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Zusammenfassung 

Lentivirale Vektoren (LV) werden zur Übertragung therapeutischer Gene für die Gen- und 

Zelltherapie eingesetzt, vornehmlich für die Therapie mit chimären Antigenrezeptor-T-Zellen. 

Das Marktwachstum führt zu einer steigenden Nachfrage nach LV. Die geringe LV-Stabilität 

stellt Anforderungen an einen schonenden Prozess. Bestehende Verfahren müssen stark 

optimiert werden und die Erforschung neuer, alternativer Methoden ist unerlässlich. 

In einem ganzheitlichen Ansatz fokussiert sich die Arbeit auf gefundene Schwachstellen und 

stellt für die Klarfiltration, die Analytik und die chromatographische Reinigung neue Ansätze 

vor. Im ersten Teil dieser Arbeit wurde eine vakuumbasierte Klärungsmethode mit Kieselgur 

für LV etabliert, die durch Suspensionszellkultur hergestellt wurden. Diese Klärungsmethode 

ermöglichte eine schnelle Filtration mit hohem Durchsatz und verbesserte die Handhabung 

durch den Wegfall des Zentrifugationsschritts und die Erhöhung der Filterkapazität. Die 

Klarfiltration von LV legte damit die Grundlage für nachfolgende Chromatographiestudien. 

Um den analytischen Probendurchsatz zu verbessern und die Prozessentwicklung zu 

beschleunigen, befasste sich der zweite Teil dieser Arbeit mit der Entwicklung eines 

Hochdurchsatzassays mit automatisierter Erfassung und Auswertung zur Bestimmung des 

infektiösen Titers, welcher für umhüllte virale Vektoren die wichtigste Prozessgröße darstellt. 

Transduzierte Zellen werden hierbei durch immunologische Detektion in einem Echtzeit-

Lebendzell-Analysesystem mit softwarebasierter Bildauswertung quantifiziert.  

Der dritte und vierte Teil befasste sich mit der sterischen Ausschlusschromatographie (SXC). 

Es konnte gezeigt werden, dass die Mischstrategie der Puffer und die Flussrate für den 

thermodynamisch getriebenen Prozess der Verarmungsinteraktion zwischen den LV und der 

Membran entscheidend sind. Weiterhin wurde identifiziert, dass die Parameter PEG 

Konzentration und Größe entscheidend für den Erfolg sind und dementsprechend optimiert 

werden müssen. Die Visualisierung der LV auf der Membran zeigte, dass hauptsächlich die 

oberste Membranlage für die Abscheidung genutzt wurde. Daher war die 

oberflächenspezifische Flussrate für die Hochskalierung entscheidend. Das mechanistische 

Verständnis des Prozesses und die Prozessoptimierungen ermöglichten reproduzierbar hohe 

LV-Wiederfindungen und die Entfernung von Verunreinigungen. 

Schlagwörter: Lentivirale Vektoren, Klarfiltration, Sterische Ausschlusschromatographie, 

Analytik infektiöser Titer  
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Abstract 

Lentiviral vectors (LV) are widely used to deliver therapeutic genes for gene therapy and gene-

modified cell therapy and have shown success in chimeric antigen T cell therapies. The ongoing 

market growth leads to an increasing demand for purified LV which requires efficient 

downstream processes. Due to the lower stability of LV, new demands are placed on the 

process. Existing unit operations must be greatly optimized and research into new, alternative 

methods is essential. 

In a holistic approach, the work focused on identified bottlenecks and presents new 

approaches for clarification, analytics, and chromatographic purification. In the first part of 

this work, a vacuum-based clarification method with diatomaceous earth was improved for 

LV which were produced by suspension cell culture. This clarification method allowed fast and 

high throughput clarification and improved handling by eliminating the centrifugation step 

and increasing filter capacity. Thus, clarification of LV with diatomaceous earth laid the 

foundation for subsequent chromatography studies. 

To improve the analytical sample throughput and accelerate process development the second 

part of this thesis deals with the development of a high throughput assay with automated 

readout and analysis for the determination of the infectious titer, which is the key process 

variable for enveloped viral vectors. For this purpose, transduced cells are quantified by 

immunological detection in a real-time live-cell analysis system using software-based image 

evaluation.  

Eventually, the third and fourth parts focused on steric exclusion chromatography. It could be 

demonstrated that process parameters like the buffer mixing strategy and flow rate are crucial 

for this thermodynamically driven process of depletion interaction between the LV and the 

membrane. Moreover, it was shown that an ideal PEG molecular weight and concentration 

must be identified. The visualization of the LV on the membrane showed that the LV were 

mainly found on the first membrane layer after loading. Therefore, the surface area-specific 

flow rate was crucial for scale-up. The mechanistic understanding of the process and the 

process optimizations enabled reproducibly high LV recoveries and removal of impurities. 

Keywords: Lentiviral vectors, clarification, steric exclusion chromatography, infectious titer 

analytics  
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1 Introduction 

Gene therapy and gene-modified cell therapy are rapidly growing fields in the pharmaceutical 

industry that hold great potential to cure a wide range of diseases by delivering a therapeutic 

gene into the respective target cells [1]. Currently, more than 3,000 gene therapy clinical trials 

are ongoing using various delivery systems including the physical administration of naked 

nucleic acids or the use of viral vectors [2]. Immunotherapy with chimeric antigen receptor 

(CAR) T cells is a well-known gene-modified cell therapy with five commercially approved 

products to date [3–5]. Lentiviral vectors (LV) are a commonly used vector to transfer the gene 

coding for the CAR to T cells, which renders the generated CAR-T cells specific to tumor 

antigens. LV are especially useful for this application as they stably integrate its genome into 

the target cell genome, thereby enabling long-term expression of the transgene [6]. Extensive 

engineering of LV improved their efficiency and biosafety such that the first pediatric patient 

with acute lymphoblastic leukemia has now been cancer-free for ten years following LV-

mediated CAR T-cell therapy [7]. 

During the upstream process, LV are produced by mammalian cells which secrete the LV into 

the medium [8]. The downstream process aims to remove the impurities while concentrating 

the vector and maintaining its activity. The cell and gene therapy market growth leads to an 

increasing demand for viral vectors and hence efficient downstream processes and respective 

analytics. The transfer of existing methods in protein purification for the purification of LV is 

difficult because the biomolecules have different properties and different demands on the 

process. This requires a significant optimization of existing unit operations; or exploring new, 

alternative approaches for the downstream process. 

As the industry moves towards LV production with suspension culture, the classical 

laboratory-scale approach of centrifugation and filtration holds difficulties when dealing with 

the increased impurity load. The use of filter aids could be a promising alternative. LV typically 

show high susceptibility towards buffer components of classical chromatography modes like 

ion exchange or affinity chromatography. Therefore, there is a need to explore and develop 

alternative chromatography methods that preserve viral infectivity. High throughput virus 

analytics represents one of the major bottlenecks in viral vector process development and 

new methods are constantly being developed as there is no universal solution due to the 

heterogeneous properties of the different vector types.   
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2 Scope of the research 

The aim of the thesis was to improve the laboratory-scale downstream process of LV in terms 

of an efficient clarification process and to gain a greater mechanistic understanding of steric 

exclusion chromatography (SXC) that would enable its implementation for LV purification. 

Besides general SXC process optimization, gaining insights into the scalability of the unit 

operation was targeted. An additional goal was to advance and automate the LV infectious 

titer analytical assay, which in turn would aid in accelerating process development. 

First, a suitable clarification method needs to be developed to obtain clarified LV material 

produced by suspension mammalian cell culture, which is free of cells, cell debris, and larger 

contaminants, which would otherwise burden the subsequent downstream processing steps. 

Next, to perform process development, which generates a high number of samples, respective 

analytics need to be developed alongside. The success of process development steps can only 

be evaluated with respective analytics which enables reliable high throughput analysis, 

especially of the infectious LV titer as this is a key characteristic for fragile enveloped viral 

vectors. Subsequently, the chromatography step of LV processes needs to be improved, since 

classical chromatography techniques have limitations regarding the preservation of LV 

infectivity. The development of alternative chromatography techniques, like steric exclusion 

chromatography (SXC), is necessary. The lack of mechanistic understanding of SXC needs to 

be addressed to develop a purification protocol for LV and a scale-up solution for SXC. 

