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Abstract
Besides the classical production in embryonated chicken eggs, influenza vaccines can also
be produced in cell culture-based processes. These cell culture processes have many
advantages over egg-based processes such as a higher flexibility regarding lead times of
production campaigns and as an alternative for vaccine manufacturing in case of avian
influenza epidemics. To optimise productivity of cell culture processes not only improved
cell growth but also the understanding of virus host cell interaction is of crucial
importance. Thereby, limiting steps and starting points for optimisation of upstream
processing can be identified. In order to contribute to this understanding, aim of this thesis
was to characterise influenza virus infection dynamics and virus-induced apoptosis of host
cells. Flow cytometric staining of the influenza virus NP protein was used to monitor the
time course of infection and a TUNEL assay to characterise progress of apoptosis.
Firstly, studies on statistical analysis of flow cytometric data including the choice of
cytometric control samples were carried out. Secondly, infections of adherent MadinDarby canine kidney (MDCK) cells with different influenza virus strains at several
multiplicity of infection (MOI) were performed, followed by studies on defective
interfering particles (DIPs). Thirdly, infections of adherent MDCK cells were additionally
performed in stirred tank bioreactors (STR). Finally, the MDCK.SUS2 suspension cell line
was characterised for influenza virus propagation. Analysis of virus-induced apoptosis and
infection dynamics both in dependence of virus strain and MOI as well as for an adherent
and a suspension cell line are unique features of this thesis. In addition, data obtained in
this work were used in research collaborations for stochastic as well as deterministic
mathematical models of influenza virus propagation in cell culture.
At MOI 10-4 all influenza virus strains tested in adherent MDCK cells in T25-flasks
(A/PR/8 from the Robert Koch Institute (RKI) and from the National Institute for
Biological Standards and Control (NIBSC), A/Uruguay/716/2007-like high growth
reassortant (HGR) and A/Wisconsin/67/2005-like HGR) showed few strain-specific
differences in haemagglutination (HA) titre and Tissue Culture Infective Dose 50 (TCID50)
and a late apoptosis induction. In MOI 3 infections with influenza A/PR/8 NIBSC an early
and strong apoptosis induction and no increase in TCID50 was observed. For all strains,
except for the Wisconsin-like HGR, maximum HA titre was not affected by the MOI, with
3.0 log10 HAU/100 µL as highest HA titre obtained in infections with the Uruguay-like
HGR. In contrast, maximum TCID50 decreased with increasing MOI, probably caused by
DIPs. Overall, these data demonstrate the importance of low MOI infection conditions in
virus production to obtain high infectious virus titres.

The influence of DIPs on infection dynamics, HA titre, and TCID50 was demonstrated in
infections of adherent MDCK cells with influenza A/PR/8 NIBSC seed virus containing
5.4 x 106 to 1.0 x 109 infectious virus particles (IVP)/mL (0.2% to 21.3% IVP of total virus
particles). A high percentage (21.3%) in the seed virus resulted in maximum TCID50 of
3.2 x 109 IVP/mL, while in infections with virus seeds containing low amounts of IVP
(0.2%) no increase in TCID50 was observed. This demonstrates that virus seeds have to be
carefully controlled to guarantee high yield virus production.
Infections of adherent MDCK cells with influenza virus A/PR/8 NIBSC in STR showed a
4 h earlier onset of infection with a 0.6 log10 HAU/100 µL lower final HA titre, compared
to infections with influenza A/PR/8 RKI. Influenza Uruguay-like and Wisconsin-like
HGRs did not reach final HA titres and maximum TCID50 of infections with A/PR/8 RKI
(3.3 log10 HAU/100 µL, 1.3 x 109 IVP/mL). A low MOI infection (10-5) of MDCK cells
with influenza A/PR/8 RKI resulted in an increased maximum TCID50 of
2.4 x 109 IVP/mL compared to MOI 0.025 infections. In addition, infection of adherent
MDCK cells with influenza A/PR/8 RKI in serum-free medium without washing steps was
performed that showed final HA titre, maximum TCID50, and infection dynamics
comparable to infections with washing steps. Thus, direct infection was successfully
demonstrated to be a possible alternative for influenza virus propagation.
As an alternative to the use of adherent MDCK cells, the suspension cell line MDCK.SUS2
was characterised for influenza virus A propagation in serum-free medium. Testing
different medium exchange strategies revealed a 1:2 dilution of the culture broth at time of
infection as optimal to achieve fast onset of infection and to obtain high HA titres. MOI
10-5 infections of MDCK.SUS2 cells with influenza A/PR/8 RKI showed lower HA titres
and TCID50 and more pronounced virus-induced apoptosis levels compared to adherent
MDCK cells. Future studies will have to clarify whether the increased apoptosis of
MDCK.SUS2 cells is related to changes in cellular factors during the cell line adaptation
process.
In summary, this work demonstrated low MOI infection conditions to be beneficial for
optimisation of TCID50 yields in influenza A virus production. Infection dynamics
depended, however, on virus strain, especially in terms of virus-induced apoptosis. In
addition, presence of DIPs in seed virus strongly influenced infectious virus yields. Finally,
a MDCK suspension cell line was demonstrated to be an alternative to adherent MDCK
cells, offering a production process that is easier to scale-up. Still, in infections with
adherent MDCK cells higher HA titre and TCID50 were obtained. Concluding, this work
contributed to the understanding of influenza virus propagation in cell culture, and
provided valuable insights for optimisation of upstream processing in influenza vaccine
production.

Kurzfassung
Als Alternative zur Produktion in bebrüteten Hühnereiern werden Influenza Vakzine heute
teilweise bereits in zellkulturbasierten Prozessen hergestellt. Diese Prozesse bieten einige
Vorteile wie eine hohe Flexibilität der Produktionsvorlaufzeiten und sind eine Alternative
zur Vakzinproduktion im Falle von Vogelgrippeausbrüchen. Zahlreiche Zelllinien werden
in der Literatur als zur Influenzavirusvermehrung geeignet beschrieben. Zur Erhöhung der
Produktivität dieser zellkulturbasierten Prozesse ist nicht nur die Verbesserung des
Zellwachstums von Bedeutung, sondern auch das Verständnis der Virus-WirtszellInteraktion. Dies ermöglicht das Auffinden limitierender Schritte und Ansatzpunkte zur
Optimierung des Upstream Processing. Ziel dieser Arbeit war durch die Charakterisierung
von Influenza Virus Infektionsdynamiken und virusinduzierter Apoptose einen Beitrag
hierzu zu leisten. Dazu wurden eine durchflusszytometrische Färbung eines Virusproteins
sowie ein TUNEL Assay zur Apoptosemessung durchgeführt.
Zunächst wurde die statistische Auswertung durchflusszytometrischer- und VirustiterDaten sowie die Wahl der Kontrollproben für die Zytometrie untersucht. Dann wurde in
statischen Kulturgefäßen der Einfluss der multiplicity of infection (MOI) sowie die Rolle
von defective interfering particles (DIPs) analysiert. Im Anschluss wurden Rührkesselversuche mit adhärenten Zellen durchgeführt. Schließlich wurde eine Suspensionszelllinie zur
Influenzavirusvermehrung charakterisiert. Die Analyse von Infektionsdynamik und virusinduzierter Apoptose in Abhängigkeit der MOI und des Virusstammes sowie im Vergleich
einer adhärenten mit einer Suspensionszelllinie sind Alleinstellungsmerkmale dieser
Arbeit. Darüber hinaus wurden Daten dieser Arbeit zur mathematischen Modellierung der
Influenzavirusvermehrung in Zellkultur im Rahmen von Forschungskooperationen genutzt.
Infektionen adhärenter Madin-Darby canine kidney (MDCK) Zellen in T-Flaschen bei
MOI 10-4 zeigten geringe Unterschiede in Hämagglutinations (HA) Titer und Tissue
Culture Infective Dose 50 (TCID50) und eine späte virusinduzierte Apoptose aller getesteten Virusstämme (A/PR/8 vom Robert-Koch-Institut (RKI) und vom National Institute
for Biological Standards and Control (NIBSC), A/Uruguay/716/2007-like high growth
reassortant (HGR) und A/Wisconsin/67/2005-like HGR). Infektionen mit Influenza
A/PR/8 NIBSC zeigten bei MOI 3 eine frühe und starke Apoptoseinduktion sowie keinen
Anstieg im TCID50. Außer für Wisconsin-like zeigten die finalen HA Titer keine
Abhängigkeit von der MOI; der höchste Titer 3.0 log10 HAU/100 µL wurde in Infektionen
mit Uruguay-like HGR erzielt. Im Gegensatz zum HA Titer nahm der maximale TCID50
mit zunehmender MOI ab, vermutlich durch die Anreicherung von DIPs bei hohen MOI.
Die Daten zeigen damit, dass niedrige MOI eine besondere Rolle für hohe TCID50 spielen.

