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“What we usually consider as impossible

are simply engineering problems.”

— Dr. Michio Kaku, physicist and writer.



Abstract

Viral vaccines are one of the most successful medical developments in human history. Since
their introduction in the global health system, the average human life span and the worldwide
population have increased dramatically. The most common method for viral vaccine
manufacturing is the propagation in different substrates of the target virus in a high concentration.
In a next step, the virus particles are inactivated (if needed) and purified to its final presentation.
The substrates used for propagation of viruses could vary according to the application and
amounts needed, but living tissues, embryonated chicken eggs or animal cell cultures have been

the most common substrates.

Most vaccine production processes are currently operated in batch mode meaning that large
scale production requires the repetition of several batch cycles. Batch operation is efficient for
production of defined and relatively small volumes, but several limitations arise when scale-up to
large volumes is required. Moving from batch to continuous-flow processing can increase
efficiency because reactor sizes are reduced, short seed trains are possible, and the manufacturing
footprint can be reduced. However, aspects such as the stability of suspension cell lines after
weeks of continuous cultivation, the genetic stability of the virus after many days of propagation,
or the low virus yields that might arise due to the accumulation of defective interfering particles

(DIP) need further investigation.

In this work, continuous production of Modified Vaccinia Ankara (MVVA) and influenza
viruses were investigated. MVA virus is a candidate for production of recombinant viral vaccines
and viral vectors production, for which the use of cascades of continuous stirred tank bioreactors
(CSTRs) was investigated. On the other hand, influenza virus is responsible of global seasonal
outbreaks and its production in cascades of CSTRs has shown low yields due to the presence of
DIPs. Hence, a novel bioreactor system based in a plug-flow tubular bioreactor (PFBR) that

allows stable influenza virus production avoiding DIPs-induced low yields was developed.

The continuous system for MVA virus production consisted of a cascade of CSTRs, also
referred as a two-stage stirred tank bioreactor (TSB). In the TSB, the avian cell line AGE1.CR.pIX
was successfully maintained for 30 days and the virus was propagated for 18 days. The system
allowed stable production of MVA virus with a total production of 7.1 L and an average TCIDso
titer of 9.0x107 virions/mL. Similarly, a small-scale semi-continuous two-stage cultivation system
(small-scale cultivation or SSC) consisting of two shaker flasks in series was established as a
scale down model of the TSB system. Cells and MVA virus were propagated in the SSC system

between 8-18 days and the impact that process parameters such as residence times and other



process parameters might have on virus yields were evaluated. A total of 1 L was produced per
SSC experiment with MVA virus titers of up to 0.1-1x10° virions/mL. A genetic stability analysis
of a recombinant MV A virus containing a green-fluorescent-protein (GFP) revealed that the virus
is stable at least over 16 days of cultivation. The SSC system worked well as a fast and efficient

tool for design and optimization of the TSB system.

Influenza virus was continuously produced using a continuous tubular bioreactor system,
newly established within the scope of this study. The system consisted of a 500 mL CSTR
connected to a 211 mL PFBR with a nominal flow rate of 12 mL/h. The canine suspension cell
line MDCK and the avian cell line AGE1.CR.pIX (AGEL, ProBioGen) were continuously
produced in the CSTR and transferred to the PFBR with the aid of a peristaltic pump. The
MDCK- or AGE1-adapted influenza virus strain A/PR/8/34 (Robert Koch Institute) was used to
prepare a virus stock for infection. The virus seed was continuously pumped to the PFBR to infect
the cells. Air was injected immediately after infection generating segments of medium and
bubbles. Uninterrupted operation without cell sedimentation was possible for up to two months.
The residence time in the PFBR was maintained stable at around 20 h. The tubular bioreactor
system enabled stable production of cells, with virus titers ranging between 1.5 and 2.5 logio (HA
Units/100 pL) for AGE1 and MDCK cells, respectively, overcoming the DIPs-induced
oscillations observed for influenza virus propagation in cascades of CSTRs. Analysis of DIP
accumulation using Polymerase Chain Reaction showed a stable ratio of influenza virus segments
S1, S2 and S3 to DIPs over three weeks of production compared to control experiments using
batch and the SSC system.

Overall, MVA virus was stable and efficiently produced in continuous and semi-continuous
cultivations, which demonstrates that the TSB system is a promising platform that can be
considered for industrial production of MVA-derived recombinant vaccines and viral vectors.
Stable continuous influenza virus production without DIPs-induced oscillations was possible in a
PFBR. The PFBR is an innovation that can be considered for commercial production of influenza

vaccines.

Finally, the experimental work presented here provided valuable results into virus production
in continuous mode. In particular, the development of a novel continuous bioreactor based in a
PFBR represents a significant step forward in continuous production of cell culture-derived
viruses. This technology contributes to the production of cost-effective viral vaccines against
influenza outbreaks that affect human populations worldwide. This development offers an

alternative for safe and stable continuous production of cell culture-derived viruses.



Zusammenfassung

Virusimpfstoffe sind eine der erfolgreichsten medizinischen Entwicklungen in der Geschichte
der Menschheit. Seit ihrer Einflhrung im globalen Gesundheitssystem haben die
durchschnittliche Lebenserwartung des Menschen und die Weltbevdlkerung deutlich
zugenommen. Die gebrduchlichste Methode zur Herstellung viraler Impfstoffe ist die
Vermehrung des Zielvirus in hoher Konzentration in verschiedenen Substraten. In einem néchsten
Schritt werden die Viruspartikel (falls erforderlich) inaktiviert und bis zu ihrer endgiltigen
Nutzung gereinigt. Die Substrate, die zur Vermehrung von Viren verwendet werden, kdnnen je
nach Anwendung und bendtigten Mengen variieren. Lebende Gewebe, embryonierte Hilhnereier
oder tierische Zellkulturen waren die hdufigsten Substrate.

Die meisten Impfstoffproduktionsprozesse werden derzeit im Batch-Modus betrieben, was
bedeutet, dass die Produktion in groBem Malstab die Wiederholung mehrerer Batch-Zyklen
erfordert. Der Batch-Betrieb ist fur die Produktion definierter und relativ kleiner Volumina
effizient, es ergeben sich jedoch mehrere Einschrankungen, wenn grofRe Volumina produziert
werden sollen. Der Ubergang von der Chargen- zur kontinuierlichen Durchlaufverarbeitung kann
die Effizienz steigern, da die Reaktorgréfen reduziert werden, kurze Serienvermehrungen
mdoglich sind und die Fertigungsflache reduziert werden kann. Jedoch mussen Aspekte wie die
Stabilitdt der Suspensionszelllinien nach wochenlanger kontinuierlicher Kultivierung, die
genetische Stabilitat des Virus, oder auch die geringen Virusausbeuten, durch méglich Anh&ufung

fehlerhafter interferierender Partikel (DIP) weiter beriicksichtigt werden.

In dieser Arbeit wurde die kontinuierliche Produktion von Modified Vaccinia Ankara (MVA)-
und Influenza-Viren untersucht. Das MVA-Virus ist ein Kandidat fiir die Herstellung von
rekombinanten viralen Impfstoffen und viralen Vektoren. Fur diese wurde die Herstellung in
Kaskaden in kontinuierlichen Ruhrkessel-Bioreaktoren (CSTRs) untersucht. Andererseits ist das
Influenzavirus fur weltweite saisonale Ausbriiche verantwortlich, und seine Produktion in
Kaskaden von CSTRs hat aufgrund des VVorhandenseins von DIPs geringe Ertrage gezeigt. Daher
wurde ein neuartiges Bioreaktorsystem entwickelt, das auf einem Plug-Flow-Rdéhren-Bioreaktor
(PFBR) basiert und eine stabile Influenzavirus-Produktion unter Vermeidung von DIPs-

induzierten niedrigen Ausbeuten ermdglicht.

Das kontinuierliche System zur Herstellung von MVVA-Viren bestand aus einer Kaskade von
CSTRs, auch als zweistufiger Riihrkessel-Bioreaktor (TSB) bezeichnet. In der TSB wurde die
Vogelzelllinie AGE1.CR.pIX 30 Tage erfolgreich aufrechterhalten und das Virus 18 Tage

vermehrt. Das System ermdglichte eine stabile Produktion des MVA-Virus mit einer



Gesamtproduktion von 7,1 liter und einem durchschnittlichen TCIDso-Titer von 9,0x10’
Virionen/ml. In  &hnlicher Weise wurde ein halbkontinuierliches zweistufiges
Kultivierungssystem im kleinen Mafstab (Small Scale Cultivation oder SSC), das aus zwei in
Reihe geschalteten Schuttelkolben besteht, als ein verkleinertes Modell des TSB-Systems
etabliert. Zellen und MVA-Viren wurden zwischen 8 und 18 Tagen im SSC-System vermehrt.
Dabei wurde die Auswirkung der Verweilzeiten und andere Prozessparameter auf die
Virusausbeute bewertet. Pro SSC-Experiment wurde insgesamt 1 liter mit MVVA-Virustitern von
bis zu 0,1-1,0x10° Virionen/ml erzeugt. Eine genetische Stabilitatsanalyse eines rekombinanten
MVA-Virus, das ein grin fluoreszierendes Protein (GFP) enthalt, ergab, dass das Virus
mindestens Uber 16 Kultivierungstage stabil ist. Das SSC-System hat sich als schnelles und

effizientes Werkzeug fur die Gestaltung und Optimierung des TSB-Systems bewéhrt.

Das Influenzavirus wurde kontinuierlich unter Verwendung eines kontinuierlichen
rohrenformigen Bioreaktorsystems hergestellt, welches im Rahmen dieser Studie neu etabliert
wurde. Das System bestand aus einem 500-mI-CSTR, der mit einem 211-ml Pfropfenstrémung-
Bioreaktor (oder Plug-Flow-Bioreaktor, PFBR) mit einer Nenndurchflussrate von 12 ml/h
verbunden war. Die Hundesuspensionszelllinie MDCK und die Vogelzelllinie AGE1.CR.pIX
(AGE1, ProBioGen) wurden kontinuierlich im CSTR hergestellt und mit Hilfe einer
Peristaltikpumpe in den PFBR Uberfuhrt. Der MDCK- oder plX-adaptierte Influenza-Virusstamm
AJ/PR/8/34 (Robert Koch Institute) wurde verwendet, um einen Virusstamm fir die Infektion
herzustellen. Die Virussaat wurde kontinuierlich in den PFBR gepumpt, um die Zellen zu
infizieren. Unmittelbar nach der Infektion wurde Luft injiziert, wodurch Segmente von Medium
und Blasen erzeugt wurden. Ein unterbrechungsfreier Betrieb ohne Zellsedimentation war fiir bis
zu zwei Monate moglich. Die Verweilzeit im PFBR wurde bei ca. 20 Stunden stabil gehalten. Das
tubuldre Bioreaktorsystem ermdglichte eine stabile Produktion von Zellen mit Virustitern
zwischen 1,5 und 2,5 logio (HA-Einheiten/100 pl) fur AGE1- bzw. MDCK-Zellen, um die DIPs-
induzierten Oszillationen zu Gberwinden, die fur die Influenzavirus-Vermehrung in Kaskaden von
CSTRs beobachtet wurden. Die Analyse der DIP-Akkumulation unter Verwendung der
Polymerasekettenreaktion (PCR) zeigte ein stabiles Verhaltnis der Influenzavirus-Segmente S1,
S2 und S3 zu den DIPs Uber einen Produktionszeitraum von drei Wochen, im Vergleich zu

Kontrollexperimenten unter Verwendung von Chargen- und SSC-System.

Insgesamt war das MV A-Virus bei kontinuierlichen und halbkontinuierlichen Kultivierungen
stabil und effizient. Dies zeigt, dass das TSB-System eine vielversprechende Plattform fir die
industrielle Produktion von MV A-abgeleiteten rekombinanten Impfstoffen und viralen Vektoren

sein kann. In einem PFBR war eine stabile kontinuierliche Influenza-Virus-Produktion, ohne

Vi



DIPs-induzierte Oszillationen, méglich. Die PFBR ist eine Innovation, die fir die kommerzielle

Herstellung von Influenza-Impfstoffen in Betracht gezogen werden kann.

SchlieBlich lieferten die hier vorgestellten experimentellen Arbeiten wertvolle Ergebnisse flr
die Virusproduktion im kontinuierlichen Modus. Insbesondere die Entwicklung eines neuen
kontinuierlichen Bioreaktors auf der Basis eines PFBR stellt einen bedeutenden Fortschritt bei
der kontinuierlichen Produktion von, aus Zellkulturen stammenden, Viren dar. Diese Technologie
tragt zur Herstellung kostengtinstiger Virusimpfstoffe gegen Influenza-Ausbriiche bei, die die
Weltbevilkerung betreffen. Zudem bietet diese Entwicklung eine Alternative fur die sichere und

stabile kontinuierliche Produktion von, aus Zellkulturen stammenden, Viren.
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Chapter 1

Introduction

Viral vaccines are one of the most successful medical developments in human history. Their
development is closely linked to smallpox, a human disease caused by vaccinia virus [1].
Smallpox has been present from ancient times and experts estimated that during the last century
the virus was responsible for 300-500 million deaths, a mortality rate larger than both World Wars
combined [2]. The term vaccine was introduced in 1798 by Edward Jenner, who described the
use of skin material extracted from cowpox-infected cattle as a protecting agent against smallpox
in humans [3]. However, the correlation that microorganisms are the cause of diseases was not
known until the contributions of Luis Pasteur and Robert Koch one century later. Viruses were
too small to be seen under the light microscope, and their existence was not probed until the early
19" hundreds by a joint effort of scientists such as Adolf Mayer, Dmitry lvanovsky and Charles
Chamberland. In parallel, the Spanish influenza flu killed more people than any other outbreak in
a period of just sixteen weeks between 1918-1919 [4]. The human influenza virus, however, was
not isolated until 1933 [5]. Since then, significant advances towards vaccine development have
been achieved resulting in the control and elimination of important infectious diseases, such as
smallpox in 1979, and contributing to increase the human life expectancy worldwide.
Nevertheless, still in the 21% century, there is a constant threat from old and emerging diseases
that could affect human populations at any time and in any place. Hence, the development of more
efficient upstream and downstream vaccine production platforms will play a major role in the
fight against viral diseases of the upcoming decades. This work will only focus on establishment

of upstream processes for production of viruses that can be used for manufacturing of vaccines.

Modified Vaccinia Ankara (MVA) is a host-range restricted, highly attenuated DNA virus
strain that was developed by performing over 500 serial tissue culture passages of the vaccinia
virus strain Ankara in primary chicken cells [6]. MV A virus lost about 15% of its parental genome
and, as a result, MVVA virus replication in most mammalian cells is abortive [7]. MVA virus has
a great potential for expression of recombinant antigens or as a viral vaccine vector in humans
and animals. However, the relative high doses per patient required for full efficacy (close to 1x108
infectious viruses per vaccination) make the MVA virus difficult to produce [8]. One challenge
in MVA virus production is the property that a large fraction of infectious units remains cell-
associated which requires three freeze-thaw cycles for virus release and harvest. Because
cultivation in a single-cell format interferes with the spread of MVA, processes have been

developed where the virus is propagated in suspended aggregates of 20-100 cells [8]. Recently, a



novel MV A virus isolate, named MVA-CR19, has been generated that can be produced at high
yields in non-aggregated avian suspension cells in chemically defined media [9], which makes

MVA an interesting candidate for exploring process options towards vaccine manufacturing.

Influenza viruses can circulate within individual species but occasionally cross-species
infection can occur causing influenza outbreaks around the globe. Moreover, the global
prevention and control of the disease is increasingly challenged by the interconnectedness of
nations. With an increasing population of humans and breeding animals, the chances for virus
adaptation and cross species transmission it increases as well. The World Health Organization
(WHO) estimated that each year about one billion cases of influenza infection occur, with
approximately 3-5 million cases of severe illness [10], and 291.243-645.832 deaths [11]. The total
cost of the disease for different governments is difficult to estimate, however, some estimations
indicated that only in the United States about $10.4 billion per year for direct medical costs, and
$87.1 billion for the total economic burden of annual influenza epidemics need to be considered
[12] [13]. The main technology platform for influenza virus production is based on the infection
of embryonated-chicken eggs. It requires the infection of individual eggs with the strain of interest
and subsequent harvest. Despite the need for millions of eggs and a complex logistic needed to
fulfill annual demands, this technology is still efficient for production of seasonal influenza
vaccines [14]. However, limitations regarding response time and scalability in case of a pandemic
is a main public concern [15]. Over the last two decades, animal cell culture and bioreactor
technology has been introduced for influenza vaccine production in Europe and the United States
[16]. Typically, cells are grown to high concentrations in batch mode (2-6x10° cells/mL) and,
once the desired cell concentration is reached, the culture is infected and harvested after about 2-
3 days. More recently, a recombinant influenza vaccine using the baculovirus expression system

in insect cells has been approved for commercialization [17].

Despite small differences in process operation and parameters among these manufacturing
platforms, all MVVA and influenza virus production processes are basically operated in batch
mode. A classical batch upstream process can be separated in two steps — cell growth and virus
production. Typically, cells are grown up to 5-10x10° cells/ mL in a stirred tank bioreactor (STR)
over a period of 2-6 days depending on the cell line [18, 19]. Subsequently, to supply nutrients or
mitigate the accumulation of DNA and host cell proteins in the viral harvest [20], the infection
can be initiated with a medium exchange [21], to then add the virus to the STR. The virus is added
at a ratio of virus per cell [virus/cell] known as multiplicity of infection (MOI). After the harvest,
the process continues with different downstream operations such as clarification, concentration,

inactivation, nuclease treatment, purification, polishing and sterile filtration [22].



Moving from batch to continuous production could significantly improve productivity and
reduce the manufacturing footprint [23] of cell culture-derived viral vaccines. Continuous
production is currently promoted by various manufacturers of recombinant proteins and also by
regulatory agencies [24]. From an upstream perspective, the most basic setup for continuous cell
culture is the use of a “chemostat” [25] which consist of a STR where cells are grown in a fixed
volume of culture with continuous addition of fresh medium and simultaneous removal of cells
and consumed medium. An important operational parameter is the so called “dilution rate” (D),
which is the fraction between the flow rate in the outlet, and the working volume (WV) of the
continuous STR (CSTR). In theory, and if there is no nutrient limitation, a stable cell
concentration over cultivation time can be achieved when D has a value less than or equal to the
maximum specific cell growth rate (max), Which can be obtained from a batch culture. When the
value of D exceeds max, @ Washout of cells and metabolic products takes place in the bioreactor.
A numerical conditions with D equal tmax is difficult to achieve in the laboratory and, therefore,
a D less than pmax is preferred [26]. Interestingly, steady-state populations of cells at different
growth rates with different conditions of nutrient limitations are possible to achieve in chemostats
by varying D [27], which make chemostat suitable for adaptive evolution studies [28]. Chemostats
are suitable for production of proteins or other metabolic products, however, its continuous
operation can fail when the cell growth is inhibited by the product, e.g., when lytic viruses are
propagated in the vessel. For such cases, the use of cascades of CSTRs is the preferred platform

because they provide a separation between the cell growth phase and the product-release phase.

Cascades of CSTRs for continuous virus production are characterized by one CSTR for
cell growth and at least one CSTR in series for virus infection and propagation [26]. In order to
achieve stable operation, the first CSTR must operate as a chemostat with a D less than pmax While
the subsequent vessels can operate at D values less or greater than pimax [29]. Cascades of CSTRs
have been used since the 1960’s for production of viruses in continuous mode [30]. This included
adenovirus, polio virus, baculovirus, picornavirus [31], and, in recent years, influenza virus [26].
These research works have successfully reported stable bioreactor operation with high virus titers
for several days. However, one main drawback of this system, the possibility of virus drift after
several days of propagation, has so far not been addressed. Moreover, after several days of
continuous propagation, a low virus productivity level has been observed in cascades of CSTRs
when unstable viruses such as influenza virus and baculoviruses are propagated [26] [32]. These
viruses show oscillations in virus concentration over cultivation time that can be explained by the
accumulation of defective interfering particles (DIPs) in the virus population. DIPs have deletions
in genes required for replication. Due to that, they depend on co-infections with standard virus
(STV) with full length (FL) genome for successful propagation [33]. At high DIP concentrations,

the replication of the STV is reduced, and the viruses are washed out of the CSTR. This generates



oscillations in the virus titers which is known as “von Magnus effect” [34]. Despite these
challenges, one hypothesis that motivates this work is that the use of a cascade of CSTRs might
be a good option for production of MVA virus because of the relatively high stability of its
genome and the fact that the presence of DIPs in MVA virus populations has not been reported

so far.

Continuous tubular bioreactors are a type of system widely used in biotechnology but
without applications in viral vaccine production [35]. This bioreactor type is characterized by a
long tube with a predefined internal diameter and open at both ends. This configuration provides
a large area-to-volume ratio with efficient mass and heat transfer. Compared to STRs, tubular
bioreactors have usually simple construction and are easier to scale up because fewer number of
parameters are required [35]. The use of a continuous tubular bioreactor can, in theory, overcome
the “von Magnus effect” observed in cascades of CSTRs. This would be possible if continuous
cell infection at the entry of the tube with a defined virus stock is carried out. That configuration
would avoid DIPs accumulation within the bioreactor volume due to low passage spreading in the
axial direction of the tube. The infected cells, non-infected cells and free virions can be pumped
throughout the tube with a residence time (RT) long enough for virus release and further virus
infection and propagation. If a close-to-ideal plug-flow condition is achieved inside the tube, the
absence of back-mixing and no accumulation of progeny virions and DIPs within the tube would
result in a stable virus harvest. Further reduction of virus spread in the axial direction can be
possible via compartmentalization of the fluid, e.g., via addition of air bubbles. Hence, an
important hypothesis of this work is that the use of a tubular bioreactor would result in continuous

influenza virus production with stable viral titers and stable genetic profile over cultivation time.

Accordingly, the aim of this work was to explore options for continuous production of cell
culture-derived viruses. With the establishment of continuous cultures, the identification of
conditions that allow efficient and stable virus production over weeks of operation was intended.
That is to say, the use of stable DNA viruses such as MVA, and changes in process parameters
such as RT and multiplicity of infection (MOI) to positively impact process efficiency. Moreover,
the implementation of continuous cultures is a demanding experimental task that lacks small-
scale approaches to simplify and accelerate the analysis of such systems. Also, overcoming the
bottlenecks that DIPs represent in continuous virus production is a major challenge that can be
solved with modifications in the infection conditions via the design of tubular bioreactors. Hence,
the milestones of this work were the following: 1) the implementation of batch cultures of MVA
virus and influenza A virus (IAV) as control experiments for the continuous cultures, 2) the
establishment of a small scale approach of a cascade of CSTRs comprising two shake flasks

operated in semi-continuous mode to produce MVA virus and 1AV, 3) the establishment of a



cascade of two CSTRs, named two-stage bioreactor (TSB), for production of MVA virus over
several weeks, 4) the development of a novel continuous tubular bioreactor system for 1AV
production, which can overcome the “von Magnus effect” and provide a new technology for stable

continuous production of viral vaccines.

