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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 Mg2+. 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 

Die COVID-19 (coronavirus disease 2019) Pandemie hat die Wichtigkeit hervorgehoben phar-

mazeutische Produkte auf dem Markt schnell zur Verfügung stellen zu können. Dies kann unter 

anderem mit Plattformen gelingen, die an neue Krankheiten adaptiert werden können, und deren 

Produktionsprozess etabliert ist. Eine mögliche neue Plattformlösung 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 Großproduktionsprozess für das ORFV entwickelt, der eine Anwendung als Plattform er-

möglicht. In der Produktion im Labormaßstab wurde die Sterische Exklusionschromatographie 

(SXC) als Teilschritt der Produktreinigung vorgeschlagen und zeigte hohe Ausbeuten an infekti-

ösem Virus mit hoher Reinheit. Die SXC ist eine vor wenigen Jahren entwickelte Methode, die 

nahe mit konventioneller Polyethylenglykol-(PEG)-präzipitation verwandt ist, wobei ein poröses 

Chromatographiemedium Teil des Fällungsprozesses ist, an das sich Präzipitate anlagern und hier 

zurückgehalten werden. Die dafür verantwortlichen präferentiellen und sterischen Exklusionsme-

chanismen sind durch eine Vielzahl an Prozessparametern bestimmt, wie beispielsweise die PEG-

Zusammensetzung, den Puffer inklusive des pH-Werts und der Ionenstärke, und die Inkubations-

zeit der Komponenten. In dieser Arbeit wurden drei bisher wenig erforschte Parameter als kritisch 

für die Applikation der SXC auf das ORFV identifiziert: die Porengröße der stationären Phase, 

die Mischungsstrategie der Komponenten, und die Zugabe verschiedener Salze zum Laufpuffer. 

Im Detail verursachten kleine Porengrößen 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 Viskosität der PEG-Lösungen mit erhöh-

tem Grunddruck betrieben wird. Daher ist eine Reduktion der PEG-Konzentration erwünscht, was 

durch den Zusatz von verschiedenen chaotropen Salzen, gezeigt für Mg2+, ermöglicht werden 

könnte. Als weiterer relevanter Punkt des Reinigungsprozesses von ORFV, wurde der Einfluss 

von degradierenden und stabilisierenden Parametern auf die Infektiosität des Virus untersucht. 

Zusammengefasst zeigte das ORFV eine hohe Robustheit gegenüber den Bedingungen klassi-

scher pharmazeutischer Produktionsprozesse. Nichtsdestotrotz sollte Hitzeexposition und Ultra-

schall nur nach gründlicher Prüfung eingesetzt werden und eine Lagerung bei gekühlten Bedin-

gungen (4 °C) präferiert werden. In Bezug auf Ionen, die in üblichen 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 Aminosäuren erreicht. Hieraus wurde ein Formulierungspuffer für das ORFV vorge-

schlagen mit 1 % rekombinantem humanem Serumalbumin und 5 % Saccharose. Als Option für 

längere Lagerung bei erhöhten 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 für das ORFV die erfolgreiche 

Etablierung eines großskaligen pharmazeutischen Produktionsprozesses mit hohen infektiösen 

Titern ermöglichen.
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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-

quent 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 17th century 

[4]. In the late 18th 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 20th 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 20th 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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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 

 

 

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. 
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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 𝛾-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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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. 

 

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 MB25O6XTEK. 
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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 20th 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 20th 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 

 

 

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 

substances leaving the processing train as impurities. Nuclease treatment is usually implemented before or after a con-

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 µg mL-1 

[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 
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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. 