Der Einfluss von DIPs auf Infektionsdynamik und Virustiter wurde weiter in einer Studie
mit verschiedenen Chargen A/PR/8 NIBSC Saatvirus untersucht, die TCID50 zwischen
5.4 x 106 und 1.0 x 109 infektiöse Viruspartikel (IVP)/mL (0.2 bis 21.3% IVP) besitzen.
Saatvirus mit hohem Anteil an IVP (21.3%) erzielte einen maximalen TCID50 von
3.2 x 109 IVP/mL, wohingegen Saatvirus mit geringem Anteil an IVP (0.2%) keinen
Anstieg im TCID50 bewirkte. Dies zeigt, dass die Saatviruszusammensetzung kontrolliert
werden muss, um hohe Virustiter in der Influenzavakzinproduktion zu erhalten.
Rührkesselinfektionen adhärenter MDCK Zellen mit A/PR/8 NIBSC zeigten einen um
4 Stunden früheren Anstieg und einen um 0.6 log10 HAU/100 µL niedrigeren HA Titer im
Vergleich zu A/PR/8 RKI Infektionen. Auch mit Influenza Uruguay-like und Wisconsinlike HGRs wurden nicht so hohe Titer wie mit A/PR/8 RKI (3.3 log10 HAU/100 µL,
1.3 x 109 IVP/mL) erreicht. Infektionen mit A/PR/8 RKI bei niedriger MOI (10-5) zeigten
im Vergleich zu MOI 0.025 einen erhöhten maximalen TCID50 von 2.4 x 109 IVP/mL.
Außerdem zeigte eine direkte Infektion in serumfreien Medium ohne Waschschritte kaum
Veränderungen in HA Titer, TCID50 und Infektionsdynamik verglichen mit Infektionen
mit Waschschritten. Damit wurde eine komplett serumfreie Virusvermehrung als gute
Alternative zu Prozessen mit Zellwachstum in serumhaltigem Medium aufgezeigt.
Als Alternative zu adhärenten Zellen wurde die Suspensionszelllinie MDCK.SUS2 zur
Virusvermehrung in serumfreiem Medium charakterisiert. Der Vergleich verschiedener
Mediumswechselstrategien zeigte, dass eine direkte Infektion ohne Waschschritte zwar
möglich, eine 1:2-Verdünnung zum Zeitpunkt der Infektion aber optimal ist, um eine
schnelle Infektionsdynamik und hohe Virustiter zu erzielen. MOI 10-5 Infektionen zeigten
allerdings niedrigere HA Titer und TCID50 sowie eine deutlich verstärkte virusinduzierte
Apoptose als bei adhärenten MDCK Zellen beobachtet. Weitere Studien werden klären
müssen inwieweit die verstärkte Apoptose mit zellulären Veränderungen durch den
Adaptationsprozess zusammenhängt.
Zusammenfassend hat diese Arbeit den positiven Einfluss niedriger MOI auf infektiöse
Virustiter in der zellkulturbasierten Influenzavermehrung dargelegt. Der Einfluss der MOI
hing dabei stark vom Virusstamm ab, besonders in Hinblick auf virusinduzierte Apoptose.
Des Weiteren wurde gezeigt, dass DIPs die infektiöse Virusausbeute beeinflussen.
Schließlich wurde die MDCK.SUS2 Zelle als leicht hochzuskalierende Alternative zur
adhärenten MDCK Zelle getestet. Allerdings blieben HA Titer und TCID50 unter denen
adhärenter MDCK Zellen. Damit trägt diese Arbeit zum Verständnis der Virusvermehrung
in Zellkultur bei und zeigt wertvolle Möglichkeiten zur Optimierung des Upstream
Processing der Influenzavakzinproduktion auf.
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Introduction

Motivation and scope
Influenza is an illness of the upper respiratory tract annually causing epidemics with a
severe economic burden. Especially in children, elderly, or immune suppressed people,
influenza can also be fatal. Though therapeutics like neuraminidase inhibitors can suppress
spreading of most influenza virus strains if taken very early after infection, the best means
for protection against influenza is vaccination. For more than 50 years influenza vaccines
are produced in embryonated chicken eggs, as a broad spectrum of influenza virus strains
can be propagated in that way. The latter aspect is of great importance, as the influenza
virus, i.e. the pathogen causing influenza, has a high mutation rate, resulting in the need of
an annually adapted vaccine that matches the current circulating virus strains (Pleschka
2013).
However, the production of influenza vaccines in chicken eggs has some severe drawbacks
such as being very labour-intensive, depending on a reliable egg supply, and being
inapplicable for people with allergies against chicken proteins, although recent studies now
put this hypothesis to question (reviewed by Kelso 2014). Therefore, cell culture-based
processes were developed for influenza virus propagation since the mid-1990s. These
processes aim at speeding up the production, becoming independent from egg supply,
being closer to the original virus isolate and other benefits (Feng et al. 2011; Gregersen
et al. 2011).
Nowadays, few cell culture-produced influenza vaccines are available on the market,
produced in mammalian or baculovirus-insect cell systems (Chan and Tambyah 2012;
Reynales et al. 2012; Doroshenko and Halperin 2009; Yang 2013), and there is still room
for optimisation of the production process. In cases of pandemics, production capacities are
not sufficient, emphasising the need for increased product yields. Most importantly, high
virus titre yielding production cell lines that are able to propagate a broad range of virus
types are needed to meet short term demands. Therefore, understanding of virus-host cell
interaction and virus propagation is of major importance in order to identify potential
starting points for optimisation. Several methods are being used for this purpose; in this
work the very sensitive method flow cytometry, widely used in immunology, will be used
to evaluate influenza virus propagation and virus-induced apoptosis. This method enables a
simultaneous detection of several parameters, thereby creating highly interesting data sets
that are basis for development of optimisation strategies of cell culture-based vaccine
production processes and mathematical modelling approaches.

2

1 Introduction

Nowadays, several cell lines are in use for industrial cell culture-based influenza vaccine
production and influenza virus propagation with research interests, like mammalian, avian
or insect cell lines. Besides Vero cells or Per.C6 cells, the adherent Madin-Darby canine
kidney (MDCK) cell line was found to be a suitable substrate for influenza virus
propagation. Because the production process with adherent cells requires microcarriers, the
cultivation is laborious and especially scale-up is cumbersome. For these reasons
suspension cell lines are an interesting alternative, enabling a production process that is
easier to scale-up.

Structure of the thesis
First aim of this work is to characterise different influenza A virus strains at various
multiplicities of infection (MOI) in adherent MDCK cells in terms of infection dynamics,
virus-induced apoptosis, and virus titres. As bioreactor systems are not feasible for this
purpose, firstly a smaller screening system is to be found, tested, and established. The
influence of the change in MOI is to be investigated, in order to better understand its effect
on infection dynamics and virus-induced apoptosis; and to demonstrate if different
influenza virus A strains react differently to a change in MOI.
The infection study with different MOIs revealed defective interfering particles (DIPs) to
play an important role in our infection experiments, as being present in all seed virus
preparations, influencing especially infectious virus titres. For this purpose, studies should
be performed investigating the influence of these DIPs on infection dynamics and virusinduced apoptosis.
The influenza virus strains tested in adherent MDCK cells in the small screening system
should also be propagated in stirred tank bioreactors. In addition, the influence of lowering
the MOI as well as a direct infection without washing steps on infection dynamics, virusinduced apoptosis, and cell-specific virus yields was to be investigated.
Furthermore, as an alternative to adherent cells, a suspension cell line should be
characterised for influenza virus propagation. The MDCK.SUS2 cell line was shown by
Lohr et al. (2010) to be a substrate for influenza virus propagation. It was chosen for
characterisation of virus yields, infection dynamics, and virus-induced apoptosis, as it had
been directly derived from the high virus titre-yielding adherent MDCK cell line. After an
optimisation of infection conditions, two influenza A virus strains are characterised
regarding virus titres, infection dynamics, and virus-induced apoptosis. In addition, a
comparison to the parental adherent MDCK cell line is performed.
Summarising, this thesis investigates the influence of virus strains and infection conditions
on virus infection dynamics, virus-induced apoptosis, and viral yields; thereby contributing
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to the understanding of virus-host cell interaction in the upstream part of a cell culturebased influenza vaccine production process. Findings of this work help to optimise virus
propagation through optimal low MOI infection condition and demonstrate the importance
of DIPs in seed virus preparations. Furthermore, a suspension cell line as an alternative to
adherent producer cell lines is presented, enabling an easy to handle and scale-up virus
propagation process.