This doctoral thesis starts with a background and theory chapter describing basic definitions
of MVA and influenza viruses, their life cycle, the presence of DIPs in the virus population, and
also an overview of current virus production systems. A literature revision for virus production
with cascades of CSTRs, and basic concepts about the TSB systems and tubular bioreactors are
finally addressed in that chapter. Then, in the materials and methods chapter, the different
platforms used in this work and their mode of operation is presented, including batch cultures,
small scale semi-continuous cultures, and continuous cultures using TSB and tubular bioreactors.
Then, in the following chapter, the results combined with a discussion for the different modes of
culture implemented in this work is presented. The results and discussion chapter starts with batch
cultures, followed by semi-continuous cultures that are needed for the evaluation of the
performance of continuous cultures. Then, the results and discussions of continuous MVA virus
production with a TSB system, and of continuous IAV production with a PFBR system are
presented. The results and discussion chapter closes with a summary of process productivities
obtained with continuous cultures and a comparison with batch and semi-continuous experiments.

Finally, this work finishes with a general conclusion, and an outlook for future developments.



Chapter 2

Background and Theory

2.1 Modified Vaccinia Ankara virus

MVA virus was derived from over 500 passages in eggs of chorioallantois vaccinia virus
Ankara (CVA) [36], a member of the Poxviridae family. CVA was obtained from vaccinia virus
and was used as a smallpox vaccine at the Turkish vaccine institute in Ankara. A sample of the
Ankara CVA strain was received in Germany in 1953, where it was passaged in chicken-derived
cells as substrate [37]. MVA was the term used to name the plaque-purified isolate of passage
516 that was then shown to have lost approximately 15% of its genome at multiple sites in the
course of this adaptation [38]. Due to this adaptation, the virus lost its ability to replicate to newly
infectious particles in human cells and kept only the ability for binding, entry and presentation of
viral antigens in human cells [36]. Poxvirus particles are enveloped, and possess a spherical to
ellipsoidal shape with dimensions that range between 260-380 nm in the axial dimension [17]
[39] and their replication takes place in the cytoplasm. They possess a double stranded DNA with
a size that ranges between 139 kbp and 307 kbp and contains 178-334 open reading frames [40].
Vaccinia viruses can be genetically engineered by homologous recombination and can support
inserts of at least 25,000 bp [41].
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Figure 2.1. Electron photographs and scheme of vaccinia virus structure. A) Vertical section
and B) horizontal section of virions. C) Virion structure (Copyright 2004 National Academy of
Sciences). Figures modified with permission of [42] and [43].

MVA virus was used in humans during the smallpox eradication campaign of the WHO and
also in several clinical trials [44] [45] showing to be safe for clinical applications. However, the
high doses for optimal stimulation of the immune system represents a technical challenge for



large-scale manufacture of MVVA-based treatments [46]. Large scale production of poxviruses
depends on avian host cells and, since the 1950s, the main avian substrates for vaccine
manufacturing have been embryonated chicken eggs and primary cells obtained from
embryonated chicken eggs [47] [48]. Such material has a limited life span which renders scale-

up in bioreactors impossible.

MVA virus has a high potential for expression of recombinant antigens or as a viral vaccine
vector because it can accommodate large recombinant inserts and is described to be safe for
humans and animals [36]. Recombinant vector vaccines based on MVA against influenza virus
[49], Ebola virus [50, 51], HIV [52], tuberculosis [53], chykungunya virus [54], smallpox virus
[55], respiratory syncytial virus [56], malaria [57, 58], bluetongue virus [59], and West Nile virus
[60] have been described. One challenge in MVA production with modern cell culture
technologies is the fact that a large fraction of infectious units is not released and cell-associated
conditions is needed for optimal virus spread. Because that, processes have been developed where
the virus is propagated in suspended aggregates of 20-100 cells [8]. Recently, a novel MV A virus
isolate, named MVA-CR19, has been generated that can be produced at high yields in non-
aggregated avian suspension cells in chemically defined media [24], which makes MVA-CR19

an interesting candidate for exploring process options towards continuous vaccine manufacturing.

MVA-CR19 is a strain of MVVA virus that was adapted through 19 passages in suspension
avian cells AGE1.CR in chemically defined medium [9]. Surprisingly, it was found that 75% of
infectious units were in the supernatant, while only 4% of infectious units were obtained in the
supernatant with the parental virus seed. A single amino acid mutation in three different proteins
was found after a 135 kb gene sequence analysis. Additional experiments with MVA-CR19 virus
showed that does not replicate in Vero and HEK 293 cells which suggests that MVA-CR19 can
be a safe viral vector. The MVVA-CR19 strain may facilitate the supply of recombinant MV A virus
vaccines since its production in single cell suspension is less challenging in bioreactors, and the
extraction from the supernatant without cell disruption can help to increase the yield of MVA

virus purification.



Figure 2.2. Reproductive cycle of vaccinia virus. The figure illustrates the entry and replication
of an extracellular enveloped virus (EEV). Step 1: entry of EEV. Step 2: synthesis of viral
MRNAs. Step 3: translation by the cellular protein-synthesizing machinery. Step 4: secretion of
early proteins. Step 5: genome is released from the core. Step 6: replication of the viral DNA
genome. Step 7: additional cycle of genome replication. Step 8: transcription of intermediate-
phase genes. Step 9: proteins encoded by intermediate viral mMRNAs. Step 10: transcription of
late-phase genes. Step 11: synthesis of proteins from step 10. Step 12: early stages of assembly.
Step 13: formation of immature virions (IMV). Step 14: formation of brick shaped IMV. Step 15:
release of IMV by cell lysis. Step 16: formation of intracellular enveloped virus (IEV) with double
membrane. Step 17: fusion of IEV with plasma membrane to form cell associated virions (CEV).
Step 18: CEV can be transferred directly to neighbor cells. CEV can also be dissociated from the
membrane as EEV. RNA molecules are shown in green. Copyright 2004 National Academy of
Sciences [43].

2.2 Influenza virus

Influenza virus is a RNA-virus with an approximate diameter between 80 to 120 nm [61].
Most laboratory-adapted IAV strains have a spherical shape, while wild-type 1AV, found in the
respiratory tract of fatal infection cases, have mostly a filamentous shape [62] [63]. Its filamentous
shape is believed to be essential for virus survival in nature. Influenza viruses can be classified in
type A, B or C, according to their nucleoprotein (NP) and matrix protein (M1), which are
represented in Figure 2.3. The type A influenza can be found in animals and humans, while
influenza B and C can be found only in humans [64]. Type A influenza is naturally found in wild

aquatic birds, particularly in wild ducks, geese, swans, gulls, shorebirds and terns, and can infect



people, birds, pigs, horses, dogs, among other animals. Multiple variants of two subtypes of IAV
are currently known to be circulating among humans: HIN1, and H3N2 [65, 66].

The subtyping of influenza type A is based according to the antigenicity of two glycoproteins
on the surface of the virus: haemagglutinin (HA) and neuraminidase (NA) (Figure 2.3 D), for
which 16 HA (H1 — H16) and 9 NA (N1-N9) variants have been identified [67] and resulting in
many possible combinations. For example, a “HIN1 virus” designates an AV subtype that has
an HA 1 protein and an NA 1 protein. These two surface glycoproteins can recognize
carbohydrates such as the sialic acid N-acetylneuramic acid in humans, which is found in the
upper respiratory tract and in lung-associated glycoconjugates [68]. Another protein embedded in
the surface of the virus is the M2 ion-channel which transports protons through the membrane
and is essential for transmembrane pH regulation during the cell entry process [69].

Figure 2.3. Electron micrograph and structure of influenza virus. A) Spherical virions of
A/WSN/33 (H1IN1). B) Filamentous virions of A/Udorn/307/72 (H3N2). C) irregular-shaped
virions of A/Puerto Rico/8/1934 (H1N1) strain. D) Diagram of influenza A virus structure. NS
means non-structural proteins. PA, PB1 and PB2 are polymerase proteins. HA Hemagglutinin,
NP nucleoprotein, NA neuraminidase, M1 matrix protein, and M2 ion channel protein (Copyright
1992 American Society for Microbiology). Scale of figures A, B and C is approx. 100 nm. Figures
adapted with permission of [62] and [70].

For establishing the nomenclature of a new isolated influenza virus specific information is
required [64]. First, the type of the influenza virus (animal or human, type A, B or C) has to be
identified. If the virus has animal origin, the species and the subtype of the influenza virus (for
human influenza virus, the specie is not specified) has to be determined. In addition, the location
of the virus, the sequence number of the isolate, the year of the isolation, and the formula of the
surface antigens (H = Haemagglutinin; N = Neuraminidase (eg, H3N2) are also required. For
example, the first IAV subtype H3N2 isolated in Berlin in the year 1989 has the nomenclature of

A/Berlin/1/89 (H3N2) [64].



The influenza virus infection cycle can be divided in five steps: 1) entry into the host cell, 2)
entry of VRNPs into the nucleus, 3) transcription and replication of the viral genome, 4) export of
the VRNPs from the nucleus, and 5) assembly and budding at the host cell plasma membrane [71].

This process can be seen more in detail in Figure 2.4.
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Figure 2.4. Replication cycle of influenza A virus (IAV). Three proteins form part of the IAV
surface: an M2 ion channel protein, the haemagglutinin and the enzyme sialidase (or
neuraminidase). The cycle starts with an influenza virus particle binding to the target host cell by
using its surface glycoprotein haemagglutinin to recognize glycoconjugates that display a
terminal a-linked N-acetylneuraminic acid residues such as GD1a. Then, the virus is endocytosed,
membrane fusion takes place and the necessary viral components are produced by the host cell
machinery. Viral protein synthesis and particle assembly in the host cell prepares the progeny
virus to exit the cell via the budding process. Finally, the enzyme sialidase cleaves the terminal
a-Neu5Ac residues from both the host cell surface and the progeny virion glycoproteins. This last
action enables the host-cell-surface aggregated virion progeny to move away from the cell to
infect new host cells. Figure adapted with permission of [68].

Hemagglutinin acts as initial point of contact for the virus to the cell-surface glycoconjugates,
and is involved in the internalization process of the virus via the fusion of the virus envelope with
the cell [68, 72]. The function of the neuraminidase is to assist in the movement of the virus
through the upper respiratory tract, and with the release of the newly formed virions from the cell.
The ribonucleoprotein complex consists of a viral RNA segment associated with the
nucleoprotein (NP) and three polymerase proteins (PA, PB1 and PB2). The matrix (M1) protein
is associated with both the ribonucleoprotein and the viral envelope [67]. Moreover, the 1AV
genome has eight genes encoding for at least 11 proteins. These proteins include three RNA

polymerases that help the virus to replicate its genome. These polymerases have high error rates
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which lead to high mutation rates of the virus (nucleotide substitutions). This is the reason for the

influenza virus genetic diversity [73].
2.3 The role of defective interfering particles in virus infection and propagation

As mentioned previously, DIPs are virus mutants that are naturally and randomly produced
during the virus infection cycle. DIPs are characterized by large deletions in the virus genome
[74] [75] [76]. Preben von Magnus discovered them in 1951 after serial passaging of undiluted
influenza virus in embryonated chicken eggs [77]. Since then, DIPs have been found in nearly
every virus family not only in vitro but also in vivo. Patients infected with DIPs have been found,
for example, in medical cases involving 1AV [78], dengue virus [79] and hepatitis C virus [80]
(reviewed in [81] and [82]). DIPs lack the ability to replicate by themselves, unless a co-infection
with STV particles is carried out, which provides the missing functions in trans. DIPs tend to
compete with the STV, because they replicate using the machinery of the STV and their
replication is relatively faster than the STV. The competition involves molecular mechanisms in
virus replication and packaging, and processes as viral protein and polynucleotide synthesis can
be slowed down [83] [74]. As a consequence, the cell produces mostly DIPs, and their abundance
can fluctuate dramatically under certain conditions. The increase in the ratio of DIPs to STVs and
subsequent drop in virus yields that comes out after several viral passages at high MOl is called
“von Magnus effect” [74]. In addition, it has been shown that DIPs multiplicity can affect virus
replication in vivo [84] making DIPs potential antiviral candidates [85]. Another aspect is that
DIPs could trigger mutations in vitro of the STV by making them more resistant to the interference
effect [86] .

Three general aspects are relevant regarding DIP and STV population dynamics [87]:

1) The relative DIPs and STV abundance after several passages in vitro has unpredictable
fluctuations [74].

2) Cells that are highly infected by DIPs (high MOI conditions) are producing more DIPs than
STV, leading to a decrease in the production of STV.

3) It has been suggested that DIPs particles play a role in maintaining persistent infections,
because of the reduction in lytic effects which allow DIP-only infected cells to continue growing

and be infected at later times [74].

As addressed above, DIPs play an important role in virus replication by interfering in the virus
cycle and competing with the STV. Hence, and assuming that infection with pure DIP seeds is

harmless, they can be potentially used as therapeutic agents by decreasing the STV-induced
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damage in the host tissue in vivo [85]. However, their replication mechanism is still not fully
understood. Finally, understanding DIP replication dynamics could be useful to improve current

vaccine production and is a key aspect to establish continuous virus production processes.

2.3.1 Defective interfering particles in Modified Vaccinia Ankara virus population

Little is known about the existence and nature of DIPs in poxvirus populations, the
mechanisms by which they might interfere and how they would replicate. If DIPs are present, the
virus yield following infection and serial passaging in a host cell would be reduced. Such results
have been rarely described and only few observations include variations in the yields of virions
per cell, changes in ratios of virions plague-forming units for virus stocks or even complete virus

replication failure in serial passage [88].

Previous studies have shown that the vaccinia virus strain Western Reserve (WR) rapidly
evolved altered genomes as detected by restriction enzyme analysis in serial passage experiments
[89]. The DNA sequence was altered within inverted repetitions near the ends of the genome in a
region which does not appear to code for virus proteins. These modification in the DNA sequence
were also accompanied by gene deletions adjacent to the left-hand terminal repeat region of the
genome, which is known to encode certain early viral functions [89] . Similar DNA deletions
were found in a mutant rabbitpox virus that had lost functions required for replication in one host
cell line (pig kidney cells), but not in other host cell (chick embryo fibroblasts) [90]. Hence, a
possible interpretation is that the ability of DIPs to interfere in poxviruses is host cell dependent
[88]. Whether this is true or not, potential DIPs presence in virus stocks should be considered,
and conditions which can mitigate DIP generation, such as low MOI conditions and low virus
passage number, should be adopted. Finally, this doctoral thesis will explore production of MVA
virus in two-stage stirred tank bioreactors, where a continuous passaging of the virus at high MOI
conditions takes place in the infected vessel [26]. That system enables MV A evolution studies

and might help to elucidate whether DIPs co-evolve with STV in long term cultivations.

2.3.2 Defective interfering particles in influenza virus population

It was already mentioned that the formation of an “incomplete form of influenza virus” was
observed in 1951 [68] after serial passaging of undiluted influenza virus in embryonated chicken
eggs. Over decades, the progress in understanding influenza DIPs has been limited by difficulties
to resolve the viral genome, lack of appropriate cell-virus systems for growing high titer influenza
DIPs in controlled conditions, inability to separate influenza DIPs from STV, and lack of suitable
assays to quantify influenza DIPs [91]. Many of these limitations still apply to a variety of viruses

[82], however, major advances have been made for influenza virus with the development of better
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producer cell lines [92], development of assays for IAV DIP quantification [93], and replication
of pure IAV DIP seeds in absence of STV [94]. Several terms have been used in literature to refer
to these “incomplete forms of influenza virus”, such as “noninfectious virus”, “defective virus”,
“deleted virus”, “incomplete virus”, “immature particles”, “defective interfering virus”, and “von
Magnus virus”. Among these, the term DIP describes the properties of the virus described by von
Magnus, while the others might be misleading. For example, if one or more viral RNA segments
are missing, one can be in presence of a noninfectious, deleted or incomplete influenza virus.
However, these virus particles will not be interfering and therefore they cannot be referred to as

DIPs [91]. For such cases, the term used in this doctoral thesis is defective particle (DP).

DIPs of influenza virus are deficient in at least one of the essential viral gene segments due to
large internal deletions in the gene. Typically, the DIP keeps genomic sections that are critical for
replication and packaging, such as the 3 and 5 promoters, the adjacent non-coding regions, and
also sections of the coding region [95]. Only truncated forms of the protein are encoded by the
defective gene segment. The size of the deletion can vary and defects in the polymerase genes on
segment 1-3 are most common [96] [97]. On average 100-300 nt of sequence from each end of
the VRNA can be retained by these polymerase DI RNAs and can, therefore, lack more than 80%
of their original length [95] [98] [96].

2.4 Upstream processing of virus production — an overview

2.4.1 Egg-based production

The most common method for viral vaccine production is the use of embryonated chicken
eggs. This method has been used since the 1950’s for production of yellow fever [99] and
influenza virus [100]. In this process, embryonated eggs are infected with the virus of interest
and then harvested a few days later. The embryo is typically destroyed, the virus-containing
harvest solution is centrifuged, sterile-filtered, and the supernatant is stored for further processing

and vaccine blending.

In the case of influenza vaccines, the egg-based technology is used to produce inactivated or
“killed” vaccines, and also live attenuated or “weakened” vaccines. Before production starts,
authorized laboratories, such as the Global Influenza Surveillance and the Response System of
the WHO, provide to the private sector candidate vaccine virus (CVVs) grown in eggs [100].
CVVs used for IAV vaccines are typically reassortant viruses with genes encoding the surface
glycoproteins of HA and NA derived from the wild-type virus of interest. The other six gene
segments of the CVV are derived from a high-growth donor virus that can propagate well in the

vaccine production substrate (typically eggs) [101] [102]. One high-growth donor is the influenza
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A/Puerto Rico/8/34 virus strain. High growth-reassortant viruses are commonly produced
infecting eggs with two viruses, however, reverse genetic technology might be used for viruses

with pandemic potential [103].

The CVVs are injected in fertilized eggs and incubated for 2-3 days. The fluid that contains
the virus is harvested, inactivated (killed) and then the antigen purified. Further testing of the final
preparation by local authorities is done before release and shipment. Most manufacturers still use
this technology to produce influenza vaccines. For the 2018-2019 season this technology
represents 85% of the flu vaccines supplied to the United States [104]. The list of companies using
this technology include Segirus, GlaxoSmithKline, AstraZeneca, MedImmune and Sanofi Pasteur
[105, 106, 107].

2.4.2 Cell culture-based batch production

The use of cell culture has been a common approach to grow viruses since the 1930s. However,
only over the last two decades, the use of cell culture for commercial influenza vaccine
manufacturing has been recommended by regulatory agencies to complement the egg-based
technology. In this approach, immortalized animal cells are propagated in tissue culture flasks,
roller bottles or bioreactors to cell concentrations of up to 1x107 cells/ml and then the virus is
added to the vessel. The virus particles replicate within 2-3 days and finally a harvest is taken.
This technology was approved in 2001 in Europe and in 2012 in the United States [108] [109].
Egg grown CVVs were used to produce cell culture-based vaccines, however, since 2012 Seqirus

in Australia received approval from United States authorities to use cell grown CVVs [110].

Cell culture-based virus production in batch mode and in a bioreactor is typically carried out
in a biphasic process - cell growth phase followed by a virus production phase. The production of
MVA virus in bioreactors follows a protocol that is representative of the production of cell
culture-derived viruses and can be used as an example. An MVA virus production process using
avian cells has been recently established and leads to high virus yields [18]. In such a process, in
the cell growth phase, the avian cells are inoculated in the bioreactor at concentrations of 0.1-
1x10° cells/mL. If the conditions of temperature, agitation, metabolites, oxygenation and pH are
optimal, the cells grow in batch mode to concentrations up to 0.1-1x10° cells/mL with or without
an exchange of culture medium. The infection is typically carried out in the late phase of cell
growth and begins with inoculation by seed virus [111]. Once the genome of the virus replicates
within a cell and the viral proteins are produced, the virions are assembled and then virus particles
are released. This leads to a growth in the viral titer during the first 48 h post infection (p.i.),

followed by a titer peak and finally a virus inactivation phase, as depicted in Figure 2.5. During
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the virus production phase, the cells can grow due to the addition of fresh medium at the time of

infection, and then end in cell death by virus-induced lysis.
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Figure 2.5. Scheme of a batch process for production of Modified Vaccinia Ankara
(MVA) virus in avian suspension cells. The process consists of two phases: cell growth phase
followed by MVA virus production. First, avian cells are inoculated in the bioreactor for growth
to viable cell concentrations (blue circles) close to 5x10° cells/mL. Subsequently, and after a
dilution step with fresh medium, the cells are infected with MV A virus (infection time represented
with a dashed line). The harvest is obtained between 48 and 72 hours post infection, with
infectious virus (TCIDso, red triangles) titers between 0.1-1.0x10° virions/mL. After the harvest,
the bioreactor is cleaned, sterilized (if it is made of stainless steel) and a new batch production
cycle can be started. Note: some MVA strains need cell agglomeration at time of infection. To
enable that, a special culture medium has to be used at the dilution step.

While still challenging regarding the manufacturing costs, there are several advantages of
using cell culture technology compared to eggs. First, cell lines can be extensively characterized
and stored for future use without the need of repeating the whole range testing. This extensive
characterization is also beneficial to provide cell seeds of identical characteristics over time,
which allows to reduce batch-to-batch variations. Also, certain viruses propagate better in cells,
which avoids the down-time required to obtain high growth reassortants. Also, if needed, high
growth reassortants can be more easily generated in cells. Cell cultures allow vaccine production
in bioreactors, hence, a more standardized and controlled process is possible. In addition,
scalability is facilitated with cell culture and use of bioreactors. Other advantages are that allergies
to egg proteins are avoided and, in addition, viral antigens propagated in mammalian cells have a
similar or identical glycosylation with the wild type virus that infects humans. Moreover, recent
studies have shown that the immune response elicited by mammalian cell culture-derived

vaccines could be advantageous compared to egg-based vaccines [112].
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Recombinant technology is a third production strategy for vaccines where no eggs are needed
and no whole virus is produced. Instead, a gene segment capable of eliciting an immune response
is isolated from the wild type virus and inserted in bacteria or animal cells with recombinant DNA
technology. This recombinant antigen is then produced and purified from bioreactors. In 2013 an
influenza vaccine was approved using recombinant baculovirus technology in insect cells [17].
In that particular case, manufacturers isolate the influenza hemagglutinin or “HA” gene from a
wild type vaccine candidate virus. Then, a combination of this HA gene with gene portions of
another virus that grows to high titers in insect cells is performed. The HA-containing
recombinant virus is then used to infect insect cells and allowed to replicate in these cells to high
HA protein levels. The HA protein is then harvested and purified from a bioreactor. The HA
protein is finally packaged and released for seasonal vaccination. Another example is the use of
MVA virus as a recombinant vaccine platform. This approach is different because the expression
of the antigen is carried out directly by infection of the patient with a dose of recombinant MVA
virus. MVA is a replication-deficient viral vector and therefore it is considered to be safe for use
in humans [36]. MVA can encode one or more foreign antigens and therefore can work as a
multivalent vaccine. Here, the gene expressing the antigen is inserted into the MVVA genome. The
resultant recombinant MVVA virus is used to infect either animals or humans [113]. Currently,
most MVA-based recombinant vaccines are under research and, to the far of the author’s

knowledge, no commercial recombinant product is available.

