of
polysorbate 20 (0.03%). Likewise, the obtained size of CPH behaved independently of the
pH. However, the mean value of 721 4+ 105 nm without polysorbate 20 addition, and 300 nm
in its presence (0.03%), was larger than the diameter stated by the manufacturer in PBS at
pH 7.4 (190 nm) as well as the diameter of the CPS. It should be noted that the diameters
for CPS and CPH in a second phosphate buffer, PBS, with and without polysorbate 20,
was around 200 nm (data not shown). Next, the CP charge varied in a pH-dependent
manner (Figure 2B). The zeta potential of CPS and CPH similarly increased with reduced
pH values, but CPH revealed higher zeta potentials. CPS samples exhibited the lowest
charge (—34 mV) at pH 7.4, and the highest (—13 mV) at pH 3.0. For CPH, —19 mV was
measured at pH 7.4, and —6 mV at pH 3.0. Additionally, only negative charges were
obtained for the tested pH range. Hence, no isoelectric point (pI) could be determined. Last,
polysorbate 20 increased the zeta potential at pH 3.0 and pH 7.4 to —3—-—7 mV, respectively.

pH value [-]
A B 3 4 5 6 7.4
2000 0 |/ 7
i VK
= .
1500 E -10+4 =
‘o 1000 © ~20
N =3
n a
@©
500 2 -30 4
N
0 -40
pH value [-]
C
CPH
6000JJ ﬁ;r
1h
P an’

Size [nm
o
B
2
e = -

S T

/‘i_')
~
s PEGagso [-1 ~ \3\«;/7 4 or watue Y

Figure 2. Cont.

89



Membranes 2022, 12, 488

CHAPTER 3

5ol 12

E F
CPH —— CPS
v 2%PEGPHI — | v 2%PEGPH3 — |
2% PEGpH 7.4 2% PEG pH 7.4
80004 ® 8%PEGpPH3 8000 ® 8%PEGpPH3
8% PEG pH 7.4 . 8% PEGpH 7.4
—_ . e D R? [Slope
E 6000 0530 0924 E 6000
E, . £
B -® b 3
& 4000 . 0.930| 1104 g5 4000 R® |Slope
0.983| 1477
0.971| 0918
2000 e 0.918 0519 2000 e e 0976 0.740
W__,,,-——— B BN () 075 (438
L 0.978 0.506
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 156 2.0
Time [h] Time [h]

Figure 2. Polystyrene particle characterization. The functionalized polystyrene particles, sulfated
(CPS) and hydroxylated (CPH), were characterized prior to the chromatographic experiments.
(A,B) show the size distribution and clectrophoretic mobility, expressed as zeta potential, of CPH
(green, striped) and CPS (blue) at varying pH (and 0% PEGgpop). Additionally, the particles were sup-
plemented with 0.03% polysorbate 20 (Tween 20) (black triangle and circle, respectively). Visualized
are the measurements directly after the sample preparatien at ¢ = 0 min. The data shows the mean of
n =3 and standard deviations as error bars. (C-F) present the size distribution kinetics of the pH- and
PEGgqgo-dependent particle aggregation behavior analyzed over a period of 2 h. The data shows the
means of 11 = 2. (EF) depict linear fits for the presented kinetics, including all generated data points,
with the respective R? and slopes. The lines represent the fits, while the hatched areas indicate the
95% confidence intervals. Data in (E,F) partly overlaps with the data shown in (C,D), but is included
to facilitate the overview.

Secondly, aggregation kinetics were performed to clarify possible interactions of the
two parameters, pH and PEGggyg concentration. Four selected pH/PEG combinations
were chosen, to match conditions applied for similar-sized viruses [15,17], and to represent
extremes for more pronounced results. The obtained kinetics showed positive linear
trends with mostly steeper slopes () for bigger initial precipitate sizes (Figure 2E,F). The
only exceptions were CPS with the conditions 8% PEGgpg at pH 7.4, and CPH with 2%
PEGgu at pH 7.4. The R? for the fits were above 0.91 for all data sets, apart from the
recording of CPH with 8% PEGgnng, pH 3.0 (0.53), which also had a reduced a-value for the
slope. In comparison, all tested conditions indicated bigger sizes for CPH than for CPS at
t = 0 min as well as after 2 h of incubation time, except for pH 3.0 with 2% PEGgpyg. The
latter showed similar end values of roughly 2000 nm. The biggest sizes were reached at
pH 3.0 (8% PEGguoo), 3000 nm (CPS) and 6000 nm (CPH). In detail, the aggregation kinetics
of CPPH were controlled by the PEGgypg concentration. At 2%, similar size distributions were
measured for both pH values, but the slope was steeper for pH 3.0 (2 = 0.918) as compared
to pH 7.4 (a = 0.519) (Figure 2E). An increase to 8% PEGgg led to significantly elevated
mean sizes of 4000 nm and 6000 nm after 2 h for pH 7.4 and pH 3.0, respectively, but with
comparable slopes of the fits of 1.104 and 0.924 (Figure 2C,E). Next, the size measurements
of CPS revealed a pH-dominant distribution (Figure 2D,F). After the full incubation time,
1000 nm were measured for pH 7.4 with 2% PEGggo, followed by similar trends for pH 7.4
combined with 8% and pH 3.0 with 2% PEGgyn (1500 nm). Concerning the latter two
combinations, the slope was flatter for pH 7.4 (a2 = 0.438) compared to pH 3.0 (2 = 0.740).

3.2. Steric Exclusion Chromatography with Polystyrene Particles

To evaluate the role of CP aggregation for the SXC, the parameters were chosen to
correspond to the particle aggregation kinetics (Figure 2C—F). First focusing on the CPH,
processing by SXC revealed 15% or less recovery of particles in the two fractions, flow-
through and elution combined, for all combinations tested (Figure 3A). More specifically,
only for the loading conditions pH 7.4 with 2% PEGggny, CPH were recovered in the
elution fraction with approximately 8% of the total load. Concerning the flow-through,
both applications of pH 7.4 resulted in the detection of 7%, and the pH 3.0 runs in 2%

90



Membranes 2022, 12, 488

CHAPTER 3

6of12

CPH

pH 7.4

pH 3.0

of the initial particle load. These observations were supported by the chromatograms
(Figure 4A-D). No changes in the UV signal were recorded over the full process length,
except for pH 7.4 with 2% PEGggy (400 mAU in the elution peak) (Figure 4A).
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Figure 3. Recoveries of steric exclusion chromatography (SXC) runs. (A) represents the particle recov-
eries of SXC runs with the hydroxylated particles (CPH), chrematograms visualized in Figure 4A-D,
while (B) accounts for sulfated beads (CPS) from Figure 4E-H. The recoveries of the different fractions

were normalized to the respective initial load sample, accounting for volumetric ratios. Hence,

the cumulative load is 100%, while elution (black), flow-through {green), and losses (not depicted)

sum-up to this number. The CP concentration was indirectly determined by optical density at 260 nm.

The bars represent means of triplicate runs and their respective standard deviations.

Load/
A Flow-through

2 % PEG

Elution

800

CPHpH 7.4 +2 % PEG
i
£
€
2 400
&
=
2
2
@
=
=
0
0 10 20 30
Volume [mL]
800
CPH pH 3.0 + 2 % PEG
z
E
E
c
2 400
&
Kl
€
=
@
3 L
. Mﬂ
0 10 20 30
Volume [mL]

Figure 4. Conf.

91

o8

o
n
Pressure [MPa]

0.0

08

04

Pressure [MPa]

0.0

B

800

400

UV signal 260 nm [mAU]

v}

800

400

UV signal 260 nm [mAU]

Load/
Flow-through

8 % PEG

Elution

08

20
- Pressure

CPHpH 7.4 + 8 % PEG

Volume [mL]

0.8

CPHpH 3.0 + & % PEG|

04

0.0
20 30

Volume [mL]

Pressure [MPa]

Pressure [MPa]



Membranes 2022, 12, 488

CHAPTER 3

7o0l12

CPS

pH 7.4

pH 3.0

Load/ i Load/ ;
E  Flow-through Elution F  Flow-through Elution
800 - - 08 800 0.8
CPSpH 7.4 2% PEG CPSpH74 +8%PEG
=) =)
€ 5 £ 5
£ = 5 =
@ 400 042 @ 4004 042
o~ 2 o 3
7 203 2
g @ 3 8
= a 2 o
s 3
= =
=1 2
ol 4 mloo o4 A == 0.0
0 10 20 30 0 10 20 30
WVolume [mL] Volume [mL]
G H
800 0.8 800 0.8
CPS pH 3.0 + 2 % PEG CPS pH 3.0 + 8 % PEG
=) =)
_3 = é =
3 < £ 5
c = c =
2 400 04 @ 3 400 042
& 5 & '. 5
2 g 2 H 8
o @ o B I
@ i
= > k
=2 2
0- 0.0 0 0.0
0 10 20 30 0 10 20 30

Volume [mL] Volume [mL]

Figure 4. Chromatograms of steric exclusion chromatography (SXC) application. Hydroxylated
(CPH) and sulfated (CPS) polystyrene particles were processed via SXC. For each experiment, 10 mL
of the pre-mixed suspension were loaded onto the column. Elution (20 mL) was performed at neutral
pH 7.4 (0% PEGgggg and 0.03% polysorbate 20). The UV signal at 260 nm (black) and the pre-column
pressure (blue) were recorded online. The solid lines represent the means of t n = 3 runs, whereas
the hatched areas indicate the standard deviations. The load of the experiments with CPH (A-D)
was modified with 2% (A,C) or 8% (B,D) PEGgyy. Additionally, the pH was varied between 7.4 (A,B)
and 3.0 (C,D). Like the CPH experiments, CPS (E-H) loads contained 2% (E,G) or 8% (F,H) PEGgogn
and the pH was varied between 7.4 (E,F) and 3.0 (G,H).

A similar behavior was obtained for the CPS applications at pH 3.0, where the lower
PEGgngp concentration (2%) led to a small CTS yield in the elution fraction (11%), while
8% PEGggpp inhibited the particle passage in flow-through and elution. The application
of pH 7.4 revealed approximately 90% and 60% of total recovery for 2% and 8% PEGgugo,
respectively. Here, the lower PEGgqyy concentration of 2% resulted in a yield of 21% CPS in
the elution fraction, and the higher concentration showed 8% yield (Figure 3B). Again, the
results were supported by the UV signals (Figure 4E-H), indicating elution peaks, 100 (G),
700 (F), and 800 mAU (E) corresponding to increasing yields and recoveries. Additionally,
the presence of CPS in the flow-through fractions (51% and 71%) at pH 7.4 were suggested
by break-through UV signals of 150-200 mAU (Figure 4E,F).