In summary, the aim of this dissertation was the implementation of an alternative clarification 

approach, infectious titer analysis strategy, and chromatography method for LV to overcome 

various limitations of the existing downstream process and analytical methods. 
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3 Theoretical background 

3.1 Lentiviral vectors and their applications 

Viruses are infectious particles comprising genetic material (DNA or RNA) surrounded by a 

protein coat that is sometimes additionally coated by a membrane. Viruses are obligate 

intracellular parasites that use the host cell machinery for their replication and are therefore 

the underlying reason for a range of diseases [9–11]. Profound knowledge of virus biology 

made it possible to make use of their natural ability to efficiently transduce host cells in gene 

therapy and gene-modified cell therapy. The engineered viral vectors are used as therapeutic 

gene delivery vehicles [1,12]. Viral vectors currently used for gene transfer in gene therapy 

and gene-modified cell therapy clinical trials include adenoviruses, γ-retroviruses, lentiviruses 

(LV), adeno-associated viruses (AAV), vaccinia viruses, poxviruses, herpes simplex viruses, and 

others (listed from highest to lowest number of clinical trials), with LV accounting for 331 

clinical trials (10.1%) [2], of these 331 clinical trials around 60% comprise chimeric antigen 

receptor (CAR) T cell therapies.  

 

Figure 1: Scheme of lentiviral vector structure, adapted from [13,14].  

Lentiviral vectors used for cell and gene therapy applications are most commonly derived from 

the human immunodeficiency virus HIV-1 which belongs to the retroviridae family [10]. The 

virus particles have a diameter of approximately 100 nm and are schematically depicted in 

Fig. 1. The conical viral capsid contains the viral genome complexed with the nucleocapsid 

proteins, and the enzymes reverse transcriptase, integrase, and protease. The capsid is 
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surrounded by an envelope membrane lined from the inside with a layer of matrix proteins. 

Glycoproteins are located in the envelope membrane [13,15]. A lentiviral particle has a single-

stranded RNA genome with a size of up to 10 kb that is reverse transcribed into DNA and then 

stably integrated into the host cell genome through reverse transcriptase and integrase 

enzymes which are provided in the viral particle [16]. Hence, LV do not directly deliver DNA, 

but their RNA genome is converted into DNA via reverse transcription, and the stable 

integration into the host cell genome enables the stable expression of the gene of interest. 

The envelope membrane makes the LV extremely sensitive. Several factors like high 

temperature (time-dependent decay), freeze and thaw cycles, pH, shear stress, and salt 

concentration were reported to reduce LV infectivity [17–20]. 

The stable expression of the integrated transgene makes them a suitable tool for CAR-T cell 

therapies, which is to date the major application of LV [21]. A general flow scheme of CAR-T 

cell therapy is depicted in Fig. 2.  

 

Figure 2: Workflow of autologous CAR-T cell therapy bioprocess, adapted from [6,22]. 

In CAR-T cell therapy, the patient’s T cells are isolated and transduced with a viral vector ex 

vivo which transfers the genetic information for the CAR. The hereby generated CAR-T cells 

can target tumor antigens that are not naturally recognized by their endogenous T-cell 
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receptors. After expansion, the CAR-T cells are administered back to the patient and can 

recognize and kill tumor cells [6,12,23]. Five commercially available CAR-T cell therapies are 

currently approved of which three use LV for the transduction of the T cells for the treatment 

of blood cancers, including lymphomas, some forms of leukemia, and multiple myeloma [3–

5]. Moreover, an LV-mediated genetic modification of autologous hematopoietic stem cells 

for the treatment of beta-thalassemia, a rare genetic blood disease, was recently approved 

that replaces a missing or mutated gene, hence this is the first approved LV gene therapy 

application [24]. 

Clinical trials using LV target the treatment of a range of diseases, including cancers, immune 

disorders, metabolic disorders, and rare congenital diseases [1,12]. Moreover, new potential 

applications for LV in vaccination, cell-type differentiation, and gene editing are currently 

being investigated [13,25–29]. 

According to market research analyses the global viral vector manufacturing market is 

approximately worth USD 646 million in 2021 with a projected value of USD 2,677 million in 

2030 and an estimated annual growth rate of 16% over the next decade. With 10% adenoviral 

vectors hold the largest market share of the vector manufacturing market in 2021, however, 

in 2030 it is expected that lentiviral vectors will hold the greatest share with 19% [30]. The 

expected market growth leads to increasing demand for efficient viral vector manufacturing 

and consequently to a need for process development to implement such [31]. 

3.2 Upstream processing of lentiviral vectors 

The easiest to develop and most widely used method for viral vector production is the 

transient transfection of mammalian cells with multiple plasmids [32]. Different transfection 

reagents can be used, like calcium phosphate, polyethyleneimine, and lipofectamine, to name 

the most common ones [33]. Typically, split genome packaging constructs of three to four 

plasmids (Fig. 3) are used to reduce the likelihood of recombination events that would lead to 

the generation of replication-competent viral vectors. The generation of replication-

competent LV poses a safety concern as most LV used, are derived from the pathogenic human 

immunodeficiency virus 1 (HIV-1). The third-generation system with four plasmids is widely 

used and comprises the packaging plasmids with the gag-pol genes coding for the LV enzymes 

and structural proteins, a plasmid with the env gene coding for the envelope protein, mostly 

pseudotyped with the glycoprotein from the vesicular stomatitis virus (VSV-G), a plasmid with 
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the rev gene coding for the regulatory protein Rev, and the vector plasmid coding for the 

transgene [34,35]. 

This method offers maximum flexibility but at a large scale, high costs for the needed plasmid 

DNA and transfection reagents and batch variability are faced. Stable producer cell lines can 

be a solution to overcome cost and variability hurdles, however, some vector components, 

like the VSV-G envelope protein, are toxic for the cells, favoring an inducible producer cell line, 

and the development of a stable producer cell line is time-consuming and somewhat costly 

[35,36].  

Traditionally the human embryonic kidney 293 (HEK293) or HEK293 T cells are used as they 

can be transfected easily and adapted to different culture strategies [33]. The HEK293 T cells 

express the SV40 large T-antigen yielding higher titers [37]. Typically, these cells are grown 

adherently in T-flasks, cell stacks, or factories. For large-scale production of adherent cell 

cultures scale-out approaches are used, adding more cell factories, cell stacks, or roller bottles 

to increase the culture area [38].  

 

Figure 3: Lentiviral vector batch production by transient transfection of HEK cells in a stirred tank 

bioreactor with multiple plasmids. 

Monitoring and controlling process parameters in such culture systems are limited but offered 

in fixed-bed bioreactors [39,40] or hollow fiber bioreactors [41]. However, the adaption of the 

HEK cells to growth in suspension allows easy scale-up of viral vector production in stirred tank 
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bioreactors [32] (Fig. 3). Suspension cultures can be grown serum-free, reducing costs and the 

risk of contamination. Moreover, material and time consumption is lower compared to 

adherent cell cultures [37,42]. Hence, the trend goes towards LV production in suspension 

culture, especially because it facilitates Good Manufacturing Practice (GMP) and can advance 

industrial scale vector manufacturing [43]. LV production in suspension culture raises the 

hurdles for downstream processing as the feed has a higher impurity load compared with LV 

feeds produced in adherent cell culture. 

3.3 Downstream processing of lentiviral vectors 

After the upstream process, a series of downstream processing (DSP) steps follow that aim to 

increase the purity and maintain the potency of the viral vector material [14]. The viral vector 

material contains product-related and process-related impurities. Product-related impurities 

are variants of the viral vector product including inactive particles, broken particles, and vector 

fragments, as well as viral vector aggregates. Process-related impurities are derived from the 

upstream or downstream process itself and comprise media components, host cell-related 

molecules (cell debris, host cell DNA, and proteins), plasmid DNA, transfection reagents, 

nucleases, and buffers. When the viral vector is used as a pharmaceutical, the impurities must 

be removed down to a certain level set by regulatory authorities to ensure the safety of the 

product [44,45]. The DNA concentration measured after DSP operations aims to demonstrate 

the removal of host cell DNA and plasmid DNA. As the LV has an RNA genome, free viral RNA 

is not measured with the DNA quantification techniques. The acceptable remaining impurity 

levels are <10 ng DNA per dose for parenteral inoculation or <100 µg DNA per dose for oral 

administration with a DNA size of <200 base pairs [46,47]. The acceptable host cell protein 

limits are set by individual case reviews by regulatory authorities. For monoclonal antibody 

products, it is usually <100 ppm and can serve as a guideline [48]. 

Downstream processing of lentiviral vectors is a challenging task and requires a special set of 

considerations due to the low stability of the particles, their large size, and their complex 

structure [45]. There is no platform solution available for the DSP of LV and different 

combinations of unit operations are feasible [32] (Fig. 4).  
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Figure 4: Downstream processing workflow of LV illustrating different sequences of unit operations. *The 

nuclease digestion can be implemented at different stages of the process, adapted from [45,49]. 