2.4.3 Semi-continuous virus production

Semi-continuous virus propagation has been also carried out in cultures using adherent cells
in tissue culture flasks [114] or in cultivation systems involving hollow fiber units [115, 116].
Semi-continuous cultures are carried out when a fixed volume sample is removed from the culture
at regular time intervals (e.g., twice a day) to harvest products or components of the culture,
followed by the addition of an equal volume of fresh medium to the culture. This leads to a
periodic dilution of both the cell and product concentration that has a saw-toothed appearance
when plotted against culture time. Growth rates (from cells or products) are estimated from the
apparent growth curve obtained by connecting the peaks of the saw-toothed curve [117]. One
example of semi-continuous virus production is the use of multiple harvest strategies for retroviral
production in a NIH 3T3 fibroblast-derived adherent amphotropic murine cell line
(PMFG/YCRIP) for efficient retroviral production [118]. More recently, 1AV was successfully
produced for up to 12 days in a multiple harvest strategy using laboratory scale hollow fiber
bioreactors [119]. These options involve only one single vessel where the cell growth phase and
the virus propagation phase are taking place in the same compartment (e.g., in the extra-capillary

space of the hollow fiber bioreactor). The multi harvest strategy is typically carried out via
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collection of the supernatant while keeping the cells in the culture system. Alternative options for
semi-continuous viral vaccine production exist for processes using persistently infected cells, as
reported for herpes simplex virus growth in lymphoblastoids [120] [121]. In such systems
comprising one vessel for cell and virus propagation, however, their long-term cell propagation

can be compromised and would not be suitable for virus production at large scale.
2.5 Continuous upstream processing of cell culture-derived viruses

Continuous culture of microorganisms was initiated in the 1950s [25], where it raised many
questions and challenges for the production of biologicals such as single-cell proteins, bioethanol
and amino acids [122]. However, due to their simplicity of operation and process robustness, the
focus over the following decades was on the establishment of batch cultivations. Also, fast
advances in genetic engineering were made that led to a significant increase in process
productivity [122]. With the large number of biologicals introduced recently into the market, the
interest in more efficient production platforms is back and solving technical challenges such as
the integration of upstream and downstream in end-to-end continuous operation is being
considered [123]. Compared to batch production, continuous processing has several advantages
such as steady-state operation, lower plant turndown, and high volumetric efficiency. Continuous
production of many biologicals has been possible with the use of CSTRs operated in single
(chemostat) or cascades of CSTRs configurations. The use of chemostats [25] is suitable for
processes where cells are cultivated on a defined substrate, to obtain large biomass volumes and/or
high product yields such as in molecular biology research [29]. Nevertheless, there are cases when
the operation of chemostats can result in unstable operation, for example when the product is
produced in small amounts [124], when the product inhibits cell growth or even leads to cell lysis,

e.g., with lytic viruses.

Since the 1960’s, continuous virus production has been realized with the use of CSTRs. The
most common approach has been the combination of several CSTRs in cascades which allowed
virus production over several weeks. However, another approach to be considered is the use of
continuous tubular bioreactors. In the following, both approaches are presented in relation to their

use for the continuous production of viruses.
2.5.1 Cascades of CSTRs

One potential platform for continuous production of viruses is a cascade of two CSTRs, also
known as TSB system. A TSB system consists of one vessel for continuous propagation of cells
connected in series with a second vessel, where the desired product is obtained, as shown in Figure

2.6 A [125]. The physical separation of the cell growth vessel from the production bioreactor
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allows stable cell propagation of processes involving lytic viruses. TSB systems have been used
for the production of recombinant proteins using baculovirus [126], and for continuous production
of influenza A/Puerto Rico/8/1934 (A/PR/8/34) virus using AGEL.CR cells [26].

i One-time
A) : virus
i addition
Cells ‘ Cells, viruses
v
.o ot '-—l: o
o] o A% ——
‘o0 Oo
Ty
Medium stock Cell bioreactor Medium stock Virus bioreactor Harvest
(CB) (VB)
B)
—~ 3.0 v,y r 1.OE+08 —
— LA 5 —
= 25 I L 1.0E+07 E
= : ‘ £ o AN [ 10E+06 2
L 20 4 00‘0%- AR ERE AN ,,’Qo\\é E S
5 ol -0 ‘ A_o ;o X A E AE LOE+0S &
= £ b \ . FARIE e < T WG O >
=2 LS A Lo : oo N oA ! AN F LOE+04 =
<5 D Bp--R AnDA e ; e
T« 10 S AR oo ¢ LOE+03 2
. ] & Lo f -
= P © E 1LOE+02 g
Chal Y L 1.0E+01 g
=2 00 b et 1LOE+00 e
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time post infection [days]
C) [AV genome segment | — PB2
g gm
2000_)“ ————-————— oo S - — Full length
000> ' »
o0 CURBRERR RN AR LML Defective

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time post infection [days]

Figure 2.6. Continuous 1AV production in a two-stage bioreactor (TSB) system. A) Diagram
of the cascade of two continuous stirred tank bioreactors (CSTRs) referred to as TSB system. In
this system, a CSTR is used for continuous cell production (cell bioreactor, CB). The cells are
continuously transferred to a second CSTR where infection and virus propagation takes place
(virus bioreactor, VB). A continuous harvest is obtained from this TSB system. Fresh medium is
added to both CSTRs. Depending on the type of virus, compounds such as trypsin can be added
to the fresh medium stock used to feed the virus bioreactor. B) Total virus particles
(hemagglutinin, HA, black diamonds) and infectious virus particles (TCIDso, red triangles) of
IAV propagated in the VB over 17 days by Frensing et al. [26]. C) Segment-specific polymerase
chain reaction for the detection of full length (around 2000 base pairs (bp)) and defective genome
segments (containing defective interfering particles, range between 500-700 bp) of IAV genome
segment 1 that encodes the polymerase basic protein 2 (PB2). The size (in bp) of relevant marker
bands is shown on the left. Figures B) and C) were modified with permission of Frensing & Heldt
et al. [26].

The addition of more CSTR in series would allow several cultivation strategies, such as the

reduction of back-mixing by maintaining a defined RT while increasing the number of vessels
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(this, approaching a condition typical for tubular bioreactors), or increasing the RT of infectious
virions and non-infected cells in the system, with virus burst in the subsequent vessels [30] [126].
However, series of CSTR systems involving the use of more than two vessels would probably not
be accepted in large scale vaccine manufacturing due to the complexity of operation and the

increasing risk of process failure.

Cascades of CSTRs have been used for propagation of bacteriophages [127] as well as for
replication of viruses in human cells [30], insect cells [128], and avian cells [26]. Accordingly,
in Table 2.1, examples for continuous production systems using cascades of CSTRs that were
established at laboratory scale are considered.

Poliovirus and adenovirus production

In a pioneer work, poliovirus 1 and adenovirus were cultivated in two-stage and three-stage
bioreactors in a Hela S-3-1 and a Hela-derived KB cell line, respectively [30]. The used bioreactor
configuration was called “lysostat”. Poliovirus type 1 was grown with a yield of 421 TCIDsp per
cell, and adenovirus type 14 with a yield of 116 TCIDso per cell. This study showed that
continuous virus production was possible and introduced a basic mathematical description of
virus production in cascades of two and three CSTRs. This work also pointed out that thermolabile
viruses need special considerations, when produced in continuous mode. In particular, such virus
particles have to be removed from the CSTR with a dilution rate exceeding the specific virus
inactivation rate. Moreover, it was suggested that, in general, infected cells must be kept in the
bioreactor until lysed (or until virus release ceases in case of non-lytic viruses). Nevertheless,
with a life cycle of 5 to 24 h as found for many viruses relevant in vaccine production, steady
state conditions would be difficult to achieve and specific measures to keep virus yields at a high
level might be required. Finally, cell concentrations at steady-state have to be selected carefully
to avoid substrate limitations or the accumulation of inhibiting by-products of metabolism or viral

compounds.

Baculovirus production

The research groups of Vlak and Tramper made a significant contribution to the field of
continuous virus cultivation using cascades of CSTRs for production of baculovirus using insect
cell cultures [128]. In a first publication, two cultivations using two-stage CSTR systems operated
for 25 and 60 days, achieved steady-state production levels of polyhedra and non-occluded virus
particles (NOVs) for up to 25 days. It was observed that a drop in virus titers was possible at
advanced production times (35 days) in continuous mode, and it was suggested that this was due

to a “passage effect” induced by DIPs [129]. Later, a first-order reaction mathematical model was
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introduced to describe baculovirus production in two and three-stage cultivation systems [130].
The model was successful to predict the time courses of the viable cell and the non-infected cell
concentrations in the virus production bioreactor, but failed to describe the passage effect. This
latter aspect was covered in a follow-up publication with a structured model, where the effect of

DIPs on virus titers of cascades of two and three CSTR was taken into account [131].

In another publication, a three-stage bioreactor set-up (using two CSTRs in series for virus
propagation) was compared against a TSB system for baculovirus production [126] (using only
one CSTR for infection). It was shown that the occurrence of viruses with a higher virus passage
number was accelerated in a three stage bioreactor, which resulted in an earlier drop in virus yield
(passage effect) compared to two-stage cultivations. Hence, three-stage bioreactor set-ups seem
to be disadvantageous for baculovirus production compared to two-stage bioreactor systems.
More studies were carried out by the same research group using a two-stage bioreactor system to
produce a recombinant baculovirus containing the LacZ gene expressing B-galactosidase [132]
[133]. A DNA analysis showed the existence of a predominant mutant baculovirus that lacked
about 40% of the DNA genome, including the absence of the LacZ gene. This confirmed the
presence of DIPs in baculovirus cultivations in continuous cascades and their impact in process
productivity. In addition, it allowed to develop hypotheses regarding possible mechanisms of DIP
formation [134].

In follow up study, genetically engineered baculoviruses were generated to maintain
expression levels [135]. However, virus production still decreased after about 30 days of
continuous passaging in bioreactors. Finally, semi-continuous infections were used to optimize
virus production in the two-stage reactor system, in a process that used an inoculum of the
previous infection as seed virus [136]. This mode of operation led to an better performance
compared to continuously operated two-stage systems with regard to longer-term operation. In a
more recent study [137], virus stability was increased by the utilization of extra homologous
repeat regions, which are located throughout the baculovirus genome and are believed to act as
origins of viral DNA replication. This approach resulted in prolonged expression of proteins and
improved the stability of baculovirus expression vectors for the large-scale protein production in

insect cell bioreactors.
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Table 2. 1. List of viruses cultivated in continuous bioreactors since 1965.

Virus Bioreactor Cell line Origin  Duration Max.virus Mathematical Passage Comments Reference

Configuration? (d p.i)? titer (x107 Model effect
TCIDso/mL) observed?

Poliovirus 1 Cascade of two Hela S-3-1 Human 11 8.3 Yes No First concepts and term [30]
CSTRs "Lysostat" were introduced.

Adenovirus Cascade of three Hela-derived Human 6.5 1.0 Yes No [30]
CSTRs KB cell line

Baculovirus E2-strain  Cascades of two Sf-AE-21 Insect 30 1.0 Yes Yes Earlier passage effect in [137]
and three CSTRs three-stage with respect to

two-stages

Recombinant Semi-continuous Sf-9 Insect 80 103 Yes Yes Passage effect was delayed [131]; [136]

Baculovirus - cascade of stirred with respect to continuous

AcMNPV tank bioreactors

Recombinant CSTR in series with ~ Sf-9 Insect 8 Not reported No Not analyzed  Baculovirus infection [138]

Baculovirus - vIBD-7  a tubular experiments for production
bioreactor of B-galactosidase

Recombinant Cascade of two Se301 Insect 27 1003 No Yes Insertion of an extra hrin the [139]

Baculovirus with CSTRs BAC vector led to prolonged

extra homologous protein expression

regions (hrs)

Influenza A/PR/8/34 Cascade of two AGE1.CR.pIX  Avian 18 700 Yes Yes Passage effect led to low [26]

(RKI)

CSTRs

yields

LCSTR: continuous stirred tank bioreactor

2d p.i.: days post infection

3 Titer of nonoccluded viruses (NOVs) in TCIDso per mL

4 Units of polyhedra per cm? of reactor



Influenza virus production

In a research work, influenza virus A/PR/8/34 from Robert Koch Institute (RKI) was
continuously produced over 18 days with the avian cell line AGE1.CR in a TSB system [26]. A
segregated mathematical model suggested that, if only STV particles are present in the virus
population, constant IAV titers in a TSB system can be obtained over weeks of production. Total
and infectious IAV titers similar to those of previous batch cultivations [18, 140] were observed
during the first three days of culture with a TCIDsy titer of 5x107 virions/mL at 1.8 days p.i. and
an HA titer of 2.0 logio (HA Units/ 100 uL) (Figure 2.6 B). Interestingly, total and infectious virus
titers fluctuated over several orders of magnitude during production time. The oscillations were
due to the presence of DIPs, which was confirmed by a PCR assay for IAV genome segments 1,
2 and 3. The PCR result of only IAV segment 1 is shown in Figure 2.6 C. This PCR analysis
showed FL genome segments of 2000 base pairs (bp) in size and defective 1AV genomes
(containing DIPs) between 500 and 700 bp that accumulated periodically over time. As mentioned
above, DIPs have deletions in genes that are needed for replication. For that reason, they depend
on co-infections with STV with FL genome for successful propagation [33]. At high DIP
concentration, the replication of the STV is reduced, and the viruses are washed out of the TSB
system. This generates oscillations in the virus titers which is known as “von Magnus effect” [34].
Since then, different approaches using the avian suspension cell line AGE1.CR.pIX [141] as a
substrate for virus replication have been evaluated in this doctoral thesis to overcome this hurdle

for continuous influenza virus vaccine production.
2.5.2 Tubular bioreactors

An alternative continuous production system could be the integration of a PFBR [35]. Tubular
bioreactors have been used, for example, for waste water treatment [142], for production of
bioethanol [143], and for production of algae [144]. Tubular bioreactors have unique properties
such as a reduced back-mixing and a large surface-to-volume ratio that are useful for a variety of
biotechnological applications. In contrast to CSTRs, reagents and products do not accumulate in
the tubular bioreactor volume over process time [145]. The reduced back-mixing within the PFBR
volume and the possible compartmentalization of the fluid via air bubbles ensure that DIPs
produced within a compartment do not interact with recently infected cells at neighboring
compartments. This combination can in theory reduce co-infection of cells compared to a normal
batch or two-stage CSTR infection, and therefore significantly minimize the amount of DIPs

produced compared to a CSTR of the same WV.

One option is the development of a cascade of CSTRs with recirculation. In this case, a tubular

bioreactor is used in between both CSTRs, as depicted in Figure 2.7 A. This system has been



previously suggested for recombinant protein production using baculovirus technology [138].
Hypothetically, such a system can also be used for production of unstable viruses such as IAV.
This approach would allow low MOI conditions in the entry of the PFBR by adjusting the
recirculation flowrates. A low MOI condition at the point of infection (POI) would increase the
chance of STV infection. Interestingly, a mathematical model developed by Laske et al. [146] has
shown that if DIP infection occurs later than 3 h post infection (p.i.) and STV infection is already
well advanced, defective interfering VRNA replication will either be less efficient or will not occur
at all. Consequently, there will be a significant drop in progeny DIP number and STV yield can
reach levels similar to DIP-free infections when DIP infection occurs too late. As mentioned
above, ideal PFBRs have no back mixing, and therefore the co-infection in such bioreactor would
be reduced. Hence, the chance that the event predicted by Laske et al. occurs is higher in the
bioreactor of Figure 2.7 A compared to a cascade of CSTRs without recirculation, only if the RT
of the PFBR is fixed to at least 3 h. Then, the amount of STV in VB would increase compared to
a cascade of CSTRs without recirculation. As consequence, a reduction in the virus titer
oscillations would be expected. This system, however, will provide a harvest with an increasing
virus passage number and, due to the higher amount of STV particles, the virus mutation rate
might increase compared to a virus propagated in a classical cascade of CSTRs. Because of that,
such bioreactor can be an interesting development for virus evolution studies rather than vaccine

production.

If the length of the tubing is adjusted to the MOI and the duration of the replication cycle, and
a virus stock of defined virus passage number is used, a virus harvest with defined passage number
can be collected continuously at the tube outlet (Figure 2.7 B). The MOI at POl is a function of
the cell concentration in the chemostat, the infectious titer (TCIDso) in the virus stock, and the
flow rates (see equation later in M&M). This system is the best approach for continuous

production of unstable viruses for several reasons:

1) Elimination of the risk of viral antigenic variation as each cell that enters the tube is infected
with a virus stock of defined passage number, and the number of additional virus passages inside

the tube is limited.

2) Steady-state operation allowing harvesting of virus particles with defined quality
attributes over extended time periods, such as glycosylation of viral antigens or DIP to STV ratio
[85].

3) Suitable for production of viruses which show significant accumulation of DIPs and display

high mutation rates, i.e. 1AV [3,4,5]. If enough time for influenza virus replication inside the
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PFBR is provided, the von Magnus effect would be avoided, and stable titers can be expected in

the harvest.
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Figure 2. 7. Conceptual schemes of continuous virus production processes using a plug-flow
tubular bioreactor (PFBR). A) A cascade of continuous stirred tank bioreactors (CSTRS) with
recirculation into a PFBR. This system would enable a low MOI infection at the point of infection
(POI) before entering in the virus production vessel (VB) by adjusting the flow rates F, and Fs.
In this system, the cells are produced in a CSTR operated as a chemostat (Cell bioreactor or CB)
and viruses are stored either in a stock bottle (virus stock, Fsa) or are recirculated from the VB
(Fs3g). Cells and viruses are mixed at the POI before addition of air to generate bubble-separated
compartments for cell breath. The fluid moves under a plug-flow regime along the PFBR and
only virus propagation takes place within the PFBR. Finally, the fluid drops into the VB where
virus replication is finalized. A continuous harvest with increasing virus passage number is
obtained from VB. B) A chemostat followed by a PFBR. In this system full propagation of the
virus within the PFBR takes place. The cells are produced in the CB and the virus is stored in a
virus stock of defined passage number. Cells and viruses are mixed in the POI and full virus
propagation occurs within the tube. A harvest of defined virus passage number (virus stock’s
passage number plus one) is produced over process time.

Finally, the following chapter describes the materials and methods used to achieve the
production of MVA and influenza viruses in batch, semi-continuous and continuous mode. In
particular, the following chapter describes a cascade of CSTRs (of 1 L scale) used to continuously
produce MVA virus. Also, the development of a novel plug-flow tubular bioreactor to enable

continuous production of influenza virus is described.

24



Chapter 3

Materials and Methods

3.1 Cell lines and culture media

The avian cell line AGEL1.CR.pIX (ProBioGen AG, Germany) [147] was grown in the
chemically defined medium CD-U3 (powder-based, PAA, Austria; liquid, Biochrom-Merck,
Germany) supplemented with 2 mM of L-glutamine (Sigma-Aldrich, Germany), 2 mM L-alanine
(Fluka Analytical, Sigma-Aldrich, Germany) and 10 ng/mL Long®R3IGF-1 (SAFC Biosciences,
USA). Cells were inoculated at a concentration of 0.8x10° cells/mL and passaged in shaker flasks
at 37°C, 5% COz in air, and 185 rpm.

The canine suspension cell line MDCK.SUS2 [148] (collaboration with Prof. Klaus
Scharfenberg, University of Applied Sciences Emden-Leer, Germany) was maintained in a
chemically defined medium Smif8 (Gibco, by contact through Prof. Klaus Scharfenberg,
Germany) supplemented with 2 mM L-glutamine, and 2 mM pyruvate. Cells were cultivated in

125 or 250 mL shaker flasks using an inoculum of 0.5x10° cells/mL and passaged twice a week.
3.2 MVA and influenza viruses

The MVA virus isolate MVVA-CR19 virus seed: 4.5x10® virions/mL, TCIDsy and MVA-
CR19.GFP (MVA-CR.A3A9A34CR.GFP; virus seed: 1.0x10° virions/mL, FFU; 1-FFU ~
0.7xTCIDsp) with a green-fluorescent protein insertion cassette were used (both isolates from
ProBioGen AG, Germany). Before infection, virus seeds were sonicated in a water bath at room

temperature for 1 min. An MOI of 0.05 was used in all cultivations.

The influenza virus isolate A/PR/8/34 from Robert Koch Institute (virus seed:
1.48x107 virions/mL, TCIDso; adapted in four passages in AGE1.CR.pIX cells) was used.
An MOI of 0.025 was used in all cultivations [26].

3.3 Batch cultivations

3.3.1 Modified Vaccinia Ankara production in batch mode

AGE1.CR.pIX cells were cultured in 50 mL WYV shaker flasks (Corning, USA), for batch
cultivations. With cell concentrations reaching about 5x10° cells/mL, a 1:1 dilution with fresh

CD-U3 medium was performed. Then, virus infection was carried out and 4-5 mL samples at 0O,
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12, 24, 36, 48, 72 and 96 h p.i. were taken. Cell concentration, cell viability, metabolite

concentrations, pH offline and virus titers were determined.
3.3.2 Influenza virus production in batch mode

A volume of 30 mL and 50 mL of AGE1.CR.pIX cells was taken from the cell bioreactor (CB)
bioreactor of the PFBR system and infected in batch mode in shaker flasks (150 mL shakers,
Corning, USA). With cell concentrations of about 5-6x10° cells/mL, a 100:58 dilution (culture
volume: fresh medium) with fresh CD-U3 medium was performed to approach the infection
conditions occurring at the POI in the PFBR system. The infection was carried out with an MOI
of 0.025 and the influenza virus strain A/PR/8/34 was added in the fresh medium before the
100:58 dilution took place. Then, 4-5 mL samples at 0, 7, 18, 19, 20, 21 and 25 h p.i. were taken.
Cell concentration, cell viability, metabolite concentrations, pH offline, virus titers, and DIP

accumulation were determined.
3.4 Semi-continuous cultivations

A semi-continuous two-stage stirred tank cultivation system, or SSC, using two shaker flasks
in series was established as a scale-down model to facilitate process optimization. The system
consisted of a 120 mL WYV shaker flask for cell production (Small cell bioreactor, SCB) linked to
a 65-200 mL WV shaker flask for virus propagation (Small virus bioreactor, SVB), as shown in
Figure 3.1. Shaker flasks without baffles were used due to the lower evaporation rate observed
compared to shakers with baffles.

Fresh
Medium
(Va)
Fresh Cells (V) Virus
Medium Harvest
(V4) (V4)

Figure 3. 1. Semi-continuous two stage cultivation. Diagram of the two-stage semi-continuous
cultivation (SSC) system for small scale MVA virus and influenza A virus production using
shaker flasks. Cells were produced in semi-continuous mode in the small cell bioreactor (SCB)
and transferred to the small virus bioreactor (SVB) where virus infection and propagation took
place. Twice a day, in chronological order, a harvest was taken (V4), cells were transferred from
SCB to SVB (V2), and fresh medium was added to SCB and SVB (V1 and Vs). The volumes of
harvest, cell transfer and fresh medium were determined with the equations described in section
3.4.
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The shakers were maintained in an orbital shaking incubator (Infors HT Multitron,
Switzerland) at 37°C, 185 rpm and 5% CO: in air. Samples of 3-5 mL for measuring cell
concentration, viability, pH, metabolites and STV titers and DIP accumulation in SCB and SVB

were taken twice a day with a time range between 8-12 h.