2

Theoretical background

In the following chapter, the theoretical background of influenza virus (section 2.1),
influenza virus propagation in cell culture (section 2.2), and apoptosis is presented (section
2.3). Furthermore, the interplay of influenza virus replication and apoptosis is illustrated.
Finally, flow cytometry, as a valuable method for analysis of influenza virus propagation
in mammalian cells and influenza virus-induced apoptosis, is introduced (section 2.4).

2.1

Influenza virus

Influenza is an infection of the upper respiratory tract with symptoms of fever, muscle or
body aches, and coughing. Especially with infants and people of poor health, or weakened
prior to the infection, influenza can lead to death. The World Health Organization (WHO)
reports of 250.000–500.000 annual deaths of influenza (WHO 2014). Annually, up to 500
million people suffer from influenza but generally recover, resulting in a total economic
burden of estimated US$ 87.1 billion (confidence interval: $47.2, $149.5) for the US in
2003 (Molinari et al. 2007).
Three types of influenza viruses are known: influenza virus A, B, and C. Influenza virus A
is the most abundant type being able to infect different hosts, like human, avian, swine, or
equine. Influenza B viruses are limited to humans, but cause less intense symptoms
compared to influenza A. The third type, influenza C, is the less abundant type causing
only mild common-cold symptoms in humans. In this thesis, focus is on influenza A virus
as the most common and for humans most dangerous type.
Through its high mutation rate and new genetic combinations influenza virus A induces
new epidemics every year. From time to time influenza viruses with high infectivity
emerge causing epidemics, or even pandemics. This is due to the ability of the virus to use
different animals as hosts. When different strains infect the same host cell simultaneously,
the virus can form new genetic combinations (termed reassortment). For example, the
outbreak of the pandemic influenza H1N1 virus in 2009 was traced back to be a reassorted
strain from avian and human origin that mixed in swine before passing to humans
(Trifonov et al. 2009; Smith et al. 2009).
The best way for protection against influenza epidemics is vaccination of the population.
The International Federation of Pharmaceutical Manufacturers & Associations calculated
the annual worldwide demand for trivalent vaccine doses to exceed 400 million (Ifpma
2013). Vaccines for human use have to fulfil strict regulatory requirements regarding
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efficacy, potency, and safety. The task of adequate vaccine supply is challenged by the
constant mutations and reassortment of the virus. Furthermore, potential pandemics can
cause short term demands for vaccine doses. Also, the costs for an influenza vaccine dose
should be affordable to improve vaccine availability even in developing countries.

2.1.1 Influenza virus A: structure and replication
The influenza virus A is part of the Orthomyxoviridae family, and is a negative-stranded
enveloped ribonucleic acid (RNA) virus (Figure 2-1). Within its lipid envelope it carries
eight gene segments which code for—to date known—15 proteins (Vasin et al. 2014).
These gene segments are present as ribonucleoprotein complexes (vRNPs), consisting of
the RNA segment that is coupled to nucleoproteins (NP) and a heterotrimeric polymerase
complex (Noda and Kawaoka 2012; Moeller et al. 2012; Zheng and Tao 2013).

Figure 2-1 Structure of an influenza virus A particle: on the outside haemagglutinin (HA) (purple)
and neuraminidase (NA) (turquoise) molecules are located. Within the virus eight vRNPs (grey) are
present. See text for details (source: bioprocess engineering group MPI Magdeburg).

In the viral envelope the proteins haemagglutinin (HA) and neuraminidase (NA) are
located. Haemagglutinin is responsible for attachment of the virus to the host cell by its
ability to bind sialic acids on host cell membranes (Luo 2012). Neuraminidase is described
to play a role in early infection and during the endocytic pathway (Matrosovich et al. 2004;
Suzuki et al. 2005; Ohuchi et al. 2006). In the later course of infection NA is responsible
for the release of virus particles from the cellular membrane (Palese and Compan 1976).
As both envelope proteins project from the surface of the virus they are the immunogenic
part of the virus and thus mainly used as antigens in classical influenza vaccines.
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To date, 18 different subtypes of HA and 11 different NA are known, according to which
classifications are made (Knipe and Howley 2013). H17N10 and H18N11 viruses were just
recently discovered in bats (Wu et al. 2014a). Most abundant are influenza viruses A types
H1N1, H3N2, and the avian H5N1 and H5N7. New virus variants also emerge in humans,
like the avian H10N8 that was reported to be responsible for death of at least one person in
December 2013 (To et al. 2014; Parry 2014; Chen et al. 2014; García-Sastre and Schmolke
2014).
Also located in the viral membrane are the virus matrix proteins 1 and 2 (M1 and M2). M1
is a capsid protein and M2 an ion channel protein responsible for proton transport into the
virus particle when the virus is internalised by endocytosis and later in the virus life cycle.
The other viral proteins are the very numerous nucleoprotein (NP), 3 polymerases, called
polymerase basic 1 (PB1), polymerase basic 2 (PB2), and polymerase acidic (PA) (forming
the heterotrimeric RNA-dependent RNA polymerase (RdRp)), the non-structural protein 1
(NS1) (Schneider and Wolff 2009), and the nuclear export protein (NEP, also termed nonstructural protein 2 (NS2)) (Paterson and Fodor 2012). Since 2001 several proteins
resulting from frameshifts of the polymerases-coding gene segments were identified: PB1F2 (Chen et al. 2001), PB1-N40 (Wise et al. 2009), PA-X (Jagger et al. 2012), and just
recently PA-N155 and PA-N182 (Muramoto et al. 2013). Additionally, M42 (Wise et al.
2012) and NS3 (Selman et al. 2012), resulting from alternative splicing of the matrix
proteins-coding gene segment 7, and the NS proteins-coding segment 8, were described.
An overview of the recently discovered proteins is given by Vasin et al. (2014).

Figure 2-2 Overview influenza virus A replication cycle (for the sake of clarity only one virus
particle containing only one vRNP is shown): upon binding the virus is internalised, the viral
genome is released into the cytoplasm and transported into the nucleus where vRNPs are
transcribed into messenger RNA and complementary RNA molecules. The former is used for
transcription into viral proteins; the latter is used for formation of new vRNPs. Finally, budding of
new virus particles takes place via the cytoplasmic membrane. See text for more details. Adapted
from Heldt et al. (2012).
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The replication cycle is schematically shown in Figure 2-2. To infect a host cell HA needs
to be cleaved into the HA1 and HA2 subunits by a protease. Afterwards, the HA protein
binds to alpha 2,3 or 2,6-linked sialic acids present on host cell membrane proteins
followed by internalisation of the virus into the cell by endocytosis. After acidification of
the endosome the virus membrane fuses with the endosomal membrane and through
uncoating the virus content is released into the cytoplasm. Within the nucleus negativestranded viral RNA ((-)vRNA) are transcribed into positive-stranded viral messenger RNA
((+)mRNA) and positive complementary RNA ((+)cRNA) molecules. The viral mRNAs
serve as templates for virus proteins using the host cell’s protein synthesis machinery. NA
and HA pass the Golgi apparatus to become glycosylated before being transported to the
host cell membrane. The (+)cRNA is transcribed again into (-)vRNA to provide RNA
segments to be complexed with several NPs and the RdRp to form vRNPs that are
transported to the cell membrane and packaged into the newly forming virus particles. To
finally release the budding virus particle neuraminidase activity is necessary to cut the
sialic acid residues that still link the virus to the host cell membrane.
As the viral RdRp lacks a proofreading function the virus is subjected to a high genetic
variability, termed antigenic drift. Due to these point mutations the antigenic epitopes
change and the virus is not easily recognised by the mammalian immune system.
Furthermore, when a cell is infected by two or more virus strains at a time, the nature of a
segmented genome allows new combinations of viral gene segments (termed reassortment)
of different virus strains, resulting in completely new virus variants (antigenic shift).
Together, both effects result in new virus strains emerging every season, potentially
causing epidemics or even pandemics. Hence, for an adequate protection of the population
the seasonal influenza vaccine is annually adapted.