Several DSP steps are conducted to achieve purification, concentration, and stability of the LV 

sample. The DSP begins with the harvest of the LV from the cell culture. Lentiviral vectors bud 

from their host cells and are found in the supernatant [8]. Therefore, no cell lysis is required, 

and the clarification step is performed to remove cells and cell debris. A detailed description 

of the clarification step is provided in Section 3.3.1. Intermediate purification with 

chromatography and/or ultrafiltration is performed to purify and concentrate the vector 

sample, followed by a polishing step for concentration and buffer exchange to formulate the 

LV for improved vector stability. Common chromatography techniques for LV are described in 

more detail in Section 3.3.2. Finally, the LV product undergoes sterilizing filtration before the 

fill and finish step. A nucleic acid digestion step can be implemented at different phases of the 

DSP, with varying impacts on the execution of the DSP [32,49,50].  
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3.3.1 Clarification of lentiviral vectors 

Diverse technologies for viral vector clarification exist either based on centrifugation or 

filtration. The overall objective of the clarification step is the removal of large impurities, e.g., 

cells and cell debris, and the reduction of the supernatant turbidity while recovering the vector 

product. Typically, two operations called primary clarification and secondary clarification are 

required. Primary clarification aims to remove larger impurities like cells and cell fragments, 

on the other hand, secondary clarification is used for the removal of colloidal matter and 

smaller impurities, including aggregates [51].  

Centrifugation has been extensively used as a primary clarification step in combination with 

microfiltration as a secondary clarification step, especially for small-scale studies [43,49,52–

54]. The advantage of centrifugation in handling high solid loads opposes the disadvantages 

of high investment and limited scalability [55]. For large-scale manufacturing, the 

centrifugation step is aimed to be fully replaced by filtration processes as they facilitate 

seamless scalability [51].  

Filtration unit operations can be performed as a secondary clarification step after 

centrifugation (for a laboratory scale) or as both, a primary and secondary clarification step. 

When operating LV filtration, a suitable membrane chemistry should be selected to avoid LV 

adsorption to the membrane. As the LV is negatively charged at neutral pH it will likely adsorb 

to positively charged surfaces, which must be avoided [45]. Materials like polypropylene, 

polyethersulfone, or synthetic filters are widely for viral vector purification, as they enable the 

full transmission of the vector across the membrane while also excluding many impurities [56]. 

Clarifying filtration techniques comprise normal flow filtration (dead-end filtration), or 

tangential flow filtration (crossflow filtration) [57]. The different filtration technologies are 

described in the following. 

Normal flow microfiltration membranes have a low dirt-holding capacity, thus being mainly 

used for secondary clarification [55]. Normal flow microfiltration membranes used for LV 

processing have moderately large pore sizes between 0.45 to 0.8 µm as smaller pore sizes 

result in early filter clogging and high product loss due to the large size of the LV [8]. If the LV 

is produced by adherent cell culture, the supernatant can be easily separated from the live 

cells, which remain attached to the surface of the cell culture vessel, and only a smaller 

amount of dead cells and cell debris is found in the supernatant. A single normal flow 
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microfiltration step of the supernatant derived from adherent cell culture may be sufficient 

given that a comparatively clear supernatant with a small amount of cells and cell debris is 

applied to the filter [58–60]. For the clarification of suspension cultures, the cells must be 

separated from the supernatant by centrifugation before the filtration step, otherwise, a large 

amount of cells in the supernatant leads to filter clogging. A potential method of omitting 

centrifugation of the suspension culture-derived material is the use of filter aids like 

diatomaceous earth in combination with normal flow microfiltration [61]. The highly porous 

and rigid structure of the diatomaceous earth forms a nearly incompressible porous cake 

allowing liquid flow with a reduced risk of filter clogging [62]. In a laboratory scale, this is 

typically performed by mixing the suspension culture with the filter aid and applying it on a 

bottle-top vacuum filter, whereas further scale-up solutions for clarification with 

diatomaceous earth are provided by FILTROX with the filter aid directly incorporated inside 

the filter device [63].  

Another option for the primary clarification step is to perform tangential flow filtration (TFF) 

with microfiltration membranes in a flat-sheet cassette or a hollow fiber format. The product 

(viral vector) passes through the membrane and is recovered in the permeate, while cells and 

cell debris are retained [55,64], however TFF for LV clarification was not yet reported [49]. 

TFF-based primary clarification has the advantage of having the feed material flowing across 

the membrane surface, which is minimizing filter cake formation. Clogging of the membrane 

pores by filter cake formation needs to be avoided since it reduces the actual membrane pore 

size leading to increased virus retention [8]. Due to its long processing time and higher shear 

stress, the use of TFF for primary clarification of enveloped viral vectors may reduce infectious 

titers and respective yields. 

The tangential flow depth filtration is a new clarification mode that uses a depth filter in a 

hollow fiber format that is operated in a TFF mode. Thereby, the cell culture feed is passed 

through a tubular depth filter in tangential mode. In contrast to hollow fibers, the membrane 

has an isotropic pore structure and an approximately 25 times higher wall thickness which 

serves as a depth filter [65]. 

Another possibility to minimize filter clogging besides using TFF or the use of filter aids is the 

use of normal flow depth filters. They are often made of a cascade of membranes with 

decreasing pore sizes with a final pore size of 0.45 µm. Large impurities like cells and cell debris 
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are retained at the first filter of larger pore size, while smaller impurities are retained at the 

smaller pore size filter. The filter train, therefore, reduces the risk of filter blocking [66–69]. 

3.3.2. Common chromatography techniques for lentiviral vectors 

Four basic chromatography matrices exist: resins, membranes, monoliths, and nanofibers 

(Fig. 5). Each matrix supports different purification needs and has unique features. 

Resins are porous, spherical particles and can be made for instance of agarose, dextran, 

cellulose, polystyrene, and polyacrylamide [70]. Resins with a defined diameter and pore size 

are packed into a column [71]. For the separation of biomolecules with resins, the underlying 

mass transfer is based on diffusion into the pores where many functional groups are located, 

hence slow flow rates are applied. The resin pores commonly have a size of 20-40 nm resulting 

in a significantly reduced dynamic binding capacity and poor mass transfer when applied to 

large biomolecules [72]. Therefore, resins are not widely used for the chromatography-based 

purification of large enveloped viral vectors, such as LV, aside from a small number of research 

examples. These research studies used affinity resins for LV purification either using histidine-

tagged LV with immobilized metal affinity chromatography [73], desthiobiotinylated LV [74], 

or an LV with biotin mimicking peptide [75] with streptavidin affinity chromatography, or 

heparin pseudo affinity chromatography [76,77]. The separation of biomolecules is based on 

specific interactions between the target molecule (which may be coupled to a tag) and the 

ligand. Affinity tags and ligands pose a regulatory concern due to possible ligand leakage, the 

toxicity of desorption reagents, and ligands from animal sources like heparin that complicate 

the clinical use of the LV purified by these methods [34,50]. Moreover, immobilized metal 

affinity chromatography faced issues with retrovirus stability because the desorption reagent 

imidazole reduces retrovirus infectivity [78]. As a consequence of the limited mass transfer 

using resins and the susceptibility towards the desorption reagents, LV recoveries purified by 

affinity chromatography were moderate ranging from 38% to 68% [73–77]. Moreover, by the 

introduction of a tag to the envelope protein, the viral infectivity or tropism can be altered 

[49]. Besides affinity purification techniques, resins are employed in size exclusion 

chromatography (SEC) for LV polishing [58,79,80] which separates feed components based on 

their size and hence, their retention time through a packed column [81]. The low capacity of 

SEC columns, the slow flow rate, and the dilution of the vector sample are the major 
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drawbacks of SEC, which is why TFF ultrafiltration and diafiltration are preferred as a polishing 

step, especially at larger process scales [49,79]. 

 

Figure 5: Chromatography matrices and chromatography modes used for lentiviral vector purification and 

polishing, adapted from [82]. 

Membrane chromatography matrices are made of different polymers that form large pores, 

such as polyacrylamide hydrogel, modified polyethersulfone, or regenerated cellulose. 

Membrane channel sizes of 5 µm to 0.65 µm allow for flexible selection that fits to the virus 

size. Also, the membrane bed height can be easily adjusted by the number of membrane layers. 