 

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 

Method Advantages Disadvantages 

 

Centrifugation 

 

+ Cheap batch operation 

+ Robust processing 

+ Continuous set-up available 

+ Mild processing conditions 

 

 

- High investment costs 

- Scale limited by set-up 

- Low to medium selectivity 

Filtration + Robust processing 

+ Variety of unit operations with set-up 

+ Semi-continuous processing possible 

 

- Medium-prized consumables 

- Scale limited by filter size 

- Low selectivity 

- Potential loss of biological activity due to 

shear forces 

 

Precipitation + Cheap batch operation 

+ Medium to high selectivity 

+ Easy scaling 

+ Applicable for both selective product 

and contaminant separation  

 

- Removal of precipitation agent necessary 

- Potential loss of biological activity due to 

precipitation agent 

- Sensitive to changes in educt composition 

Chromatography + High selectivity 

+ Cheap operation 

+ Semi-continuous processing possible 

+ Often mild processing conditions 

 

- Cost-intensive consumables 

- Limited scaling 

- Buffer exchange often necessary 

- Potential loss of biological activity depend-

ing on buffer composition 

- Sensitive to changes in educt composition 
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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. 

Ion 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,  
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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; 

TCID50; 50 % tissue culture infectious dose. 

Trait Methods 
Through-

put 
Virion quantification Comment Ref. 

   
Reliabil-

ity 

Standard 

required 
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 c
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n

 o
f 

v
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s 

p
ar
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cl

es
 

Dynamic light scat-

tering 
+++ + + 

Concentration measure-

ments only with multi-angle 

approaches  

[91–93] 

Imaging approaches + +++ - 

Specific (e.g. electron mi-

croscopy) or unspecific 

(e.g. STORM) quantifica-

tion 

[94,95] 

Nanoparticle track-

ing analysis 
+++ ++ - 

Specific quantification with 

marker 
[96,97] 

Tunable resistive 

pulse sensing 
++ ++ +  [96,98] 

Flow virometry +++ ++ - Markers required [99] 

(Capillary) electro-

phoresis * 
++ ++ +  [100] 

Analytical centrifu-

gation * 
++ ++ + 

Standard needs to be of 

similar density and dimen-

sions 

[95,101] 

Analytical chroma-

tography * 
+++ ++ +  [69] 

C
o

n
ce

n
tr

at
io

n
 o

f 
in

-

fe
ct

io
u

s 
v

ir
u

se
s TCID50 assay + + -  [102] 

Plaque titration / fo-

cus forming assay 
+ + -  [103] 

Flow cytometric ti-

tration 
++ ++ +  [99] 

S
p

ec
if

ic
 e

p
it

o
p

es
 /

 c
o
n

te
n

t 

Antibody-based as-

says (e.g. ELISA) 
++ +++ + Antibodies required [104] 

Surface plasmon 

resonance spectrom-

etry 

+++ +++ + 
Preparation of flow cell for 

each target 
[105,106] 

PCR techniques ++ +++ (+) 

Modern digital PCR tech-

niques operate without 

standard 

[104,107] 

Protein-specific as-

says 
++ +++ + e.g., hemagglutinin (HA) [108] 

Analytical chroma-

tography * 
++ ++ +  [69] 



CHAPTER 1 

12 

C
h

ar
g

e 
Tunable resistive 

pulse sensing 
++ ++ +  [109] 

Electrophoretic light 

scattering 
+++ + -  [95] 

(Capillary) electro-

phoresis * 
++ ++ -  [104,110] 

In-silico prediction + (+++) - 
Knowledge of protein struc-

ture necessary 
[111] 

H
y

d
ro

p
h
o

b
ic

it
y

 

Probe spectrofluoro-

metry 
+++ ++ -  [112] 

Contact angle deter-

mination 
++ ++ -  [113] 

Analytical chroma-

tography 
++ + +  [112] 

In-silico prediction + (+++) - 
Knowledge of protein struc-

ture necessary 
[112] 

* 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 

 

 

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 II). The virions associate at the stationary phase to further reduce the 

contact area (Load III), 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 RD25O6XL3Q. 
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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 II). 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 III/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 III/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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Approx. 2.9 x 109 

virus genomes / 

cm2
membrane 

(0.7 x 1012 virus 

genomes / mL mem-

brane) 

> 

9

5 

1

2

6 

8

0 

-

8

5 

9

4 

-

9

8 

[

1

3

1

] 

Bacterio-

phage 

M13K07 

7 x 

900 

clar

ifie

d 

6 

6

0

0

0 

50 mM 

MES + 

600 

mM 

NaCl 

pH 6 

2 

in-

lin

e 

50 

mM 

MES 

+ 100 

mM 

NaCl 

pH 6 

10 

1 mL 

CIM-OH 

monolith 

(2 µm) 

6.2 x 109 PFU / 

mLmonolith 

at 10 % break-

through 

> 

9

0 

N

/

A 

9

9.