After each sampling, medium exchanges were carried out in the following order: a) a volume
from SVB was harvested, b) a culture volume from SCB to SVB was transferred, and c) fresh
medium was added first to SCB and then to SVB. To avoid virus entering into SCB, steps a) and
b) were carried out with 2 different single-use pipettes, and step c) with only 1 single-use pipette.
The volumes of steps a), b) and ¢) were determined with the following equations:

Viarvest, = (tn — th-1) X (Vscp + Vsyp) X Dscp Equation 1
Vsc tosve, = (tn — th-1) X Vscp X Dscp Equation 2
Veu to scey, = (tn — ta—1) X Vscp X Dscp Equation 3

Ve tosvey = (tn — th-1) X ((Vscp + Vsvp) X Dscp — Dscp X Vscp) Equation 4

Where n is the sample number, V is volume, t, is the time at sampling “n”, t,.1 the time at
sampling “n-1”, Dscg i the dilution rate of SCB, and FM is fresh medium. The “apparent” or
semi-continuous dilution rate of SCB (Dscg) was the same of CB (Dcg) in all SSC experiments.
In the rest of this work, the "apparent dilution rate™ of the semi-continuous cultures is referred to,
indistinctly, as "dilution rate". These equations were obtained by performing a material balance,

where the dilution rate of the system F/(Vsce + Vsvs) is equal to the dilution rate of SCB [26].
3.4.1 Modified Vaccinia Ankara production in semi-continuous cultures

The MVA-CR19 and MVA-CR19.GFP virus strains were propagated using the SSC system.
The first three cultivations were carried out taking an additional sampling of 3-5 mL after the

medium exchanges. Afterwards, only one sample was taken before the medium exchanges.
3.4.2 Influenza virus production in semi-continuous cultures

The influenza A/PR/8/34 virus strain, either adapted to MDCK or AGE1.CR.plIX cells, was
propagated using the SSC system. Only one sample was taken before medium exchanges to

determine pH, virus, cell and metabolites concentrations.
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3.5 Continuous cultivations

3.5.1 Cascade of stirred tank bioreactors

A bioreactor system consisting of two 1 L stirred tank bioreactors (Biostat B Plus, Sartorius)
was established (similar to Frensing et al. 2013 [26]), Figure 3.2. The first bioreactor (cell
bioreactor, CB) was inoculated with AGE1.CR.pIX cells and operated at 37 °C, 120 rpm, 40%
oxygen saturation and 850 mL WYV. The medium used for the initial batch phase in CB was a 1:1
mixture of a powder-based CD-U3 medium (PAA), and a liquid CD-U3 medium (Biochrom).
Due to cell agglomeration observed in previous experiments when 1 M NaOH and 1 M HCI were
used, pH was not controlled during the batch phase, but monitored to avoid values below 6.9 (if

necessary, medium exchanges were carried out instead of addition of acid and base).

When cell concentration in CB reached at least 5.0x108 cells/mL, 350 mL from CB were
transferred to the second vessel (virus bioreactor, VB). Medium was immediately diluted 1:1 with
fresh CD-U3 medium in each vessel, and the WVs were corrected to 850 mL and 440 mL in CB
and VB, respectively. Continuous culture was initiated 2 h later and maintained without infection
for 8 days. Only powder-based medium was used during continuous culture. Temperature of VB
was controlled to 37 °C, oxygen concentration to 40-50% saturation, and its 440 mL WV was
maintained with a dip tube. Before the infection, 1:1 dilution of VB was carried out, and 440 mL
WYV was set again. MVA-CR19 virus was added to VB at a MOI of 0.05 based on viable cell
concentration and TCIDs of the virus seed. The flow rates used are described in Figure 3.2, and
the peristaltic pumps used were Ismatec Reglo-Digital MS2/8-160 (pump 1 and 2), and Watson
Marlow 101U/R (pump 3). Samples of 5-6 mL were taken twice a day from both vessels with a
time range of 8-12 h for measuring cell concentration, viability, off-line pH, metabolites and virus

concentration.
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Figure 3. 2. Diagram of the two-stage cultivation systems used for continuous MVA virus
production. A) Two-stage continuous stirred tank bioreactor (TSB) system using AGE1.CR.pIX
cells with a production rate of 0.29 mL/min. Continuous cell production was maintained in the
first bioreactor (cell bioreactor, CB; dilution rate 0.0127 ht). Cells were continuously transferred
at a rate of 0.18 mL/min to a second vessel (virus bioreactor, VVB; dilution rate 0.0390 h), where
MVA virus infection and propagation took place. The virus stock used to infect VB was
inoculated only once (time 0 post infection), and the system was then left in batch mode for 12-
24 hours to allow proper virus infection and propagation. Once the continuous cultured was
started, fresh medium was added to CB and VB at a rate of 0.18 and 0.11 mL/min, respectively.
B) Photograph of the TSB system showing the fresh medium stock of the CB (1), the CB (2), the
VB (3), the fresh medium stock of the VB (4), the harvest (5), the process control screen (6), and
pumps 1 and 2 (left and right, respectively) (7).
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3.5.2 Cascade of stirred tank bioreactors with recirculation

A prototype of a cascade of CSTRs with recirculation was constructed, in particular the process
with a recirculation of VB in Figure 2.7 A. The system consisted of a 1 L CSTR for cell
propagation made of a glass bottle (Schott , Mainz, Germany; referred to as CB) followed by a
tubular bioreactor (15 m silicone tube, 1.6 mm internal diameter; referred to as PFBR), connected
to a CSTR for virus propagation (250 mL Schott bottle; referred to as VVB), as depicted in Figure
3.3. Both bottles were modified with the incorporation of an outlet consisting of a glass-tube at
the bottom, with 90° with respect to the wall, following recommendations of the CSTR
constructed by Hu et al 1997 [138]. The temperature of both CSTR was measured with a
thermometer and the heat was provided with a heating plate. The agitation was set to 150 RPM
using a magnetic stirred incorporated in the heating plate. The fresh medium for the CB was
maintained in a 1 L bottle (Schott, Mainz, Germany) cooled with ice in a styrofoam box. The
PFBR was built inside a plastic container (PFBR-container) that was filled with water. The
temperature of the water in the PFBR-container was maintained at 37°C using a digital-controlled
water bath. The water of the PFBR-container was pumped to the water bath and then returned to
the PFBR-container. The temperature set-point of the water bath was 44°C (Figure 3.3 D), which
was found to provide a stable temperature of 37°C in the PFBR-container. The temperature of the
PFBR-container was measured with a thermometer and the PFBR-container was covered with
aluminum foil. One peristaltic pump was used for pumping fresh medium in and out of the CB
vessel, and also for pumping the virus stock and gas to the tubular bioreactor (pump 1); a second
pump was used for the recirculation of the bioreactors and for the gases introduced in the CB and
VB (pump 2). A third peristaltic pump was used for collecting the harvest from VB (pump 3). A
peristaltic Watson Marlow pump (pump 4, not described in Figure 3.3) was used for the

temperature control system of the water bath.
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Figure 3.3. Process diagram of the prototype of a cascade of two CSTRs with recirculation. In this process continuous cell production takes place in the
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Figure 3. 3. Photograph of the cascade of two CSTRs with recirculation. A) Overview of the
bioreactor: Water heating system (1), tubular bioreactor container or PFBR-container (2), stocks
of fresh medium (3), cell bioreactor, CB (4), virus bioreactor, VB (5), harvest bottle (6), gas
distribution bottle (7), pump 1 (8), pump 2 and 3 (9) . B) 1 L CB for cell growth and with
recirculation line to avoid cell sedimentation, covered in alumina foil. C) 250 mL VB for virus
propagation and recirculation line to the PFBR covered in alumina. D) Water bath (left) and
PFBR-containerx. E) PFBR in water at 37°C with thermometer.

3.5.3 Continuous tubular bioreactor system

A PFBR system consisting of a 0.5 L scale CSTR (Dasgip, Germany) followed by a 211 mL
PFBR was established, as shown in Figure 3.5. The PFBR system had a nominal production rate
of 12 mL/h. The complete bioreactor system was constructed in a cultivation room with a
controlled and stable temperature of 37°C. The first bioreactor (cell bioreactor, CB) was
inoculated with AGE1.CR.pIX cells and operated at 37 °C, 150 rpm, pH of 7.0-7.3, and 350 mL
WV. The oxygen to the CB was provided with a tube connected to two 0.2 um air filters
(Sartorius, Germany). The fresh CD-U3 medium bottle was maintained in a Styrofoam box with
ice (which was replaced twice a day). When cell concentration reached at least 2.0x10° cells/mL
the continuous cultivation was initiated but only PBS was pumped from the virus stock to prime
the PFBR. After 48 h, the PBS in the virus stock bottle was replaced by fresh CD-U3 medium
containing 42.8 Trypsin Units/mL (Gibco, Germany) and 2-3x10* virus/mL (based on TCIDso).
The MOI at the POI was determined with the following equation:



F3 X [virus concentration] virus Stock

MOI =

- Equation 5
F, X [cell concentration] cell Bioreactor

With Fs, F, the flow rates of the virus stock and the CB, respectively. The virus stock was
replaced every 48 h to avoid virus degradation, and the virus stock bottle was maintained together
with the CB bottle in a styrofoam box with ice. The seven streams of the process and their flow
rates used are described in Figure 3.5 and Table 3.1. Harvests were collected twice a day from the
harvest bottle. Samples of 3-5 mL were taken once a day from CB, and twice a day from the
harvest bottle for measuring cell concentration, viability, off-line pH, metabolites (glucose and

lactate) and virus concentrations (HA titers and TCIDsy).

The average RT in the tubular bioreactor was determined with the following equation:

RT = = Equation 6
Vr
where the RT (h) is a function of the length (L, in m) of the PFBR and the linear velocity inside
the tube (V, in m/h), respectively. The latter was calculated based on the flow at the tube outlet
(m3h) divided by the transversal area of the tube (m?). The flow rate at the tube outlet was

determined by measuring the collected PFBR harvest volume twice a day.

Finally, the Reynolds number (Re) in the tubular bioreactor was calculated with the following
equation:

Re = @ [-] Equation 7

where p is the density of the fluid (993 kg/m?®, water at 37°C), V7 is the mean velocity of the
fluid (m/s), @ is the hydraulic diameter of the tube (m) and v is the dynamic viscosity of the fluid
(0.000691 kg/(mxs), water at 37°C).
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Figure 3. 4. Process flow diagram of the plug-flow tubular bioreactor system for continuous influenza virus production. The process consisted of a
continuous stirred tank bioreactor, referred to as cell bioreactor (CB), followed by a coiled tubular plug-flow bioreactor (PFBR). The complete structure was
built inside a 37°C cultivation room. The CB was operated as a chemostat with a dilution rate of approx. 0.9%umax. The PFBR was constructed using a transparent
silicone tube (1.6 mm internal diameter) that was coiled around a 20 cm internal diameter and 1 m high PLEXIGLAS® XT tube. Cells were produced continuously
in the CB with continuous addition of fresh medium from the medium stock bottle (stream 1 or Fy). Cells were continuously transferred with the aid of a
peristaltic pump to the point of infection (POI; F,), where infection took place with influenza virus stored at 0°C in the virus stock (VS) bottle (Fs). The VS was
replaced with fresh trypsin, virus and medium every 48 h. Air was taken from the room, filtered with at least one 0.2 um air filter, and injected into the system
for providing enough oxygen to the cells for survival until lysis (Fs). The mixture of cells, virus and bubbles (Fs) traveled through the PFBR with a nominal
residence time of 20 h. Finally, the product (F7) was collected in a harvest bottle and sampled twice a day for analysis.
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Figure 3. 5. Photographs of the continuous tubular bioreactor system. A) Coiled silicone tube
around a scaffold consisting of a 20 cm internal diameter and 1 m high PLEXIGLAS® XT tube.
B) Empty PFBR. The tube with a length of about 100 m was coiled from the top to the bottom of
the PLEXIGLAS scaffold. C) First functional bioreactor prototype in operation in December 2015
with MDCK.SUS2 cells cultivated in Smif8 medium. D) Lateral picture of the PFBR with culture
medium. Different distances along the tube where labeled (white papers). E) Segments of liquid
and air inside the PFBR. F) This picture shows the 500 mL cell bioreactor (or CB) with all three
pumps used in this prototype. G) Tubing system showing the point of infection, the point of air
injection, and the entry point to the PFBR (female/male luer connector).



Table 3. 1. Description of the flow rates, linear velocity and components of each process
stream.

Liquid Gas

. . Linear
Volumetric Volumetric

Flow Phase " Elow Rate Velc/><:|_tya Components  Description
[mi/minl® fl/min® LCmY/minl

- Fresh culture Fresh medium transferred to
F, liquid 0.15 0.00 ND medium the CSTR

o . Cell culture taken from the
F> liqguid 0.15 0.00 ND Medium + cells CSTR
Fs liguid 0.05 0.00 ND Medium + virus VIrL_js from the stock bottle

for infection of the cells
jum +
Fy liquid 0.20 0.00 ND Me_d ium + cells Infected cells
+ virus

Filtered-air needed for

Fs gas 0.00 0.10 ND Air _
cellular respiration
liquid + R Medium + cells  Mixture of cells, virus and
Fo gas 0.20 0.10 10 + virus + air bubbles entering the PFBR
liquid + Medium + cells  Final product after 20 h in
F .2 b p . .
! gas 0.20 0.09 9 + virus + air the PFBR

ND = not determined; CSTR = continuous stirred tank bioreactor; PFBR = plug-flow tubular bioreactor
& nominal value obtained fromthe design of the process.

® this is an approximate value based on measurements of the time required by the bubbles to travel 10
centimeters at the entry and at the end of the tube. The linear velocity at the end of the tube (F;) decreased
approx 5-10% with respect to the entry (Fe).

3.6 Process productivity estimations

The productivity of batch, semi-continuous and continuous cultivation systems was
determined based on two parameters: time yield (TY, [virions/h]) and space-time yield (STY,

[virions/(Lxh)]). The following equations were used for all three cultivation modes:

t
Ztg(TCIDSOH,tnXVH_tn)
TYtn =

Equation 8

th

t
Ztg(TCIDSOH_tnXVH,tn)

7
Ztg(VH,tn)xtn

STYtn =

Equation 9

Where t, is the total operational time (initial batch phase plus virus production phase for semi-
continuous and continuous), TCIDSOH’tn is the TCIDso of a harvest at time t, (if no harvest is
taken at time t, its value is zero), and Vy ¢ is the harvest volume collected at time t,. Equations 8
and 9 were also used for estimating the productivity of a hypothetical batch process consisting of
two parallel 645 mL bioreactors (8 days batch cycle), as described in section 4.4.1 and Table 4.1.
This hypothetical system was chosen as a comparison to the TSB system, because it represents

the alternative given up when the decision of operating both vessels in continuous mode is taken
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(opportunity cost). Note: equations 8 and 9 are a summation, and can be used for batch, semi-

continuous and continuous cultures. In a batch culture, the term Vy, is zero except for the

selected harvest time point, and the contribution of consecutive batch harvests are added up. In

semi-continuous and continuous cultures, the term Vy . has always a value (given by the harvest

flow rate multiplied by (t, — tn-1)).
3.7 Analytics

3.7.1 Influenza virus
Hemagglutinin assay

The total amount of influenza viruses produced was quantified by titration of viral
hemagglutinin as described previously [149]. HA was converted to virions/mL, assuming the
binding of one virus particle per red blood cell. Therefore, the concentration of red blood cells
was set to 2x107 cells/mL. The maximum standard deviation for the reported HA values was +
0.2 logo (HA Units/100 pL) [150].

Tissue culture infectious dose 50 titration assays

The concentration of infectious influenza viruses was determined by tissue culture infectious
dose fifty (TCIDso, virions/mL) as described by Genzel and Reichl [151]. The dilution error of
the TCIDso assay was + 0.3 logio [150].

3.7.2 Modified Vaccinia Ankara virus
Tissue culture infectious dose 50 assay

The concentration of infectious virus particles was quantified by a TCIDso assay as described

previously [147].The relative standard deviation of the assay was 0.4 logio [111].
Green fluorescent-derived TCIDso

In addition to the regular TCIDs staining procedure, a GFP-derived TCIDsq titer was obtained
by measuring cell fluorescence using a fluorescence microscope (A 495 nm, Axio Observer Al,
Zeiss, Germany). The assay was carried out immediately before performing the regular TCIDso
staining procedure. Fluorescent cells were identified until the last positive well, and the

calculation was carried out using the same methodology as used for the regular TCIDso.

37



3.7.3 Cell concentration and viability

Concentration and viability of the avian cell line AGE1.CR.pIX and the canine cell line
MDCK.SUS2 were determined with the ViCell™ XR cell viability analyzer (Beckman Coulter
GmbH, Germany) with a standard deviation of 6% according to the manufacturer. The sample
volume required by the device was in a range between 0.5-1.0 mL. The avian cell line grows as
single cell suspensions and therefore direct measurement of a crude sample was possible. The
MDCK.SUS?2 cell grew as agglomerates, and therefore a “de-agglomeration step” was necessary
before ViCell™ XR analysis. This step was carried out by collecting and centrifuging 1000 pL
of culture at 1000 RPM for 30 s, then 950 pL of supernatant was removed, and 450 puL of 500
U/mL trypsin was added. The sample was stored at 37°C for 10 min. Finally, 500 pL of serum
was added to stop trypsin activity.

3.7.4 Extracellular metabolites

Culture samples of 1 mL were taken to determine glucose, lactate, glutamine, glutamate, and
ammonia concentrations using a BioProfile 100 Plus Nova analyzer (Nova Biomedical, United
States). The relative standard deviations of the assays were 1.9% for glucose, and 10.5% for
lactate. Ammonium, glutamate and glutamine were also measured are not considered in the

following (values are available in the experimental data sheet).

3.7.5 Stability of Modified Vaccinia Ankara virus

The stability of MVA-CR19 virus was evaluated using the MVA-CR19.GFP recombinant
strain using two criteria. The first criterion was that, if the recombinant virus is stable, then the
ratio of the total infectious virus population (IVP) to the protein-expressing infectious virus
population (PEIVP) should be constant during cultivation time. The PEIVP was measured by
determining a GFP-derived TCIDsg by fluorescence microscopy (described in section 3.7.2). This
ratio was determined with the following equation:

IVP

SEIVD Equation 10

Ratior¢ipso =

With IVP and PEIVP the mean of a technical triplicate. The second criterion used was a genetic
analysis of the GFP insertion cassette using a polymerase chain reaction (PCR) protocol
(described in detail in section 3.7.6). The samples analyzed with both criteria were taken from the
first and last harvest of two SSC cultivations operated over 15.5 days, one with 25 h RT in the
SVB and a second with 40 h RT in the SVB.
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3.7.6 Polymerase chain reaction for evaluation of Modified Vaccinia Ankara virus

stability

A polymerase chain reaction (PCR) assay for MVA virus was performed by ProBioGen
(Berlin, Germany). The PCR was carried out by mixing the complete cell lysate (80 uL) with 20
pL of QuickExtract DNA Extraction Solution 1.0 (Epicentre, United States) and heated to 65°C
for 10 min and to 98°C for 5 min. Of this preparation, 4 pL were subjected to PCR in a final
volume of 20 pL with 0.15 pL Taq polymerase (Qiagen, Germany), 200 nM of each primer, and
125 puM of each nucleotide. The sequence of the primer pairs that span deletion sites 2, 3 and 4
of the viral genome have been published previously [9]. The expected sizes of the amplification
products are 354, 447, and 502 bp for wildtype virus deletion sites 2 to 4, and 1285 for deletion
site 3in MVA-CR19.GFP. Thermocycling was initiated with 94°C for 80 s, followed by 35 cycles
of 94°C for 20 s, 55°C for 20 s and 72°C for 90 s, and terminated with 72°C for 5 min. Amplicons
were separated by electrophoreses in 1.5 % agarose gels.

3.7.7 Segment-specific PCR for determination of defective interfering influenza virus

particles

A segment-specific PCR for qualitative determination of DIPs accumulation was carried out
based on a method previously described [26]. The method used eight primer pairs. Crude culture
samples were taken and stored at -80 °C. After thawing, the samples were centrifuged for 5 min
at 1000 g. Viral RNA was purified from 150 pL supernatant using the extraction kit NucleoSpin
RNA Virus (Macherey-Nagel, Diren, Germany). The method utilizes the Unit2 primer for
performing reverse transcription [152]. The initial denaturation step was carried out at 98°C for 3
min followed by 25 cycles with 98°C for 25 s, 60°C (or 55°C for segment 6) for 45 s and 72 °C
for 1-2 min. The final elongation was carried out at 72°C for 10 min. Gel electrophoresis was

used to visualize the PCR products.
3.7.8 Software for data analysis

The results of this work were analyzed using Microsoft Excel. Graphs with numerical
powers in base 10 are shown in Microsoft Excel format. For example, 1.0x108 is shown as 1E +

08 in a graph.
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Chapter 4

Results & Discussion

Considering the different options for MVA virus and IAV production used in this work, the
following chapter was divided in four parts starting with virus production in batch mode to finally
present the results of the continuous production experiments. The first section describes batch
production of MVA virus and IAV to identify maximum virus titers and yields. The chapter
continues with the description of semi-continuous MVA virus and 1AV production in shake flasks
as a small-scale approach of cascades of two CSTRs (referred as TSB system). These systems
helped to elucidate process performance for long term cultivations including the possible impact
of DIP formation. The third section describes the two continuous production systems established
in this work — a TSB system for continuous MVA virus production, and a PFBR system for
continuous 1AV production. Maximum viral titers yields and virus genetic stability over
cultivation time are analyzed for each continuous production system. The last part summarizes

the results obtained and compares the productivity of the various bioreactor systems.

The MVA virus results presented in this chapter have been already published in [23]. Also,
most of the IAV results have been submitted for publication [153] and some results are available
as a patent application [154].

4.1 Virus production in batch mode

Batch culture is the most common approach for production of cell culture-derived MVA virus
and IAV. For this reason, batch cultures of MVA virus and IAV were carried out in order to
elucidate cell and virus dynamics and to determine maximum virus titers. From a mathematical
point of view, batch cultures are closed systems with zero dilution rate, which allows obtaining
higher product concentrations compared to continuous cultures. Hence, the virus titers obtained
from batch experiments serve as a reference to evaluate the performance of the continuous
cultures established in this work. In the following, batch production of MVA virus and IAV using
only the avian cell line AGEL1.CR.pIX cell is presented. IAV production in suspension MDCK

cells was not evaluated because literature with this cell line is already available [148].
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4.1.1 Batch production of Modified Vaccinia Ankara virus in AGEL1.CR.pIX
cells

Cell concentration, pH and metabolites. Three batch cultures of MVA virus (BM-A, -B, and
-C) at 50 mL scale were initiated with an approximate pH of 7.5 (Figure 4.1 A), and the pH
dropped below 7.0 after 72 h of culture. Cells grew in batch mode up to 5.0x10° cells/mL, and a
50% dilution step led to a final cell concentration of 2.5x10° cells/mL at time of infection, as
shown in Figure 4.1 B. A glucose and lactate concentrations near 27 and 10 mM, respectively,
were obtained at the starting point of the infection phase (Figure 4.1 C). The lower lactate
concentration of one of the cultures was due to a higher dilution step needed to adjust the cells to
2.5%x10° cells/mL.