Small-scale membrane chromatography units hold several stacked membrane layers that form 

a thin column of a few millimeters in thickness with a frontal (axial) dead-end flow directed 

from the top [83]. Larger devices are either based on a capsule format with a rolled-up 

membrane with a radial feed flow from the external to the internal fluid channel [84] or a flat-

sheet cassette module [85]. The mass transfer is based on convection, thus high flow rates can 
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be applied [71,86]. Membrane chromatography offers the possibility to be operated in a 

single-use manner which reduces labor and costs compared to resin chromatography, as no 

column packing must be performed and higher flow rates can be applied reducing process 

time [83,86]. Membranes are widely used for LV purification, mainly by employing anion-

exchange chromatography, which is based on electrostatic interactions of the LV and the 

positively charged ligands coupled to the membrane, as LV has a negative charge at 

physiological pH [58]. Most frequently clarified LV material is directly loaded onto AEX 

membranes in small-scale studies [18,43,67,80,87–92]. Some large-scale DSP protocols 

suggest performing the chromatography step for LV after clarification as well [34], but more 

recently a study reported loading of concentrated LV material to the AEX membrane after TFF 

[68]. Adjustment of the starting material with sodium chloride (NaCl) to reduce protein 

binding during loading showed increased membrane capacity and product purity [68,93]. The 

elution is typically performed by increasing the NaCl concentration to 0.4-2 M. The major 

concern of increasing the salt concentration is the high susceptibility of lentiviral vectors 

toward high salt concentrations, resulting in a loss of LV infectivity [18,20,94]. This problem is 

addressed by immediate dilution of the elution fraction to reduce the conductivity or a directly 

succeeding ultrafiltration and diafiltration step for desalting and buffer exchange 

[43,67,87,89]. These pre-treatments (conductivity adjustment before loading) and post-

treatments (dilution of elution sample) increase the buffer consumption and can reduce the 

achieved concentration factor of the LV by AEX [50]. Infectious LV recoveries between 28% 

and 90% have been reported for the AEX step with the majority of the studies yielding a 

recovery between 30% and 60% [18,43,67,68,80,88–91,95,96]. If reported at all, protein 

removal by AEX was 95-99% and removal of contaminating DNA (host cell DNA, plasmid DNA) 

was 70-95% [68,89,95].  

Another chromatography matrix that enables convective mass transport are monoliths. They 

are made of a continuous polymer block with wide, interconnected channels; thus, monoliths 

have a high porosity [70,71]. As membranes, monoliths have proven to be suitable for large 

biomolecules such as viral vectors because the large channels have sizes of 2 to 6 µm, thus 

allowing easy access to the binding sites and providing high mass transfer [44,97,98]. Ion 

exchange monoliths [58,67,95] and some affinity monoliths [75,99] have been used to purify 

LV. LV recoveries of AEX and affinity chromatography using monoliths are comparable with 

membrane chromatography using the same capture chemistries. 
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A less frequently used stationary phase is nanofibers which are arranged randomly forming a 

large surface that is functionalized. The nanofibers can be made of nylon, glass, or cellulose, 

among others. Like membranes and monoliths, nanofibers offer convective mass transport 

[100]. Their applicability for LV purification was so far demonstrated in one study using them 

for AEX [101]. 

An in-depth review of chromatography methods for LV will be published soon in the book 

“Bioprocess development and analytics for viral vector-based therapeutics” (see publication 

list, page 110 f.). 

3.3.3 Steric exclusion chromatography 

Steric exclusion chromatography (SXC) relies on the principle of depletion interaction to 

separate biomolecules. Depletion interaction was first introduced by Asakura and Oosawa 

[102] and later investigated in detail by Vrij [103] describing polymer molecules, for example, 

polyethylene glycol (PEG), as penetrable hard spheres. The term “penetrable hard spheres” 

means that the polymer molecules can overlap each other but when interacting with colloidal 

particles they act as hard spheres. Upon addition of the polymer, which is arranged in a 

random coil structure in solution, to a solution containing colloidal particles, depletion 

interaction may occur. The underlying mechanism is based on the steric exclusion of the 

polymer from the surface of the colloidal particles, which is inaccessible to the center of 

gravity of the polymer, resulting in the formation of effective depletion zones (Fig. 6) [104]. 

The depletion zones have a lower polymer concentration compared to the bulk solution [105].  

 

Figure 6: Depletion interaction of colloidal particles (blue spheres) in a polymer solution. The polymer 

molecules are arranged in a random coil structure, adapted from [104]. 
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The steric exclusion of the polymers leads to a loss of conformational entropy of the polymer 

chains. The increased free energy of the polymers creates a thermodynamically unfavorable 

state. When two colloidal particles come close to each other so that their depletion zones 

overlap, the total excluded volume is reduced, and the excess water is transferred to the bulk 

solution reducing the free energy as this volume is now available for the polymer chains 

[104,106]. Single spheres experience an isotropic osmotic pressure due to the polymer 

concentration difference between the depletion layer and the bulk solution. When two 

colloidal particles are close to each other, the polymer molecules are unable to penetrate the 

gap and the osmotic pressure becomes anisotropic. An anisotropic pressure means in this case 

that the osmotic pressure around the particles is higher than between them, resulting in the 

weak attraction of the colloidal particles [107]. Polymer solutions can be classified according 

to their concentration regimes. In dilute polymer solutions, the polymer chains do not interact 

with one another. The depletion layer thickness in a dilute polymer solution is about the radius 

of the polymer forming a penetrable hard sphere. The range and strength of interaction 

depend on the polymer size and polymer concentration, respectively [104]. 

SXC exploits the depletion interaction mechanism for the purification of biomolecules, such 

as viruses, using a hydrophilic stationary phase and PEG as a polymer. PEG is an inert polymer 

with high biocompatibility and high water solubility that has found versatile applications in 

the pharmaceutical industry [108]. PEG is mixed with the virus solution and loaded onto the 

hydrophilic stationary phase. Depletion zones form around the stationary phase and the virus 

surface, from which PEG is sterically excluded. The thermodynamically unfavorable increase 

in free energy promotes the physical reorganization of the viral particles. Depletion interaction 

may occur between the viruses and the stationary phase or between viruses with one another. 

During the loading phase, the virus is then precipitated on the stationary phase and can be 

eluted by using a buffer without PEG that reverses the association of the virus with the 

stationary phase (Fig. 7). The SXC method does not require high buffer conductivities or a pH 

change for elution because it is not based on a chemical interaction but is a thermodynamically 

driven process. Hence, mild elution conditions can be used and SXC can be applied to different 

biomolecules [105,109].  
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Figure 7: Steric exclusion chromatography procedure using a hydrophilic membrane as a stationary phase, 

adapted from [105,110]. 

The optimal PEG molecular weight and concentration depend on the size of the biomolecule 

to be purified. PEG precipitation enables size-based separation with large biomolecules being 

preferentially precipitated by lower concentrations of low molecular weight PEGs, and small 

biomolecules precipitate with higher concentrations of higher molecular weight PEGs [111]. 

Therefore, the optimal concentration and molecular weight combination of PEG has to be 

identified in order to be able to achieve a state where depletion zones are formed around the 

largest biomolecules in the solution (i.e., the virus) but not around contaminating smaller 

molecules like host cell proteins and host cell or plasmid DNA. Through this approach, the 

removal of these contaminations is possible via SXC. 

After the description of depletion interaction by Asakura, Oosawa, and Vrij, PEG was utilized 

for the precipitation of proteins [112]. The first description using depletion interaction in the 

context of SXC was published by Lee et al. who purified IgM and bacteriophage M13K07 with 

OH-monoliths. Other publications describe the purification of serum proteins [113], RNA 

molecules [114], and IgG [109] by SXC. More recently SXC gained interest in the field of virus 

purification. SXC has been used to purify a variety of viruses with regenerated cellulose 

membranes as stationary phases, including AAV [115], baculovirus [116], influenza A virus 

[110], influenza A virus defective interfering particles [117], Orf virus [118,119], and hepatitis 

C virus [120]. All these studies using SXC to purify viruses were performed on a small scale and 
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reported successful virus purification. So far, no study describing the purification of LV by SXC 

was published. 

3.4 Lentiviral vector analytics 

Analytical tools are crucial for the manufacturing and process development of viral vectors 

and are performed for process monitoring and batch release. The product characterization 

can be divided into four key specifications: the potency, purity, safety, and identity of the 

product (Fig. 8). To ensure consistent product quality and safety, it must be reliably monitored 

that the specifications are met as defined by regulatory guidelines [32,50]. Since the use of LV 

for gene and cell therapy applications is relatively new and the knowledge is steadily 

increasing, the regulations will likely increase in the future making regular checks on current 

guidelines essential [121]. 