2.1.2 Influenza vaccines: classical production and new
developments
Advantages and Disadvantages of egg-based vaccine production
Since the 1950s influenza vaccines are produced in a process that uses the ability of
influenza viruses A and B to replicate in the allantoic cavity of embryonated hen’s eggs.
This process is well established with a long history of success for seasonal influenza
vaccines with proved safety and efficacy and low technical hurdles. These optimised and
robust processes are able to meet the global demand of seasonal influenza vaccines (Lee
and Hu 2012).
Although this process is well established, it holds some severe drawbacks. Firstly, the
process relies on a sufficient supply with pathogen-free chicken eggs, which could be at
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risk in cases of avian influenza epidemics in chicken flocks. Furthermore, dependency on
chicken eggs reduces the process’ flexibility, as eggs cannot be produced quickly. Thus, in
case of influenza epidemics or pandemics with a high demand for supply of vaccine doses,
limitations could occur (Gerdil 2003; Partridge and Kieny 2013). Another aspect to
consider regarding egg-based processes is the increasing proportion of people developing
allergies against chicken proteins (Zeiger 2002), although a recent review disagrees with
that (Kelso 2014). Furthermore, virus isolates generated using cell culture are clinically
more relevant than the egg-derived isolates, as egg passaging favours mutations in the HA
that influence receptor-binding capacity, antigenicity, and immunogenicity of the strain
(Robertson et al. 1987; Robertson 1993). Overall, the egg-based process is very timeconsuming with vaccine producers usually starting in February and March production of
the next seasonal influenza vaccine for the northern hemisphere.

Influenza vaccine developments
Currently, seasonal influenza vaccines contain H1 and H3 antigens of two influenza virus
A and of one influenza virus B strains, termed trivalent vaccines. Typically, they contain
15 µg of HA of each strain per vaccine dose. Ongoing development is to include a second
influenza B strain in order to create quadrivalent vaccines (Reed et al. 2012; Nafziger and
Pratt 2014; Ambrose and Levin 2012). The need for quadrivalent vaccines is emphasised
by the WHO which recommends quadrivalent influenza vaccines since the beginning of
the 2013-2014 northern hemisphere influenza season (WHO 2014).
Besides the most common inactivated split or subunit influenza vaccines, other vaccine
strategies are under investigation to achieve better immune responses, especially in the
elderly (reviewed by Shaw 2012). Live attenuated influenza vaccines (LAIV) using coldadapted (ca) virus strains, for example, are considered to induce a cell-mediated immune
response. One example is FluMist® (based on the influenza virus A and B Ann Arbor
strains) by the company MedImmune that got approval for the US market by the Food and
Drug Administration (FDA) in 2003. Unfortunately, the desired broadened immune
response was only demonstrated in young people (Ohmit et al. 2006).
Other strategies include reverse genetic approaches (Suphaphiphat et al. 2010), DNAbased vaccines (Petsch et al. 2012), or immune-stimulating complexes (ISCOMs) (Sanders
et al. 2005) for vaccination. Also, virus-like particles (VLPs), as successfully generated for
different viruses in insect cells (Arif and Pavlik 2013; Fernandes et al. 2013), have been
investigated for influenza vaccine preparation. In 2013, the first trivalent influenza VLP
vaccine produced in baculovirus-infected insect cells received approval (FDA 2013).
Furthermore, researchers investigated universal vaccines (Roose et al. 2009; Du et al.
2010), by addressing conserved sequences, e.g. of the external domain of M2 (M2e) or the
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HA stalk region. Adar et al. (2009) described the use of a universal influenza vaccine
directed against six different conserved virus epitopes in order to broaden the effectiveness
against multiple influenza virus strains in mice. In addition, adjuvants like aluminium salts
or MF59 and AS03 (both based on squalene) are used to improve the immunogenicity,
prolong the exposure time of the antigen, and stimulate immunological signalling cascades
of influenza vaccines (reviewed by Tetsutani and Ishii 2012). Finally, vaccine
administration using other ways than intramuscular injection, like intradermal
administration, are hoped to increase vaccination efficiency (reviewed by Young and
Marra 2011).

2.1.3 High growth reassortant virus strains
As early as in the late 1960s so-called high growth reassortant (HGR) virus strains were
introduced (Kilbourne 1969) enabling more reliable influenza virus propagation and an
improved matching of the vaccine strain to the circulating virus strain.
As different influenza virus strains replicate with different efficiencies, the WHO proposed
high growth reassortant strains for usage in influenza vaccine production in order to
simplify the production process. The reassortment is possible due to the segmented nature
of the influenza virus genome. This enables the combination of segments of different virus
strains to be packaged into the same virus particle in cases of co-infected cells (Figure 2-3).

Figure 2-3 Scheme of influenza virus reassortment: upon co-infection with different influenza virus
strains (coloured in blue and red) gene segments can be mixed resulting in new virus variants.
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For influenza vaccines, so-called 6:2 reassortants are desired that contain influenza gene
segments 4 and 6 coding for the immune-relevant proteins HA and NA of the desired
seasonal strain and the other six gene segments of a well-characterised high titre-yielding
laboratory strain (referred to as backbone, mostly influenza virus A/Puerto Rico/8/34
(A/PR/8)) (Baez et al. 1980). Influenza HGR strains can be generated by either of the two
methods: the classical method, which is the method currently used for generation of all
seasonal influenza vaccines, uses a co-infection of two influenza virus strains in eggs
(Kilbourne et al. 1971). Afterwards, those strains with the two surface glycoproteins from
the field strain are selected. In addition to the classical method, reverse genetic approaches
can be used in which Vero cells are transfected with virus-coding plasmids to generate socalled rescued viruses (Hoffmann et al. 2002; Neumann et al. 2005; Li et al. 2013).
Currently, only viruses grown in eggs can be used as vaccine virus strains.
Because comparisons of reassorted virus strains with wild type influenza virus strains are
performed in this work, literature on this topic is reviewed in the subsequent paragraphs.
Voeten et al. (1999) determined time courses for titres of H1N1- and H3N2-based
influenza virus reassortants and their wild type background strains in MDCK-SF1 cells that
were grown in serum-free EpiSerf medium. They generated reassortants by dual infections
of A/PR/8 or A/Hong Kong/2/68 (H3N2) with three strains each and subsequent plaque
purification for the correct surface proteins. Genomic composition was analysed for the
reassortants with an A/PR/8 backbone. All nine variants had the polymerase and matrix
gene segment, and four had a complete A/PR/8 backbone. In most cases, they found higher
titres for the reassortants when infecting at MOI 1 x 10-3, 1 x 10-4, 1 x 10-5, and 1 x 10-6.
The reassortant with the complete A/PR/8 backbone and HA and NA from
A/Wuhan/359/95 showed faster infection dynamics and higher final virus titres for all four
tested MOIs compared to infections with its wild type strain, and the highest HA titre of all
tested six reassortants. However, strains with a backbone that did not contain all A/PR/8
gene segments also showed better growth characteristics than wild type strains in infection
experiments.
Another usage of reassorted influenza virus strains is the generation of virus strains for
LAIV production. For this purpose, a virus strain with a ca phenotype serves as a
backbone. Aggarwal et al. (2011) compared 25 different ca reassorted influenza virus
strains based on the live attenuated master strain A/Ann Arbor/6/60 or B/Ann Arbor/01/64
backbone. They were interested in optimisation of the LAIV production process and
performed infections at MOI 1 x 10-2, 1 x 10-3, 1 x 10-4, 1 x 10-5, and 1 x 10-6 in shake
flasks using adherent MDCK CCL-34 cells. By varying the process parameters time of
infection (toi), harvest time and MOI, they optimised LAIV propagation processes to
higher infectious virus titres and improved productivities.