MVA virus production. MVA-CR19 virus strain was used for infection at MOI of 0.05 and
maximum TCIDsy titers of 3.0x108, 1.0x108 and 0.3x10® virions/mL were obtained at 72 h p.i.,
as shown in Figure 4.1. Interestingly, a maximum TCIDs, titer of 1.0x10° virions/mL was
obtained 96 h p.i. in the BM-A experiment. This higher TCIDso titer in BM-A was correlated with
a greater number of viable cells in the culture, due to a higher dilution step with fresh medium
carried out at the time of infection. MVA virus titers obtained in these batch experiments are
similar to those previously described for MVA wild type replicated in AGE1.CR and
AGE1.CR.pIX cells [18].
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Figure 4. 1. MVA virus replication in batch cultures of AGE1.CR.plIX cells. Three batch
experiments named BM-A (diamonds), BM-B (triangles) and BM-C (squares) were compared.
A) pH values of the batch culture. B) Viable cell concentration (open symbols) and cell viability
(closed symbols) of batch cultures. C) Glucose (open symbols) and lactate (closed symbols). D)
Infectious virus titer TCIDso.
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Questions such as the scalability of these batch results to larger bioreactor volumes might arise
as all three experiments were performed in 50 mL shaker flasks. In this work, the new genotype
MVA-CR19 virus, that can efficiently replicate in single-cells and does not require cell
agglomeration at the time of infection, was used [9]. Also, the initial batch phase of the continuous
experiment with cascades of CSTRs (Figure 4.5 D) demonstrated that cell growth in batch mode
up to 5x108 cells/mL in 1 L bioreactors was possible. Hence, obtaining similar virus titers at larger

volumes should be feasible.
4.1.2 Batch production of influenza A virus in AGE1.CR.pIX cells

Cell concentration, pH and metabolites. Two experiments at 50 mL scale (as for MVA
virus) were carried out. The average pH at 0 h p.i. was 7.3 and the final pH value at 20 h p.i. was
7.1 (Figure 4.2 A). The viable cell concentration obtained at time of infection was 4.5x10°
cells/mL with a viability of 94% (Figure 4.2 B), while 3.6x10° viable cells/mL with 73% viability
were obtained at 20 h p.i. Glucose concentrations of 19.6 and 12.5 mmol/L were obtained between
0and 20 h p.i., respectively, and lactate concentration between 10.4 and 19 mmol/L were obtained

between 0 and 20 h p.i., respectively (Figure 4.2 C).

IAV virus production. HA titers between 2.1 and 2.3 logio (HA Units/100 pL) were obtained
between 19 and 25 h p.i.in both cultivations, as shown in Figure 4.2 D. Also, maximum TCIDso
titers between 1x108 and 3x10° virions/mL were obtained between 19 and 25 h p.i., as depicted
in Figure 4.2 E. Such high TCIDs titers compared to relatively low HA titers are typical for
AGEL.CR.pIX cells [155]. Finally, the time course of MOI of the batch cultivation was also
determined using the TCIDs titers and viable cell densities. The average MOI at 0 h p.i. was
0.0056, while at 20 h p.i. was 224. Such high MOI conditions were observed by Frensing et al.

[26] in continuous mode and were associated with the accumulation of DIPs.
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Figure 4. 2. Influenza virus replication in batch cultures of AGE1.CR.pIX cells. Two batch
experiments named batch 1 (diamonds) and batch 2 (circles) were carried out. Samples at 0, 7,
17, 19, 20, 21, 22 and 24 h post infection (p.i.) were taken. A) pH value of batch 1 and batch 2.
B) Viable cell concentration (black) and viability (white) of AGEL.CR.pIX cells. C) Glucose
(white) and lactate (black) concentration in mmol/L. D) HA titer of batch 1 and 2. E) TCIDs
titers. F) Estimated MOI for batch conditions performed with corresponding viable cell
concentration and TCIDsg.
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4.2 Virus production in semi-continuous mode

Semi-continuous cultures using shake flasks, or SSC system, were established as a small-scale
approach of the cascade of the TSB system. The SSC system provided a fast setup for evaluation
of several experiments in parallel. Cell and virus dynamics, maximum virus titers, presence of
DIP-induced oscillations and genetic stability of viruses were determined with the SSC system.
Therefore, the following section starts with the results of SSC experiments for production of MVA
virus in avian AGEL.CR.pIX cells. MVA virus dynamics at different RT in the virus-infected
vessel is evaluated. Then, IAV production was evaluated in avian AGE1.CR.pIX cells and in
MDCK.SUS?2 cells to determine viral titers.

The SSC system was also used to analyzed genetic stability of a GFP-containing MVA virus
strain and of 1AV in long term cultures. However, to facilitate the comparison with long-term
continuous cultures, these results are presented in section 4.3.2 and 4.3.7 for MVVA virus and AV,

respectively.

4.2.1 Semi-continuous production of Modified Vaccinia Ankara virus in AGE1.CR.pIX

cells

AGEL.CR.pIX cell growth. A SSC system in shaker flasks was established for propagation
of AGEL1.CR.pIX cells and MVA virus up to 15 days of cultivation. To start up the cultivation,
AGE1.CR.pIX cells were seeded at a concentration of 0.8x10° cells/mL in SCB and SVB and
maintained in batch mode for 3-4 days. The results of one representative cultivation (SM25-A of
Table 4.1) is shown in Figure 4.3 A, B and C. After the initial batch phase, medium replacements
at regular intervals were initiated and a semi-continuous steady state was successfully maintained
during at least two weeks of cultivation. Viable cell concentrations in SCB fluctuated in a range
of 8-12x10° cells/mL with viabilities above 90% (Figure 4.3 B). In SVB cell concentrations first
also fluctuated in a similar range, but then fluctuations decreased as a consequence of virus
replication. Cell viabilities of 90% or more were observed the first days but dropped after several
days in semi-continuous mode. No limitation of glucose was observed during SSC cultivations
and levels of lactate in steady state were diluted below the 30 mmol/L obtained at the 4" day of

the initial batch phase.
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Table 4. 1. Overview of MVA process parameters, virus titers and productivity obtained in batch, semi-continuous, and continuous experiments.

Experiment 2 Cell Cell Conc. at Medium Virus Dilution rates; F RT in Volume Days of Maximum Total Number of Total Harvest | Time Yield |Space-time Yield
Passage toi [*10° Manufacturer b SVB or SVB or Operation Virus Titer Virions Produced Volume [mL] [virions/h] [virions/(L h)]
Number cells/mL]’ VB [h] ¢ [ VB [mL] [d] ¢ [virions/mL] [virions] ©
BM-A 82 3.2 Biochrom MVA-CR19 B 72 50 8.0 3E+08 2E+10 50 8.2E+07 1.6E+09
BM-B 41 25 Merck/Biochrom MVA-CR19 B 72 50 8.0 1E+08 5E+09 50 2.6E+07 5.2E+08
BM-C 41 2.7 Merck/Biochrom MVA-CR19 B 72 50 8.0 3E+07 2E+09 50 8.2E+06 1.6E+08
BM-average - - Merck/Biochrom MVA-CR19 B 72 50 8.0 1E+08 7E+09 50 3.6E+07 7.3E+08
2 Parallel batches? - - Merck/Biochrom MVA-CR19 B 72 1290 17.0 1E+08 4E+11 2580 8.9E+08 3.4E+08
2 Parallel batches " - - Merck/Biochrom MVA-CR19 B 72 1290 26.0 1E+08 5E+11 3870 8.7E+08 2.2E+08
SM25-A 50 10.5 Biochrom MVA-CR19 (3-D;=D,;F;=F; 25 65 22.0 2E+09 2E+11 1136 3.7E+08 3.3E+08
SM25-B 90 12.9 Biochrom MVA-CR19 (3.D,=D,;F;=F; 25 65 22.0 2E+09 5E+11 1004 1.0E+09 1.0E+09
SM25-MOCK 82 - Biochrom MOCK 3D;=D;y;F3=F; 25 65 18.0 MOCK MOCK 726 MOCK MOCK
SMB35-A 73 12.1 Biochrom MVA-CR19 (2:D;=D,;F;=F; 35 98 12.0 3E+08 2E+10 816 7.6E+07 9.3E+07
SM35-B 40 7.47 Merck/Biochrom MVA-CR19 (2:D,=D,;F;=F; 35 98 19.0 1E+09 2E+11 1157 4.1E+08 3.6E+08
SM35-C 40 4.42 Merck/Biochrom MVA-CR19 2:D;=D,;F;=0 35 65 18.0 3E+05 3E+07 649 7.4E+04 1.1E+05
SM64 73 11.8 Biochrom MVA-CR19 (1.D,=D,;F;=F, 64 198 12.0 6E+08 6E+10 1084 2.0E+08 1.8E+08
SG25 69 5.72 Merck/Biochrom | MVA-CR19.GFP |3-D; =D, ;F;=F; 25 62 195 1E+08 3E+10 1148 6.0E+07 5.2E+07
SG40 69 6.01 Merck/Biochrom | MVA-CR19.GFP | 2-D; =D, ;F;=F; 40 120 195 6E+09 5E+11 1208 1.0E+09 8.7E+08
T25 50 9.19 PAA MVA-CR19 (3D,;=D,;F;=F; 25 440 21.7 6E+08 6E+11 7100 1.2E+09 1.7E+08

 T= Two-stage continuous bioreactor; S=semi-continuous small scale cultivation; B=Batch; M=MVA-CR19 strain; G= MVA-CR19.GFP strain; XX = XX hours (25 h,35 h or 64 h) of residence time in the VB or the SVB.

> Fy =D, (V, + V,) - F, with D; the dilution rate of CB or SCB, V, thevolume of each vessel, and F, the flow rate.

° RT = residence time; VB = Virus Bioreactor; the value shown for batch cultures corresponds to the harvest time (h p.i).

4 considering a batch with 4 days of cell growth in all processes, 3 days of virus production and 1 day for cleaning and sterilization.

¢ this value corresponds to the total number of virions produced after adding the virus collected from each harvests. This was calculated by multiplying the TCID s, of each harvest by its volume.

"the average TCIDs titer of batch A, B and C was estimated to be 1x10° virions/mL.

9two parallel 645 mL batch bioreactors; calculations were carried out assuming 2 batch-cycles, because it approaches the operational time of the SSC cultivations (2 weeks). Note: the TY is valid only for a specific cultivation scale, while the STY is
independent of the cultivation scale. The complete time course of such a process is shown in Figure 6.

" two parallel 645 mL batch bioreactors; calculations were carried out assuming 3 cycles (26 d), because it approaches the operational time of the TSB experiment (T25; 3 weeks). The complete time course of such a process is shown in Figure 6.

" cell concentration at time of infection.




A semi-continuous steady-state production of AGEL.CR.pIX cells was successfully
maintained over two weeks of cultivation. Hence, it was important to determine pmax during the
batch phase (0.02 h?), which was slightly higher than in the batch phase of 1 L scale TSB
cultivations (0.016 h) . Also, the sampling before and after the medium exchanges resulted in
reductions of WV that made it difficult reaching a steady state. Accordingly, taking a sample only
before the medium exchange was the preferred option in most of the experiments.

Also, a drop in cell viability in SVB was observed in all cultivations after some days p.i. This
was a consequence of virus replication and, interestingly, was observed from day 10 p.i in SM25-
A experiment, and from day 4 p.i. in SM25-B (both experiments were operated at the same RT;
cell viability data of SM25-B is not shown). Most likely, the reason for the delayed viability drop
of SM25-A was a dilution of the virus concentration below 1x10° virions/mL after the first
harvest.

MVA virus production in semi-continuous mode. SVB was infected with MVA virus after
3-4 days of batch cell growth and the semi-continuous mode with harvesting was started 12 h p.i.
Virus titers showed 8-10 days of a transient phase followed by a stationary phase. TCIDs, values

between 1-107 and 1x10° virions/mL, were obtained among all SSC experiments.

Virus titers obtained from the SSC showed a transient and a stationary phase. TCIDsy values
between 1x107 and 1x10° virions/mL were obtained and were in accordance with those of batch
cultivations, described in section 4.1.1, and also comparable to those of published data [18] [9].
Also, an important result that was first observed in this small-scale system was that virus titers in
the stationary phase oscillated in order of magnitudes not larger than 2 log:o which is clearly less
than what was observed previously for IAV [26]. These oscillations were most likely produced
by errors in the MV A virus titration assay and by variations in the cell concentration in SVB. This
suggested that MV A virus can be produced in continuous mode without interference by defective

particles.

Two experiments were operated at 25 h RT in SVB. Virus titers from SM25-A followed a
similar pattern to the TSB system from day 4 p.i onwards, reaching similar final titers. The second
experiment, SM25-B (white squares, Figure 4.3 D), was more precisely operated and the virus
titer dynamics was even closer to those obtained with the TSB system (operated also at 25 h RT
in VB, as shown later in section 4.3.1). Therefore, these two experiments suggested that the SSC
can serve as a scale down model of the TSB system. Previous works have demonstrated that semi-
continuous cultivations can be very reliable to approximate continuous cultures [156]. More

recently, mammalian cell Kinetics in continuous systems was studied using semi-continuous



cultures in shake flasks [157]. Thus, the cell growth and MV A virus titer results showed that these

concepts could be also applied for TSB systems using shaker flasks.

Impact of RT and addition of fresh medium in MVA virus titers. Three SSC experiments
with 25, 35 and 64 h RT in SVB were carried out as shown in Figure 4.3 D. TCIDs titers obtained
with all RT experiments showed a common pattern consisting of an initial transient phase
followed by a stationary phase. The MOI of 0.05, used in all experiments, led to initial virus
concentrations close to 1.0x10° virions/mL. The fastest increase in virus titers was obtained with
25 h RT in SVB (experiment SM25-B) with approx. 1x108 virions/mL at 48 h p.i. Similar virus
titers were obtained with 35 and 64 h RT in SVB but at 144-192 h p.i.(SM35-B and SM64
experiments, respectively).
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Figure 4. 3. Semi-continuous propagation of MVA-CR19 virus in a two-stage cultivation
system using shaker flasks (SSC). The data of A), B) and C) belong to one representative SSC
experiment of a total of nine experiments with variations in RT and medium addition in SVB
(SM25-A, Table 4.2). A) Viable AGEL.CR.pIX cells concentration in SCB (circles) and SVB
(squares). B) Viability (white) and pH value (grey) of SCB (circles) and SVB (squares). C)
Concentration of glucose (white) and lactate (grey) in SCB (circles) and SVB (squares). D) MVA
TCIDsy titers of the SSC experiments (squares) SM25-A (grey), SM25-B (white), SM35-A (grey
with +), SM35-B (black), and SM64 (grey with X). One SSC experiment, SM35-C, was carried
out without addition of fresh medium into SVB (white-circles). The dashed line represents the
time of infection. The first harvest was carried out 8-12 h p.i..
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In addition, one experiment was carried out to determine the impact of removing Vs from SVB
(SM35-C). As shown in Figure 4.3 D, this experiment resulted in the lowest virus titers among

all experiments, with values not exceeding 1x10° virions/mL.

Although 35 and 64 h RT showed comparable titers, 64 h RT would not be a good option for
scale-up as long RTs might end up in culture conditions with low levels of glucose and high
lactate and ammonia that are clearly not beneficial for both cell and virus propagation.
Interestingly, TCIDs, titers at steady state were very similar for different RT experiments and
therefore, the TCIDso seems to be independent of the RT.

Finally, one experiment was performed to investigate the impact of removing the addition (V)
of fresh medium on the virus titers (SM35-C, Table 4.1; Figure 4.3 D). The idea of this experiment
was to test if the productivity can be increased by keeping virus titers, while decreasing medium
consumption. Surprisingly, the lowest TCIDsy titers were obtained from this experiment, with
values between 1x10° and 1x10° virions/mL. Therefore, addition of fresh medium in the virus
bioreactor is an important process variable to keep yields. This is in agreement with previous
studies that showed that addition of fresh medium at time of infection is required for optimal virus
propagation [158]. Adding fresh medium might play a role on diluting and faster washing-out of
signaling molecules and metabolites that are not beneficial for cell growth, metabolism and,

therefore, virus replication.

4.2.2 Semi-continuous production of influenza A virus in MDCK.SUS2 cells and in
AGEL.CR.pIX cells

Influenza virus was propagated in semi-continuous mode using the MDCK.SUS2 and
AGEL.CR.pIX cells. The shakers were maintained at 37°C and with agitation of 185 RPM for
two or three weeks. The dilution rate used for both cell lines was 0.83xmax, as described by
Frensing et al. [26].

Cell growth. The MDCK.SUS2 cell line was maintained at stable concentrations over two
weeks (Figure 4.4 A). Cells in the SCB shaker grew up to 4x106 cells/mL in batch mode and the
average cell concentration in semi-continuous mode was 2x10° cell/mL. Similar concentrations
were obtained in the SVB in batch and semi-continuous mode, with an oscillation in the cell
concentration between 0.9x10° and 1.6x10° cells/mL that peaked at 192 and 336 h p.i. (days 8
and 14 p.i., respectively). The viability in SCB was maintained stable and above 95% over the
cultivation period (Figure 4.4 B). Also, the viability in the SVB vessel oscillated between 87%
and 95% with peaks at 192 and 336 h. HA titers with values up to 2.7 logio (HA Units/100 pL)
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were obtained with the MDCK.SUS2 cell line. HA titers oscillated between values of 0.0 and 2.7

logio (HA Units/100 pL) with an oscillation period of about 240 h (10 days) approximately.
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Figure 4. 4. Semi-continuous two-stage stirred cultivation of influenza virus using shaker
flasks. Influenza virus was cultivated either in MDCK.SUS2 cells or AGE1.CR.plIX cells for two
or three weeks, respectively. A) Viable MDCK.SUS2 cell concentration in the SCB shaker
(white) and in the SVB shaker (grey). B) Viability of MDCK.SUS2 cells in the SCB shaker
(while) and in the SVB shaker (grey). C) Viable AGEL1.CR.pIX cell concentration in the SCB
shaker (white) and in the SVB shaker (grey). D) Viability of AGE1.CR.pIX cells in the S-CB
shaker (while) and in the S-VB shaker (grey). E) HA titers of the MDCK.SUS2 culture
(diamonds) or AGE1.CR.pIX (squares). F) TCIDsp titers of the AGE1.CR.pIX culture. All
cultures were infected with a MOI of 0.025.
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The AGE1.CR.pIX cell line was grown in batch mode until 5.6x10° cellssmL before the
infection in SVB (Figure 4.4 C). The first medium exchange was carried out 12 h p.i. and an
average cell concentration of 11x10° cells/mL was obtained in the SCB vessel after three weeks
of cultivation. Cell concentrations in the SVB oscillated between 4x10°8 and 11x10° cells/ml with
peaks at 144, 264 and 360 h p.i.. The viability of AGE1.CR.plX cells was maintained above 95%
in the SCB and oscillated between 67% and 97% in SVB (Figure 4.4 D).

IAV production in semi-continuous mode. HA titers oscillated between a maximum HA
value of 2.1 logio (HA Units/100 L) at 24 h p.i. and as low as 0.0 logio (HA Units/100 pL) at
336 h p.i. (Figure 4.4 E), with peaks at 24, 168, 264 and 360 h p.i. TCIDs, oscillated in a similar
dynamics as HA titers. Maximum TCIDso titers of 1.3x10° virions/ml were obtained 72 h p.i.,
while a titer of 3.2x10* virions/mL was obtained at 216 h p.i. The TCIDso peaks were identified
at 24, 168, 264, and 360 h p.i.

4.3 Virus production in continuous mode

In this work a total of three continuous bioreactor setups were tested, however, only two of
them showed successful results. One bioreactor system, the cascade of CSTRs with recirculation,
failed in its operation and control and only preliminary results are presented. The other two
systems — the TSB system and the PFBR — were successfully implemented and used to produce

MVA virus and IAV, respectively.

Hence, the following section starts with continuous production of MVA virus in a TSB system.
Cell growth, pH values, metabolite concentrations and virus titers are presented. Subsequently,
the genetic stability of a GFP-containing MV A virus (referred to as MVA-CR19.GFP) is analyzed
in long term cultures. The section continues with the preliminary results obtained for a cascade
of CSTRs with recirculation that failed. The section concludes with continuous IAV production
using a PFBR system and with two cell lines. The genetic stability of IAV produced with the
PFBR system is evaluated using PCR and compared with 1AV produced in batch and semi-

continuous cultures.

4.3.1 Continuous production of Modified Vaccinia Ankara virus in AGE1.CR.plIX cells

in a two-stage stirred tank bioreactor system

AGEL.CR.pIX cell growth. The TSB system was successfully operated for 720 h (30 days)
in continuous mode, as shown in Figure 4.5 (abbreviated as T25 in Table 4.1). During the startup
of the process, cell concentration in CB reached values of 5.0x10° cells/mL in batch operation

with cell viabilities well above 85% (Figure 4.5 A and B). With the experimental data, a Jmax Of
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0.0150 h was determined, in order to adjust the dilution rate to 0.83x Hmax as previously described
for AGEL.CR cells. At this time, almost half of the volume of CB was transferred to the second
vessel and a concentration of almost 2.5x10° cells/mL was reached in both vessels by diluting 1:1
with fresh medium. Two hours later, the pumps were started and the continuous process was
maintained without infection of VB for the next 192 h (8 days), in order to observe the cell growth
in the second vessel. Surprisingly, cells in VB continued to grow to 9.0x10° cells/mL, well above
the envisaged 5.0x10° cells/mL of CB. During this time, the levels of glucose in VB reached
values of 10 mmol/L (Figure 4.5 C), therefore a volume of VB was replaced by fresh medium and
the vessel was subsequently infected with MVA-CR19 virus. Right after the infection, cell
concentration and viability in VB decreased to 5.0x106 cells/mL and 70%, respectively, as to be
expected with virus production. Unfortunately, cell concentration and viability in CB also
decreased to 3.0x10° cells/mL and 85%, respectively, but those values remained constant until
the end of the cultivation. A control of pH was almost not required during the whole process due
to the addition of fresh medium.

Before starting the continuous experiment, cell viabilities not higher than 85% were observed
in shaker flasks when using the CD-U3 powder medium (produced by PAA; available in large
quantities) but not with the liquid CD-U3 medium (produced by Biochrom; only few liters
available). For this reason, the initial batch phase of T25 experiment was planned with a 1:1
mixture of the powder-based and the liquid CD-U3 medium. This allowed to obtain 5.0x10°
cells/mL in the initial batch phase with viabilities over 90%. This cell viability and concentration
were in accordance with previous data [18]. Continuous culture was started after 72 h and
AGEL1.CR.pIX could be maintained for 648 h (27 days) in continuous culture (with addition of
some cells at 360 h p.i. (15 days p.i.). Ones the continuous culture was started, cell viabilities in
CB dropped to values around 85% as a consequence of using only powder medium. Despite of
that, cells could be maintained stable at these viabilities for the rest of the experiment. These
issues with cell growth and viability were solved after this experiment using the liquid CD-U3
medium (Biochrom) only. Therefore, growing AGE1.CR.pIX in the TSB system was feasible,

and cell viabilities can be improved with the latest versions of liquid CD-U3 medium.