 

Figure 8: Categories of product characterization and quality criteria for viral vector products  

To assess the potency of a viral vector the total particle titer and the infectious titer are 

determined. The methods most widely used to measure the total particle titer quantify vector 

particle components, like structural proteins or the vector genome. These can be done by the 

p24 enzyme-linked immunosorbent assay (ELISA) [122], or quantitative polymerase chain 

reaction (qPCR) [123–125]. However, methods quantifying the vector genome would omit 

empty particles. Other methods of measuring physical particles are nanoparticle tracking 

analysis, tunable resistance pulse sensing, and transmission electron microscopy [126,127], 

among others. The measurement of the infectious titer requires infection of a suitable cell line 
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and subsequent measurement of the transgene expression which can be performed by 

reverse transcriptase qPCR [128,129], digital droplet PCR [130], or flow cytometry [36,131,132] 

if the LV comprises a fluorescent marker gene or when a protein is expressed that can be 

labeled by a fluorescence-tagged antibody [122]. The infectious titer is the more important 

titer specification, especially for enveloped viral vectors that have limited stability. Only by 

measuring the infectious titer, it is possible to find out if a certain operation unit has preserved 

the functionality of the virus. 

The infectious titer is generally lower than the particle titer, and the ratio of total to infectious 

viral particles depends on the virus type. For LV a wide range of the total particle titer to the 

infectious titer ratio of 102 to 107 [133,134] was reported with a common ratio of 103 [49]. 

There are several reasons for the high ratio. The total particle titer includes all vector forms 

(infectious, defective, empty, free viral proteins or nucleic acids), and the infectious titer only 

includes functional particles [130]. Out of these functional particles, not all particles will 

successfully infect a target cell due to diffusion limitation, temperature-dependent decay in 

suspension due to low LV stability, or abortive infection [133]. 

Profound knowledge of the impurities is important to ensure the product’s quality and safety. 

The impurities have different origins, as they can derive from the process or the product. 

Process-related impurities can derive from the culture medium components, the producer cell 

(e.g., host cell DNA and proteins), the transient transfection method (e.g., plasmid DNA, 

transfection reagents), or the purification (e.g., nucleases). Product-related impurities are 

molecular variants of the product that do not have the properties of the desired product, like 

defective particles or aggregates. It is more difficult to remove product-related impurities as 

they have similar characteristics to functional vector particles [45,135]. The purity can be 

analyzed by either examination of the total protein (e.g., by Bradford assay) and total DNA 

content (e.g., by PicoGreen assay), or the determination of a specific protein concentration 

(e.g., by ELISA), or a specific DNA concentration (e.g., by qPCR) for example for host cell protein 

and host cell DNA [50]. The LV genome is made of RNA and is not detected by DNA 

quantification methods. 

Other contaminants which could pose a risk to patients, e.g., mycoplasma, endotoxins, and 

other viral and microbial agents, are not intended to be part of the manufacturing process but 

can be adventitiously introduced. The absence of these contaminants must be demonstrated 
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to ensure product safety [49]. Moreover, the formation of replication-competent LV that 

might originate from several recombination events within the cells has to be determined for 

an LV product [136,137]. The identity of the viral vector product can be confirmed by 

sequencing the vector genome and identifying structural vector proteins by Western Blotting 

[32]. 

Depending on whether analytics is needed for process development or manufacturing, 

different requirements for analytical assays exist. During process development, small-scale 

screening experiments result in a high number of samples. Hence, high-throughput methods 

with short handling times and a small, required sample volume are needed. Full assay 

validation and qualification according to regulatory guidance are required for manufacturing 

purposes. Thus, the assay accuracy, specificity, linearity, range, and detection limit are of main 

importance and all product characteristics (potency, purity, safety, and identity) are analyzed. 

During process development, the focus is predominantly on potency and purity analysis [138].  
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4 Research results 

The objective of this dissertation was to develop an alternative clarification approach, 

infectious titer analysis strategy, and chromatography method for LV to overcome the 

limitations of the existing downstream process and analytical methods. For this purpose, the 

experimental work of the thesis was divided into four parts: a new simplified clarification 

approach for lentiviral vectors using diatomaceous earth improves throughput and safe 

handling (Section 4.1), infectious titer determination of lentiviral vectors using a temporal 

immunological real-time imaging approach (Section 4.2), steric exclusion chromatography of 

lentiviral vectors using hydrophilic cellulose membranes (Section 4.3), and scaling up of steric 

exclusion membrane chromatography for lentiviral vector purification (Section 4.4). All parts 

were published in four different peer-review journals. 

Chromatography studies require clarified LV material, which is free of cells, cell debris, and 

larger contaminants. Previous small-scale studies performed centrifugation and subsequent 

filtration of the supernatant; however, the material was obtained by adherent cell culture 

[43,49,52–54]. Due to the limited scalability of adherent cell cultures, the trend goes towards 

suspension culture-produced LV, which in turn raises the hurdles for the DSP as the suspension 

culture feed has a higher impurity load.  

The conventional approach of centrifugation with subsequent filtration revealed several 

drawbacks for clarification of suspension cell culture derived LV, therefore a clarification 

method with diatomaceous earth for LV clarification using a Design of Experiment (DoE) 

approach was developed in the first part of this thesis. This DoE had the purpose to understand 

how this clarification method, classically used for protein clarification, has to be adopted for 

LV clarification. It was found that the selection of an appropriate DE concentration results in 

a trade-off between LV recovery and impurity removal and filtration time, as the infectious LV 

titer was reduced, but the impurity removal and filtration time improved when the DE 

concentration was increased. Moreover, the clarification method using diatomaceous earth 

was compared to the conventional clarification approach consisting of centrifugation and 

subsequent filtration of the supernatant. A comprehensive performance evaluation based on 

the LV titer, filtration time, turbidity reduction, impurity removal, filter capacity, and handling, 

was performed. The clarification with DE highly increased filter capacity and reduced handling 

time and material consumption compared to the centrifugation-based clarification approach. 
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However, the recovered infectious titer was lower when using DE, but as the clarification with 

DE offers a more convenient and robust lab scale clarification method for LV, this can outweigh 

the drawback [139]. 

During the clarification study, the infectious titer assay was identified as being another critical 

bottleneck because the determination of the infectious titer was very laborious and greatly 

limited the number of samples that could be analyzed. The infectious titer of LV is the most 

important characteristic to be monitored during process optimization or manufacturing, 

because of the low stability of enveloped viral vectors. As only infectious particles are 

functional it is important to preserve the infectious potential of the vector. The laborious flow 

cytometry-based infectious titer assay originally performed, required a lot of manual handling 

steps. For this reason, priority was given to the need to first improve the throughput and 

quality of the analytics before conducting further process optimization studies.  

The goal of the second part of the experimental work was to develop a largely automated 

assay that quantifies the transduced cells by immunological detection in a real-time live-cell 

analysis system using image-based software evaluation. An automated data analysis was 

established, and an extensive assay characterization of the newly developed assay was 

performed. Besides, a comparison with the flow cytometry-based assay was conducted to 

evaluate the performance of the developed infectious titer assay.  

The newly developed infectious titer assay showed good inter- and intra-assay precision and 

the LV titers determined with the developed immunological real-time imaging assay were not 

significantly different from the flow cytometry method. Moreover, lower standard deviations 

between replicates, a broader linear range, and the possibility of a flexible readout for the 

real-time imaging method as the data is acquired over time, were the identified advantages 

of the new method. The main goal of significantly increasing the sample throughput was 

achieved and demonstrated by a comprehensive LV stability study, analyzing the effects of 

temperature, salt concentration, freeze and thaw cycles, and shear stress on LV infectivity. 

Significant effects of high temperatures, high salt concentrations, and extensive exposure to 

shear stress on LV infectivity were determined [140]. 

Chromatography of large enveloped viral vectors remains a challenge. Although literature 

reported moderately high LV recoveries and high impurity removals with AEX (Section 3.3.2), 

we were not able to reproduce this data at our site. Testing the commercially available AEX 
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modules we achieved only an infectious LV titer recovery of 20-30% with Sartobind Q and D 

and 45% with Mustang Q. The protein depletion was <90% and DNA depletion >30% (data not 

shown). This demonstrated that investigation into new chromatography techniques is 

necessary to improve both, LV titer recovery and impurity removal. Therefore, the third part 

of this thesis deals with the implementation of a chromatography mode not previously used 

for lentiviral vectors, namely steric exclusion chromatography (SXC).  

To this end, it was first necessary to gain an understanding of which process parameters are 

critical to achieving effective depletion attraction between LV and membrane, which can be 

reversed during elution. The analyzed parameters were the mixing strategy of the PEG buffer 

with the LV solution, the PEG size and concentration in the PEG buffer, as well as the flow rate. 

In addition, other important aspects such as system pressure, loading capacity, and residual 

PEG concentration were highlighted to help obtain a better comprehension of the process 

operation.  

A dynamic in-line mixing strategy (1:1 mixing of PEG buffer with LV feed), the use of PEG 4000 

in a final concentration of 12.5%, and a flow rate of 7 mL·min-1 were identified as ideal process 

conditions resulting in an LV particle and infectious titer recovery of 86% and 88%, respectively 

while removing approximately 80% total protein and dsDNA (host cell DNA, plasmid DNA). 