Lastly, the pre-column pressure was monitored online to examine putative particle
adhesion to the chromatographic membranes and pore blockage of the same. The pressure
was increased for all runs throughout the loading process (Figure 4). Here, the initial
pressure and the pressure increase were higher for elevated PEGgpgy concentrations as well
as for reduced pH values. Furthermore, CPH runs revealed higher final pressures than
CPS ones.

4, Discussion

This study aimed to investigate whether functionalized CP, CPS and CPH, are a poten-
tial option to analyze critical process parameters of the SXC. Additionally, correlations of
their pH- and PEG-dependent precipitation behavior and the SXC yields and recoveries
were intended to elucidate pore blockage events and retention patterns. Therefore, the par-
ticles were characterized, and the precipitation kinetics recorded. The applied parameters
were used in the SXC process afterwards.
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4.1. Particle Characterization

Firstly, the pH-dependent size measurements showed constant values for CPS (230 nm)
and CPH (720 nm) in CPB. The addition of polysorbate 20 revealed mean values of 300 nm
for CPH. Presumably, the addition of polysorbate 20 helped to reduce spontaneous ag-
gregation of CPH in the presence of CPB. Interestingly, the values in PBS for CPS were
around 200 nm, comparable to the manufacturer specifications (190 nm) (Figure 2A). All
measurements were done using a dynamic light scattering system. Thus, we attributed the
deviations, to differences in the hydration shell in the presence of CPB and polysorbate 20,
which influenced the Brownian motion, i.e., the recorded parameter in DLS measurements.
Kinetic studies with different buffers and 0% PEG could clarify this observation. However,
we decided to use CPB as buffering substance nevertheless, although PBS seemed to in-
crease particle stability on solution. The main reason for this decision was that PBS has no
buffering capacity over the full range of the conducted experiments, whereas CPB covers
pH 2.5-7.5. Secondly, no pl was observed for CPH or CPS (Figure 2A,B) in the pH range
3.0-7.4. According to the functional groups, the pl was expected at pH 1-2 for particles
functionalized with sulfate groups [22] and pH 6-7 for hydroxy groups [23]. However, here,
a decreasing pH, accompanied by a zeta potential increase, showed a comparable function
for both, CPH and CPS. Accordingly, the exhibited charge could be attributed to the core
latex material, which contained sulfate groups from manufacturing (communication with
Polysciences Europe, Hirschberg a. d. Bergstrasse, Germany). Furthermore, the association
of anions to the spheres themselves should contribute to the observed negative zeta poten-
tial values in the range down to pH 3. Anions have been reported to adsorb to hydrophobic
surfaces and to deprotonate counterions, like carboxyl groups [24]. Thus, measurements
of the zeta potential might not reflect the neutral state of a surface that is in interaction
with an anion-containing solution. Nevertheless, the additional sulfate functionalization
of the CPS led to an increased electrostatic repulsion compared to the CPH, indicated by
the lower sizes and zeta potential values. The lower zeta potential of CPS than CPH in the
presence of 0.03% polysorbate 20 supports this assumption. The exhibited surface charge
of CP’S was putatively less effectively shielded than that of CPH. We also assume that these
differences in the electrostatic repulsion were the main influencing factor in the aggregation
kinetics (Figure 2C-F). While the aggregation of CPH was enhanced by the addition of
PEGggqo, the CPS samples indicated the need for a reduction of the repulsion (by lowering
the pH) to enable aggregation. This could be further investigated by the addition of high
concentrated salts, which largely eliminates electrostatic interactions. Additionally, the
use of different-sized CP and PEG could help to understand the role of their solubility in
the system.

Last, the low value of the R? for the fit of CPH with 8% PEGgoo at pH 3.0 (0.53)
was presumably caused by sedimenting aggregates, due to the lack of agitation. This
phenomenon was observed for the latex particles as well as different viruses, but not
quantitatively recorded. Additionally, we assume that the non-spherical form of the
aggregates caused deviating results, depending on the measured orientation, and this
was more pronounced for the bigger sizes. The application of DLS for the recording of
aggregation kinetics has its limitations, especially in a static particulate system, where
sedimentation can alter the results. However, we expected to derive indications concerning
the influence of pH and PEGgggp concentration from the kinetics, rather than the knowledge
of the finite size. This point should be especially stressed as the SXC operation introduces
shear forces, which might break-up aggregates [25] and cannot be reflected by the kinetics
presented in this work.

4.2. Steric Exclusion Chromatography

Next, the four different conditions of PEG/pH-combinations, which were used for
the aggregation kinetics, were now applied in the SXC. Both particle types revealed very
low yields in the elution fractions of <21% for CPS and <{7% for CPH, either due to low
total recoveries, or due to a breakthrough during loading (Figure 3). None of the tested
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conditions were appropriate to cause particle retention throughout loading and allow for a
full elution at the same time. These results were contradictory to previous applications of
the SXC with 8% PEGgyy (pH 7.4) for a similar-sized virus, the Orf virus, which revealed
>90% yield [17]. A similar zeta potential of 15 mV with the same PEGgggy concentration
showed virtually no recovery of the CP. Thus, we assumed the recovery losses were caused
by dense particle aggregates, which remained on the stationary phase and induced filtration
effects. This aspect will be discussed later in more detail. Additionally, an incubation of
the loaded column, with salt- or surfactant-containing buffer throughout the elution [15],
could improve the elution conditions and would help to understand the incomplete mass
balances. Another explanation for the low recoveries could be (un-)specific binding to the
membranes. However, we excluded this hypothesis at least for the CPS at neutral process
conditions, as substantial amounts of the beads were obtained in the flow-through fractions.

The occurrence of CPS in the flow-through fraction was diminished by increased
PEGgpn concentrations and reduced pH values. For these conditions, the slope of the
pressure increase was considerably steeper than reported for biological naneparticles using
the SXC [1,10,16,17]. We propose two reasons for this behavior: (1) the approximated
two-dimensional surface charge distribution of the hard latex spheres is less complex than
the three-dimensional characteristics of so-called soft particles, e.g., viruses [26-30], which
additionally have an amphoteric character. Furthermore, the distribution of the functional
groups is assumed to be more homogenous on chemically defined hard particles. These
characteristics cause more compact aggregates with reduced permeability [11]. Further in-
vestigations might focus on the addition of salts to investigate the reduction of electrostatic
attraction [1], and the impact of the functionalization on the precipitation. (2) The high
concentration and purity of the latex suspensions led to increased crowding-out effects as
no other solutes interfered with the osmotic force induced by the PEGgqyg [1]. Lowering
the particle concentration (Figure 1B) was no option, as unstable size and charge measure-
ments were obtained in the pre-experiments. Therefore, reduced PEG concentrations might
improve a comparison of the latex particle system with the biological counterparts. We
would further like to point out that latex particles are presumably more hydrophobic [31]
than viruses [32]. This characteristic should lead to reduced SXC efficiencies. On the one
hand, the binding to the hydrophilic cellulose membranes is expected to be reduced, and
on the other hand, PEG is less effectively excluded from hydrophobic surfaces, having a
slightly hydrophobic character itself [1].

It should be mentioned that, although the exact values, i.e., the charge of similar-
sized particles, may not be appropriate to compare the SXC applications, general core
concepts could be extracted, e.g., the pre-column pressure behavior throughout loading.
The initial pressure was dominated by the PEGggno concentration, drastically increasing
for loading conditions with reduced pH values. As mentioned, we attributed this to the
formation of big aggregates causing pore blockage. As a secondary effect, increased PEGggpg
concentrations cause higher viscosities, reinforcing the behavior. For the purification of
a hepatitis C virus by SXC, a similar trend was reported [10]. Here, the approximation
of the pH to the pl caused increased yields and higher pre-column pressures throughout
loading, i.e., the reduced repulsion caused stronger accretion. However, the limitations
of this concept, and the impact of the aggregate size and aggregation kinetics on the SXC,
have not yet been evaluated. Presumably, the identification of an operation window allows
for a stable SXC operation without pore blockage events. Thus, the optimization of the SXC
operation itself is more complex than traditional PEG precipitation, as concerns of elevated
precipitation are not existent for the latter. Thus, optima for a sufficient target association
without instant pore blockage should be investigated.

For the time-interval of loading (20 min}, only the aggregate sizes equaling the pore
diameter of the stationary phase (1 um) (Figure 2E,F) revealed recoveries in the elution
fraction (Figure 3). Presumably, stationary phases with bigger pore sizes might help to
overcome the observed limitations. Future experiments with different pore structures will
give valuable insights into the correlation between target precipitation, target retention,
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and pore blockage. However, it should be noted again, that the aggregation kinetics in this
study were of a static character. Thus, they were not representative for the true precipitate
size that was loaded onto the stationary phase, but rather an indication of the aggregation
behavior. For predicting the particle retention, these statically measured aggregate sizes did
not correlate with the recovery in the flow-through fraction. This was especially visible for
the CPS (Figures 2F and 4B). In more detail, the aggregate size and therefore the retention,
due to filtration effects, can explain the higher total recoveries of CPS for 2% PEGgon
compared to 8% at pH 7.4, but not the zero breakthrough for 2% PEGgpng at pH 3.0. In this
case, the steeper slope of the aggregation kinetics of the latter might explain the increased
retention. The steepness represents the likelihood of bead association and retention. For
all observed cases, the particle breakthrough was reduced with an increasing slope of the
kinetics. However, the effects were not transferable between the two different latex particle
types by sheer number.

We further concluded that the leveling pre-column pressure, following particle break-
through of the CPS during loading at pH 7.4 (Figure 4E,F), was caused by repulsion,
impeding a stable adherence to layers of particles inside the chromatographic membrane.
More precisely, the CPS accreted to the hydrophilic stationary phase throughout loading
due to crowding-out effects. At a certain point, the membrane pores were covered with
CPS, which exhibited a high charge repulsion at this pH (—34 mV). This prevented further
layering. A similar effect was observed for the phage M13K07 [1], a linear, uniformly
negative-charged nanoparticle. Thus, the charge distribution on the latex particle surface
could be the cause of this behavior. As already suggested, the addition of high salt concen-
trations would help to differentiate between the effects of the electrostatic interaction and
the solubility of the beads throughout this process.

In summary, next to the already stated open questions, a study of PEG concentrations
and pH values between the tested ranges would result in a further understanding of the
retention mechanisms throughout the SXC process with CP. Nevertheless, we propose a
general suitability of CPS for SXC description in the context of the tested conditions, as both
extrema of full retention and complete breakthrough were observed for the CPS. Concerning
an imitation of virus processing by SXC, we assume that further experiments with protein-
functionalized CP in a wide pH and salt concentration range would be required. Such a
study could be augmented by the inclusion of varying column-loading concepts. In our
study, bulk loading was performed, but continuous in-line mixing could reduce variations
of the holding time in the superloop, and improve column characterization.