One interesting result was that cells in VB accumulated up to 9x10° cells/mL during the 192
h of continuous phase without infection (-168 to 0 h p.i., Figure 4.5 A). This cell concentration
was higher than estimated based on a mathematical model described by Frensing & Heldt et al.
2013 [26] for a TSB system (not shown). In contrast, this model predicts that viable cell
concentration in VB should not exceed that of the CB (~ 5x10° cells/mL) at steady-state in the
absence of virus. One might speculate that in our TSB system without infection the AGE1.CR.pIX

cells adapted to this specific medium. As a result, the pmax in VB was higher than CB (the model
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assumed to have the same pmax in both bioreactors). In addition, the addition of fresh medium in
VB could have resulted in an environment different from CB that stimulated an increase in pmax.
If this was true, pmax in those 192 h was 9.6 times higher than pmax at normal growth conditions
(cell concentrations increased from 4.6 to 8.5x10° cells/mL in 27 h, between -72 and -45.6 h p.i,
Figure 4.5 A). A more plausible explanation is a phenomenon previously described by Batt et al.
1990 [159] for separation of death from viable hybridoma cells. In that case, the dip tube of VB,
used to extract the harvest, might have acted as a settler with a relatively low flow rate and high
internal diameter (0.26 mL/min and 4 mm, respectively). Clearly, to improve the understanding
of the dynamics of a TSB system (with addition of fresh medium in the second vessel) for

cultivation of animal cells would require further investigations [20, 125].

MVA virus production. MVA-CR19 virus was inoculated and an initial TCIDso of almost
1.0x10° virions/mL was obtained (Figure 4.5 D). After 72 h of continuous culture, the TCIDso
reached values close to 1.0x108 virions/mL and MVA production was maintained stable for 432
h (18 days). A total of 6.0x10"! virions were collected from the harvest, with a total production
volume of 7.1 L. This corresponds to an average TCIDso of 9.0x107 virions/mL (calculated from
T25 experiment data shown in Table 4.1). The STY and the TY were estimated to 1.8x108

virions/(L h) and 1.2x10° virions/h, respectively.

MVA production was over 432 h with TCIDsy titers up to 1x10°8 virions/mL, very similar to
batch cultivations [18]. Most importantly, virus titers fluctuated in a range not larger than 1 log.
Fluctuations in the virus levels and low virus yield as consequence of DIPs accumulation has been
described for continuous and semi-continuous baculovirus cultivations [126, 136], and with up to
6 logs decrease in TCIDsg titers for continuous IAV production [26]. Previous studies have shown
that defective viruses are also present within poxvirus populations [90, 89], but to our knowledge,
interfering properties of these defective viruses have not been described. Therefore, the stable
MVA virus titers observed, suggest that fluctuations might be due to variations in cell
concentrations in VB over production time and the TCIDsp-assay error. This is in line with
previous experiments that showed stability of MVA virus titers for up to 20 serial passages [9].
Hence, DIPs accumulation seems not to be a limitation for continuous production of MV A virus

for three weeks of continuous production.

In Figure 4.5 D, the TCIDso of VB and the harvest is depicted. Note that, while the TCIDsp of
VB represents the virus concentration in the vessel at a given time, the TICDso of the harvest
represents the value that results from accumulating the production over a range of 8-12 h. During
this period, MVA virus could be inactivated by host cell enzymes released to the supernatant, or

might get diluted by fluctuations in the virus titer. Thus, the slightly lower TCIDsx titers obtained
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in the harvest compared to VB might be closer to the real TCIDso that will be obtained in a

continuous process with a harvest vessel.
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Figure 4. 5. Continuous cultivation of MVA-CR19 virus in a two-stage stirred tank
bioreactor system (TSB system). A) Viable cell concentration in CB (circles) and in VB
(squares). B) Cell viability (white) and pH (grey) of CB (circles) and VB (squares). C)
Concentration of glucose (grey) and lactate (white) in CB (circles) and VB (squares). D) TCIDso
titers of MVA-CR19 virus in VB (squares) and in the harvest (circles). The dotted-dashed vertical
line at -168 h p.i. represents the start of the continuous culture in both vessels. The dashed line at

0 h p.i. represents the time of infection of VB.
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4.3.2 Genetic stability of MVA virus in long-term cultures

The MVA-CR19.GFP virus strain was continuously passaged over 360 h p.i. (15 days p.i.) in
the SSC system. This recombinant virus holds a green fluorescent protein expression cassette
whose level of expression can be evaluated over time. The GFP-derived TCIDs, was determined
over cultivation time and plotted against the TCIDso, as depicted in Figure 4.6 A (25 h RT
experiment, referred to as SG25) and Figure 4.6 D (40 h RT experiment, referred to as SG40). In
both RT experiments, the GFP-derived TCIDsp titer (green) was similar to the TCIDsy titer (red)
until the end of the cultivation time.
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Figure 4. 6. Stability analysis of MVA-CR19.GFP virus in 360 h of semi-continuous
cultivation. Two different RT in SVB were analyzed. Figures A, B and C correspond to
experiment SG25 (25 h RT in SVB) and figures D, E, and F to experiment SG40 (40 h RT in
SVB). A) TCIDsy (red) and GFP-derived TCIDsq (green). B) TCIDsy (red) and GFP-derived
TCIDso (green) at 0 h p.i. C) TCIDsp (red) and GFP-derived TCIDso (green) at 360 h p.i. D) TCIDso
(red) and GFP-derived TCIDso (green). E) TCIDso (red) and GFP-derived TCIDso (green) at 0 h
p.i. F) TCIDs, (red) and GFP-derived TCIDsp (green) at 360 h p.i. G) PCR analysis of the deletion
segments 2, 3, 4, 5 and 6 (Del 2-6) of MVA-CR19.GFP virus, and DNA ladder in the range of
100-2000 bp (M). The first and last harvest of experiments SG25 (two boxes on the left side) and
SG40 (two boxes on the right side) were analyzed.

The TCIDsp-ratio was calculated using Equation 10 and was used to analyze the first and last
harvest sample. Inthe 25 h RT experiment, a TCIDso-ratio of 1.4 was obtained for the first harvest
(Figure 4.6 B), while a ratio of 2.0 was calculated for the last harvest (Figure 4.6 C). Similarly,

the ratio of the first and last harvest of the 40 h RT experiment were 1.6 and 1.0, respectively
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(Figure 4.6 E and F). Therefore, based in the TCIDso-ratios and the overlapping standard
deviations, the MVVA-CR19.GFP virus was stable over 360 h of cultivation.

Furthermore, the almost 1 log higher TCIDs titer obtained at 360 h p.i with the 40 h RT
experiment, compared to the 25 h RT (Figure 4.6 C and F), suggest that the RT of choice to scale
up an MVA-CR19.GFP production process would be 40 h and not 25 h. Interestingly, this
significant difference in final virus titers and yields at different RTs was not observed using the
MVA-CR19 virus (section 4.2.1). One explanation could be a reduction of the virus replication
capacity after insertion of the GFP cassette.
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Figure 4. 7. PCR stability analysis of MVA virus in 360 h of semi-continuous cultivation
with two different RT in SVB. The figure shows the PCR analysis of the deletion segments 2,
3, 4,5 and 6 (Del 2-6) of MVA-CR19.GFP virus, and DNA ladder in the range of 100-2000 bp
(M). The first and last harvest of experiments SG25 (two boxes on the left side, 25 h RT in SVB)
and SG40 (two boxes on the right side, 40 h RT in VVB) were analyzed.

The stability of the MVA-CR19.GFP recombinant virus was also analyzed using PCR for the
first and last harvest of both SSC cultivations. For both RT experiments, the GFP insertion
cassette amplified by this method was visible in the deletion segment 3 (Del 3) of the first (0 h
p.i.) and last harvest (360 h p.i.) with a size of 1428 kbp (Figure 4.7). This result indicated that

MVA virus was stable over two weeks at least in the GFP insertion cassette.

Note that deletion segment 3 of the wild type MVA virus (without a GFP insertion) has a size
of 447 bp (Figure 4.7). For both RT experiments, a 1285 bp band was visible in the first and last
harvests (0 and 360 h p.i, respectively). This segment was generated by adding the GFP insertion
cassette over the 447 bp of deletion segment 3. Hence, the presence of this band in the first and
last harvest was an indication of MVA stability. Moreover, smaller-size bands are not observed
in deletion segment 3 (Del 3) after 360 h of culture, which suggests that, over cultivation time,
reversion of segment 3 into its original size (447 bp) was not performed by the virus. These results

support the hypothesis that MV A virus is stable at least in the GFP insertion cassette over 360 h
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of cultivation. Important is to note that this result does not answer how stable the virus is in other
sections of the genome, but at least the selected insertion region seems to be stable and is therefore

a good candidate for generation of other recombinant MV A virus strains.

4.3.3 Continuous production of influenza A virus in AGE1.CR.pIX cells in a cascade of

CSTRs with recirculation

A total of five cultivations were carried out to test the hypothesis that a cascade of CSTRs with
recirculation would result in stable influenza virus titers. The experiment were named Tubular 1

until Tubular 5). To do that, a small-scale bioreactor system was constructed.
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Figure 4. 8. Results of one representative cascade of CSTRs with recirculation (Tubular 5).
A) Cell growth (circles) and viability (diamonds) of CB (closed symbols) and VB (open symbols).
B) pH value of CB (closed) and VB (open). The red arrow indicates a drop of pH to values below
6.8.

AGE1.CR.plIX cells were seeded into CB at 1x10° cells/ml and allowed to grow in batch mode
before starting the continuous culture. Four bioreactor cultivations without infection were carried
out until cells concentrations of about 4x10° cells/ml and viabilities above 90% were achieved.
This was achieved in the initial batch phase and maintained once the continuous cultivation was
started. However, cell sedimentation was a common problem that occurred at the glass-tube
presumably due to poor mixing and a larger tube internal diameter compared to the PFBR. The
sedimentation was partially solved by incorporating a recirculation into the bioreactor that sucked
and transferred cells to the sedimentation point. This recirculation line is shown in Figure 3.4 B

where it is isolated with alumina foil.

In experiment named Tubular 5, the VB bioreactor was infected at 120 h of culture. Cells grew
to 3x108 cells/ml when a decrease in cell concentration was observed to 1x108 cells/ml, as shown
in Figure 4.8 A at 168 h of culture. This drop was due to cell sedimentation in the glass-tube.
However, recirculation at the sedimentation point was increased and the cell concentration in the

CB was recovered to almost 3.5x10° cells/ml at 168 h of culture (few minutes after the previous
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sample). Nevertheless, sedimentation did not influence cell viability in CB which was stable
above 90%. Cell concentration in VB was started with 3.3x10° cells/ml and then decreased to
0.8x10° cells/ml at 198 h of culture. Cell viability in VB decreased to 66% 48 h p.i.as expected
from virus propagation. Despite these promising results, the pH in VB decreased to values below
6.8 at 264 h of culture which is known to generate conformational changes in the HA protein that
lead to virus inactivation [160]. For this reason, the bioreactor was stopped at 264 h of culture.

Samples of the VB bioreactor for HA and TCIDs; titration were taken but finally not analyzed.

Despite the construction of this prototype and the good cell growth observed, the approach
was abandoned after Tubular S5four due to the impossibility to manually control pH in the virus
bioreactor. The option of constructing this bioreactor in a 1 L benchtop bioreactor could have
easily solved the issues here described. However, this was not done during this doctoral thesis
because the efforts regarding continuous IAV production were concentrated in the development
of a tubular reactor with complete propagation of IAV along the tube.

Finally, a promising first result regarding cascades of CSTRs with recirculation was obtained
from a mathematical model developed by Markus Rammhold in his master thesis [161]. That
model showed that, for certain process conditions, the HA titer of a cascade of CSTRs with
recirculation can be maintained stable over weeks. Therefore, a cascade of CSTRs with
recirculation is still a potential bioreactor platform that could be used for continuous propagation
of influenza virus and to perform virus evolution studies. However, the doubts concerning viral
stability and increasing viral passage numbers over cultivation time that cannot be avoided with

such bioreactor systems are limitations for using this technology for human vaccine production.

4.3.4 Development of a continuous tubular bioreactor system for influenza A virus

production

The following experiments consisted of a CSTR followed by a PFBR in series and is referred
to as PFBR system. The main characteristic of this system is that complete virus propagation can
occur in the PFBR. The major doubt regarding the feasibility of this system compared to a cascade
of CSTR with recirculation was the prolonged RT that cells would need inside the PFBR, the
need of oxygen supply at different points of the bioreactor for allowing cell respiration, and the
need of a very long tube that could result in a high pressure drop and the risk of cell sedimentation.
For these reasons, before the bioreactor was constructed, the oxygen consumption of cells was
estimated. For this reason, data available in literature for specific oxygen uptake rates (OUR) was
found and considered to be in the range of 3.05x10* and 6.9x10*® mol/(cellxh) [162] [141]
[155]. It is known that the dynamics of a well-mixed PFBR from the input to the output can be
represented as a batch process (with the RT of the PFBR equal to the batch operation time) [163].
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With this assumption was possible to estimate that in a batch culture with 100% initial oxygen
saturation, with a cell concentration of 1x10° cells/mL and no oxygen supply, the cells would
consume oxygen down to 1% saturation in a time between 0.3 and 6.8 h (data in the supplement).
This result suggested that the PFBR would present difficulties in providing oxygen to the cells
during a 20 h RT process. However, silicone tubes are used in biotechnology for oxygen exchange
due to their porosity [164]. For this reason, and to counteract the lack of oxygen, the design of the
PFBR considered using a silicone tube, in addition to incorporating an air injection at the entrance
of the PFBR for cellular respiration. Moreover, a rough estimation of the pressure drop inside a
121 m silicone tube using the Darcy-Weisbach equation (laminar regime with Re ~ 10; ), resulted
in a pressure drop of 6.8x10° bar, which indicated that a PFBR of that size is theoretically
feasible.

The tubular bioreactor was then constructed and evaluated using water and air to determine
fluxes and operational ranges. The peristaltic pump 1 was used to move the F; and F; (inlet and
outlet of the CB, Figure 3.5), and pump 2 was used for the F; and F4 (virus stock and air injection
line, respectively). Based on experimental data of influenza HA titers in batch bioreactors [165,
166, 18], the main goal of this prototype was to reach 20 h RT in the tube, which should result in
high HA virus titers. Therefore, a correlation between the RPM of pump 2 and the RT inside the
PFBR was determined (Figure 4.9). Assuming a minimum linear velocity of 5 cm/min to avoid
sedimentation in the tube, this graph shows that the PFBR system can operate in a RT range
between 6.7 and 32 h of RT by modifying only the RPM of pump 2. Based in this test with water,
such a process showed stable segments of air and water, as well as a linear velocity of 8.4 cm/min
(determined by measuring the volume of water pumped out of the PFBR in a given time), which
should be sufficient for avoiding sedimentation according to Hu et al [138]. Finally, all PFBR
experiments were designed with nominal values of RT, MOI, flow, and Re, however, the actual

values over time are also reported.
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Figure 4. 9. Characterization of the residence time and linear velocity in the PFBR. A)
correlation between the RPM of pump 2 and the flow rate of the virus stock (flow Fs3). B)
Correlation between the RPM of pump 2 and the residence time in the PFBR system.
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4.3.5 Continuous production of influenza A virus in MDCK cells in a continuous

tubular bioreactor system

MDCK cell growth, flow rates, pH value, Reynolds number and RT. The first functional
cultivation with the PFBR system was performed for a total of 552 h (23 days), as shown in Figure
4.10. The bioreactor was primed with PBS and once the plugs in the tube were stable the
bioreactor was seeded and infection was started immediately.

Cells were seeded in the bioreactor at 1x10° cells/mL, as shown in Figure 4.10 A. The
continuous culture was initiated immediately at day 0 of culture, however, cells continued to grow
inside the CB. This was due to a lower dilution rate than the previously estimated, despite the
pump calibrations performed before starting the culture. The most possible explanation to this
behavior is that the flow rate of the CB outlet is lower than the obtained during the calibration
because the high back pressure coming from the tubular bioreactor that builds up with the bubbles
and the liquid. This error, however, it is a minor issue if cells reach a steady state at later times.
Cells were observed leaving the PFBR harvest after 20 h, as expected from the RT. Also, cell
viability in the CB was maintained stable above 90% while in the PFBR harvest was fluctuating

between 30 and 60% during the cultivation time.

The flow rate and the RT of the tubular bioreactor was maintained stable over time (Figure
4.10 B). However, a small increase in the flow rate was done at 240 h of culture (10 days) that
decreased the RT inside the tube. This increase in flow rate was required after a clogging event
that happened inside the tube to clean the tube with cell sediments. When continuously monitored
and high flow rates are applied, we have seen that the bioreactor can operate over two months
without interruption.

Despite the small change in flow rate at 240 h, the Reynolds number was maintained at an
average value of around seven during the whole cultivation time and the laminar regime was
maintained stable.

Figure 4.10 D shows the virus concentration in the virus stock and also the nominal MOI at
the POI. The virus stock concentration was fixed the first 240 h since it was intended to keep
stable the infection conditions in the POI. However, and due to the clogging event combined with
the fact that cells in the CB grew to higher concentrations than initially expected, the virus
concentration in the stock was slightly increased to keep a nominal MOI of 0.02. As a result, the
MOI decreased from 0.02 to values below 0.01 at 240 h, to then increase again to values near 0.02
as initially planned for this experiment.

An important aspect of this bioreactor was the pH values, which is shown in Figure 4.10 E.
This figure shows that the pH in the virus stock (VS) and in the medium stock (MS) was decreased

from values near 7.8 to 7.0 every second day. This was done in order to obtain a pH value close
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to 7.1 at the POI. This was carried out because, during the first 96 h of culture, it was observed
that the pH at the outlet of the bioreactor was very high with values above 8.0, as shown in Figure
4.10 F. It was believed that this was the reason for the low virus titers the first 144 h (6 days) of
culture. Once the pH at the POI was decreased to values close to 7.1, the pH in the PFBR harvest
started to decrease as well. This might explain the sudden increase in HA titers that was observed

at day 6 of culture, which is discussed in the following (Fig 4.11).

IAV titer in the PFBR harvest. The first tubular bioreactor cultivation was operated during
552 h (23 days), and HA and TCIDs titers were analyzed (Fig 4.11 A and B). During the first
144 h of culture, no HA titers were observed in the tubular bioreactor harvest, and the TCIDso of
the harvest was the same as in the virus stock. This indicated that the virus did not replicate inside
the tube. Once the right conditions for virus propagation were reached (i.e., right pH value at the
POI), an HA titer of approx. 1.6 logio (HA Units/100 pL) and a TCIDso of 4x10° virions/mL were
obtained in the tube harvest, which indicated virus replication within the tube. The bioreactor
operation was stable until 288 h of culture (12 days), when sedimentation and clogging occurred
inside the tube. This was facilitated with the fact that MDCK.SUS2 grow in agglomerates, and
later experiments with AGE1.CR.plIX cells (which grows in single cell suspensions [18]) were
operated successfully without clogging for up to 8 weeks. Then, the flow rates were increased to
washout the cell clump. This led to a RT of 18 h in the PFBR (Figure 4.10 B). To keep the nominal
MOI of 0.02, the virus stock concentration was increased to 2x10° virions/mL. HA titers of
approx. 2.5 logio (HA Units/100 pL) and a TCIDso up to 1x10° virions/mL were obtained in the
tube harvest. From 504 h of culture (21 days), the pH of the manually-controlled CB bioreactor
decreased from 7.2 to 6.6 (due to overnight failure of the aeration pump), and this led to a drop in

the HA titers of the system. The experiment was stopped at this point.
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Figure 4. 10. Process variables of the continuous tubular plug-flow bioreactor (PFBR)
system operated with suspension MDCK.SUS?2 cells. A) Viable cell concentration (white) and
viability (grey) in the cell bioreactor (CB) vessel (diamonds) and in the harvest (circles). B) Flow
rate at the outlet of the PFBR system (white) and residence time in the PFBR (grey). C) Reynolds
number of the fluid inside the PFBR. D) TCIDs, of the virus stock (VS, white) and multiplicity
of infection (MOI) at the point of infection (POI) (black line). E) pH values in the VS (white) and
in the medium stock (MS, grey). F) pH value in the PFBR harvest (white) and in the CB (grey).
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Figure 4. 11. Influenza virus replication in the plug-flow tubular bioreactor system using
MDCK.SUS2 cells. A) Hemagglutinin (HA) titer in the harvest (white), in the virus stock (black)
and in the cell bioreactor vessel (CB, grey). B) Infectious (TCIDsy) titer in the harvest (white), in
the virus stock (grey) and in the CB (zero value, indicated with arrows).

Impact of different MOIs on 1AV production with MDCK.SUS2 cells. To test the
hypothesis that higher MOls in the PFBR system should lead to higher virus production, a three
MOI conditions experiment was set. The RT of the PFBR was set to 18 h. MDCK.SUS2 cells
were seeded into the CB at 5.0x10° cells/mL and cultivated with a dilution rate of 0.9Xpimax [154]
(Figure 4.12 A). Cells were washed out from the bioreactor and reached a stable concentration of
about. 1.5x108 cells/mL after 120 h of culture. The real MOI at POI was calculated with Equation
5 and is shown plotted in Figure 4.12 A. Starting with low MOI (3x10%), the TCIDso 0.2x10°
virions/mL was increased stepwise from 0.7x10° virions/mL to 6.2x10° virions/mL to achieve
MOIs of 0.1 and 3.0, respectively, for a period of 240 h.

Figure 4.12 B shows the HA titer in the harvest and in the virus stock, as well as the TCIDsg
in the harvest. At low MOI conditions (first 70 h of culture), the HA titer in the PFBR harvest
(closed circles) was similar to the HA titer in the virus stock (opened circles) with values around
0.9 logio (HA Units/100 pL). The HA increased up to 1.4 logio (HA Units/100 pL) in the harvest
at medium MOI conditions (70 to 150 h of culture), while the HA titer in the virus stock was near
0.7 logio (HA Units/100 pL). The high MOI condition between 150 and 180 h of culture resulted
in HA titers of 2.0 logio (HA Units/100 pL), while the virus stock had titers near 1.2 log: (HA
Units/100 pL). At the end of the experiment, the MOI was decreased to 0.1 resulting in an HA
titer as high as 2.4 logio (HA Units/100 pL) before decreasing to 1.6 logio (HA Units/100 pL).

The results obtained in this MOI experiment showed that the HA titers obtained at the PFBR
harvest, under the laminar flow regime established, depend on the MOI in the POI. The
concentration of MDCK.SUS?2 cells produced by the PFBR system was close to 1.5x10° cells/mL,

which was at least 2 fold smaller compared to the MDCK.SUS2 concentrations obtained in
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previous batch cultivations [148] [167]. Therefore, comparing these results with HA titers of
previous publications using MDCK.SUS2 cells would allow to have a reference for future
optimizations. While a maximum HA titer of 2.4 logio (HA Units/100 uL) was obtained in the
PFBR system at 216 h of culture and 18 h of RT, previous batch experiments have shown HA
titers up to 3.0 logio (HA Units/100 pL) at 48 h p.i. [148]. HA titers of 3.7 logio (HA Units/100
pL) in high-cell-density hollow fiber bioreactors have been obtained with MDCK.SUS2 cells at
around 72 h p.i., but at cell concentrations close to 4x107 cells/mL [119]. The HA titers available
in literature for batch cultures are a helpful reference for further optimization of the PFBR system,
but differences in infection conditions such as dilution steps at time of infection [167], higher cell
concentrations [166], and time p.i. of batch versus RT of the PFBR, have to be considered
carefully to avoid misinterpretations. Parameters such as cell-specific virus yields (CSVY), that
are commonly used to compare different batch culture processes [16] [148], might have to be
calculated differently for a continuous processes. Therefore, in addition to these experiments, a
more precise comparison between a batch versus a continuous tubular bioreactor was made for

AGEL.CR.pIX cells and will be presented in the following chapters.