Overloading the membrane was found to lead to almost complete product loss, hence 

monitoring pressure increase was important. A residual PEG concentration in the eluate of 

7.6 g·L-1 was measured, which could potentially be removed in subsequent DSP steps due to 

the pronounced size difference of LV and PEG molecules [141]. 

Furthermore, in the fourth part of the thesis, a scale-up approach of SXC was investigated. To 

understand scaling needs, first, a visualization of the LV adsorption behavior inside the devices 

was performed. This showed that the LV is mainly located on the upper two membrane layers 

with only low to no amounts detectable on the lower membrane layers. For this reason, 

increasing the membrane surface area of the first membrane layer while keeping the number 

of membrane layers constant was aimed for the scale-up. To identify required scaling 

conditions, different device scales were used with the aim to obtain comparable results.  

The optimal process conditions for the small-scale device identified in the third part of this 

work were applied to a device with a four-fold larger membrane area. Unexpectedly, the LV 

recoveries were low (~10%), indicating that the process conditions were not suitable for the 
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larger device. Based on the finding that the LV was mainly captured on the upper membrane 

layers, the flow rate was scaled with the membrane surface area, which results in the same 

flow velocity through the pores when the fluid is equally distributed. By applying the same 

surface area-specific flow rate to the large device, the LV recoveries increased significantly to 

73% and were not significantly different from the recoveries obtained with the small device 

at the same surface area-specific flow rates. To proof the concept of scaling the flow rate 

according to the membrane surface area of the first layer, further scale-down experiments 

with an axial device and scale-up experiments with a radial 5’’ capsule were performed. The 

results showed that a critical minimum surface area-specific flow rate is required, and thus 

reproducible results could be obtained for four different module sizes with an overall scaling 

factor of 98. 

Moreover, different configurations of the axial flow device lid geometry were tested. A lid 

structure was preferred which enabled a uniform liquid flow distribution across the 

membrane and thus uniform LV loading, which in turn led to higher LV recoveries and smaller 

standard deviations.   
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4.1 A new simplified clarification approach for lentiviral vectors using 

diatomaceous earth improves throughput and safe handling 

The clarification step is at the interface between the upstream and the downstream process. 

The performance of the clarification step influences the subsequent downstream processing 

steps, as effective removal of large contaminants is essential [55]. Only limited literature on 

LV clarification is available with most laboratory-scale studies reporting centrifugation of the 

supernatant of an adherent cell culture with subsequent filtration without further 

optimization [43,49,52–54]. Applying this described workflow to suspension culture-based 

upstream processes can be challenging, as suspension culture broth has a higher cell density 

and therefore a higher impurity load to be removed during DSP [38,142]. Centrifugation and 

vacuum filtration are not only labor intensive but also require inconvenient handling with the 

risk of spillage when filter clogging occurs as reported in a study comparing different vacuum 

filtration units using centrifuged supernatant of an LV suspension culture [143].  

 

Figure 9: Overview of the microfiltration approaches for LV clarification performing (A) centrifugation of 

cell culture broth and subsequent filtration of the supernatant, or (B) mixing of cell culture broth with 

diatomaceous earth and direct filtration. Filter cake visualization adapted from [144]. 

Therefore, the first part of the research results of this work addresses the lab scale clarification 

of lentiviral vectors produced by a suspension HEK293 cell culture, first, to obtain clarified 

material of high quality for subsequent downstream processing steps, and second, to improve 
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the handling and throughput of the clarification step. In this publication, the standard 

clarification approach of centrifugation and subsequent vacuum filtration of the supernatant 

was compared with a single-step clarification using diatomaceous earth (DE) as a filter aid 

(Fig. 9). DE is a mineral microfossil of diatomaceous algae having a high permeability and 

porosity [145]. The use of DE avoids the need for a centrifugation step, as the cell culture broth 

is mixed directly with DE and then applied to a vacuum filtration unit. The DE forms a porous 

filter cake that allows liquid flow and prevents filter clogging [146]. 

Different DE concentrations and contact times of the LV solution with DE were screened in a 

Design of Experiment (DoE) approach in combination with a 0.45 µm polyethersulfone bottle-

top microfilter. It was shown that a higher DE concentration reduced the filtration time and 

the turbidity, while the contact time had only a minor reinforcing effect on turbidity reduction. 

However, the infectious LV titer was reduced with increasing DE concentration, probably due 

to adsorption effects. The selection of an appropriate DE concentration results in a trade-off 

between LV recovery and impurity removal and filtration time. An ideal DE concentration of 

6-12 g·L-1 was determined when high LV recovery is considered to have the highest priority. 

Next, two different membrane structures were compared. The use of an asymmetrical over a 

symmetrical membrane structure increased filter capacity for both filtration methods, as the 

asymmetrical membrane has a depth filter-like structure that has higher permeability and 

reduces filter cake formation. The LV recovery was unaffected by the membrane structure. An 

asymmetrical membrane resulted in higher final turbidity of the filtrate when centrifugation 

and filtration were performed, whereas the turbidity reduction was not affected by the 

membrane structure for clarification performed with DE and filtration. In general, we 

observed that the method consisting of centrifugation with subsequent filtration yielded 

higher LV recoveries but resulted in a lower impurity removal and longer handling time 

compared to using DE and filtration. 

To summarize, clarification with DE highly increased filter capacity compared to the 

centrifugation-based clarification approach, while reducing handling time and material 

consumption, and increasing sample throughput. A rather low DE concentration must be 

selected to avoid LV loss. By implementing a method that makes use of DE for clarification, 

the safe handling of the LV solution was improved and offered a convenient and robust lab-

scale clarification method for LV.  
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4.2 Infectious titer determination of lentiviral vectors using a temporal 

immunological real-time imaging approach 

Appropriate analytical methods are critical for DSP development. The analytics of viral vector 

samples are a major bottleneck in process development, since many of the existing analytical 

assays are time-consuming, and thus, slow down product and process development. 

Refinement of the critical quality attributes of viral vectors in recent years emphasized the 

need for faster and more accurate analytical assays [32,147].  

During the previous part of the research, which focused on clarification, an infectious titer 

assay with a flow cytometry readout was identified as the decisive step that greatly slowed 

down the downstream process development. Therefore, before starting further development 

work on DSP steps, improving the infectious titer assay by increasing throughput and reducing 

handling, while maintaining the accuracy of the titer determination, was tackled.  

To accelerate CD19 CAR LV infectious titer determination, an assay based on an automated 

real-time imaging live-cell analysis system was implemented (Fig. 10).  

 

Figure 10: Schematic visualization of the developed assay for infectious titer determination of lentiviral 

vectors by an immunological real-time imaging approach. 
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The method was compared with the previously used flow cytometry-based infectious titer 

assay which required a lot of manual pipetting, centrifugation, and staining steps to obtain the 

assay readout that limited the number of samples per week and operator to a maximum of 24 

samples analyzed in duplicates. Considering the inclusion of several dilutions per sample to be 

able to select the appropriate dilution that was in the range of the analytical assay, later on, 

this further reduced the number of samples that could be analyzed to below 10 samples. 

The new infectious titer assay protocol is based on real-time imaging of cells inside a static 

incubator. Adherent HEK293T cells were seeded into 96-well plates and images were acquired 

every 2 h automatically. The implemented software allowed for the segmentation of phase 

contrast and fluorescence images. After transduction of the cells by the LV samples, the cells 

were stained with an anti-CD19 CAR antibody emitting green fluorescence when bound to an 

infected cell that expressed the CD19 CAR transgene (Fig. 10). The throughput was increased 

as six 96-well plates could be analyzed simultaneously and all centrifugation steps and many 

pipetting steps were eliminated. 

The developed immunological real-time imaging assay determined LV titers that were not 

significantly different from the flow cytometry method, and at the same time had lower 

standard deviations between replicates. Furthermore, the assay possesses a broader linear 

range, which increases the likelihood that an applied LV dilution lies within this range. Most 

likely the reduction of pipetting steps and the possibility to use electronic multi-channel 

pipettes led to the decrease in the standard deviations. Moreover, the newly developed 

infectious titer assay showed good inter- and intra-assay precision. The main difference 

between the two assays is an endpoint readout for the flow cytometry assay and a flexible 

readout for the real-time imaging method as the data is acquired over time and the operator 

can select the optimal point of readout, thereby preventing titer determination at an 

unfavorable time point. 