8 

9

3 

[

1

2

1

] 

Bacu-

lovirus 

(geno-

type Ac-

MNPV-

VSVG) 

20 

x 

260 

clar

ifie

d 

8 

8

0

0

0 

PBS 

pH 7.4 
2 

of-

fli

ne 

PBS + 

500 

mM 

NaCl 

pH 7.4 

3.

2 

20 cm2 

(0.14 

mL) 

CE mem-

brane 

(3 - 5 

µm) 

5 x 107 PFU / 

cm2
membrane (7 x 109 

PFU / mLmembrane) 

at 10 % break-

through 

9

1 

> 

9

5 

9

9 

8

5 

[

1

2

9

] 

20 cm2 

(0.14 

mL) 

Polyam-

ide mem-

brane 

(5 µm) 

N/A 
8

1 
 

> 

9

9.

9 

8

1 

[

1

2

9

] 

20 cm2 

(0.13 

mL) 

Glass mi-

crofiber 

mem-

brane 

(5 µm) 

N/A 
7

3 
 

9

3 

4

5 

[

1

2

9

] 
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Hepatitis 

C virus 

(geno-

type 1a 

and 5a) 

40 - 

80 

pu-

ri-

fied 

8 

6

0

0

0 

20 mM 

TRIS-

HCl + 

180 

mM 

NaCl 

pH 9 

4 

of-

fli

ne 

20 

mM 

TRIS-

HCl + 

400 

mM 

NaCl 

pH 7.4 

2 

13 cm2 

(0.09 

mL) 

CE mem-

brane 

(1 µm) 

4 x 108 units / 

cm2
membrane (5.7 x 

1010 units / mLmem-

brane) 

at 10 % break-

through 

> 

9

1 

> 

9

5 

8

4 

> 

9

9 

[

1

2

6

] 

Influenza 

A virus 

80 - 

120 

clar

ifie

d 

8 

6

0

0

0 

50 mM 

TRIS-

HCl + 

150 

mM 

NaCl 

or PBS 

pH 7.4 

4 

of-

fli

ne 

50 

mM 

TRIS-

HCl + 

150 

mM 

NaCl 

or 

PBS 

pH 7.4 

5 

17 cm2 

(0.07 

mL) 

CE mem-

brane 

(1 µm) 

N/A 

> 

9

5 

N

/

A 

9

2.

4 

9

9.

7 

[

1

3

0

] 

10 

75 cm2 

(0.3 mL) 

CE mem-

brane 

(1 µm) 

3.4 µgHA / cm2
mem-

brane 

(907 µgHA / mL 

membrane) 

> 

9

8 

N

/

A 

8

8 

-

9

2 

7

7 

-

9

9 

[

1

3

0

] 

4 

0.34 mL 

CIM-OH 

monolith 

(2 µm) 

N/A 
7

1 

N

/

A 

9

2 

9

8 

[

1

3

0

] 

Lentivi-

rus 

80 - 

100 

clar

ifie

d 

1

2.

5 

4

0

0

0 

50 mM 

TRIS-

HCl + 

150 

mM 

pH 7.4 

2 

in-

lin

e 

50 

mM 

TRIS-

HCl + 

150 

mM 

pH 7.4 

6-

7 

35 or 70 

cm2 

CE mem-

brane 

(2.5 - 3 

µm) 

1.1 - 2.1 x 1012 vi-

rus particles/ 

cm2
membrane 

8

8 

> 

9

0 

8

1 

7

9 

[

1

3

2

] 

MVA vi-

rus 

250 

x 

300 

x 

120 

pu-

ri-

fied 

7.

2 

6

0

0

0 

PBS + 

NaCl, 

NaBr, 

KCl 

(700 

mM) 

pH 7.4 

N/A 
N/

A 

PBS + 

NaCl, 

NaBr, 

KCl 

(700 

mM) 

pH 7.4 

8.