The lowest MOI condition was 0.03 and resulted in only 16% of infected cells in the harvest
(Figure 4.12 C). In contrast, the medium and high MOI (0.1 and 3.0, respectively) showed almost
100% of infected cells in the harvest. While the low MOI condition resulted only in an HA titer
of 0.9 logio (HA Units/100 pL) in the harvest, the medium and high MOI conditions led to 1.5
and 2.0 logio (HA Units/100 pL), respectively. The HA titers obtained at high MOI conditions
were similar to batch titers of control experiments (Figure 4.12 D). These experiments indicated
that a batch culture at 18 h p.i.had 100% of infected cells with an HA titer of 2.2 logio (HA
Units/100 pL). Interestingly, despite that the medium and high MOI conditions had both 100%
of infected cells, the medium MOI resulted in a lower HA titer. This suggests that the medium
MOI conditions may need more RT in the tube to reach a higher titer. Hence, an infection process
carried out in the PFBR system under the actual laminar regime (Reynolds number of 10-50 for
this experiment) can infect all the cells at MOls near 0.1. To reach batch-like titers at MOI of 0.1,
however, the RT needs to be increased for at least 5 h to provide more time for virus propagation.
For MOIs near 0.03 or less the mixing conditions inside the bioreactor have to be improved by
e.g., introducing static-mixers or mechanical mixing (vibrations). Finally, a reduction of DIPs in
the virus seed might improve virus propagation and lead to higher HA titers in the tubular
bioreactor harvest [33]. Defective segments (possibly DIPs) were observed in the A/Puerto

Rico/8/34 (RKI) virus seed used for this experiment and is presented later (Figure 4.16).
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Figure 4. 12. Evaluation of different MOIs in the infection and propagation of influenza A
virus (IAV) using MDCK.SUS2 cells in the tubular bioreactor system. The PFBR had a
residence time of 18 h. A) Viable cells (triangles) in the CB and MOI at the POI (circles). The
different background colors show the three MOI conditions selected which, in chronological
order, are referred to as phases I, I, 11l and 1VV. The MOI was modified by changing the VS
concentration from 0.2x10° virions/mL to 0.7x10° virions/mL and 6.2x10¢ virions/mL. B)
Influenza HA titer in the tubular reactor harvest (closed circles) and in the virus stock (open
circles). Also, TCIDsy titers in the reactor harvest (squares) are shown. C) Percentage of infected
cells in the tubular bioreactor harvest at three different MOIs (columns) and maximum influenza
HA titer in the tubular reactor harvest for each MOI condition (diamonds). D) Control experiment
of IAV propagation at 18 h post infection (p.i.) in batch mode (shake flasks). The percentage of
infected cells (columns) at three different MOls, and HA titers (diamonds) at 18 h p.i. are shown.
Suspension MDCK.SUS2 cells were used in the tubular reactor and control experiment. PFBR
system experiment and shaker flasks cultivations performed by Wobhlfarth, 2017 [168].
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4.3.6 Continuous production of influenza A virus in AGEL.CR.pIX cells in a continuous

tubular bioreactor system

AGE1.CR.pIX cell growth. Continuous cultivations in the CB were started immediately after
seeding AGE1.CR.pIX cells at a concentration of 1.0x10° cells/mL. The two PFBR experiments
were named Tubular cultivation A and B (Figure 4.13) and the nominal RT was set to 20 h.
Maximum cell concentrations were achieved at 150 h and 200 h for Tubular cultivation A and B,
respectively. In the PFBR harvest, first cells were visible after 20 h of culture for both cultivations,
as expected for the nominal RT of 20 h. A lower cell concentration in the PFBR harvest compared
to the CB was observed. This can be explained, in part, because of the dilution of F, by F; at the
POI.

Cell viability in the CB was always above 90% for both cultivations. In the PFBR harvest,
viabilities between 40 and 90% were obtained at the beginning of tubular cultivation A and
stabilized between 80-90% after 110 h of culture (Figure 4.13 A). In tubular cultivation B, cell
viabilities between 80-90% were measured in the PFBR harvest throughout the experiment
(Figure 4.13 B). (Note: with a stable viability exceeding 90% in the CB, a backward
contamination of the CB via F, can be excluded). In the PFBR harvest, lower cell viabilities
compared to the CB were expected due to virus propagation inside the tube. However, additional
experiments (not shown) indicated that reduced cell viabilities in the PFBR harvest can also be
caused by problems with air-injection at the tube inlet (i.e. linked to failure of pump 2 and missing
air supply via Fs). l.e. this may explain the low viabilities in the harvest of tubular cultivation A
during the first 100 h (Figure 4.13 A), where long liquid segments with lower air-to-liquid ratios
were observed. In contrast to MDCK.SUS2 cells, cell clumps in the PFBR, as consequence of cell
sedimentation, were not observed for AGE1.CR.pIX cells.

Flow rate and RT in the PFBR. With the start of cultivations, the nominal RT of the PFBR
was set to 20 h and calculated for each time point (Equation 6). Tubular cultivation A, however,
showed a RT of 27 h for the first 24 h of culture, which later stabilized in the range of 20-21 h
(Figure 4.13 C). Tubular cultivation B showed an oscillatory pattern of the RT that (after about
20 h) increased to 26 h RT and decreased again to 16 h RT at 225 h of culture (Figure 4.13 D).
Afterwards, these oscillations in the RT decreased and approached the nominal RT of 20 h. Visual
inspection of the velocity of liquid compartments in the transparent silicone tubes confirmed

differences during these RT oscillations.
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Figure 4. 13. Cell concentration, viability, residence time and MOI of tubular cultivation A
and B for production of influenza A virus in AGEL1.CR.plIX suspension cells. A) and B),
viable cell concentration (circles) and viability (diamonds) of the cell bioreactor (CB, grey
symbols) and the PFBR harvests (open circles). C) and D) Residence time (circles) of the PFBRs
and actual multiplicity of infection at the point of infection (diamonds). E) ph values in the virus
stock (white) and in the medium stock (grey). F) pH value in the harvest (white) and in the CB

(grey).

MOI in the PFBR. The nominal MOI of the tubular bioreactor system was set to 0.02 as
chosen by Frensing et al. [26]. The actual MOI of tubular cultivation A (Figure 4.13 C), was,
however, 6.8x102 for the first 24 h of culture; later it increased to 6.2x10-? at 50 h of culture, and
only then stabilized near 2.5x102. Obtaining the nominal MOI at the POI was possible, because
cells in the CB grew to the expected concentration. Thus, no re-adjustment of the infectious titer

of the V'S was required.

A different situation was obtained in tubular cultivation B, where the actual MOI oscillated
between 2.1x102 and 1.2x10* during the first 200 h of culture. Afterwards (200-450 h), the MOI
was reduced with values between 3.2x102 and 7.9x1072. This oscillation of the MOI was a result
of changes in the cell concentration in the CB (Figure 4.13 B at 225 h of culture), which were due

to manual corrections (removal of cells from the reactor and dilution with culture medium) in an
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attempt to maintain the cell concentration near 6x10° cells/mL. Note that the MOI oscillation is
not linked to the oscillations in the RT since eq. 1 and 2 show that MOI and RT are independent
parameters. These oscillations in the MOI should be easy to avoid if the cell growth in CB can be
maintained at steady state. These results showed that a continuous tubular bioreactor system,
operated at steady-state, can be used for continuous production of influenza viruses with a defined
MOI, which is not possible in cascades of CSTRs [26].

IAV titers and pH in the PFBR harvest. HA and TCIDs virus titers were measured in the
PFBR harvest twice a day. In tubular cultivation A (Figure 4.14 A), HA titers were below the
detection limit for the first 60 h and gradually increased after 100 h of culture to values near 1.9
logio (HA Units/100 pL) to finally stabilize at around 1.6 logio(HA units/100 pL) for the rest of
the experiment. In the tubular cultivation B (Figure 4.14 B), virus production was observed earlier
and an HA value of 1.8 logio (HA Units/100 pL) was measured at 50 h of culture. Afterwards,
HA titers fluctuated between 0.9 and 1.5 log:o (HA Units/100 pumL) and reached a steady state
after 200 h of culture at values near 1.1 logio (HA Units/ 100 uL). This correlated with a decrease
of oscillations in MOI and RT.

Infectious virus titers were measured in the PFBR harvest and in the VS bottle. The VS of
tubular cultivation A was maintained at a TCIDso between 0.9x10* and 1.8x10° virions/mL during
the whole cultivation (Figure 4.14 C). The first TCIDso value measured in the PFBR harvest was
1.8x10* virions/mL and increased to maximum 5x107 virions/mL at 150 h of culture. The TCIDso
at the PFBR harvest dropped at 150 h and finally stabilized near a value of 1.0x107 virions/mL.
In tubular cultivation B, the VS was adjusted initially to a TCIDso of 5x10% virions/mL (Figure
4.14 D) and maintained afterwards at 1x10* virions/mL. Surprisingly, the TCIDso in the PFBR
harvest was initially below the limit of quantification (1x10° virus/mL) for the first 48 h. Then,
the TCIDso increased to 1.0x107 virions/mL to finally stabilize near 1.0x10° virions/mL.

Overall, the HA titers in the PFBR harvest reached an average value of 1.6 logio (HA Units/100
pL) and 1.1 logio (HA Units/100 pL) in tubular cultivations A and B, respectively. Compared to
virus titer values observed in batch mode with AGEL1 cells (20 hp.i.), the HA of the PFBR harvests
was clearly reduced and corresponded to batch titers expected between 10 and 15 h p.i.(Figure
4.2 A). Results indicate that virus propagation in the PFBR was not optimal. Besides virus
diffusion limitations resulting in poor cell-to-cell spreading, other parameters such as the pH
inside the tubes and drop in oxygen partial pressure in cell-containing compartments might be
relevant. With a Reynolds number in the laminar regime (Re ~ 40 for this experiment), and the
absence of mechanical mixing, mass transfer is expected to be diffusion limited. Hence,
improving the PFBR harvest titers will require a further optimization of the infection conditions

and the tube length. In addition, measures to improve mixing at the POI and along the tube, e.g.,
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passive or static mixing, and incorporation of active mixing such as vibration or agitation platform
should be investigated [169] [170].

The TCIDs in the PFBR harvest was characterized by an initial drop, followed by an increase
to values near 1.0x107 and 1.0x10° virions/mL for tubular cultivation A and B, respectively. At
the beginning of cultivations, a similar TCIDsx, in the harvest and in the VS was measured for up
to 60 h. This was an indication of reduced virus replication inside the tube following the bioreactor
start-up phase. Afterwards, a TCIDs increase of up to three orders of magnitude was achieved
compared to the TCIDsp in the VS. Compared to TCID50 titers obtained in batch mode (Figure
4.2), the infectious titers obtained were at least two fold lower than those of batch at 20 h p.i..
This result, together with the lower HA titer with respect to batch, supports the hypothesis that
virus propagation inside the PFBR was diffusion limited. Hence, further optimization of the PFBR
system is needed to reach batch-like titers.

One process variable that could be key for virus replication was the pH value at the POI and
in the PFBR harvest. Most likely, the high amount of oxygen contained in the bubbles of the
PFBR is gassing out compounds like CO,, leading to such increase in pH. High pH values were
observed at the beginning of the tubular bioreactor experiment with MDCK cells and, in this
experiment with avian cells, the goal was to obtain a better control of the pH in the entry of the
tube to reach lower pH values in the harvest. This was realized by manually controlling the pH
value of the virus stock and the medium stock every 48 h by replacing it by fresh medium with
pH of 7.0, as depicted in Figure 4.15 A. This methodology, together with a pH value close to 7.0
in CB after 73 h of culture (Figure 4.15 B), resulted in pH values near 7.5 in the harvest for most
of the cultivation time. These close-to-physiological pH values, although not optimal, were key

for virus replication inside the PFBR and for stable production of influenza virus.
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Figure 4. 14. Influenza A virus titers in AGE1.CR.plIX cells in the continuous tubular plug-
flow bioreactor (PFBR) system. A) Influenza virus haemagglutinin (HA) titers in the PFBR
harvest (closed diamonds), in the virus stock (VS, open circles) and in the cell bioreactor (CB,
closed squares) of tubular cultivation A. B) Influenza HA virus titers in the PFBR harvest, VS
and CB (same symbols than A) of tubular cultivation B. C) Influenza virus infectious (TCIDsp)
titers of the harvest (diamonds) and of the VS (squares) of tubular cultivation A. D) Influenza
TCIDsy titers of the harvest and VS of tubular cultivation B (same symbols than C).
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Figure 4. 15. pH values of one representative tubular plug-flow bioreactor system operated
with AGEL.CR.plIX cells. A) pH values in the virus stock (VS, white) and in the medium stock
(MS, grey). B) pH value in the harvest (white) and in the cell bioreactor (CB, grey).

4.3.7 Genetic stability of influenza A virus produced in long-term continuous tubular

bioreactor cultures — comparison with batch and semi-continuous cultures

1AV DIPs accumulation in MDCK cells in the PFBR harvest. Non-quantitative PCR was
used to analyze the influenza virus gene segments 1, 2, 3 and 5 of the virus seed (Fig 4.16) and
the harvest obtained from the first functional tubular bioreactor run with MDCK.SUS2 cells
(Figure 4.17). The MDCK-virus seed used for this experiment showed a high concentration of
DS near 500 base pairs (bp), which provides advantages to DIP for its replication in the culture.
The harvest analysis was done from 144 until 480 h of culture since HA and TCIDso titers were
detected in the harvest over these cultivation hours. The dashed line in Figure 4.17 shows the
change in flow rates that was applied to the system at 264 h of culture, which changed the RT
inside the PFBR and, therefore, the characteristics of the virus harvest. From 144 until 264 h of
culture, with a RT of 20 h, segments 1, 2 and 5 showed a stable pattern, while segment 3 showed
a double DIP band around 500 bp that then disappeared. After 264 h, the pattern of FL segments
around 2000 bp is maintained stable for all segments while the DIP pattern around 500 bp changes
from 348 h onwards as consequence of the increase in HA titers. This first result shows that it is
possible to correlate changes in DIP population with changes in process parameters such as the
RT in the PFBR. Moreover, a stable pattern of FL segment 1 for almost 240 h was not observed
previously using cascades of CSTRs [26]. Hence, this first result suggested that obtaining a stable
pattern of FL and DIPs is possible in a tubular bioreactor. Moreover, by changing the flow rates,

it is possible to modify the product profile in terms of FL and DS content.
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Figure 4. 16. Polymerase chain reaction analysis of influenza A virus seeds. Segment 1, 2
and 3 (S1, S2 and S3) of the influenza A/PR/8/34 virus seed from Robert Koch Institute (APRS),
adapted either to adherent MDCK cells (MDCKadnerent left) or to avian AGEL1.CR.pIX cells
(middle), were analyzed. A water control was also included for each segment (right). The size in
base pairs of relevant marker bands is shown on the left. Full length (FL) segments had a size of
2000 base pairs (bp) while defective segments (DS) between 700 and 500 bp.
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Figure 4. 17. Polymerase chain reaction analysis of influenza A virus produced with the
tubular plug-flow bioreactor (PFBR) system in canine MDCK.SUS2 suspension cells. 1AV
RNA segments 1, 2, 3 and 5 were analyzed between 144 and 480 h of culture. Full length (FL)
segments had a size of 2000 base pairs (bp) while defective segments (DS) between 700 and 500
bp. The dashed line indicates the time in which the virus stock concentration and the residence
time (RT) in the PFBR were changed (RT from 20 to 18 h RT). Segment 1 encodes the polymerase
basic protein 2 (PB2), segment 2 the polymerase basic protein 1 (PB1), segment 3 the polymerase
acid protein (PA) and segment 5 the nucleocapsid protein (NP). The size in bp of relevant marker
bands is shown on the left.
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IAV DIP accumulation in AGE1.CR.pIX cells in the PFBR harvest. Non-quantitative PCR
was used to analyze the virus seed (Figure 4.16) and the dynamics of replication of gene segments
1, 2 and 3 of 1AV propagated in batch (Figure 4.18) and semi-continuous (Fig 4.19) cultures and
the continuous tubular bioreactor system (Fig 4.20). The PCR assay for all figures shows bands

of FL segments, and DS near 2000 bp and 500 bp, respectively.

The two 1AV batch cultures reported before were analyzed by PCR. In both batch cultures
(Figure 4.18), FL segments near 2000 bp were observed for all three genes between 0 and 24 h
p.i.. Interestingly, DSs (less than 2000 bp) were observed at 0 h p.i. for segment 2. Later, at 7 h
p.i., two bands were observed in the gel, and finally a FL segment with 2000 bp size only (20 h
p.i.). In general, deletions near 500 bp were generated in all three segments in batch mode, with
segment 2 most prone for deletions in the range of 500-2000 bp.

Semi-continuous cultures were maintained for a period of 450 h (Figure 4.19). This cultivation
mode was selected as a small-scale approach mimicking a true continuous cascade of CSTRs [23].
A more pronounced periodic change in the ratio of FL to respective DS was observed when
compared to the PCR measurements performed in batch cultures. The PCR signals for all three
studied segments appear to oscillate in parallel, most likely due to the interference of FL genome
replication by DIPs, and dependence of DIP replication on the presence of the FL segments. A
similar replication dynamic was described previously [26] also for cascades of CSTR.

For segment 2 additional copies with a short deletion only (near 2000 bp) were observed at 0,
130, 220, and 320 h p.i. that coincide with the results obtained for batch cultures (0 and 7 h p.i.,
Fig 4.18). Whether the parallel oscillations of the various DS segements were due to co-packaging
of minor deletions with one dominant genotype, or whether all segments with deletions each can

interfere with standard virus replication is not clear yet.

All combined, the control experiments strongly suggest again that a drop in virus titers due to
the “von Magnus effect” is a frequent observation in cascades of CSTR for the cell and IAV

system analyzed here.

Segment-specific PCR analysis of the virus produced in the continuous tubular bioreactor
system (PFBR harvest of tubular cultivation A) is depicted in Figure 4.20 for a production time
of almost 500 h. For this cultivation regime a surprisingly constant pattern of FL bands was
observed for all three segments over the whole duration of the experiment. This pattern differed
substantially from the one observed for batch or semi-continuous cultures and suggests the

absence of periodic DS dynamics.
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Nevertheless, two bands were observed for segment 2 over the whole cultivation period, which
was in line with the results observed at early time points p.i. in batch culture, as well as for various
time points in semi-continuous cultures with TCIDs titers lower than 1x107 virions/mL.
Assuming the theoretical scenario that a biological reaction in an ideal well-mixed PFBR follows
a batch-like dynamic over the tube length [171], this result indicates that virus spreading and/or
intracellular virus replication cycles were not fully completed in the PFBR. Such an effect would
suggest that the PFBR is diffusion-limited and, therefore, optimization of MOI and RT (tube
length) may be beneficial.

Nevertheless, the continuous tubular bioreactor system provides a virus harvest with a defined
virus passage number (in this case, passage number of VS plus one if defined as culture-to-culture
transfer) avoiding the accumulation of large numbers of virus segments with deletions, and
possible interference with standard virus replication compared to cascades of CSTRs. This
bioreactor system can be used to stably produce whole influenza virus for inactivated vaccine
manufacturing, and can be also used to produce well-defined DIPs as antivirals agents against a

wide range of influenza subtypes [85, 172].
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Figure 4. 18. Polymerase chain reaction analysis of the batch experiments in avian
AGEL.CR.pIX cells. IAV genome segments 1, 2 and 3 were analyzed (Segment 1, 2 and 3). The
experiment was carried out by taking cells from the cell bioreactor of the tubular plug-flow
bioreactor system, and infecting them in a shaker flask in two experiments, called batch 1 and 2.
Batch 1 is shown at the left of the dashed line, and batch 2 at the right of the dashed line. Samples
were taken at 0, 7, 17, 19, 20, 21 and 22 h post infection (p.i.) in batch 1, and at 0, 19, 20, 21 and
24 h p.i. in batch 2. The size in base pairs of relevant marker bands is shown on the left. Full
length (FL) segments had a size of 2000 base pairs (bp) while defective segments (DS) between
700 and 500 bp.
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Figure 4. 19. Polymerase chain reaction analysis of influenza A virus produced with the semi-continuous cultivation in avian AGE1.CR.plIX cells. The
semi-continuous cultivation was carried out using shaker flasks as described in materials and methods. Samples were taken twice a day and the cultivation was
maintained for three weeks. Segment 1 encodes the polymerase basic protein 2 (PB2), segment 2 the polymerase basic protein 1 (PB1) and segment 3 the
polymerase acid protein (PA). The size in base pairs of relevant marker bands is shown on the left. Full length (FL) segments had a size of 2000 base pairs (bp)
while defective segments (DS) between 700 and 500 bp.
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Figure 4. 20. Polymerase chain reaction (PCR) of influenza A virus produced with the PFBR system in avian AGE1.CR.pIX cells. IAV RNA segments
(Seg) 1, 2 and 3 were analyzed between 96 and 504 h of culture. Full length (FL) segments had a size of 2000 base pairs (bp) while defective segments (DS)
between 1000 and 500 bp. The PCR of segment 2 was done twice to confirm the presence of a second band near the FL segment. The PCR of the virus seed and
from the virus stock (2.3x10° and 3.0x10° virions/mL, respectively; separated with a dashed line) were used as a control (right). Segment 1 encodes the
polymerase basic protein 2 (PB2), segment 2 the polymerase basic protein 1 (PB1) and segment 3 the polymerase acid protein (PA). The size in base pairs of
relevant marker bands is shown on the left.
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4.4 Productivity of continuous processes versus batch cultivations

Continuous virus production is a promising approach for efficient viral vaccine production.
However, determining the volumetric productivity (STY and TY) of the continuous bioreactors
here analyzed is key for the technical and economic feasibility of such technologies in large scale
manufacturing. Hence, in the following, the STY and TY of continuous MVA virus production
in a TSB system is first evaluated and compared to a batch process. Then, the STY of continuous
IAV production in this novel tubular bioreactor is compared to the alternative of using a TSB
system and a batch process.

4.4.1 MVA virus productivity in a continuous two-stage bioreactor system

The productivity of the TSB system was compared against a batch and semi-continuous
process. The TSB system has two bioreactors that can be operated differently, either as batch or
as semi-continuous. Therefore, the comparison was carried out with the alternatives given up
when the decision to use the two bioreactors in continuous mode was taken (defined as
opportunity cost [173]). This meant that the batch productivity was determined for a system
consisting of two batch bioreactors operated in parallel. The semi-continuous productivity was
determined with the two bioreactors operated as in the SSC system. In the following, the STY
and TY of batch and semi-continuous production processes are presented first, and then compared
with the continuous TSB system.

In batch, a STY of 3.4x108 virions/(L h) and a TY of 8.9x108 virions/h were estimated for two
parallel batch cultivations, using an average TCIDso titer of 1.0x108 virions/mL (obtained from

100 mL scale batch cultures), and 17 days of operation (2 batch cycles).