The decreased labor of the immunological real-time imaging infectious titer assay highly 

increased sample throughput. This was proven by a comprehensive LV stability study, 

analyzing the effects of temperature, salt concentration, freeze and thaw cycles, and shear 

stress on LV infectivity. Viral vector stability studies are seldom found in literature due to the 

high number of samples that need to be analyzed. The LV stability study conducted showed a 

significant effect of high temperatures, high salt concentrations, and extensive exposure to 

shear stress on LV infectivity.  
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Supplemental figures 

 

S1 Fig: Positive and negative controls of the staining protocol. Top row: Phase contrast image of HEK293T 

cells merged with green channel. Bottom row: Phase contrast image merged with FabFluor-488 mask in 

magenta. Left column: Anti-transferrin-receptor (TfR) IgG1 antibody labeled with FabFuor-488 as a positive 

control. Middle column: IgG1 isotype antibody labeled with FabFuor-488 as a negative control. Right column: 

Matrix control containing no lentiviral vector with anti-FMC63 scFv antibody labeled with FabFluor-488. All 

images were taken at 10x magnification. 
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S2 Fig: Total FabFluor-488 integrated intensity of HEK293T cells infected by several lentivirus dilutions 

over time. FabFluor-488 fluorescence intensity was analyzed on three independently infected plates (A-C). 

Lentiviral vector (LV) dilutions were between 1:2 and 1:1024. Low virus dilutions showed a higher integrated 

intensity, its peak is reached earlier, and the signal decreases earlier compared to high virus dilutions. The 

negative controls (matrix and medium control) gave no signal. 

 

S3 Fig: FabFluor-488 mask over time. HEK293T cells after infection with a 1:2 diluted lentiviral vector and 

staining 24 h post-infection. Phase contrast images were merged with FabFluor-488 mask, shown in 

magenta. The yellow arrow indicates a fully detected cell cluster 66 h post-infection that is not fully 

detected by the FabFluor-488 mask at later time points (90 h and 98 h post-infection). Normalized positive 

areas were 90.5 % (A), 68.8 % (B), and 63.3 % (C) for the representative images.  
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4.3 Steric exclusion chromatography of lentiviral vectors using hydrophilic 

cellulose membranes 

The most commonly used chromatography mode for LV is AEX due to its simple and cost-

effective operation [50,147]. The transfer of either AEX or affinity chromatography, routinely 

employed for protein purification processes, to LV purification is difficult due different 

biological, chemical, and physical properties of LV and proteins. Thus, it is not surprising that 

both methods do not translate well to LV purification as the LV lipid envelope makes them 

extremely labile [49]. Steric exclusion chromatography (SXC) offers the opportunity to purify 

LV under mild conditions and can be considered a platform technology applicable to different 

biomolecules [148].  

The implementation of a clarification method that allowed the efficient generation of clarified 

material which can be used for subsequent purification steps and the development of a fast 

and accurate LV infectious titer assay (Section 4.1 & 4.2) laid the foundation for an extensive 

investigation of the SXC of LV. In the third publication, a general operation protocol for SXC 

was developed and critical process parameters were successfully identified and optimized 

(Fig. 11).  

 

Figure 11: Chromatographic setup for steric exclusion chromatography with adjusting screws of the 

chromatography process which were considered for process optimization. 

Stabilized cellulose membranes incorporated into a housing enabling an axial flow served as a 

stationary phase. After confirming that the buffers and chromatography device used have no 
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impact on LV infectivity two different mixing strategies of the clarified LV solution with the 

PEG buffer were assessed. The dynamic mixing of the LV solution with the PEG inside the 

system shortly before loading to the membrane column yielded significantly higher LV 

recoveries compared with loading a pre-mixed solution. Possible aggregation of the LV 

particles in the pre-mixed solution could have had a negative effect on the SXC process, 

although no increase in particle size was measured with dynamic light scattering. Next, a 

screening experiment was performed, testing different PEG molecular weights (4000 and 

6000 Da) and concentrations (7.5, 10, and 12.5%), and two different membrane layer numbers. 

The PEG buffer composition yielding the highest LV recoveries was 12.5% final PEG 4000 

concentration, leading to the ideal strength of depletion attraction between the LV particles 

and the membrane. The impurity removal was approximately 80% and mostly unaffected by 

the PEG buffer composition due to the pronounced size difference between the LV and the 

impurities allowing selective retention of the LV, as PEG at the chosen size and concentration 

is preferentially excluded from large molecules. The use of ten over five membrane layers had 

no significant effect on LV recoveries but resulted in a lower dsDNA removal with 12.5% PEG 

4000, hence five membrane layers were chosen for further experiments. Given the 

thermodynamic nature of the SXC process, the flow rate was found to highly affect LV 

recoveries having an optimum flow rate at around 6-7 mL·min-1, higher and lower flow rates 

resulted in a reduced LV recovery. The effect of the flow rate on impurity removal was less 

pronounced. With the dynamic mixing, 12.5% PEG 4000, and a flow rate of 7 mL·min-1, an LV 

particle and infectious titer recovery of 86% and 88%, respectively, were obtained while 

removing approximately 80% total protein and dsDNA (host cell and plasmid DNA). 

Furthermore, the pressure was identified to be a main critical process parameter. PEG buffers 

with high viscosity contribute to increased system pressure. During loading, a constant 

pressure increase was observed, likely due to pore size reduction with an increased amount 

of captured LV. When the membrane was loaded until the pressure maximum of the 

membrane device was reached, almost no LV was recovered in the eluate. Hence, overloading 

the membrane eventually leads to product loss. The PEG concentration measured in the 

eluate was 7.6 g·L-1. However, subsequent downstream processing steps such as TFF have the 

potential to remove PEG molecules as they are significantly smaller than LV. Concluding, it was 

demonstrated that SXC is a gentle purification method suitable for LV purification as it 

preserves LV infectivity, yields high recoveries, and good impurity removal.  
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4.4 Scaling up of steric exclusion membrane chromatography for lentiviral 

vector purification 

Scale-up of steric exclusion chromatography remains a task yet to be solved. All published 

studies on SXC have been conducted on a laboratory scale. Only one large-scale approach was 

reported for an Orf virus purification using OH-monoliths, but results were not reproducible 

and the scale-up was immediately transferred from a small scale of a few milliliters up to 200 L 

without process understanding of the scale-up [137].  

 

Figure 12: (A) Visualization of labeled LV on the membrane and (B) scale-up of steric exclusion 

chromatography using four different device scales. 

In the fourth part of this work, the scale-up requirements of SXC were investigated. This 

manuscript is currently submitted to the Journal Membranes (MDPI) and the general concepts 

of this work are registered as a patent application (patent application number: S15837EU). 

The first and fundamental part of this work was the visualization of the LV on the stationary 

phase membrane after the loading and washing step, before the elution (Fig. 12). This 

revealed that the LV is mainly located on the upper two membrane layers. This is contrary to 

the former assumption that the whole membrane volume is used for the capture of the target 

molecule. This raises the question of how to scale up an SXC membrane device, since 
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increasing the membrane layer number would not result in a capacity increase. Consequently, 

an increase in the membrane surface area of the first membrane layer must be targeted.  

The identified optimal process conditions (PEG buffer composition, flow rate) for the small-

scale device that was used in the third part of this work, were applied to a device that had a 

four-fold larger membrane area. The LV recoveries were unexpectedly low indicating that the 

process conditions were not suitable for the larger device. As the SXC process is 

thermodynamically driven, and the flow rate was previously found to be a crucial factor, 

scaling of the flow rate was presumably the important factor in this case. Since the LV capture 

was observed at the upper membrane layers scaling the flow rate with the membrane surface 

area was attempted which would result in the same flow velocity through the pores if the fluid 

is equally distributed. It was found that when applying the same surface area-specific flow 

rate to the large device the LV recoveries increased significantly from about 10% at lower 

velocity to 73% at scaled velocity and were not significantly different from the recoveries 

obtained with the small device at the same surface area-specific flow rates. Moreover, the 

impurity removal was comparable between the device scales. 

Another investigated aspect was the amount of loaded LV. No LV breakthrough was observed, 

however when the membrane was overloaded it was not possible to elute the LV anymore 

which presumably remained on the membrane. The configuration of the device lid highly 

affected liquid distribution on the membrane. A distributor structure that enables uniform 

liquid distribution is preferred, as the membrane area is then uniformly loaded with LV and 

this in turn led to higher LV recoveries and smaller standard deviations. 

To further analyze the presented approach of scaling the flow rate according to the membrane 

surface area of the first layer, further scale-down experiments with an axial device and scale-

up experiments with a radial 5’’ capsule were performed. With the scaling approach of using 

a minimum surface-area specific flow rate, reproducible SXC LV recoveries for four different 

module sizes with an overall scaling factor of 98 were achieved.  Further, the results indicate 

that a certain critical, potentially minimum surface area-specific flow rate is necessary to 

achieve reproducible LV recoveries for the four different device scales tested.  