2.1 Influenza virus

11

2.1.4 Defective interfering virus particles
Due to the high genetic variability and the necessity of eight gene segments to be correctly
packaged into new virions, the smallest proportion of virions released by a cell are intact
and infectious. For example, Brooke et al. (2013) described 90% of the released virus
population to be not capable of generating infectious descendants, with most produced
viruses lacking at least one essential protein. This might be caused by non-sense or lethal
mutations, an unsuccessful transcription of incoming vRNPs, internal deletions resulting in
defective interfering RNAs, or virions failing to package one or more vRNP segments. In
contrast to the latter finding Chou et al. (2012) published data suggesting influenza virus
packaging to be highly efficient.
As early as in the 1950s von Magnus described non-infectious influenza virus particles that
are not able to replicate on their own, termed von-Magnus-particles (von Magnus 1954). In
the following decades a characterisation of this heterogeneous non-infectious virus
population was performed (Marcus 1982; Ngunjiri et al. 2008; Marcus et al. 2009).
Biological active particles (BAP) were divided into non-infectious cell-killing particles
(niCKP), interferon-inducing particles, and DIPs. While DIPs need an intact helper virus to
be replicated they suppress the replication of intact particles in favour of defective
particles. In most cases, the presence of DIPs is caused by deletions in different viral gene
segments (especially the large segments 1–3 of 2233 to 2341 base pairs coding for the
polymerases) with central deletions (Nayak et al. 1985). Those shorter gene segments seem
to have an advantage in replication because of their length, as well as in packaging. Thus, a
co-infected cell will almost solely produce defective particles. In consequence, high MOI
conditions lead to a higher probability of co-infections of intact and defective virus
particles, thereby favouring the production of DIPs. As they influence the viral outcome of
infectious particles, DIPs are an important factor to be considered in influenza seed virus
generation and virus production. Especially for production of live attenuated virus strains
preventing DIP formation would be crucial. For processes aiming at a continuous virus
production, DIPs have to be considered, too. Dilution rates in such processes should be
chosen so that low MOI conditions are present most of the time to minimise DIP formation
(Frensing et al. 2013).
Defective interfering (DI) viruses are also described as a therapeutic and prophylactic drug
against influenza virus A infections (Dimmock 2007; and reviewed recently by Dimmock
and Easton 2014). Cloned DI viruses were shown to protect mice from acute influenza
diseases; however, as shown with immune-deficient mice, the adaptive immune response is
necessary to fully clear the infection (Scott et al. 2011). Eventually, also ferrets were
protected from influenza virus infections with the pandemic influenza virus
A/California/04/09 through treatment with DI virus (Dimmock et al. 2012).
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Influenza virus propagation using cell culture

In the following sections influenza virus propagation using mammalian cell culture and
important factors for this process are described. In section 2.2.1 the procedure of cell
culture-based influenza vaccine production is presented, followed by description of cell
lines used for virus propagation (section 2.2.2). Finally, the role of the enzyme trypsin for
influenza virus propagation in cell culture is explained (section 2.2.3).

2.2.1 Cell culture processes
Some disadvantages of egg-based influenza vaccine production can be overcome by using
mammalian cell culture for virus propagation instead of chicken eggs. Nowadays,
continuous cells can easily be grown in up to several thousand litres bioreactors, offering
high production capacities. For production of recombinant proteins, cell culture is used
since the 1980s, with especially Chinese hamster ovary (CHO) cells playing an important
role (Wurm 2004; Jayapal et al. 2007; Hacker et al. 2009). And also for vaccines cell
culture is a well-established system, like Vero cells for production of rabies vaccine
(Toovey 2007) or poliomyelitis vaccine (Montagnon 1989; Thomassen et al. 2014), or
PER.C6 cells for poliomyelitis vaccine (Sanders et al. 2013).
For influenza virus propagation cell culture-based processes are independent from avian
influenza epidemics and eliminate eventual problems concerning people’s intolerance
against chicken proteins. Another advantage is that the glycosylation pattern of the
produced virus is closer to the original isolate than for egg-passaged virus strains. Today’s
knowledge on the function of the human immune system suggests a different immune
response for differentially glycosylated antigens, thus, analysis of glycosylation patterns of
proteins used for vaccination is gaining importance (Vigerust and Sheperd 2007; de Vries
et al. 2012; Hütter et al. 2013).
Since the mid-1990s cell-culture techniques are used to propagate influenza virus (Merten
et al. 1996) in a five step production process (Genzel et al. 2014a) (Figure 2-4):
1. Growth of cells up to production scale bioreactor (scale-up)
2. Addition of seed virus to propagate in the cells (virus replication)
3. Separation of the virus from the cells by clarification centrifugation
4. Purification by chromatographic means (downstream processing)
5. Chemical inactivation of the virus; split up to gain only the antigenic relevant parts;
blending and filling of the final vaccine
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Figure 2-4 Scheme of a cell culture-based influenza vaccine production process using adherent or
suspension cells (modified from Genzel et al. 2014a).

Vaccines for human use are subjected to many regulations by authorities. Manufacturers
have to supply documentation of manufacturing, testing, quality, safety, and efficacy of
their product. Besides requirements for the final vaccine (e.g. less than 10 ng of cellular
DNA per human dose or not more than 100 µg of total protein per virus strain per human
dose), also cell substrates have to be free of contaminants before being approved for usage
in vaccine manufacturing. Regulations of cell substrates for human vaccine production are
reviewed by Hess et al. 2012. Furthermore, vaccine manufacturing should aim at serumfree and animal component-free processes.
To date the following cell culture-generated influenza vaccines were licenced by the
European Medicines Agency or FDA. In 2001 and 2007 two influenza vaccines for use in
human produced in MDCK cells were licensed for usage in the Netherlands and Europe:
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Influvac TC® by Solvay (Brands et al. 1999) and Optaflu® by Novartis Behring
(Doroshenko and Halperin 2009). In 2009 two pandemic influenza vaccines produced in
Vero and MDCK cells, respectively, were licenced (Celvapan® by Baxter and Celtura® by
Novartis) (Reynales et al. 2012). In November 2012 Novartis received the FDA approval
for Flucelvax®, a seasonal influenza vaccine (Chan and Tambyah 2012), and in January
2013 Protein Sciences received FDA approval for Flublok®, a VLP vaccine.