Another productivity value for batch processes is obtained if the calculation includes 1
additional batch cycle (+8 days). An estimation for two parallel 1 L scale batch bioreactors
resulted in a STY of 2.2x108 virions/(L h) and a TY of 8.7x108 virions/h, based on an average
TCIDso of 1.0x108 virions/mL and 26 days of operation (3 batch cycles).

The productivity of the semi-continuous process was determined using the data obtained from
the SSC system. The best STY obtained was 1.0x10° virions/(L h) for the 25 h RT experiment
(SM25-B, Table 4.1) followed by 3.6x10® virions/(L h) of the 35 h RT experiment (SM35-B,
Table 4.1). These values were in the same order of magnitude of 1.0x10° virions/(L h) and 3.4x10°®
virions/(L h) that were calculated from the batch process operated 8 d (1 cycle) and 16 d (2 batch
cycles), respectively. Therefore, a fair comparison suggests that the SSC system is equal or more

efficient than the batch process, for production targets that require operational times of at least 16



days or more (2 batch cycles or more). However, the batch process is more efficient than SSC for

production of MVA virus volumes equivalent to 1 batch cycle.

The STY estimations for the TSB system resulted in a value of 1.7x108 virions/(L h) for 24
days of operation. This was almost identical to the STY of the batch process operated for a similar
period of time (3 cycles, 24 days, as shown in Table 4.1). Interestingly, the TY of the TSB system
was estimated to 1.2x10° virions/h, which was larger than the 6.2x108 virions/h of the batch
process (the TSB produced 6x10 virions in 21 d, while the batch process would have produced
4x10" virions in 24 d). In other words, the TSB system can be equal or more efficient than a
batch production system, starting from an operational time equivalent to 3 or more batch-cycles.

For an installed production plant capacity, batch cultivation will be the option of choice for
lower virus production targets, because the STY of a batch system operated over 8 d (1 cycle) or
16 d (2 cycles) was 5.2x10® and 2.6x108 virions/(L h), respectively (see Table 1). Nevertheless,
this is only valid if TCIDso titers of 1.0x108 virions/mL or more are obtained at time of harvest
from batch cultivations, which is not always the case. Titers in the order of 1.0x10” virions/mL
can also be obtained in batch cultivations (see titer of BM-C in Table 4.1). To address this, Figure
4.21 compares the STY and TY of the TSB system experiment (named T25 in Table 4.1) with the
batch process evaluated at two TCIDsp conditions for STY and TY: 1.0x108 virions/mL (best-
case, upper dashed line) and 1.0x107 virions/mL (worst-case, lower dashed line) over cultivation
time. Figure 4.21 A shows that the STY of the continuous process is in the range of the batch
process after 120 h p.i. and approaches the STY of the best-case batch process at late operational
times. Interestingly, Figure 4.21 B shows that the TY of the TSB system overcomes the TY of the
best-case batch process at 120 h p.i. and remains high over production time. From the data
available, it was possible to estimate that, after three batch cycles, the TY of the TSB system is at
least 37% greater than the batch process. Therefore, the efficiency of the batch process can be
greater for production volumes less than three batch cycles. The TSB system is more efficient

than batch for more than three batch cycles.

Other characteristics of the continuous system that were not taken into account in these yield
calculations, such as the smaller bioreactor volumes required, lower investment costs, fewer seed-
train steps to start production, and lower number of cleaning and sterilization steps, are clear

advantages of the continuous system that would add to its productivity estimations.
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Figure 4. 21 Productivity of the TSB system (1290 mL wv) compared with a batch process
comprising two stirred tank bioreactors (645 mL each vessel, 1290 mL wv). Space-time-
yield (STY) and time-yield (TY) were calculated using equations 7-10. A) STY of the continuous
cultivation based on infectious (TCIDso) titer values of VB (squares) and the harvest (circles),
versus STY of the batch process (dashed lines; upper and lower lines were estimated with a
maximum TCIDsp at time of harvest of 1x108 and 1x107 virions/mL, respectively). B) TY of the
continuous cultivation compared to the batch process (same symbols as in Fig A). The comparison
assumed that the cell growth phase of the continuous and from the batch are identical and is not
shown in the graphic (negative time values). Infection of both processes is carried out at time
zero, and harvests of the batch process are taken at 72 and 288 h post infection (p.i.).

Finally, these results showed that continuous production of MVA virus in a TSB system was
feasible as virus titers similar to batch processes were obtained, MV A virus was genetically stable
at least over 15 days of cultivation, and the STY and TY indicated that its productivity can be
equal or larger than a batch process for long operational times. Nevertheless, aspects such as
replicating the virus not beyond five passages from the master seed, and also the risk of unwanted
mutations that might arise during cultivation time have to be considered in establishing a TSB
process, and will impact the final productivity of the process. These aspects and others requested
by regulatory agencies will be very important to define a batch (or lot number) in a continuous
virus production system. If this is realized, a continuous process can be established using a TSB
system with two parallel virus bioreactor vessels, as shown in Figure 4.22. This system solves
the problem of shutting down production during cleaning and sterilization of a TSB system with
only one VB vessel. The process can be operated by infecting one virus bioreactor first, while the
parallel virus bioreactor is infected with some delay. This system allows uninterrupted virus
production with higher productivities compared to batch processes (Note: the idea of this
bioreactor system was conceived during this PhD work but built once this work was finished for
a project of the Defense Advanced Research Project Agency (DARPA) at the MP1 Magdeburg.
The paper that describes this bioreactor setup was published in parallel to the defense of this PhD
thesis in November 2019 and is cited in [174] ).
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Figure 4. 22. Process layout of a hypothetical parallel two-stage continuous process for MVA
virus production. The process consists of a first bioreactor (Cell Bioreactor) for continuous cell
production, followed by two parallel bioreactors (Virus Bioreactor) for continuous virus
propagation. Infection, production, cleaning and sterilization of both VB vessels occurs at
different days, which allow uninterrupted virus production.
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4.4.2 1AV productivity in the tubular bioreactor system

Based on the experimental data of IAV production obtained with MDCK.SUS?2 cells, yield
estimations were carried out and are summarized in Table 4.2 for three different bioreactor
systems. A STY 1.5 times higher than batch cultivation and 2.5 times higher than the cascade of
CSTRs was estimated for the PFBR system assuming a total production volume of 10 L and stable
virus titers of 2.5 logio (HA Units/100 pL) at steady-state operation (6 — 12 days). The large
difference in the yield obtained from cascades of CSTRs is most likely due to the presence of
virus titers oscillations induced by DIP accumulation in cascades of CSTRs. Without DIPs,
influenza virus production in cascades of CSTRs might be as efficient as the tubular bioreactor

because maximum virus titers are similar.

Table 4. 2. Virus yield comparison between the tubular plug-flow bioreactor (PFBR) system, the
two-stage stirred tank bioreactor (TSB) system and the batch bioreactor (Two parallel batches)
for production of 10 L of influenza A virus with MDCK.SUS2 cells (500 mL cell bioreactor
volume).

Total Volumetric Average HA  Average Virus Virus Volume  Time STY STY []
Bioreactor Production Titer log;q Titer Production Produced Required [virions
Volume  Flow (HA Units/100 [virions/mL]* Flow [L] (] (L by
[mL] [mIJh]Z HL)3 [virions/h]
PFBR system 711 (500 + 12 255 7.20E+09 8.64E+10 10 833 8.07E+09 1.5
211)
TSB system 1000 12 2.13 2.74E+09 3.29E+10 10 833 3.07E+09 0.6
Two parallel 1000 5.95 2.70 1.02E+10 6.07E+10 10 1680 5.52E+09 1.0

batches®

* 7 days batch cycle (3 days of cell growth, 3 days of virus propagation, 1 day of cleaning).

2 the production flow [mL/h] of the PFBR system is the nominal used to design the experiment; for the TSB system, it is assumed to be the same than the PFBR system; for
the Two Parallel Batches, the value was calculated assuming a production of 1000 mL in 7 days.

3 Average haemagglutinin (HA) titer refers to the value that would be obtained after collecting all harvests together. For the PFBR system the HA value was obtained by
calculating an average of the HA titers between days 336 and 422 h of the experiment with MDCK.SUS2 cells; for TSB system the data was estimated from experimental
data previously obtained in small scale-shaker experiments (data not shown); for batch, the HA value was obtained from an estimated HA titer at 72 h post infection as
described by Lohr et al. Vaccine 2010 28: 6256-6264.

4 calculated assuming that 1 virus particle binds to 1 cell
® the term liters (L) considers the volume of product produced and the volume of the bioreactor system.

The productivity values shown in Table 4.2 are valid not only for IAV production in
MDCK.SUS2 cells but also in AGE1.CR.pIX cells. Independently of the cell line of choice, the
presence of oscillations in virus levels is likely to be present if a cascade of CSTRs is used for
virus propagation. Therefore, a speculation is that regardless of the cell line chosen to produce
IAV, the productivity of the PFBR system should always be more efficient than the other two
options for producing at least 10 times the bioreactor WV. Finally, the 50% STY improvement of
the PFBR system with respect to a batch process is a first result that can be improved by further

optimization of the system.



Chapter 5

Conclusions

The aim of this work was the establishment of continuous cultures for production of viruses
in animal cells. Continuous cultivation systems can enable more efficient and cost-effective viral
vaccine production compared to current batch manufacturing. However, characterization of such
systems to elucidate virus genetic stability and impact of defective interfering particles were key
aspects for the establishment of these processes. For that purpose, MVA virus and AV were used.
MVA virus can be used to develop recombinant vaccines against a variety of diseases, while
influenza virus is used to prepare vaccines against the seasonal “flu” disease and pandemic
outbreaks. Based on the available technology, a continuous MVA virus production system using
cascades of CSTRs was proposed. In addition, further development was needed for continuous
influenza virus production and, therefore, a new bioreactor technology that avoids the oscillations
in virus titers, known as “von Magnus effect”, was developed. This new bioreactor technology,
based on a plug-flow tubular bioreactor, represents a major step forward towards continuous

production of cell culture-derived viruses.

Continuous MVA virus production. The first part of this thesis described MVA virus
production in long-term passaging using continuous and semi-continuous cultures. The isolates
MVA-CR19 and MVA-CR19.GFP virus that allow efficient replication in non-agglomerated
AGE1.CR.pIX cells were used. A small scale semi-continuous approach, named SSC, resulted in
stable production of cells over three weeks of cultivation, with virus titers that showed a transient
phase followed by a stationary phase. The stable virus titers obtained with the SSC suggested the
absence of the “von Magnus effect” over cultivation time. The SSC was also used to analyze the
impact that RT of the virus bioreactor has on virus yields. Experiments with the MVA-CR19 virus
isolate showed that the RT might influence the duration of the transient phase, but it has little
impact in the final virus titers reached over the stationary phase. Furthermore, a stability analysis
of a recombinant MVA virus expressing green fluorescent protein, by both a TCIDsp-ratio and

genetic stability criteria, showed that MV A virus is stable at least over 16 days of cultivation.

MVA virus production was then produced in a cascade of CSTRs or TSB system. This
production system showed stable TCIDso titers of about 9x107 virions/mL over 18 days of
cultivation with similar space-time-yield compared to batch cultivation and with a time-yield
about 40% greater than batch. Virus titers and replication dynamics predicted by scouting

experiments performed in the SSC system were similar to those obtained with the TSB system



and no interference by DIPs was observed. Finally, cascades of CSTRs and semi-continuous
cultures are promising platforms for production of of MVA virus-based recombinant vaccines

and viral vectors.

Continuous influenza virus production. The second part of this thesis described a
continuous production process of influenza A virus. For this purpose, a novel continuous tubular
bioreactor system that avoids the “von Magnus effect” was established. The bioreactor system
was composed of a CSTR (operated as a chemostat for cell production) with a plug flow tubular
bioreactor in series. The whole system was referred to as PFBR system. The PFBR system had a
total working volume of 711 mL, required 1 m? of surface area, and was built using a 105-120 m
long tubular reactor. The culture format in the PFBR resembled successive bursts of defined
single-passage batch processes, where each burst was compartmentalized by air bubbles. The
bioreactor showed a robust operation over at least three weeks at a nominal flow rate of 0.2
mL/min. As a result, production of 12-times the bioreactor working volume with space-time-

yields at least 50% greater than batch cultures would be possible within one month.

A first functional tubular bioreactor prototype was evaluated using suspension MDCK.SUS2
cells with different MOIs. HA and TCIDsy titers of up to 2.5 logio (HA Units/100 pL) and 1x10°
virus/mL were obtained, respectively. Then, influenza A/PR/8/34 (RKI) virus was produced with
avian suspension AGE1.CR.pIX cells in two tubular bioreactor cultivations with 18 days of
operation at a nominal MOI of 0.025. Stable HA titers of up to 1.6 logio (HA Units/100 pL) and
TCIDsy titers of up to 1x107 virus/mL were obtained. PCR analysis of influenza segments 1, 2
and 3 showed that accumulation of defective particles was not significant. These results
demonstrated that the “von Magnus effect” can be avoided in such a PFBR system and stable

influenza A virus production was possible.

Preliminary analysis of the PFBR harvest using flow cytometry and the suspension cell line
MDCK.SUS2 showed that only 16% of the cell population was infected at an MOI of 0.03. At
MOI above 0.1 almost all cells were infected and batch-like HA titers were obtained, suggesting
that determination of optimal RT and improving mixing within the compartments are key factors
to increase viral titers in the PFBR harvest. Future PFBR designs may improve process
performance via passive and active mixing incorporating, e.g., static-mixers or mechanical

agitation.

Overall, continuous production systems of MVA and influenza A virus using two types of
bioreactors named TSB system and PFBR system were developed, respectively. The selection of
the bioreactor strongly depends on the stability of the target virus. Stable DNA viruses such as

MVA can be continuously propagated in a TSB system, while unstable RNA viruses such as
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influenza A virus can only be propagated in the PFBR system. These systems also helped us to
address the impact that defective interfering particles have in the propagation of MVA and
influenza viruses. The establishment of continuous upstream processes for virus production in
animal cells involves technical challenges that must be solved for each bioreactor and virus in
particular. Aspects such as better automation in the measurement of cell and metabolite
concentration are challenges that can be solved with technologies currently on the market. Other
aspects such as online virus titration methods, or construction of an universal PFBR system
(suitable for all types of viruses) might be more challenging. Previous approaches have only used
cascades of CSTRs and, therefore, the tubular bioreactor built in this work opens new possibilities
for continuous virus production. While such an approach might help now to efficiently produce
influenza virus, it may become an important vaccine production platform in the future by allowing

efficient production of other viruses that represent a major threat to human health worldwide.

Chapter 6

Outlook

Moving from batch to continuous production of cell culture-derived viruses in bioreactors
could represent a substantial improvement in the production efficiency in current large-scale
vaccine manufacturing. The establishment of such technologies, however, would involve the
development of new bioreactors, automation and control technologies. In this work, two types of
continuous bioreactors were explored depending on the type of virus: a cascade of CSTRs for
production of a genetically stable virus such as MVA, and a combination of a CSTR and a PFBR
for production of an unstable virus such as IAV. While the cascade of CSTRs is an existing
technology that can be further optimized with available technologies, the tubular reactor
represents a more disruptive innovation that may require the development of tailor-made

technologies.

Continuous MVA virus production in a TSB system. From the point of view of virus
production in cascades of CSTRs, future work could benefit from the incorporation of better
monitoring systems and control of the process. The measurement and control of parameters such
as cell concentration, and metabolites could be incorporated into the production process with
existing technologies [175] [176]. This can complement the existing control for pH, oxygen and
flow rates available in the market. The online measurement of viral titers, however, represents a
major challenge. These technologies, together with the development of processes such as the one

shown in Figure 4.22 could further increase the virus production efficiency.
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Additionally, some molecular aspects can be also considered for further analysis. In this work,
MVA virus production at different residence times and with different process conditions was
studied. However, there are still open questions regarding the stability of the virus in continuous
cultures of longer duration and under different conditions such as pH and dilution rates. Further
studies can analyze stability not only from a protein (antigen) expression point of view, but also
from the quality of glycosylation, if present [177, 178]. Also, the possibility of operating virus
bioreactors at a lower temperature is an aspect that can be further considered since might increase
virus yields [179] .

Another aspect is the development of a cascade of CSTRs with recirculation loop. A small
prototype of this reactor was built but failed in operation due to the lack of control systems. During
the course of this thesis, a master's thesis was carried out for the development of a mathematical
model of such a prototype [161]. The results showed that the incorporation of a recirculation loop
can effectively improve viral titers and reduce oscillations in virus concentrations. This type of
bioreactor could also be evaluated in the future for the production of IAV. Although its
disadvantage is the increase in virus passage number and the possibility of mutations after long
hours of operation, it could still be used over short operational times for efficient production of

seed virus and virus evolution studies.

Continuous AV virus production in a tubular bioreactor system. In this work a tubular
bioreactor for the production of IAV was developed. For the first time, the problem of the "von
Magnus effect” was solved with a reactor of this type. This opens the possibility of future
innovations not only with 1AV, but also with other viruses important for human health and vaccine

development.

The design of a universal tubular bioreactor that can be used for any type of virus is challenging
due to the different replication dynamics of viruses, diffusion limitations and pH and oxygen
control in fluid compartments. Different length and diameters of tubular bioreactors and different
points of oxygenation and pH control would be necessary. This can be solved with the
incorporation of gas and liquid exchangers based on hollow fibers with more or less
hydrophobicity depending on the fluid to be exchanged. However, once the problem of diffusion

limitation is solved, the available parameters should allow the manipulation of many viruses.

In addition, the need to monitor and control process variables such as pH, oxygen and flow in
the tubular bioreactor will need the development of measurement systems adaptable to the tube.
At present, there are technologies designed for CSTRs and single use bags, as well as for
measurement of culture parameters in well-plates, that could be adapted to a tube. Finally, the
possibility of operating a tubular bioreactor at different conditions such as pH, oxygen and

temperatures with respect to the rest of the process is an advantage that can be used to benefit any
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engineering design with the aim of increasing productivity and producing a greater quantity of

vaccine doses more efficiently.
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Appendices

7.1 Oxygen consumption

One main hypothesis of this work is that the dissolved oxygen concentration profile inside a
liquid segment traveling along the tubular bioreactor should resemble that of a batch culture with
animal cells. Hence, the oxygen consumption rate of a generic animal cell line was estimated
using literature data, for a batch culture of 1x10° cells/mL, with 100% saturation and without
additional oxygen supply. The final goal was to determine the time needed until 1% oxygen

saturation is obtained in such culture.

( 100% Ozsaturat'\on [m0|/|—] - 1% OzSaturation [mOVL] )

Time [h] =
( Cell concentration [cells/L] ) X ( Oxygen Uptake Rate [mol/(cell x h)] )

Table 7. 1. Estimation of time needed to drop oxygen saturation from 100% to 1% in an animal
cell batch culture.

Parameter [units] Value Reference
Oxygen uptake rate 1 (OUR 1) !—iigh cell dens_ity cultivati_ons b)_/ alternatin_g tangential flf)w (ATF) perfusion for
3.05E-14 influenza A virus production using suspension cells. Vaccine. 2014 May 19;32(24):2770-
[mol/cell*h] 81
Lohr V, Hadicke O, Genzel Y, Jordan I, Biintemeyer H, Klamt S, Reichl U. The avian cell
n uptake ratt N ' ! ' ' y
OXyge Up* ate 2.E-04 line AGE1.CR.pIX characterized by metabolic flux analysis. BMC
[mOIIgDW h] Biotechnology201414:72
Fernandez-de-Cossio-Diaz J, Leon K, Mulet R. Characterizing steady states of genome-
Mass of 1 cell [g] 3.0E-09 scale metabolic networks in continuous cell cultures. PLoS Comput Biol. 2017 Nov
13;13(11):e1005836
Oxygen uptake rate 2 (OUR 2) Fernandez-de-Cossio-Diaz- J, Leop K, Mulet R. Characterizing steady §tates of genome-
- 6.9E-13 scale metabolic networks in continuous cell cultures. PLoS Comput Biol. 2017 Nov
[mol/cel*h] 13;13(11):21005837
Temperature °C 37
: ited States Geological Survey. Table of solubility of oxygen in water at various
Saturated Oxygen in H,0 [mg/L Unite
. xyg 20 [mg/L] 6.70E+00 temperatures (Accessed on 19th of June 2019)
at 37°C https://water.usgs.gov/owg/FieldManual/Chapter6/table6.2_6.pdf
Saturated Oxygen in H,0
9 2 2.09E-04
[mol/L] at 37°C
Oxygen Concentration at 40%
XVger 8.38E-05
saturation [mol/L]
Oxygen Concentration at 1%
XVger 2.09E-06
saturation [mol/L]
Volume reactor [mL] 1000
Concentration cells per ml
P 1.0.E+06

[cells/mL]

Time to go from 100% to 1% O,
saturation [h] OUR 1
Time to go from 100% to 1% O,
saturation [h] OUR 2

6.8

0.3

Since Table 7.1. shows that a time between 0.3-6.8 h is needed to consume all oxygen in a
liquid segment (depending on oxygen uptake values), this estimate suggest that additional
oxygen supply may be needed along the tube.
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7.2 Pressure drop in the tubular plug flow bioreactor

Since the construction of a tubular bioreactor of more than 100 meter of length and with few

millimeters of diameter was not tested before, doubts about whether the pumps will be capable

of moving such long liquid segments were raised first. Hence, the pressure drop was determined

before such endeavor was initiated. Literature data was used for this purpose.

The pressure drop of a silicone tube with 121 m in length was calculated with the Darcy-

Weisbach equation for a pipe:

Ap

L

2
fD' '%1

(]

p = the density of the fluid (kg/m?);

D = the hydraulic diameter of the pipe (for a pipe of circular section, this equals the

internal diameter of the tube

(v)= the mean flow velocity, experimentally measured as the volumetric flow rate per

unit cross-sectional wetted area (m/s);
fo, the Darcy friction factor

To obtain the Darcy friction factor, the Moody diagram was used.
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Figure 7. 1. Moody diagram to calculate the friction factor in the tubular plug-flow

bioreactor.
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The data of Table 7.2. shows that the Reynolds number was estimated to be around 10 for such
tubular bioreactor, which implies a laminar regime.

For a laminar regime, the Darcy friction factor is 64/Re, as depicted on the left-hand side of the
Moody diagram (Fig. 7.1).

Table 7. 2. Estimation of the pressure drop using the Darcy-Weishach equation in a 20 h
residence time tube, 121 m in length, made of silicone tubing and with an internal diameter of
1.6 mm.

Process variable Value
Flow rate [mL/min] 0.2
Flow rate [m®/s] 3.3E-09
Internal diameter [mm] 1.59
Velocity [cm/min] 10
Reynolds number [-] 10
Tube length [m] 121

fc (Darcy factor)® 6

He [m]? 7.0E-05
H, [bar]? 6.9E-06
AP [Pa] 0.7

AP [bar] 6.8E-06

! obtained from Moody diagram. For laminar flow f. = 64/Re
2 friction head losses in the tube. Darcy-Weisbach equation

Finally, a theoretical pressure drop of 6.8x10° [bar] in a 121 meter long silicone tube was small
enough to try this bioreactor idea and build the first prototype.
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