5. Conclusions

In the present study, the suitability of polystyrene particles, CPH and CPS, to determine
critical process parameters for the SXC process, was investigated. We assume that the
recoveries and yields were controlled by the attractive and repulsive forces of the particles,
determining their aggregation kinetics, i.e., size distribution and slope. However, the role
of solubility, in contrast to electrostatic interaction, was not investigated. More precisely,
the aggregate size served as an indicator for the total recovery in most cases, which was
reduced with increasing size. Additionally, for similar sizes, an increase of the kinetics’
slopes also indicated reduced total recoveries. Especially for CPS, the slope as well as the
mean aggregate size predicted relative total recoveries and yields. Overall, the highest
yields were achieved for the lowest slope values for both particle types. This observation
served as a general concept, but the exact numbers were not transferable between the CP.
In conclusion, the determination of aggregation kinetics were helpful for understanding
losses throughout the SXC process, describing relative yields and recoveries. We propose
this first description of the SXC by the target aggregation behavior as helpful for future
investigations of the fundamentals of this method.
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Abstract: Steric exclusion chromatography (SXC) is a promising purification method for biological
macromolecules such as the Orf virus (ORFV) vector. The method’s principle is closely related
to conventional polyethylene glycol (PEG) precipitation, repeatedly implementing membranes as
porous chromatographic media. In the past decade, several purification tasks with SXC showed
exceptionally high yields and a high impurity removal. However, the effect of varying process
parameters, on the precipitation success and its limitations to SXC, is not yet well understood. For
this reason, the precipitation behavior and SXC adaptation for ORFV were investigated for the
PEG/ORFV contact time, the membranes pore size, and the type and concentration of ions. All three
parameters influenced the ORFV recoveries significantly. A small pore size and a long contact time
induced filtration effects and inhibited a full virus recovery. The application of salts had complex
concentration-dependent effects on precipitation and SXC yields, and ranged from a complete
prevention of precipitation in the presence of kosmotropic substances to increased efficiencies with
Mg?* ions. The latter finding might be useful to reduce PEG concentrations while maintaining high
yields. With this knowledge, we hope to clarify several limitations of SXC operations and improve
the tool-set for a successful process adaptation.

Keywords: hofmeister series; membrane chromatography; polyethylene glycol precipitation; pore
size; regenerated cellulose; steric exclusion

1. Introduction

The application of biological nanoparticles, such as viruses, is increasingly in the
focus of the biopharmaceutical industry. Compared to proteins as active pharmaceutical
ingredients, new challenges have been encountered in the production processes of viruses,
especially in downstream processing. This is mainly due to the different composition and
size of virions. Thus, the unit operations in downstream processing need reconsideration.
For chromatographic purification tasks, convective mass transport, e.g., in membranes or
monoliths, is often preferred over resin-based applications, offering primarily diffusion [1,2].
A rather new chromatographic method, which frequently implements membranes for virus
purification, is the steric exclusion chromatography (SXC). The SXC is closely related to
precipitation [3], which is intrinsically described by the theories of attractive depletion and
excluded volumes [4]. Precipitation is strongly dependent on self-association effects [5],
which alter the interaction of the solvents (including the targets) among each other [6].
Additionally, precipitation is adaptable to nearly all biological nanoparticles and large pro-
teins, by varying the process parameters, e.g., solvent concentrations, incubation time, or
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ionic strength [7]. However, the impurity removal in precipitation is often insufficient and a
solid-liquid separation needs to be performed subsequently [8]. For this reason, chromato-
graphic processes are preferred over precipitation in modern pharmaceutical production,
due to their selectivity and scalable throughput [3]. Steric exclusion chromatography (SXC)
combines the approaches of precipitation and chromatography and several advantages are
offered: the flow rates and, therefore, throughput are adjustable, continuous processing is
possible, and a secondary step for the separation of the precipitates from the supernatant
is omitted [3,8]. SXC was first described by Lee et al. [9]. Since then, applications with
various biological macromolecules and nanoparticles, such as immunoglobulins [8-11],
viruses [9,12-20], virus-like particles [21], latex particles [22], and nucleic acids [23] were
published. Excellent introductions into the working principles of SXC were published by
Lee et al. [9] and Gagnon et al. [10], which we encourage to consult.

As the name suggests, SXC is based on exclusion effects. In most applications,
polyethylene glycol (PEG) is utilized as the precipitating agent. Just as in conventional
PEG precipitation, by using PEG of an appropriate size, i.e., hydrodynamic radius [7,24],
and concentration, the target molecules are excluded from the bulk solution according
to their respective size [4,5]. Conclusively, the effect is enhanced by increasing the size
and the concentration of the solutes, i.e.,, PEG and the target [5]. As the PEG molecules
are unable to fill the space of preferential hydration around each target, an increase of
water concentration in this region is caused compared to the bulk zone, so that a so-called
PEG-deficient zone is formed [9]. By this discontinuity, the free energy of the system is
increased, and the unfavorable status is resolved by a reduction of the accessible interface,
which forces the targets to associate. Up to this point, the SXC process is no different from
conventional precipitation. However, in the chromatographic process, a stationary phase,
e.g., a membrane or monolith, is implemented. In other words, the stationary phase is part
of the precipitating system, by offering a large surface area, where a PEG-deficient zone can
form. Hence, the targets form precipitates at the inner surface area of the stationary phase
and are retained [9], making the SXC a bind-and-elute method. Concerning the workflow,
the target is combined with a PEG-enriched solution and loaded onto a chromatographic
column, e.g., a hydrophilic membrane (Figure 1). Whereas conventional PEG-precipitation
aims to maximize selective agglomeration, SXC is based on the retention of the target
on the stationary phase by the same exclusion effects and contaminants are washed out
throughout the loading of the target. By an omission of PEG in SXC, the target can be eluted
from the column with a minimized residual PEG concentration in a purified concentrated
manner. At this point, it should be made clear that 5XC is not based on any kind of filtration
process. In fact, filtration is a limitation to the method. Thus, the balance among rapid
precipitation, sufficient retention of the target, and pore blockage by big precipitates must
be maintained. Other limitations are an increased viscosity of the PEG-solutions, which
can cause reduced diffusion and an increased pressure in the chromatographic system.
Apart from the PEG and the target size and concentration, other important factors for
the here presented SXC application are the surface characteristics of the targets and the
stationary phase (charge [5,9], hydrophilicity [24]), composition of the liquid phase (buffers
and salts [5,24-26]), and the contact time of target and PEG [18].

One target that was successfully purified by SXC is the Orf virus (ORFV). The ORFV
is a DNA-virus of the genus Parapoxvirus that has an ovoid shape of approximately
140-200 nm in width and 220-300 nm in length [27-29]. The pharmaceutical application
of the ORFV was shown as a viral vector platform [30-33], an oncolytic and antiviral
therapy [34-36], and as an immunomodulatory agent [37-39]. Like many other poxviruses,
the ORFYV is very stable against degrading forces, and thus an ideal model for purification
processes. This work is based on two recent publications, where we reported on the ap-
plication of SXC in a purification process for ORFV, implemented in a full downstream
processing (DSP) train [13,14]. In this process, SXC was employed with yields of >80% and
a full recovery from the column as well as a high impurity removal. Here, we describe
the process of a SXC adaptation for the purification of infectious ORFV with cellulose
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membrane columns, in consideration of these published results. We investigated three
parameters: the PEG/ORFV-contact time, the pore size of the membrane stationary phase,
as well as the composition and concentration of different salts and buffers. Complimentary
to the SXC application of the ORFYV, offline aggregation kinetics of the SXC load were
performed and analyzed. These data were used to understand the column blockage events
and the reduction of yields due to a reduced target retention. We want to give an insight
into the adaptation of SXC for a purification task, and equip the reader with pertinent
tools to adjust the method for possible new targets with membrane columns. We further
discuss the possibility to use precipitation kinetics to predict optimal parameters for a SXC
application. With this knowledge, we hope to pave the path for SXC as a possible future
purification platform technology.
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) nanoparticle
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@ @ y PEG omission
Y ne SIS IS =
Target H @ o o o
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Figure 1. Overview of the working principle of the steric exclusion chromatography (SXC). The target
(including impurities from production) is mixed with a concentrated PEG solution. The feed is loaded
onto a hydrophilic stationary phase, e.g., cellulose membranes. A PEG-deficient zone (blue) covers
the molecules and the stationary phase (load I), while the thickness of this zone is determined by the
hydrodynamic diameter and the concentration of the PEG molecules. To reduce the PEG-deficient
zones, targets associate/ precipitate with each other as well as at the stationary phase (load II) [9,10].
The binding of the targets at the stationary phase allows for a wash-out of smaller contaminants
(wash). The binding is reversable by reducing the PEG concentration (elution) so that a purified,
concentrated sample can be eluted. The figure was adapted from Eilts et al. [20], and was prepared
using biorender.com.

2. Materials and Methods

All chemicals were purchased from Carl Roth, if not stated otherwise.

2.1. Preparation of Virus Stocks

In this study, the attenuated ORFV strain D1701-V, expressing the green fluorescent
protein AcGFP [31], was used. The virus was produced in Vero cells, as previously de-
scribed [32]. After a successful cell infection and incubation, the cell-culture was subjected
to one freeze-thaw cycle (—80 °C). A clarification from cell debris was undertaken, using
centrifugation (4500 g, 30 min). Subsequently, the supernatant was stored at —80 °C until
further use. For each set of experiments, several batches from this procedure were pooled
to generate one stock.

2.2. SXC Application

The SXC of the ORFV was performed as described several times before [12,15-17] with
minor adjustments. In brief, the stationary phase was comprised of single-use regenerated
cellulose membranes, combined in a stack of ten sheets with 13 mm in diameter. The
nominal pore size was 1 um (Whatman, Maidstone, UK), and alternatively 3-5 um (kindly
provided by Sartorius Stedim). The column was equilibrated with a run buffer (either
20 mM TRIS-HC], 0.1 m HEPES, PBS, or (.1 M citrate phosphate buffer (CPB)), combined
with the desired salt (0-600 mM of NaySO4, KC1, NaCl, NaNQ3, MgS50,, or MgCl) and the
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appropriate PEG concentration (2-8%) and PEG molecular weight (6000-12,000 Da). For
loading, the clarified cell culture supernatant was mixed 1:4 with a concentrated buffer to
match the concentrations of the run buffer. To generate the feed, offline or in-line mixing
was applied. In detail, for offline mixing, the ORFV /PEG solution was prepared in advance
and filled into a superloop (Cytiva, Marlborough, MA, USA) and loaded onto the column.
For in-line mixing, the ORFV and the enriched PEG solutions were pumped simultaneously
and combined in the mixer (1.4 mL) of the FPLC system (Akta Pure 25, Cytiva). If not
stated otherwise, the feed was loaded onto the membranes until the pressure limit of the
respective membrane module was reached, i.e., 2.0 MPa for 1 ym membranes modules
and 0.4 MPa for 3-5 um modules. After loading the sample onto the column, a wash step
with the run buffer was undertaken for at least 5 mL. Subsequently, the elution step was
performed by omitting the PEG and the additional salts, however, 0.4 M NaCl was added
to the buffer. All buffers used in the SXC experiments were of neutral pH (7.4) and their
influence on the ORFV infectivity was neglectable for the duration of the SXC runs. A flow
rate of 2 mL min"! was used for all runs, unless stated otherwise. Relative recoveries of the
infectious ORFV were determined, based on the concentration of each initial load sample.