2.2.2 Cell lines for influenza vaccine production
Several cell lines are in use or considered for influenza virus propagation and are discussed
in the following sections, with special focus on adherent and suspension MDCK cell lines.
2.2.2.1 Adherent MDCK cell lines
In the 1950s, MDCK cells were isolated by Madin and Darby (1958) from kidney
epithelium of an adult cocker spaniel. Later, they were shown to be a possible substrate for
influenza virus propagation yielding high virus titres of several influenza virus strains
(Gaush and Smith 1968; Tobita 1975; Tobita et al. 1975).
Nowadays, two MDCK cell lines are most widely used and commercially available: the
MDCK CCL-34 cell line offered by the American Type Culture Collection, and the
MDCK 84121903 cell line by the European Collection of Cell Cultures (ECACC). Both
cell lines grow adherently, and can thus be cultivated in static cultivation systems like Tflasks and roller bottles up to 1.6 x 105 cells/cm2. For cultivation in stirred bioreactor
systems microcarrier beads (e.g. made of polydextran), are necessary to offer a growth
surface. To passage adherent cells and for scale-up, detachment of the cells from the
surface with proteases like trypsin is necessary. Conventionally, adherent MDCK cells are
grown in serum-containing medium (like foetal calf serum (FCS)-supplemented Glasgow’s
Minimum Essential Medium (GMEM)). Consequently, prior to influenza virus propagation
washing with phosphate buffered saline (PBS) and medium exchange to serum-free virus
maintenance medium is needed in order to enable efficient HA cleavage by trypsin.
Adherent MDCK cells yield HA titres of up to 3.3 log10 haemagglutination units
(HAU)/100 µL (up to 30000 virions/cell), and tissue culture infective dose 50 (TCID50) of
up to 2–3 x 109 infectious virus particles (IVP)/mL (1000–2000 IVP/cell) in infections
with the common laboratory influenza virus strain A/PR/8 (Genzel et al. 2010; SchulzeHorsel et al. 2009; Genzel and Reichl 2009).
Studies have shown high cell concentration to result in lower cell-specific yields in cell
culture-based virus propagation (Wood et al. 1982; Lindsay and Betenbaugh 1992; Wong
et al. 1996; Maranga et al. 2003). By using perfusion and repeated batch modes and up to
12.5 g/L microcarriers for adherent MDCK cell cultivations, Bock et al. (2011) were able
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to reach up to 1.1 x 107 cells/mL. When infecting with influenza A/PR/8 from the Robert
Koch Institute (RKI) and the National Institute for Biological Standards and Control
(NIBSC) titres of up to 3.7 log10 HAU/100 µL were obtained. Cell-specific yields were
comparable to control cultivations with low microcarrier density, thus, the so-called “highcell density effect” was avoided.
To generate energy, MDCK cells metabolise glucose via the glycolysis into pyruvate.
Normally, pyruvate enters the citric acid cycle as acetyl coenzyme A. MDCK cells,
however, reduce most of the pyruvate to form lactate. Genzel et al. (2004) determined
yield coefficient Y’lac/gluc = 1.65 during cell growth of adherent MDCK cells. Thus, 90 %
of consumed glucose was directly converted into lactate. Besides for energy generation,
MDCK cells deaminate glutamine to glutamate, forming ammonia. Afterwards, glutamate
is further metabolised via α-ketoglutarate. Genzel et al. (2004) determined Y’NH4/gln = 1.06
during cell growth of adherent MDCK cells, thus, glutamine was converted in equimolar
amounts of ammonia. This glucose and glutamine overflow-metabolism is typical for
continuous cell lines and results in formation of large amounts of lactate and ammonia.
Efforts are made to genetically optimise MDCK cells for even higher virus yields. For
example Hamamoto et al. (2013) steadily knocked down the canine equivalent to the
human interferon regulatory factor (IRF) 7 gene in MDCK cells with short hairpin RNAs.
Thereby, a 3–5-fold increased amount of viral RNA (relative to untransfected MDCK
cells) was detected in the supernatant after infection with influenza virus A/PR/8 and
A/Narita/1/2009.
Handling of adherent MDCK cells in bioreactors requires usage of microcarriers. This
facilitates cell retention and washing steps. However, for scale-up cumbersome cell
detachment steps using proteases have to be performed. This is one major disadvantage for
usage of adherent MDCK cells in production processes.
2.2.2.2 MDCK suspension cell lines
The alternatives to adherent cell lines are suspension cell lines. Cultures of suspension cell
lines can easily be scaled-up to several thousand litre volumes. Through their adaptation to
growth under serum-free medium conditions suspension cells enable a direct infection
process without washing steps. The omitting of serum improves lot-to-lot variability,
reduces costs and minimises risks of contaminations with viruses, mycoplasmas, and
prions. For those reasons adherent MDCK cell lines were adapted to growth in suspension
by several groups using different strategies.
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The company Novartis Vaccines and Diagnostics holds patents for MDCK suspension
cells (named MDCK 33016-PF) that are currently used for production of the influenza
vaccines Optaflu® and Celtura® (Doroshenko and Halperin 2009; Reynales et al. 2012).
Van Wielink et al. (2011) described the generation of a suspension MDCK cell line
(termed MDCK-SFS) using the CCL-34 adherent MDCK cell line growing in serum-free
medium. MDCK-SFS cells grew to a cell concentration of 2.2 x 106 cells/mL, with a
maximum specific growth rate of 0.029 h-1. HA titres of MOI 0.01 infections with eight
different influenza A strains of H1N1 and H5N7 subtypes ranged between 1.8 and
2.6 log10 HAU/100 µL at 72 hours post infection (hpi). TCID50 titres were 3.5 x 104
(H5N7)–6.3 x 108 (H1N1) IVP/mL at 72 hpi.
A different approach was used by Chu et al. who transfected MDCK cells with the human
siat7e gene coding for a type II membrane sialyltransferase (Chu et al. 2009; Chu et al.
2010). High siat7e expression led to reduced cell adhesion. They hypothesised that the
additional negative charges due to more sialic acids promote electrostatic repulsion and
thereby facilitate suspension growth. Four different influenza virus strains were
investigated for their yields in MDCK-siat7e cells. Their specific HA production was 20
times higher than in the parental adherent cell. The authors also performed shake flask
infections with three different influenza virus A strains and one influenza virus B strain,
namely influenza virus A/California/07/2009 X-179A (H1N1), A/Brisbane/59/2007 IVR148 (H1N1), A/Uruguay/716/2007 X-175C (H3N2), and B/Brisbane/60/2008 at MOI 0.01
to 0.25. Maximum HA titres were 1:256 (8 log2 HA/50 µL = 2.7 log10 HAU/100 µL) for
the A strains, and 1:2048 (11 log2 HA/50 µL = 3.6 log10 HAU/100 µL) for the B strain;
maximum TCID50 were between 1 x 106 and 1 x 108 IVP/mL. In perfusion cultivations
they reached between 1:512 and 1:5790 HAU/50 µL (approximately 3.0 and
3.9 log10 HAU/100 µL). Furthermore, they showed HA titres for three of the four tested
influenza virus strains to be higher in 2 L bioreactor cell cultivations compared to
propagation in chicken eggs.
Tsutsumi et al. (2006) described the adaptation of adherent MDCK cells to suspension
growth by incubation of the cells with a metalloendopeptidase purified from Streptomyces
griseus over a period of 6 months. The resulting suspended cell population was named
6 M-4 cells and shown to proliferate in an anoikis-resistant way. By clonal selection they
chose a subpopulation termed 6 M-4-TR7. In infections of 6 M-4-TR7 cells with influenza
virus A strains A/New Caledonia/20/1999 (H1N1), A/Panama/2007/1999 (H3N2), and
A/Morioka/O-68N/2000 (H3N undefined) in the presence of metalloendopeptidase, HA
titres of 64–1024 HA/50 µL (2.1 to 2.7 log10 HAU/100 µL) at MOI 0.001 or 0.002 were
obtained.
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In this work, the MDCK.SUS2 cell line was used for infection experiments with different
influenza virus A strains. This cell line was adapted to growth in suspension using the
adherent MDCK 84121903 cell line in cooperation with K. Scharfenberg of FH
Emden/Leer (Lohr et al. 2010). For this purpose, serum-containing medium was stepwise
replaced by a chemically-defined medium over a period of 10 weeks in T25-flasks (Figure
2-5). Afterwards, the suspended single cells and spheroids were transferred to a stirred
spinner flask system with the stirrer speed being stepwise increased over the passages of
10 weeks. This process generated a cell line, named MDCK.SUS1, showing a doubling
time of >50 hours (h) with a tendency to cell clogging at higher cell concentration.
Therefore, faster growing cell fractions were further passaged. Thereby, doubling times
could be reduced to 36 h. This cell line was named MDCK.SUS2.

Figure 2-5 Scheme for the adaptation process of adherent MDCK cells to growth in suspension.
For details of the adaptation process refer to Lohr et al. 2010.