All in all, in this chapter the scale-up of SXC with a scaling factor of 98 was realized by scaling 

the flow rate related to the surface area of the first membrane layer of the chromatography 

units.  
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5 Conclusion and outlook 

Lentiviral vectors have become a standard gene delivery tool in CAR-T cell therapy with even 

more gene therapy applications in the pipeline. The quickly increasing demand is challenging 

the industry to supply the required LV quantities. Existing protein downstream operation units 

cannot be simply transferred to LV processes and extensive optimization of existing methods 

as well as research into new, alternative methods is essential. 

The PhD thesis focused on the development of a lab-scale downstream process of LV produced 

by a suspension culture process from harvest and clarification to purification, as well as 

advancing respective vector analytics. Diatomaceous earth (DE) was used as a filter aid for 

vacuum-based clarification of LV produced by mammalian suspension cell culture. While the 

adaption of the filter aid amount was essential to reduce LV loss, the filter capacity, thus 

sample throughput, was largely increased compared to the classical approach of 

centrifugation and filtration. Further investigations on clarification with DE could be done to 

compare different DE grades (porosities) that could have an impact on LV retention. 

Potentially larger DE pores could reduce LV retention in the filter aid since LV are large 

molecules that can be likely entrapped in small pores. The upscaling of the method for 

vacuum-driven clarification with DE is at the moment limited to the simultaneous clarification 

of 12 L which covers the typical research scale of LV. As DE is used in the production of blood-

based pharmaceutical components (e.g., plasma fractionation) scalable process solutions are 

available, e.g., by FILTROX. For larger LV batches a series of filters with decreasing pore size is 

applicable, which are operated with a constant flow provided by a peristaltic pump until a 

pressure limit is reached. The comparison to clarification with DE would be an interesting 

aspect to investigate, however, for small volumes, a quick approach with minimum equipment 

needs is favored. 

Viral vector quantification is currently regarded as one of the major bottlenecks in vector 

process development, as reliable high throughput methods are needed to be developed, and 

orthogonal methods are required since there is no one fits all solution for vector quantification 

and results depend highly on the method used. Especially determination of the infectious titer 

is important as this is the key value for LV to assess the success of a process step as only 

infectious vectors are functional and have a therapeutic effect. Semi-automated solutions, 

such as the infectious titer assay with real-time live-cell image analysis developed in this thesis, 
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enable high throughput sample analysis with low handling. The development of an advanced 

infectious titer assay with high sample throughput was decisive for subsequent process 

development as this facilitated the analysis of a high sample number generated through the 

subsequent chromatography step development. The trend for analytical measurements for 

process development activities goes towards further automation of processes, e.g., the 

implementation of pipetting robots and automated data evaluation. Those are further key 

aspects that will decrease the analysis time of samples and data. Artificial intelligence (AI) will 

also play a role in future data analysis, e.g., image analysis. AI would offer a label-free 

classification of live and dead cells by cell morphology analysis, further reducing labor and 

consumable costs. The use of several viral vector quantification assays will likely remain 

present in the near future as there is no gold standard virus quantification method available 

and the comparison of obtained values by orthogonal methods increases the reliability. 

Moreover, depending on the gene of interest that is transferred with the lentiviral vector, not 

all infectious titer quantification methods can be applied. Image analysis or flow cytometry, 

which were used in this study, is only applicable if a fluorescent reporter protein or a cell 

surface protein (stained with a respective fluorescent antibody) is the gene of interest. If other 

genes of interest are used, which lack the possibility of a visual readout, the infectious titer 

can only be determined via qPCR. What remains clear is that great efforts have been made, 

but there is still a long way to go to reliably evaluate viral vector process development 

experiments. 

Steric exclusion chromatography is a chromatography technique that is to date not used in 

industrial applications. In this PhD thesis, SXC demonstrated huge potential to be used as a 

purification technique for LV. Moreover, SXC is a potential platform approach as it can be 

adapted for the purification of other target molecules like virus-like particles, exosomes, and 

other large enveloped viral vectors like VSV and Orf that are yet difficult to purify with 

conventional chromatography techniques. The main advantage is the mild operating 

conditions requiring no high salt concentrations or pH changes known to reduce LV infectivity. 

In addition, no direct chemical binding is exploited, meaning that SXC is a very flexible method 

and applicable to different virus serotypes or virus types in general regardless of the size, 

shape, and protein composition of the viral vector, eliminating the need to develop a new 

purification process for each vector type. However, process conditions like PEG buffer 

composition, flow rate, and loading capacity need to be adapted for each biomolecule. The 



5 Conclusion and outlook 
 

95 
 

possibility to load the virus feed directly after clarification on the membrane eliminates the 

need for an intermediate buffer adjustment before SXC. Still, if a feed material with a 

significantly lower vector concentration compared with the vector concentrations used in the 

published paper, a previous concentration step might be necessary to achieve efficient 

depletion interaction.  

In general, every hydrophilic stationary phase could be potentially used for SXC. This work 

focused on stabilized regenerated cellulose membranes, but previous publications of SXC used 

monoliths likewise. From a process perspective, the use of disposable membranes reduces 

process times and offers the possibility of sterilized membrane units which is not given when 

using monoliths that need to be regenerated and come with high costs. Other hydrophilic 

membrane materials or the same membrane material but with other characteristics may be 

tested in the future as this could help to further understand the method mechanism. For 

instance, different membrane pore sizes or membrane functionalizations could be screened 

and the effect of these characteristics on the SXC performance or process requirements, e.g., 

flow rates, could then be evaluated. It must be clearly understood that the process conditions 

established in this work are optimal for LV purification with a certain stationary phase, 

however other biomolecules and stationary phases will likely result in other process 

conditions. In this work, overmolded devices were produced, while other studies used 

manually punched membranes and assembled devices. To allow the widespread use of SXC, a 

commercially available device with a certified production process is necessary to supply 

off-the-shelf units and ensure minimal variability of the units and the SXC process itself. 

Moreover, SXC using membranes as a stationary phase was so far performed with axial and 

radial module geometries of up to 192 cm² (surface area of one membrane layer), further, 

scale-up can be realized by using larger capsules or preferentially cassette modules.   

PEG has been widely used in the pharmaceutical industry to PEGylate biomolecules to increase 

their pharmacokinetic profiles. What once has been the gold standard is now viewed with 

skepticism because several immunogenic responses occurred after systemic PEG 

administration. Hence the remaining PEG concentration in the eluted viral vector product 

needs to be removed in subsequent DSP steps to gain the acceptability of manufacturers and 

regulatory authorities. For CAR-T applications that are performed ex vivo, the presence of PEG 

in the LV product is less likely to be a problem compared with in vivo gene therapy as in CAR-T 
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cell therapy only the transduced cells and not the viral vector itself are administered to the 

patient. Measurement of the remaining PEG concentrations will probably be required as a 

standard analytical assay before the final product release. In conclusion, the introduction and 

additional improvement of SXC in laboratory-scale downstream processes and the transfer to 

large scales could offer interesting prospects for LV downstream processing development. 

The lack of studies on mechanistic understanding of SXC scale-up hindered the acceptance of 

the method to date. In this work, it was shown that capture of the LV happens on the very first 

membrane layers and not in the depth of the stationary phase. This results in a completely 

new understanding of the process operation. Scale-up can therefore be realized by increasing 

the surface area of the first membrane layer and scaling the flow rate to the surface area of 

the device. Hence, device design will play a major role, with cassette design potentially being 

the choice for large scales. Further studies testing larger devices and different device designs 

remain an important task for future investigations to advance the commercialization of SXC. 
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7 Appendix 

7.1 Abbreviations 

AAV  Adeno-Associated Virus 

AEX  Anion Exchange Chromatography 

AI  Artificial Intelligence 

CAR  Chimeric Antigen Receptor 

CD19  Cluster of Differentiation 19 

DE  Diatomaceous earth 

DoE  Design of Experiment 

dsDNA  Double-stranded Desoxyribonucleic Acid 

DSP  Downstream Processing 

ELISA  Enzyme-Linked Immunosorbent Assay 

GMP  Good Manufacturing Practice 

HEK  Human Embryonal Kidney 

HIV  Human Immunodeficiency Virus 

Ig  Immunoglobulin  

LV  Lentiviral Vector 

NaCl  Sodium Chloride 

PEG  Polyethylene Glycol 

qPCR  Quantitative Polymerase Chain Reaction 

SEC  Size Exclusion Chromatography 

SXC  Steric Exclusion Chromatography 

TFF  Tangential Flow Filtration 

VSV-G  Vesicular Stomatitis Virus Glycoprotein  
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