2.3. ORFV Infectivity Titration

The infectivity of the ORFV samples was determined by a flow cytometry assay using
a Guava easycyte HT (Merck Millipore, Darmstadt, Germany). The procedure was adapted
from Lothert et al. [14], however, the washing procedure was omitted. Instead, after cen-
trifugation, the cell pellets were resuspended with PBS, containing 1% paraformaldehyde,
2% FCS, and 2 mM EDTA (VWR International, Radnor, PA, USA). The readout was con-
ducted within 48 h. The relative error between samples in one batch was below 10%. The
effect of PEG on the ORFV infectivity was assumed to be neglectable, proven by full recov-
eries of infectious ORFV in previous experiments [13,14]. The presence of all tested buffers
and salts (NapSOy, KCI, NaCl, NaNOs, MgSOy, or MgCly) applied in the SXC experiments
had no effect on the virus infectivity (Supplementary Material S1) or the assay (Figure S1).

2.4, Size Measurements

The precipitation behavior of the clarified ORFV solutions was analyzed over time.
The cell culture supernatant was mixed with a concentrated PEG /salt-solution in a relation
of 1:4 to equal the desired concentrations. Two different buffering systems were used
for these experiments: 20 mM TRIS-HCI (pH 7.4) was applied for all experiments with
varying salt concentrations (20-200 mM), and 0.1 M CPB of physiological conductivity,
on the other hand, was used for screening different PEG concentrations (0-12%) and pH
values (4-7.4). Immediately after preparation, the samples were analyzed by dynamic light
scattering (DLS), using a Zetasizer ZS90 with the respective Zetasizer software, version 7.13,
(both Malvern Panalytical) in micro-cuvettes (Sarstedt, Niimbrecht, Germany). Automatic
size measurements were conducted every 5 min over the course of up to 14 h. After the
measurement, the precipitates were visualized by bright-field microscopy (MC170HD with
Leica Application Suite software, version 3.0.0, both Leica). Next to this data acquisition,
a design of experiments (DOE)-based model was generated for the time-dependent size
change of the samples under varying pH and PEGggyp (molecular weight of 6000 Da)
concentrations (see Section 2.5).

2.5. Statistical Analysis

Unless stated otherwise, the experiments were carried out in triplicates (1 = 3), which
were used to calculate the respective mean and standard deviation. For an analysis of
significance, an ANOVA with Tukey test was performed, where appropriate (Origin Pro
2021b, OriginLab Corporation).

Furthermore, two DOE models were generated with the Design Expert software
(version 12, Stat-Ease). These included screening for critical process parameters of
the SXC (Section 3.1.1, PEG concentration, and flow rate), as well as a depiction of
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the aggregation kinetics of the ORFV in the presence of PEG and varied pH values
(Section 3.1.3, time). The statistical evaluation of these designs can be found in the
Supplementary Material, 52 and S3, respectively.

3. Results and Discussion
3.1. Influence of the SXC Loading Parameters on the ORFV Recoveries

In this chapter, the loading parameters, i.e., PEG concentration and melecular weight,
as well as the flow rate of the SXC experiments with the ORFV, were evaluated. Additionally,
the extent of time-dependent precipitation, analyzed by offline size measurements, was
compared with the ORFV recoveries and yields in the SXC.

3.1.1. PEG Concentration and Flow Rate

First, using a DOE-approach, different PEG molecular weights were tested in the
SXC of the ORFYV, according to previously applied concentrations and molecular weights
for virus purification [16], i.e., 4-8% PEG of 6000 to 12,000 kDa. For each run, 10 mL
ORFV/PEG sample was loaded onto the membrane modules. All experiments were done
using a TRIS buffer with 180 mM NaCl. The virus was mixed offline, and the time of
mixing, until the entire sample was loaded onto the column, was approximately 20 min. A
linear relation was observed, as increased yields were obtained with an increasing PEG
concentration and molecular weight from 41% up to 64%, with an optimum at the edge
of the design space at 8% PEGyayg (Figure 2A). In other words, as the maximum recovery
was obtained with the highest chosen PEG concentration and molecular weight, it could be
possible that the optimum lies outside the tested range of these parameters. The relation
was dominated by the PEG concentration, indicated by a steeper slope for an increasing
yield, i.e., a 15% yield increase between 4% and 8% PEG versus a 5% yield increase between
6000 and 12,000 kDa PEG. This was expected, as the precipitation of a target increases in
efficiency related to higher PEG concentrations [5] up to a certain point, where precipitation
is limited by a compression of the PEG molecules. This causes smaller hydrodynamic
radii fo the PEG molecules and reduces the efficiency of exclusion phenomena [7]. In this
research work, the maximum applicable PEG concentration for the system was not found.
The optimum for an ORFV yield was not covered by the tested design space, presumably
lying at higher PEG concentrations and molecular weights. Higher PEG concentrations
were not tested, as a high viscosity hampers processing and prevents the application of
high flow rates during chromatography.

Overall, the ORFV recoveries in the gqabove descibres elution fraction were lower than
published before for the same column type of regenerated cellulose membranes with 1 um
pore in diameter [14], i.e., >80% using 8% PEGgopg. We assume this to be due to an increased
flow rate (Figure S2) and a fixed loading volume of ORFV, which corresponded to only half
the dynamic binding capacity of the membrane modules determined with 1.81 x 10% [U
(infectious unit) mL cbrane bY Lothert et al. [14].

It should be noted that no extensive pressure increase throughout the sample loading,
apart from viscosity-induced increases, was observed with any tested PEG concentration.
This led to two conclusions. Firstly, the precipitation in the pore system of the stationary
phase, which is the working principle of the SXC, did not reach a maximum to cause a pore
blockage. This was not surprising, as the binding capacity of the column was not fully
exploited. Secondly, precipitates, which formed throughout the holding time of sample
loading, caused no adverse pressure effects. Using offline mixing, as for the experiments
in this section, the loading time of the pre-mixed ORFV /PEG solution onto the column
took 20 min. Hereafter, this time interval is called incubation time. This period is expected to
allow for the formation of ORFV precipitates, which increase in size over time while the
load is applied. From this description, one might apprehend pore blockage of the stationary
phase due to aggregates, which are held back on the upper layers of the membranes. With
the here applied set-up, no such filtration etfects were indicated by the online pressure
monitoring, however, higher loading volumes might reveal the opposite.
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Figure 2. Investigation of loading parameters for steric exclusion chromatography (SXC) of the Orf
virus (ORFV). (A) The influence of the polyethylene glycol (PEG) molecular weight (6000-12,000 Da)
and concentration (4-8%) in a TRIS buffer on the yield of the ORFV was tested, using a design
of experiments approach (Supplementary Material S2). The flow rate was set to 2 mL min~! and
the elution buffer was composed of 0% PEG + 0.4 M NaCl. (B,C). According to the conditions
chosen in A, the ORFV cell culture supernatant was mixed with concentrated PEG solutions to
test the precipitation behavior by size measurements. Samples were incubated in 0-12% PEGggg
for 60 min. The resulting kinetics were used to generate a design of experiments-based model
(Supplementary Material S3). (C1-3) represent the kinetics for selected concentrations of 2%, 6%, and
8% PEGggno. (D) Using 8% PEGgg in a citrate phosphate buffer, the SXC of the ORFV was operated
using different times of contact of the ORFV and the concentrated PEG solutions. The samples were
pre-mixed in a superloop and thereafter either loaded onto the column directly (0 h) or after 12 h of
incubation time. Representative chromatograms may be found in the Supplementary Material 54.1.
(E) Additionally, the same concentrations as in C1-C3, 2%, 6%, and 8%, were applied with PEGgyy
in a citrate phosphate buffer in a similar set-up, recording the precipitate size of the ORFV. The

reference for the calculations of the individual recoveries was the loading sample after the respective
incubation time.

3.1.2. Incubation Time Using PEGgg

To further investigate the impact of the incubation time on the ORFV precipitation
kinetics, the time-dependent size distribution of the cell culture-derived ORFV, combined
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with PEG, was measured in static experiments by DLS. We tested 0-12% PEGgq in CPB,
depicted in Figure 2B,C for pH 7.4. Other pH values tested in the DOE-planned size mea-
surements are presented in the Supplementary Material S3, especially Figures 53 and 54.

For all tested PEG concentrations, the aggregate size increased with time. However,
the slope, i.e., the velocity of the aggregate size increase, decreased to approximately zero,
approaching 60 min for all tested PEG concentrations (Figure 2C). As for the mean sizes
after 60 min incubation time, the DOE model predicted the strongest PEG-induced impact
between 3% and 8% PEGggno (Figure 2B). The visualization of the ORFV aggregates by
bright-field microscopy revealed the same trends as predicted by the statistical model
(see Supplementary Material $3.2). The dimensions of the aggregates were of random
shape, seemingly consisting of clusters of smaller circular particles (5-10 um). This leads
to the assumption that precipitates form around nuclei, such as cell debris, and grow and
randomly attach to each other [40]. The accumulations of smaller precipitates in loose
formations might be more sensitive to a shear stress-induced break-up, rather than big
dense aggregates [41]. Accordingly, we assume that the actual size of the aggregates loaded
onto the membranes is smaller than the size measured in the static experiments shown
here. Thus, this effect might be the cause for the precipitates of virus and cell debris to
not increase the pre-column pressures significantly by inducing pore blockage in the top
membrane layers.

Surely, this set-up is limited by the DLS method itself, as the size distribution often
does not resolute different size fractions, especially for aggregates exceeding 6 pm [10].
Methods, investigating the aggregate density and formation, could improve the validity
of the aggregation kinetics [40]. However, from these experiments we expect to derive an
indicator for the precipitate formation, depending on the changes in the solute composition.