Cultivations of MDCK.SUS2 cells were performed in stirred tank bioreactors and in wave
bioreactors, and infections performed with influenza virus B/Malaysia and A/PR/8,
respectively (Lohr et al. 2010). Maximum viable cell concentration reached 1.9 and
2.3 x 106 cells/mL, maximum HA titres achieved 2.75 and 2.9 log10 HAU/100 µL at 72 and
48 hpi for stirred tank and wave bioreactors, respectively. This corresponded to a cellspecific virus yield of 5000 and 7000 virions/cell. TCID50 reached its maximum of
7.6 x 108 and 1.8 x 108 IVP/mL at 60 and 36 hpi. Metabolic profiles showed glucose
uptake and lactate release for both, cell growth and infection phase, with a final lactate
concentration of 42.8 and 27.4 mmol/L, respectively. Glutamine was taken up during cell
growth and virus infection. Ammonia was released during cell growth up to concentration
of 4 mmol/L, and further increased up to 5.5 and 6.5 mmol/L by the end of infection.
MDCK.SUS2 cells differed in amino acid metabolism from the parental adherent cell line,
e.g. by consuming leucine and releasing alanine; whereas adherent MDCK cells showed a
lower uptake of leucine and an uptake of alanine (Genzel et al. 2006a). However,
MDCK.SUS2 cells were grown in a different medium than adherent MDCK cells. At this
point it cannot be answered whether those differences are caused by changes of the cells
through the adaptation process or the use of different cultivation media.
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MDCK.SUS2 cells can grow in serum-free and even protein-free medium. Thus, this cell
line can easily be scaled-up and directly infected with no need for a medium exchange.
However, like other suspension cell lines MDCK.SUS2 cells tend to cell clogging. This
can pose problems in terms of nutrient and oxygen supply. The changes in cell polarisation
that happened during adaptation have yet to be investigated. Here, the questions are
whether the cells still have an apical and basal side, and whether the virus is released over
the complete cell surface, or only over membrane parts that correspond to lipid rafts.
2.2.2.3 Other cell lines
In addition to the MDCK cell line other cell lines from different species are described to be
promising substrates for influenza virus propagation and cell culture-based vaccine
production.
Vero cells from the African green monkey are adherent cells yielding high influenza virus
titres (Govorkova et al. 1996; Kistner et al. 1998; Genzel and Reichl 2009). Like the
suspension MDCK cells, there are also suspension Vero cells described (Paillet et al. 2009)
and tested for influenza virus H1N1 propagation (Paillet et al. 2011). Compared to
adherent MDCK cells, Vero cells seem only to replicate a smaller range of influenza virus
strains (Genzel and Reichl 2009). Before usage for influenza virus replication this cell line
was already licenced for inactivated polio vaccine production. There are some Vero cell
culture-derived influenza vaccines licenced: the company Baxter acquired licences for their
Vero-derived seasonal influenza vaccine InfluJect® (in 2002), the pandemic vaccine
Celvapan® (in 2009), and for PreFluCel® (in 2010) as another seasonal influenza vaccine
(Chan and Tambyah 2012; Montomoli et al. 2012). Additionally, the prepandemic H5N1
vaccine Vepacel® was approved for usage in the EU (Plosker 2012; Keating et al. 2012).
An overview of Vero cell culture-derived vaccines is given by Barrett et al. (2013).
In 2001 Pau et al. showed the human cell line Per.C6 derived from embryonic retina and
immortalised by transfection with the adenovirus E1 minigene to be a substrate for
influenza virus propagation. The Per.C6 cell line was tested for the production of an H7N1
influenza vaccine. Cox et al. (2009) reported about a Phase I study, but found the humoral
immune response to be not sufficient to meet regulatory requirements. In another study a
recombinant influenza virus vaccine produced in Per.C6 cells induced strong serum
antibody response and protected mice from a highly pathogenic influenza H5N1 challenge
(Koudstaal et al. 2009). The company Crucell is currently aiming at bringing a Per.C6 cellderived seasonal influenza vaccine to licensure (Crucell 2014).
Other designer cell lines are AGE1.CR and AGE1.CR.pIX cells isolated from duck retina
and immortalised with adenovirus type 5 E1 genes (Sandig and Jordan 2005). These cells
were specifically designed for vaccine production and growth in serum-free medium. Lohr
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et al. (2009) described this cell line to be able to replicate influenza virus A/PR/8 to titres
of 2.1 log10 HAU/100 µL with maximum TCID50 of 1.8 x 108 IVP/mL. Thus, with this cell
line only moderate HA titres were reached, while maximum TCID50 were comparable to
other cell lines. Consequently, this cell line is especially interesting for live attenuated
influenza virus propagation. In a different study, Lohr et al. (2012) showed the ca
influenza virus H1N1 A/Singapore/1/57 ca x A/Singapore/2339/2000 to yield a maximum
of 1 x 108 IVP/mL in AGE1.CR.pIX cell bioreactor cultivations.
Relatively new cell lines are the CEVEC’s amniocyte production (CAP) cell line of human
origin. Genzel et al. (2013) showed this cell line growing in serum-free medium to be a
substrate for influenza virus replication. After seed virus adaptation of several influenza
virus strains infections in shake flask and stirred tank bioreactor systems were carried out.
Shake flask infections showed low HA titres when infected without a medium exchange at
toi. Adjustment of a 1:2 dilution at toi increased HA titres about 0.4 log10 HAU/100 µL. In
bioreactor infections CAP cells reached titres of 2.5 log10 HAU/100 µL and
7.5 x 107 IVP/mL (with a strong decrease after reaching peak titre) after direct infection
with CAP cell-adapted influenza A/PR/8 seed virus at MOI 0.025 only adding trypsin,
glucose, glutamine, and pyruvate at toi.
The company Vivalis generated a non-transformed duck embryonic stem cell line (named
EB66®) that was used for monoclonal antibody production, but also influenza virus
replication (Mehtali et al. 2006; Brown and Mehtali 2010). In March 2014 the approval for
a human pandemic influenza vaccine produced in EB66® cells by Valneva and
GlaxoSmithKline was announced (Valneva 2014).
Finally, the human embryonic kidney cell line (HEK)-293 was also shown to be a
promising substrate for influenza virus propagation. Le Ru et al. (2010) showed a
suspension HEK-293 cell line growing under serum-free conditions to replicate different
influenza virus A strains (A/PR/8, A/WS/33, A/Aichi/2/68, A/Hong Kong/8/68) as well as
influenza virus B/Lee/40. In 3 L bioreactor systems they reached 2.81 x 109 IVP/mL
(corresponding to 643 IVP/cell) and HA titre of up to 10240 HA/mL (4.01 log10 HAU/mL).
Besides these mammalian and avian cell lines also baculovirus-based vector systems in
insect cells were considered for virus protein expression as well as E. coli bacteria. An
influenza vaccine produced in a baculovirus-insect cell system, Flublok® by the company
Protein Science, was approved by the FDA in January 2014 (Cox and Hashimoto 2011;
Cox and Hollister 2009; Yang 2013; FDA 2013). Furthermore, plant cells are used in
research for influenza vaccine antigen production (Shoji et al. 2012). Main problem with
proteins produced in non-mammalian cells is the different—and in case of E. coli even
absent—glycosylation of the HA protein, which most likely will have a significant impact
on the induced immune response. Thus, analysis of glycosylation and induced immune
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response of influenza antigens produced in non-mammalian cells is of special interest.
Importantly, when comparing differentially glycosylated HA from insect and mammalian
cells, de Vries et al. (2012) found lower HA inhibition antibody titres for HA proteins
carrying terminal mannose moieties (such as those that are produced in insect cells)
compared to HA proteins with complex glycans or single N-acetylglucosamine side chains.
And HA N-glycosylation patterns of three different insect cells and the human HEK-293
cells were described by An et al. (2013) to differ quantitatively and qualitatively. Finally,
despite its missing glycosylation, E. coli-derived HA induced production of neutralising
antibodies and showed a protective activity in ferrets (Aguilar-Yáñez et al. 2010).