2 

70 cm2 

(0.3 mL) 

CE mem-

brane 

(1 µm) 

Approx. 2 - 5 x 108 

TCID50 / cm2
mem-

brane (4.7 – 11.7 x 

1010 TCID50 / 

mLmembrane) 

at 5 % break-

through 

> 

9

5 

N

/

A 

> 

9

0 

9

0 

[

1

3

4

] 

ORFV 

(2 geno-

types) 

140 

x 

300 

clar

ifie

d 

8 

8

0

0

0 

20 mM 

TRIS-

HCl + 

180 

mM 

NaCl 

pH 7.4 

4 

of-

fli

ne 

20 

mM 

TRIS-

HCl + 

400 

mM 

NaCl 

pH 7.4 

3 

13 cm2 

(0.09 

mL) 

CE mem-

brane 

(1 µm) 

1.3 x 106 IU/ 

cm2
membrane (1.8 x 

108 IU / mLmem-

brane)  

at 10 % break-

through 

8

4 

-

9

1 

> 

9

5 

9

9 

6

3 

-

8

1 

[

1

2

8

] 

Yellow 

fever vi-

rus 

(strains 

17DD 

and 17D-

204) 

40 - 

50 

clar

ifie

d 

1

0 

6

0

0

0 

N/A N/A 
N/

A 
N/A 5 

100 cm2 

(0.4 mL) 

CE mem-

brane 

(1 µm) 

6 x 107 PFU / 

cm2
membrane (1.5 x 

1010 PFU / mLmem-

brane) 

at 10 % break-

through 

1

0

1 

-

1

0

9 

1

0

6 

-

1

1

3 

9

2 

6

2 

-

7

3 

[

1

3

3

] 

Yellor fe-

ver VLP 

30 - 

40 

clar

ifie

d 

8 

6

0

0

0 

PBS 

pH 8.0 
2 

in-

lin

e 

PBS 

pH 

N/A 

6 N/A N/A 
7

2 

N

/

A 

> 

9

9 

6

0 

[

1

3

3

] 
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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. 

• 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. 

• 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. 

• 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]. 

• 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 𝛾-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-1 

dsDNA (78 % removal) and a HCP concentration below the limit of detection (25 µg mL-1). 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 106 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 
Storage 

condition 
Excipients Ref. 

ORFV 

Muk 59/05 

orf disease vaccine 

(ovine) 
N/A lyophilized 

5 % lactalbumin 

10 % trehalose or sucrose 

HBSS 

[39] 

ORFV 

D1701 

immunomodulatory 

agent (equine) 
ZYLEXIS lyophilized 

8 % dextran n40 

6 % casein hydrolysate 

8 % lactose 

9 % sorbitol 

NaOH for neutralization 

[55] 

MVA virus 
smallpox vaccine 

(human) 
ACAM2000 lyophilized 

2 % HSA 

5 % mannitol 

0.5-0.7 % NaCl 

6-8 mM HEPES 

[149,150] 

MVA virus 
smallpox vaccine 

(human) 
JYNNEOS lyophilized 

140 mM NaCl 

10 mM TRIS 

HCl for neutralization 

[151] 

MVA virus 
smallpox vaccine 

(human) 
Imvanex lyophilized 

gelatine 

NaCl 

TRIS 

HCl for neutralization 

[152] 

MVA virus 
Ebola vaccine (hu-

man) 

Ad26.ZEBOV/

MVA-BN -

Filo 

liquid, fro-

zen 

NaCl 

TRIS 

NaOH for neutralization 

[153,154] 

 

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 ORFV 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 

ORFV 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 
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Part B: Critical process parameters for Orf virus infectivity stability 
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rameters for a pharmaceutical production of the Orf virus. Vaccine 41 (32), 4731-4742. doi: 
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Part C: Stable formulations for Orf virus storage and processing 
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(2023, submitted). Investigation of excipients for a stable Orf viral vector formulation. Journal of 

Virus Research, VIRUS-D-23-00288. 
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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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Part A: Evaluation of a model system for the steric exclusion chroma-

tography 
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Part B: Identification of critical process parameters for the Orf virus 
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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 µm) 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 µm 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 yields 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 Mg2+, 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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