3.1.3. Incubation Time Using PEGggy

Using the knowledge from the previous section, two extrema for the incubation time
of an ORFV /PEGgggp mixture in CPB were tested in the SXC experiments: No incubation,
and 12 h incubation time, both using offline mixing. To facilitate the analysis, the load
volume for the column was set again to 10 mL feed. Without incubation, the total ORFV
recovery was 102 &= 30%, whereas an incubation time of 12 h revealed 66 £ 20% (Figure 2D).
The recoveries were calculated according to the respective load sample. Thus, a mean
of 34% was not recovered from the column for the runs after 12 h incubation time. The
ORFV yield in the elution fraction with no incubation time showed 67 + 20%, whereas
12 h incubation time showed 42 & 8%. The observations were supported by online DLS
monitoring, which increased by 100 mV during the loading phase for both incubation times
(Figure 56). No differences were observed in the online pressure measurement, similar to
the results in the previous section. Thus, no elevated pore blockage is suspected due to
increased incubation durations and increased precipitate size. It should be noted that the
molecular weight of the PEG was 8000 Da in this set-up (Figure 2D,E), whereas 6000 Da
were used for the experiments in Figure 2(A—C1). The increase in molecular weight entailed
an increase of the mean size of the precipitates between a mean of 2500 um up to nearly
4000 um after 60 min (compare Figure 2C,E).

Nevertheless, the reduction in total recovery and yield indicated remaining virions
on the membranes. Adsorption to the cellulose filters was excluded, as they are known
to poorly bind viruses [42] and such effects were not observed in previous experiments
with the ORFV [13,14]. Therefore, we assume that the increased precipitate sizes after a
prolonged incubation time induced a retention of the ORFV on the upper layers of the
membrane stationary phase. In other words, the ORFV precipitates were filtered instead of
being retained by exclusion effects. A similar, but more pronounced reduction in the total
recovery, due to the incubation of the virus/PEG mixture prior to column loading, was
reported by Labisch et al. [18] for a lentivirus vector. The authors suspected the difference
to originate from the formation of precipitates prior to loading onto the column, which we
confirm here for the ORFV vector. Although our previous works with the ORFV showed
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no limitations using offline mixing [13,14], and the total virus recovery with offline mixing
(0 h incubation time) revealed up to 100% total ORFV recovery, the in-line mixing approach,
as recommended by the lentivirus report and other publications [9,17,18], remains to be
evaluated for the ORFV.

3.2. Variation of the Pore Size of the Stationary Phase

Based on the results in the previous section, which indicated possible filtration effects
for ORFV precipitates in offline mixing, an in-line-mixing set-up was tested for two pore
sizes of the cellulose membrane columns, i.e., 1 um, and 3-5 pum. The mixing of the
enriched PEG solution and the virus solution was done in the tubing of the chromatographic
system, directly before loading onto the column. According to previous experiments in
Section 3.1.1, the buffer was a TRIS buffer with 180 mM NaCl and 8% PEGggpg. Surprisingly,
the loading of the sample onto the 1 um cellulose membranes was not possible with a
constant backpressure, and the loading volumes varied between 3 and 16 mL, using the
same virus stock. However, the yields remained high with 99% & 17% (Table 1). By
changing the pore size from 1 um to 3-5 um, the loading volume was increased by more
than three-times (Table 1). The virus load that was quantified in the flow-though, however,
increased by 30%. Overall, the 3-5 um membranes showed a robust operation with small
standard deviations.

Table 1. Overview of recoveries and load volumes for infective ORFV from SXC experiments with
regenerated cellulose membranes as stationary phases. Both column types (1 pm and 3-5 um pore
diameter) were single-use. They consisted of ten stacked membranes, each 13 mm in diameter. Each
run consisted of a loading step (the flow-through is analyzed), a wash step, and two elution steps,
ie., a down-flow and an up-flow elution. The down-flow elution was performed in direction of flow,
while the up-flow elution was counter-current.

Pore Size Recoveries Load
Flow- Wash Down—_Flow Up _F.l ow Total Volume ORFV Particles
Through Elution Elution
[um] [%] [mL] [1U]
1 341 3+1 99 + 17 21 + 10 123 + 29 845 1.8 x 107 £ 1.1 = 107
3-5 37+1 2+1 56 +1 5+1 100 + 2 31+1 7.0 % 108 + 2.2 x 108

Explanations for these observations for the 1 um membranes could be sought in the na-
ture of the chromatographic column, which was single-use and assembled manually. Thus,
variations in the individual set-up can be expected. Additionally, the 3-5 um membranes
were of reinforced cellulose, adding more stability to the column bed. We assumed that by
using in-line mixing, the PEG/ORFV suspension was not completely homogenous, leading
to spontaneous increases in pressure due to higher local viscosities. The bigger pores with
a lower backpressure might have been less affected by this behavior and allowed for higher
loading volumes [11]. Last, the increased virus concentration in the flow-through, and
thus reduced yields, could be due to a limited spontaneous encounter of the precipitating
targets and the stationary phase inside the matrix with bigger pores, leading to a reduced
accretion of the virions.

Another interesting observation throughout this experimental set-up was the recovery
in the two elution fractions, i.e., down-flow (in the flow direction of loading) and up-flow
(counter direction), which were performed consecutively, as previously described [15]. A
considerable fraction of the ORFV was eluted from the 1 um membranes (20%), whereas
the yield from bigger pores increased by only 5%. This leads to the assumption that for the
1 um membranes, ORFV accumulated in or on the upper layers of the membranes, leading
to a limitation similar to an increased incubation time prior to loading (see Section 3.1.3).
Presumably, the big size of the Orf virions (up to 200 x 300 nm [27-29]) caused this effect,
which has not been reported before for other viruses using in-line mixing, such as for the
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bacteriophage M13K07 (7 x 900 nm) [9], the lentivirus (80-100 nm} [18], or the adenc-
associated virus (25 nm) [17]. Hence, pore sizes of the stationary phase need a careful
validation to prevent filtration effects and to maximize loading capacities in SXC. We further
concluded that in-line mixing is a valid alternative to the previously applied offline mixing
for the ORFV [13,14].

3.3. Comparison of Buffering Systems in the SXC Process

Throughout our experiments, using CPB and TRIS buffering systems, a tendency for
reduced yields using CPB instead of TRIS was observed for different batches of the ORFV.
We systematically investigated the SXC performance with different buffers, i.e., CPB, TRIS,
PBS, and HEPES (Figure 3). All buffers were of neutral pH, and supplemented with NaCl
for a physiological conductivity of 15 mS em™. To facilitate a comparison with the 1 pm
membrane modules, the load velume was set again to 10 mL. The highest yields were
achieved in the presence of PBS (91 £ 19%) and HEPES (82 + 10%). The application of
CPB showed a significantly reduced yield as compared to PBS (A 26%) and HEPES (A 17%),
as well as increased concentrations in flow-through and wash. The online DLS analytics
support these trends with according increases (Figure 55). By fractionizing the elution, the
major share of the ORFV was detected in the first 4 mL of elution for all buffers (Figure 3).
This curtailment allowed for a concentration factor of 2.5x compared to the applied volume
of 10 mL The additional elution of 6 mL increased the recovery of infectious ORFV by only
5%. Thus, the total concentration factor with a 4 mL elution volume was 1.9, considering
the 0.25-times dilution of the virus solution to generate the PEG-enriched feed.

— 100 - -
A B cPB ¥ yield
2 g0l M TRIS CPB  65:6
0 [] pes TRIS 75+19
8 s0{ [] HEPES PBS 91319
0] * HEPES 82+ 10
> 404
T
DO: 20
EN
X X Qv v N Q7 g
)
R & WS R &S o8 o
;@ 1 ~ )
o Elution

Figure 3. Performance of the steric exclusion chromatography (SXC) depending on the buffer. The
Orf virus (ORFV) was processed via SXC (load: 8% PEGggy (polyethylene glycol, 8000 Da); elution:
% PEG, 0.4 M NaCl) in different buffering systems of neutral pH and physiological conductivity:
0.1 M CPB (dark grey), 20 mM TRIS-HCI (medium grey), PBS (light grey), and 0.1 M HEPES (white).
The pre-mixed ORFV/PEG solution was directly applied to the column without an incubation time.
The triplicate runs were fractionated into flow-through, i.e., sample application, wash, and elution.
The elution itself was fractionated into 5 x 2 mL. Each set of three runs was analyzed regarding
the concentration of infectious ORFV. On a volumetric basis, the recoveries were calculated relative
to the respective feed. The statistical analysis of the recoveries was performed via ANOVA with a
Tukey test (x = 0.05) for n = 3. Asterisks (*) indicate significant differences within the respective group.
Representative chromatograms may be found in the Supplementary Material Section 54.2.

Next to the chromatographic experiments, offline precipitation kinetics were con-
ducted. A similar approach was described before by Gagnon et al. [43] for hydrophobic
interaction chromatography. The authors pointed towards the positive correlation of pre-
cipitation efficiency and retention on such stationary phases. In our study, the differences
among the buffers, concerning the ORFV yield, were reflected by offline precipitation
kinetics. A slightly smaller size (A 500 nm) of the precipitates, incubated in CPB, was
measured, as compared to TRIS (data not shown). This observation should be attributable
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to the addition of the citrate component as well as the higher concentration (two-times)
of phosphate, as PBS showed no analogous deviations. Both, citrate and phosphate, are
strongly kosmotropic salts. It was reported before that kosmotropic substances induce a
stronger effect in inhibiting the target retention throughout SXC [9]. The complex nature of
solute interactions and the influence of such additives is further discussed in Section 3.4. It
can be concluded here that the choice of the buffering system has a significant influence on
the SXC performance, and should be made with care.

3.4. Changes in the ORFV Yield Depending on Salt Addition in the SXC Load

After the evaluation of different buffering systems, an ion-specific effect on the ORFV
yield in the SXC and the precipitation success was expected. To explore this further, we
assessed salts with varying concentrations according to their position in the Hofmeister
series (Equation (1)) [44] (Figure 4)., i.e., Na;504, KCI, NaCl, NaNOz, MgS04, and MgCl,.
The salts were combined with 8% PEGggop and were applied, according to the previous
findings, in an SXC process with ORFV using 3-5 um membranes and in-line mixing. To
generate a standard procedure for loading, and to facilitate a comparison of the results, the
maximum loading volume was determined for the 3-5 um membranes using “standard”
conditions. Here, the feed consisted of a 20 mM TRIS-HCI buffer with 180 mM NaCl,
and the elution of the same TRIS buffer, but with 400 mM NaCl. The pressure limit of
0.4 MPa was reached after a 40 mL load. This procedure was adapted to ensure the use
of the membrane modules’ full binding capacity, thus reducing the relative loss due to
unspecific binding.

PEG compacting

chaotropic
Protein solubility

solubility

kosmotropic

Charge shielding

Specific ion binding

salt concentration >
Figure 4. Salt concentration-dependent impact on PEG/salt and salt/protein interactions. Figure
prepared using biorender.com.

In contrast to the previous experiments, an additional second elution step after the
standard elution in the direction of flow, down-flow (DF), was included in this set-up,
using countercurrent flow (up-flow, UF). Comparing the impurity removal of protein (BCA
protein assay, Thermo Fisher Scientific) and dsDNA (Quant-iT PicoGreen dsDNA assay,
Thermo Fisher Scientific), no differences were detected for the application of the different
salts, i.e., less than 1% residual protein and 25-40% residual dsDNA were found in the
elution fraction (data not shown).
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3.4.1. Influence of Salts on SXC According to the Hofmeister Series

First, the different salts, i.e., NaS04, KCl, NaCl, NaNO3, MgS0,, and MgCl; were
applied at a 20 mM final concentration in the SXC and in the precipitation studies. The
precipitation study revealed two pronounced effects: Compared to a negative control
without salt addition (2500 nm), both salts containing 20 mM Mg?" increased the ORFV
aggregate size up to 4000 nm after 2 h, whereas Na>SO4 reduced the aggregate size to
1500 nm (Figure 5B). Further, NaCl, KCl, and NaNO3 had no impact on the precipitation ata
20 mM concentration. The size of the aggregates correlated with the SXC yields (Figure 5A).
The highest ORFV yields were found for 20 mM MgCl, (84%), followed by Mg50, (65%).
The other four salts, Na; S04, KCl, NaCl, and NaNQOs, indicated no significant differences
in the individual SXC fractions. However, the addition of 20 mM Na,50; yielded roughly
10% more infectious ORFV in the elution fraction.

In the presented SXC experimental set-up, PEG is the driving force for precipitation
and, after water, the most abundant solute [9]. Thus, changes in the precipitation efficiency
should be dominated by the influence of salts on the PEG. In several preceding studies,
different salts were applied in the SXC, which were described to mainly cause the following
effects, some of them well-known from precipitation [9-11,23] (Figure 4). The first of these
effects is the reduction of the target retention at high salt concentrations (approx. > 0.3 M),
caused by a compacting of the PEG molecules [9-11]. Hence, the size of the PEG-deficient
zone is reduced, suppressing the exclusion effect. This effect has been highlighted with salts
following the Hofmeister series, meaning more kosmotropic salts show a stronger negative
influence on the retention, as shown for the impact of (NH4)>504 as compared to NaCl
on an immunoglobulin G retention by Lee et al. [9]. Secondly, at low salt concentrations
(<0.2 M), the pH is the dominant variable, as it determines the charge (repulsion) of the
targets, which is more pronounced for targets with a high charge density, such as phages
or nucleic acids [9,10]. By increasing the salt concentration, the process can benefit from
charge shielding, which facilitates a higher density packing of the targets [23]. Last, specific
ion-binding can alter the charge distribution of the surface proteins of the viral particles, as
was described for phosphates [45].

The observation of an increased yield with Na;50; in the SXC process was unexpected.
Theoretically, this kosmotropic salt should have had a negative effect on the yield, as
described before [9], which was supported by the precipitation kinetics, showing reduced
efficiencies (Figure 5B,C). We propose that the 10% increase in target retention might be
due to the ability of strongly kosmotropic salts to retain targets on uncharged surfaces, as
was summarized by Arakawa and Gagnon [46] for size exclusion and ion exchange media.
It remains to test higher concentrations of NaySO; to evaluate the effect of the salt-induced
target retention on the stationary phase. Such tests could also be insightful for further
investigations on the solubility maximum of the ORFV in the presence of kosmotropic salts.
The pre-column pressure and loading volumes for the different salts were comparable
(Table S5). With the here tested range (20-200 mM) for the ORFV precipitation, we could
not make a distinction between the impact of PEG-compacting and the target solubility
induced by the salts (Figure 4).
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Figure 5. Variation of the salt type throughout the steric exclusion chromatography (5XC). The Orf
virus (ORFV) was processed via SXC (load: 8% PEGgggg (polyethylene glycol, 6000 Da); elution: 0%
PEG, 0.4 M NaCl) in 20 mM TRIS buffer, pH 7.4, supplemented with 20 mM of different salts, i.e.,
NaySO4, KCI, NaCl, NaNO3, MgSOy4, and MgCl,. The load was stopped when the pressure limit
of 0.4 MPa was reached or 40 mL PEG/ORFV suspension were loaded. The fractions load (flow-
through), wash, and the two elution types, down-flow, DF, (in the direction of loading), and up-flow,
UE, (countercurrent) were collected and analyzed for the relative ORFV recovery (A). (B) depicts the
time-dependent precipitation kinetics of the cell culture-derived ORFV supernatant with the same
conditions as the SXC loads. Using the same salts at 20-200 mM concentration, (C) shows the ORFV
precipitate sizes after 0.5 h incubation time. CTRL indicates 8% PEGgggo without salt addition. The
statistical analysis of the recoveries (A) was performed via ANOVA with a Tukey test (a = 0.001) for
n = 3. Asterisks (***) indicate significant differences within the respective group.

3.4.2. Concentration-Dependent Precipitation

Next, the precipitation kinetics of the aforementioned salts, Na;SO4, KCl, NaCl,
NaNO3, MgSO,, and MgCl, combined with ORFV, was analyzed up to 200 mM. Concern-
ing the Mg?* salts, the increase in the precipitation efficiency remained constant for tests
with 20, 50, and 100 mM MgCl, (~4000 nm), but decreased, as observed before, for 200 mM
(3000 nm) (Figure 5C). A similar effect was visible for NaNOj3, but with smaller sizes of
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1000-1500 nm. MgSQy, on the contrary, revealed a complete prevention of precipitation at
100 and 200 mM. Na»SOy followed the same trend as MgSOj. The other two salts, NaCl
and KCl, showed no concentration-dependent impact in the precipitation behavior of the
cell culture-derived ORFV.

This picture allows for several salt-specific assumptions. Firstly, PEG-compacting is
the dominant variable at the maximum salt concentration (200 mM) for MgCl, and NaNO;.
Secondly, with increasing concentrations, kosmotropic ions (5047 control the precipitation
of the ORFV, instead of the chaotropic ions (Mg?*). Thus, the influence of divalent ions
might be stronger, compacting the PEG at a smaller concentration. Divalent ions are
also known to be more effective charge-shielding agents, facilitating the precipitation
behavior of proteins (Figure S7). Thus, thirdly, this could be the cause for the increase
in the precipitation efficiency for MgCl, and NaNC3, which was not observed for NaCl
and KCI. Fourthly, the protein solubility does not dictate the precipitation process. Mg+
was reported to bind to protein surfaces [47], increasing the solubility of viruses [48].
Counteracting this hydration, Mg?* is categorized as more chaotropic, which is known
to increase protein solubility (salting-in) up to a maximum plateau [49], preventing the
crowding-out (Figure 4). Kosmotropic compounds, on the contrary, themselves undergo a
preferential exclusion in a salt-protein system [46,47]. They induce a preferential hydration
of the virus surface [47], enhancing the precipitation in a concentration-dependent manner,
with a minimum at low molarities (<0.5 M) [49]. Clearly, these solubility effects of the
proteins are of an opposite nature for the presented results. We assume that the effects on
the PEG are dominant in this system, and the concentrations of the salts were too low to
show solubility-dependent effects.

3.4.3. Concentration-Dependent Impact of NaCl and NaNOj;

In Figure 5C, three distinct curve progressions were observed for the salt concentration-
dependent PEG precipitation of the ORFV: (1) NaCl and KCl did not influence the aggregate
size, as compared to the control without a salt addition; (2) NaNOz and MgCl, revealed
curves with a size maximum between 100 and 200 mM; and (3) the two SQ,4% salts showed
a maximum at the lowest tested concentration (20 mM) with an asymptotic decrease.

Here, we selected NaCl and NaNO; from the group (1) and (2), respectively, to
investigate the correlation between the ORFV cell culture precipitate size and the SXC
recovery. Just as for the experiments with 20 mM salt, the ORFV retention in the SXC
correlated with the aggregate size for NaNQOjz, but not for NaCl. In detail, for NaNOj, the
aggregate size was maximal with 1900 nm at 50 and 100 mM (Figure 5C). The ORFV yield
in the SXC processes suggested a similar behavior (Figure 6A) with a maximum of 64%
ORFV yield at 100 mM NaNQOs. Interestingly, the differences in the aggregate size did not
correlate in a quantitative manner with the SXC yields. This was even more pronounced
tor NaCl. Here, the salt concentration caused no differences in the aggregate size in the
range of 0 to 200 mM (Figure 5C). The yield in the SXC process, however, was elevated
with increasing concentrations from 26%, to 51%, to 61% for 20, 50, and 200 mM (Figure 6B).
The increase in yield was comparative to the findings mentioned by Lee et al. [9] and
Levanova and Poranen [23], where reduced mutual charge repulsion led to a higher density
packing of the targets. The first study predicted the concentration necessary for a sufficient
charge-shielding at 200 mM NaCl for phage M13K07. In our study, the highest yield for
NaCl was predicted to be in the range of at least 200 mM.

Observing this complex behavior, precipitation kinetics, as conducted in this research,
can indicate increasing or decreasing SXC efficiencies, however, not for every case. More
research is necessary to understand the complex interactions within the chromatographic
columns, particularly, if additional salts are applied.
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Figure 6. Steric exclusion chromatography (SXC) of the Orf virus (ORFV) with NaCl and NaNOjs at
concentrations up to 200 mM. The SXC of the ORFV was performed with 8% PEGgonp (polyethylene
glycol, 6000 Da) in the loading buffer, 0% PEG, and 0.4 M NaCl in the elution buffer. 20 mM TRIS
buffer and pH 7.4 were used for all experiments. The load and wash were supplemented with
20-200 mM of NaNQO; (A) or NaCl (B). The load was stopped when the pressure limit of 0.4 MPa
was reached, or when 40 mL PEG/ORFV suspension were applied. The runs were fractionated
into flow-through (load), wash, and the two elutions, up-flow, UF, (in the direction of loading), and
down-flow, DF, (counter-flow). Each fraction was analyzed for its relative ORFV recovery. The
statistical analysis of the recoveries was performed via ANOVA with a Tukey test (x = 0.001) for n = 3.
Asterisks (***) indicate significant differences within the respective group.

4, Conclusions

In this study, we have summarized practical considerations for the application and
characterization of the SXC. We focused especially on three factors with a considerable
influence on the SXC performance for an ORFV purification, which have not yet been
extensively characterized before: (1) the comparison of pore sizes of the stationary phases,
(2) the contact time of PEG and the target, and (3) a variety of salts and their concentrations.
While smaller pores of the stationary phase reduce the necessary PEG concentrations, bigger
pores induce a lower backpressure with similar yields. Especially, if extended contact times
of PEG and the target are expected, increased precipitate sizes might cause unwanted
filtration effects when using small-pored membranes. Further care should be taken in the
selection of buffers and other salts, due to their influence on the precipitation process. Yield
losses were encountered when applying kosmotropic substances, such as citrate. However,
Mg?*, strongly chaotropic, acted beneficial on the SXC process. To further understand
these interactions, we propose that the analysis of the surface protein composition of
the target is beneficial for predicting salt-specific effects on the preferential depletion
mechanism. Last, although a quantitative prediction was not possible, the precipitation
success correlated qualitatively in most cases. Thus, we conclude that offline precipitation
kinetics can be a valuable tool to predict the target retention in SXC. In summary, we
suggest the use of cellulose membranes with 3-5 um pore diameter for a stable ORFV
purification. Although the impurity removal was not affected, the load volume could be
increased with these membranes. Additionally, we expect Mg?" salts to increase the virus
binding to the membrane column in SXC without increasing the PEG concentration.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/membranes12111070/s1, Section S1: Influence of salts on the
infectivity assay; Section 52: Screening of relevant process parameters for the SXC with the ORFV;
Section 53: Description ORFV aggregation behavior in dependence of PEGggpy and pH; Section 54:
Chromatograms; Section S5: pH-dependent charge measurements of ORFV with NaCl and MgCl;.
References [5,8,9,50] are cited in the supplementary materials.
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S1: Influence of salts on the infectivity assay

Material and Methods

The influence of the implemented salts (KCI, NaCl, NaNO;, MgCla, (NH4)2S04, Na:SOs, and MgSOy)
on the infectivity assay was assessed by the change of the infection result, i.e., percentage of virus
positive cells compared to a positive control (100 %). For this purpose, Vero cells were prepared as
described in section 2.3 and each well was infected with 50 pL of virus stock (2 x 10° 1U mL™).
Immediately afterwards, 100 pL of salt solution was added. The salt solutions, with concentrations of
2 — 200 mM, were prepared in neutral 20 mM TRIS buffer. The positive control (PCTRL) was DMEM
with 5 % FCS, known to stabilize the ORFV. Additionally, a negative control (NCTRL) of pure TRIS
buffer without salt addition was titrated. Each salt concentration was tested in quadruplicates. The mean
readout was normalized to the positive control (100 %). The statistical analysis was performed by

ANOVA with a Tukey test (@ = 0.05) (Origin Pro 2021b, Originl.ab Corporation).

Results and Discussion

The addition of salts to the infectivity assay indicated a small impact on the readout of infected cells for
most tested concentrations (Figure S1). KCI, NaCl, MgCl,, and Na,SOj, revealed no significant change
for 50 — 200 mM. Concerning NaNO; and MgS0Os, only 50 mM and 200 mM affected the assay by lower
relative readouts of 12 % and 31 %, respectively. As the addition of the salt-free buffer (NCTRL)
revealed a 4 % relative reduction, we assumed that the impact of 50 mM NaNO; was still in the range
of the relative error of the assay (up to 10 %). However, MgSOy should be diluted at least down to
100 mM to prevent deviating results. Concerning (NH4)804, the only salt tested in the full range,
2 — 200 mM, indicated a negative impact on cell viability at concentrations >5 mM. In this assay, a
destabilizing effect on the virus itself could not be eliminated. Thus, (NH4)SO4 was excluded from

further experiments.
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Figure S1: Influence of salts on the infection of Vero cells with the ORFV.

The impact of seven different salts (KCI, NaCl, NaNOs, MgCl,, (NH4)2S04, Na,SO4, and MgSO4) on the readout
of the infectivity assay with the ORFV was assessed. Therefore, cells were infected with ORFV, and immediately
afterwards, salt solutions with concentrations of 2 — 200 mM were applied. After incubation, the percentage of
virus-positive cells was measured, and compared to a positive control (PCTRL) (100 %), which consisted of
DMEM with FCS. Additionally, a negative control (NCTRL) was prepared with pure TRIS buffer without salt
addition. The deviation from the PCTRL was statistically analyzed by ANOVA with a Tukey test (« = 0.05).

Asterisks indicate significance.
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S2: Screening of relevant process parameters for SXC with the ORFV

A DOE-based approach was chosen to evaluate the infectious ORFV yield in the SXC process,
depending on the PEG concentration (4 — 8 %), the PEG molecular weight (6,000 — 12,000 Da), and the
flow rate (0.5 — 6.0 mL min'). Table S1 depicts the characteristics of the design, and Table S2 the
ANOVA for the response of infectious ORFV yield.

The resulting model for the response of the ORFV recovery in the elution fraction combines the three
factors from Table 82. The prediction of the PEG concentration and molecular weight is depicted in
Figure 1A in the main text. Figure S2 shows the influence of the flow rate and the PEG precipitation
on the SXC performance. A maximum of 60 % ORFYV yield was achieved for high PEG concentrations
(8 %) and low flow rates (0.5 mL min™"). The recovery was reduced to 35 % for the other extrema of the
two factors. Such dependencies of the target retention and the residence time in the SXC were reported
before [2]. By reducing the flow rate, the chance of target accretion to the membrane, which is a random
process governed by target-surface collisions, is increased. Additionally, shear forces by the passing

fluid, which can reverse the accretion, are reduced [3].

Table S1: Model characteristics for the evaluation of the infectious ORFYV yield in the SXC process with

varying flow rates, PEG concentration, and molecular weight.

Study Type Response surface
Design Type [-optimal
Subtype Randomized
Runs 24

Blocks No

Table S2: ANOVA of the infectious ORFV yield in the SXC process with varying flow rates, PEG
concentration, and molecular weight.

Clarified ORFV cell culture supernatant was processed via SXC with varying PEG concentration (4 — 8 %) (¢puc),
PEG molecular weight (MW) (6,000 — 12,000 Da), and flow rates (0.5 — 6.0 mL min™!). The elution fraction of the
SXC was analyzed regarding the infectious ORFV concentration and the yield calculated. The data was analysed

by ANOVA (a = 0.05) for a linear model.

Infections ORFYV yield | %]
Source F-value p-value
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A (PEG MW) 2.67 0.1190  significant
B (% crEa) 10.95 0.0037  significant
C (Flow rate) 10.64 0.0041  significant

% ORFV yield [-]

% PEG concentration [-]

0.5 1.6 2.7 3.8 49 6
Flow rate [ml/min]

Figure S2: ORFYV yield after SXC process with varying PEG concentration and flow rates

Clarified ORFV cell culture supernatant was processed via SXC with varying PEG concentration (4 — 8 %) and
flow rate (0.5 — 6.0 mL min™'). The PEG molecular weight was set to 6,000 Da. The elution fraction of the SXC
was analyzed regarding the infectious ORFV concentration and the calculated yield. The colouring of the contour

plots is coded as follows for the infectious ORFV yield: 30 — 40 % (blue), 40 — 45 % (light blue), and 45 — 60 %

(green).
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S3: Description of the ORFV aggregation behaviour in dependence of PEGgyoo and pH

S3.1 Statistical analysis of ORFV aggregation kinetics

Aggregation kinetics, evaluating the influence of time, pH, and PEGgo concentration on the size
distribution of ORFV-containing samples, were conducted by dynamic light scattering measurements

over the course of 60 min,

Table S3: Model characteristics for the evaluation of ORFV aggregation kinetics with varying pH and PEG

concentrations
Study Type Response surface
Design Type Historical Data
Subtype Split-plot
Groups 19
Runs 826
Blocks No

Table S4: ANOVA of ORFYV aggregation kinetics with varyving pH and PEG concentrations.

Clarified ORFV cell culture supernatant was mixed 1:4 with concentrated bufters to generate defined pH (4 — 7.4)
and PEGgeooo (0 — 12 %) concentrations (cerg). The size distribution of the 19 different samples (groups) was
measured every 5 min by DLS over the course of 60 min. The data was analyzed by a restricted maximum
likelihood ANOVA (& = 0.05) for a quadratic split-plot model. The whole-plot represents the unchanged factors

(pH and PEG concentration) in each of the groups, and the subplot is used to display the time-dependent changes

within.
Size [nm|

Source F-value p-value

Whole-plot 94.08 <0.0001  significant
a (pH) 27.00 0.0002  significant
b (% cpec) 429.85 <0.0001 significant
ab 0.28 0.6088

a’ 4.45 0.0549

b? 16.21 0.0015  significant
Subplot 489.33 <0.0001 significant
C (time) 92.83 <0.0001  significant
aC 1.33 0.2487

bC 22556 <0.0001 significant
C? 140.47 <0.0001 significant

Additional attributes in the statistical analysis were the low variance between the groups (0.125), which

rendered the analysis equivalent to a randomized design, as well as the overall small variance (0.145),

6

122



CHAPTER 3

the high R? (0.99), and the minimal difference between R? and the adjusted R> (A = 0.0002), which
indicated a well-fitted model.

The model predicts the design space for the factors PEGeooo concentration and pH values, visualized in
Figure S3. Observing the impact of the pH on the aggregation behavior, a maximum in precipitate size
was reached at the highest tested PEG concentration (12 %) and the lowest pH value (pH 4). This pH
value is in close proximity of the isoelectric point determined for the applied ORFV genotype in CPB
of pH 3.5 (data not shown). At pH 4, omitting PEG, no spontaneous aggregation was observed by DLS.

However, an increase of self-association tendencies has to be expected [4].

Size (nm)

100 [ so00

10 min 20 min 30 min

1000)

pH[-]
pH []

6
% PEG concentration [-]

% PEG concentration [-]

40 min 50 min 60 min

pH[]

1000

pH [-]

4

3 6 9 12 ) 6 0 3 6789 12
% PEG voncentration [-] % PEG concentration [-] % PEG concentration [-]

0
Figure S3: pH-dependent aggregation of cell culture-derived Orf viruses (ORFV) in the presence of
polyethylene glycol (PEG).

Aggregation kinetics of the ORFV were analyzed using dynamic light scattering in dependence of the pH (4 — 7.4)

and the PEGeo (6,000 Da) concentration (0— 12 %), mimicking conditions of the steric exclusion

7
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chromatography. Over the course of 60 min, measurements were conducted automatically every 5 min on each
sample. After each incubation, the respective sample was visualized by bright-field microscopy (Figure $4). Using
a design of experiments-based approach, the size response data was statistically analyzed (Table S4) and a model
was generated. The colouring of the contour plots is coded as follows for the mean size: 100 —2,000 nm (blug),

2,000 — 3,000 nm (light blue), 3,000 — 6,000 nm (green), 6,000 — 7,000 nm (yellow), and 7,000 — 9,000 nm (red).

83.2 Visualization of cell culture-derived ORFV aggregates
After the dynamic light scattering measurements, the samples of each run were visualized by bright-
field microscopy in a conventional Neubauer chamber in order to control the observed volume. Figure

S4 depicts four of the extrema representing the conducted runs.

[300 1 900f 200 (3000

4000
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Figure S4: Visualization of the influence of the PEGeoon concentration and the pH on the ORFV aggregation
size.

Clarified ORFV cell culture supernatant was combined with CPB according to a DOE-based plan. The final mixes
of deviating pH (4 — 7.4) and PEGeooe concentrations (0 — 12 %) were analyzed using dynamic light scattering over
the course of 60 min. The kinetic data was statistically analyzed (Table S4), and a model was generated of the size
response (Figure S3). After each measurement run, a defined volume of the sample was visualized by bright-field
microscopy in a Neubauer chamber. Here, the contour plot for 60 min incubation time is presented again to
facilitate a comparison, augmented by the micrographs of the model’s corner points. The bar corresponds to

100 pm.
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S4: Chromatograms

S4.1 Application of different buffers
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Figure S5: Chromatograms of SXC applications of the ORFV with different buffers

The ORFV was processed via SXC in different buffering systems: 0.1 M citrate phosphate buffer (CPB, A), 20 mM
TRIS-HCI (B), PBS (C), and 0.1 M HEPES (D). All buffers were of neutral pH and adjusted to a conductivity of
15 mS cm* with NaCl. Each buffering system was used for all process steps, i.e., the load and wash buffer (8 %
PEGsoo0) as well as the elution buffer (0 % PEG, 0.4 M NaCl). The runs were fractionated into flow-through, i.e.,

sample application (1), wash (1I), and elution (I11).
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S4.2 SXC with varying incubation times
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Figure S6: Chromatograms of SXC applications of the ORFV with varying incubation times

The Orf virus (ORFV) was processed via SXC (load: 8 % PEGsooo (polyethylene glycol, 8,000 Da); elution: 0 %
PEG, 0.4 M NaCl) in citrate phosphate buffer with a pH-value of 7.4. The pre-mixed ORFV/PEG solution was
either directly applied to the column (0 h), or incubated for 12 h before loading. The triplicate runs were
fractionated into flow-through, i.e., sample application (I), wash (Il), and elution (1II). The online monitoring
included an UV signal at 280 nm (black), light scattering signal (red), and the pre-column pressure (green). The

hatched areas indicate the respective standard deviations.
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S5: pH-dependent charge measurements of ORFYV with NaCl and MgCl;

We tested the impact of the protein-salt interaction by monitoring the pH-dependent zeta potential of
the ORFV in the presence of different salt concentrations, under the omission of PEG (Figure S7). At
15 mS cm’!, the pH-dependent charge was a similar function for both salts ranging from -6 mV at pH 4.5
to the isoelectric point at pH 3.5. MgCl, reduced the charge at pH 2.5 by roughly 1 mV compared to
NaCl, and lead to a steeper y-intercept passage. With increasing conductivity, the pH of the isoelectric
point was reduced to approximately pH 3 at 35 mS cm™ for both salts. Here, the function for NaCl was
roughly linear, still down to -6 mV at pH 4.5. MgCl,, on the contrary, diminished the charge to -3 mV
at the latter pH, and the charge remained constant (0 mV) at pH values below the isoelectric point. At
45 mS cm’!, the picture was similar to that for 45 mS cm™! for NaCl, with an isoelectric point at pH 2.5.
For MgCl:, however, no positive charge was measured at this concentration. This observation implies
that charge shielding was more effective for Mg”* than for Na*, as was reported before for divalent ions
[5]. Charge shielding increases the efficiency of SXC, as it facilitates target association. This was not
observed in the ORFV precipitation kinetics (Figure 4D+E). Thus, the effect of charge-shielding was
neglectable for the applied salt concentration range. Interestingly, both salts showed specific interactions
with the virus surface molecules, demonstrated by the change of the isoelectric point with increasing

salt concentrations.

NaCl MgCl,

s
1
N
1

Zeta potential [mV]
<

Zeta potential [mV]
o

-4 . 4
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Figure S7: pH-dependent surface charge of the Orf virus (ORFV).
Purified ORFV was titrated to a range of pH values (2.5 — 4.5) with a citrate phosphate bufter, covering
the isoelectric point of the virus. The samples were spiked with NaCl (left) and MgCl: (right) to equal

15,35, or 45 mS cm™.
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CHAPTER 4

CHAPTER 4:  Summary on advancements and future perspectives

The ORFV as a vector platform offers promising pharmaceutical applications as oncolytic, anti-
viral, immunomodulatory, gene therapeutic or vaccine agent. Therefore, an established produc-
tion process with high yields of infectious virus, and a facilitated adaption to new genotypes is
essential. In this dissertation project, several steps to achieve this goal were investigated.

In the first part of investigations, the ORFV was characterized in detail concerning its suscepti-
bility to different degradation forces and options to maintain its infectivity. For these studies, the
virus was prepared by different methods, i.e., ultracentrifugation or SXC. Both approaches per-
formed equally well in terms of reducing impurities, maintaining virus integrity, and yielding
infectious virus. While the ultracentrifugation was advantageous for higher infectious ORFV con-
centrations, the SXC could be performed in a more rapid manner. With virus prepared by either
method, the effect of chemical, thermal, and mechanical stress conditions on the ORFV infectivity
revealed a high stability compared to other enveloped viruses. In detail, ORFV infectivity was
robust within pH 5-7.4 as well as in the presence of all tested buffering substances without citrate
component and an ionic strength up to 0.5 M for all tested salts but NH4Cl. Ammonium salts,
however, where shown to affect the infectivity assay, which interfered with the determination of
its influence on ORFV infectivity itself. Substances from the groups of amino acids, surfactants,
proteins, had no deactivating effect in the commonly applied ranges for pharmaceutical pro-
cessing. The thermal stability of the ORFV revealed a long-term stability of up to 12 weeks at
4 °C, and increased deactivation with increasing temperature. Nevertheless, short-term storage of
2 d at 37 °C did not affect the very robust virus. Freeze-thawing and storage in frozen form
showed no impact. A similar robust picture was observed with mechanical stress. The ORFV has
a low shear-sensitivity, but ultrasonication might affect the viral infectivity throughout pro-
cessing. The addition of proteins, e.g., fetal calf serum or recombinant HSA (rHSA), reduced
degradation, especially visible for long-term storage. In studies for stabilization options, addition-
ally several sugars, e.g., sucrose or trehalose, and amino acids, e.g., arginine, were found to in-
crease the ORFV infectivity stability. However, the effect depended on the storage temperature.
The highest stability was achieved by protein addition at all temperatures but above 25 °C. Here,
sucrose and arginine were able to increase the storage stability of the ORFV. These findings were
combined to propose two formulation types: 1 % rHSA and 5 % sucrose for any formulation in
liquid and frozen form. If long-term heat is expected, the rHSA is replaced by 150 mM arginine.

With the observed results, conclusions for ORFV production, especially the DSP, can be drawn.
While shear-stress due to filtration or pumping is expected to be neglectable for the ORFV, ultra-
sonication, e.g., to break up virus aggregates or to induce cell lysis, should be evaluated with care.
For the choice of chromatographic unit operations, limitation due to salt addition or buffers are
not expected if ammonium salts are excluded. The addition of stabilizing substances such as sug-
ars between the DSP unit operations could reduce storage-induced deactivation. Amino acid and
protein supplementation are no option throughout the DSP as they would increase the load of

protein-related products, which are to be removed. If possible, the processing and storage should
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be performed under cooled conditions. The integration of these suggestions in a full DSP train
might increase the achievable yield of infectious ORFV in the production process. Furthermore,
the stability of infectious ORFV might be increased with a suitable formulation for distribution
and pharmaceutical application.

The second focus of the research project was on the SXC as DSP unit operation for ORFV pro-
duction. The method has been applied for several viral targets, including the ORFV, with high
yields. In these studies, several critical process parameters were identified, i.e., the type of PEG,
the buffer pH (and charge of the target), the ionic strength, the mixing technique, the flow rate,
and the type of the stationary phase. In this work, three unexplored parameters were investigated,
i.e., the pore size of the stationary phase, the incubation time and mixing strategy of the PEG /
ORFV solution, and the addition of salts. The mode of operation of the parameters was explored
by using precipitation kinetics and correlating them with the SXC efficiencies. The experiments
revealed filtration effects by using small membrane pores (1 um) and elongated incubation times.
Filtration is an unwanted side effect of the SXC, induced by big precipitates, which cannot pass
the pores. However, the size of the precipitates was several times bigger than the pores without
causing direct column blockage and pressure surges. Thus, the static precipitation kinetics could
only indicate the efficiency of the aggregation in a certain buffer condition. The implementation
of the suggested operation modes, adapting the pore size to at least 3-5 um and operating with in-
line mixing, indicated a fail-safe operation of the SXC with reduced back-pressure. With these
precautions pore blockage events could be reduced if unexpected holding times occur. Nonethe-
less, at the same time the ORFV Yyields were reduced. Thus, an optimization problem with an
increased PEG concentration arose. A solution to this was offered by the use of chaotropic salts
like Mg?*, which were able to increase the precipitation efficiency and ORFV yield in the SXC at
constant PEG concentration. Additionally, the PEG-problem could be approached by adjusting
the pH towards the isoelectric point of the ORFV (pH 3.5-4.5), while operating above pH 5 to
preserve the ORFV infectivity. To answer these hypotheses, an appropriate model system might
improve the sample throughput. As latex particles showed deviating results from ORFV results,
functionalization with proteins might solve this issue. This could be supported by offline precip-
itating kinetics in an agitated system, which represents the SXC operation more accurately.

In conclusion, this work offers a broad overview on degrading forces and stabilizing conditions
for the ORFV infectivity, which is essential for the application as pharmaceutical viral vector. By
integrating this toolset in any USP and DSP unit operations, a higher preservation of viral infec-
tivity can be expected. Additionally, investigations on the causes of three critical process param-
eters for the ORFV processing using SXC were described based on the precipitation efficiencies.
Here, an optimization problem of the system back-pressure, and ultimately the ORFV yield, was
identified, which is balanced by the PEG-induced viscosity, the pore size of the chromatographic
media, and the retention time. This advancement might facilitate future adaptions of the SXC to
new targets and the development of a suitable model system.
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