2.2.3 Role of trypsin for influenza virus replication in cell culture
As described in section 2.1.1, influenza virus haemagglutinin H0 needs to be cleaved into
its subunits HA1 and HA2 to be able to bind sialic acid residues on host cell membrane for
successful infection. In human and animal infections extracellular proteases in the mucosa
perform this necessary activation of HA. In cell culture systems efficient influenza virus
infection relies on external addition of a protease (Klenk et al. 1975; Kaverin and Webster
1995). For this purpose, most commonly the protease trypsin is added together with the
virus seed in cell culture influenza virus infections. Mostly, bovine and porcine pancreasderived trypsin is used for this purpose, but alternatives from non-animal origin, like
recombinant trypsin produced in bacterial, yeast, or plant cells, are described (Yee and
Blanch 1993; Pau and Uytdehaag 2003). As trypsin cleaves proteins at the carboxy side of
the amino acids lysine and arginine, it is a very unspecific protease, also described to
digest itself (Bier et al. 1956).
Bovine serum—included in most growth media—contains many proteins that impair
efficient trypsin-mediated cleavage of HA. Consequently, cell culture processes for
influenza virus propagation using serum-containing cell growth medium (like for adherent
MDCK cells) require washing steps with PBS and a change to serum-free medium prior to
seed virus and trypsin addition. Furthermore, MDCK and other cells are known to secrete
protease inhibitors (Nishiyama et al. 2008), which influence the effective trypsin activity
and usually an optimisation of the trypsin activity is necessary to achieve high virus titres.
In a direct comparison of adherent MDCK cells and Vero cells for influenza virus
production, influenza virus propagation in Vero cells in a serum-free medium process
without washing step appeared to be sensitive to trypsin activity (Genzel et al. 2010). Still,
also for infections of adherent MDCK cells in serum-free medium trypsin activity should
be optimised.
To measure trypsin activity, substrates resulting in coloured products upon hydrolysis, e.g.
N-Į-benzoyl-L-arginine ethyl ester (BAEE), are very useful (Erlanger et al. 1961).
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Thereby, trypsin activity can be determined using spectroscopic methods (Sacks et al.
1971). Alternatively, arginine-derivatives and other molecules were described to be good
artificial substrates for trypsin (Somorin et al. 1979; Kawabata et al. 1988). Importantly,
N-Į-benzoyl-DL-arginine-4-nitroanilide (BAPNA) was demonstrated to be a powerful
trypsin substrate leading to the formation of the yellow dye p-nitroaniline (pNA),
especially in presence of the chymotrypsin inhibitor tosyl phenylalanyl chloromethyl
ketone (TPCK) (Luchini et al. 1996; Tudela et al. 1986).

2.3

Apoptosis

In the following section the programmed cell death, apoptosis (section 2.3.1) is described,
as it is also induced by influenza viruses and influences infection dynamics as well as virus
yields. Finally, the connection between influenza virus and host cell apoptosis induction
(section 2.3.2) as well as methods for apoptosis detection are introduced (section 2.3.3).

2.3.1 Pathways of apoptosis induction
In the 1960s researchers realised that the dying of a cell follows a specific program
resulting in self-destruction and the term programmed cell death was introduced (reviewed
by Lockshin and Beaulaton 1974). In 1972 the term apoptosis was introduced by Kerr
et al. (1972). Morphologically, apoptotic cells are characterised by cell deformation, cell
shrinkage, nuclear condensation, and formation of so-called apoptotic bodies. Central part
of this process is a cascade of enzymes called cysteine-dependent aspartate-specific
proteases (caspases) functioning as initiators and executioners of apoptosis. Inactive
caspases are present in the cytoplasm and become activated from the zymogen procaspase
by transcatalytic cleavage to form heterodimers. Besides this caspase-dependent apoptosis
execution, there are also caspase-independent ways described in literature. Apoptosis
results in the activation of different proteolytic enzymes that lead to cleavage of DNA into
oligonucleosomal fragments (180–200 base pairs), and cleavage of substrates that
determine cytoplasm and organelle integrity (Saraste and Pulkki 2000). In humans
apoptosis plays a role in cell differentiation, disposal of infected or mutated cells as well as
in tissue homeostasis. Defects in apoptosis can result in cancer or autoimmune diseases.
Importantly, apoptosis (of non-tumour cells) is tolerogenic, i.e. non-immunogenic.
A special case of apoptosis induction resulting from the loss of survival signals transmitted
through adhesion molecules and followed by detachment of adherent cells is termed
anoikis (Frisch and Francis 1994).
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There do exist other types of cell death than apoptosis, namely (macro-)autophagy and
necrosis. However, since they are not in the scope of this work, they are not reviewed in
this section.
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Figure 2-6 Overview of apoptotic pathways: intrinsic apoptosis induction, endoplasmic reticulum
(ER)-dependent apoptosis induction and extrinsic apoptosis induction.

In the following, the three principal pathways of apoptosis induction, namely intrinsic,
extrinsic, and endoplasmic reticulum (ER)-dependent apoptosis induction are described
(Figure 2-6).
2.3.1.1 Intrinsic apoptosis induction
The intrinsic way of apoptosis induction is triggered by intracellular stimuli; key elements
are the mitochondria. Of importance is the delicate balance between pro- and antiapoptotic
factors of the B cell lymphoma 2 (Bcl-2) protein family (comprising about 20 family
members). On the one hand, growth factors enhance expression of antiapoptotic factors of
this family; on the other hand, activation of the proapoptotic molecules Bcl-2-associated X
protein (BAX) and/or Bcl-2 homologues antagonist killer (BAK) results in the destruction
of the mitochondria membrane integrity. This induces the release of cytochrome c and
other molecules from the intermembraneous space into cytoplasm. Cytochrome c, apaf-1,
adenosine triphosphate (ATP), and procaspase-9 form the so-called apoptosome. This
cleaves procaspase-9 into its active form caspase-9, which subsequently cleaves and
thereby activates effector caspases-3, -6, and -7. Those effector caspases further mediate,
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amplify and execute apoptosis events, namely: chromatin condensation (through caspase
substrates lamins), chromatin margination, DNA fragmentation, cell shrinkage,
externalisation of phosphatidylserine (PS), membrane blebbing (through caspase substrate
ROCK1), or formation of apoptotic bodies. DNA fragmentation for example is performed
by caspase-activated DNAse (CAD) through cleavage of its inhibitor ICAD by effector
caspases (Sakahira et al. 1998).
2.3.1.2 Extrinsic apoptosis induction
Besides internal triggers, apoptosis can be induced via external signals like binding of
special ligands to their receptors. Ligands can be tumour necrosis factor (TNF-α), Fas
Ligand (FasL), or TNF-related apoptosis-inducing ligand (TRAIL). Their receptors are
death receptors of the tumour-necrosis factor receptor superfamily that harbour so-called
death domains at their cytoplasmic side. Upon ligand-binding to the receptor, Fasassociated death domain (FADD) is recruited to the death domain, as well as procaspases-8
and -10 forming the death-inducing signalling complex (DISC). At the DISC, procaspase-8
is cleaved into its active form (caspase-8) that eventually directly activates effector
caspases (caspases-3, -6, -7). In some cell types additional signals from the mitochondriainduced apoptosis pathway are needed to proceed. Those activated effector caspases are
the same as in the intrinsic way, thus both ways are cross-linked.
Additionally to receptor stimulation, cytotoxic T lymphocytes (CTLs) can insert granzyme
B through perforin channels in the cell membrane into the cytoplasm. Granzyme B leads to
activation of caspase-3 and subsequent apoptosis execution.
2.3.1.3 ER-dependent apoptosis induction
The third way of apoptosis induction is ER stress (reviewed by He 2006 and Mei et al.
2013). ER stress includes misfolded and aggregated proteins, inhibition of protein
glycosylation, reduced disulphide bonds, defects in protein expression and transport to the
Golgi, and other forms of stress. Three ways of ER stress resulting in apoptosis are
described. Firstly, transcriptional induction of DNA damage-inducible transcript 3 (CHOP)
leads—amongst other effects—to down-regulation of Bcl-2. Secondly, signalling of the
IRE1, a type I transmembrane endonuclease localised in the ER membrane, results in
kinase activation and subsequent apoptosis induction. The third way for ER-dependent
apoptosis is calcium-induced activation of m-Calpain that activates caspase-12. All three
ways finally result in executioner caspases activation. Release of calcium of the ER also
contributes to increase of reactive oxygen species (ROS). A certain ROS level alters
mitochondrial membrane permeability leading to release of cytochrome c. Thereby, this
pathway is cross-linked to the mitochondrial apoptosis induction way (Oyadomari et al.
2002; Arden and Betenbaugh 2006).
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2.3.2 Influenza virus infection and apoptosis
Influenza proteins influence cellular apoptosis pathways
It is known for more than 20 years that influenza viruses induce apoptosis in host cells
(Takizawa et al. 1993). Especially, influenza virus proteins NS1, PB1-F2, and M2 are
today known to manipulate the host cell’s apoptosis pathways (Gannage et al. 2009; Zhang
et al. 2011; Krumbholz et al. 2011):
Ɣ NS1 was described to induce apoptosis (Schultz-Cherry et al. 2001) and to downregulate apoptosis (Zhirnov et al. 2002). The effect of NS1 seems to depend on other
proteins and viral replication (Herold et al. 2012). NS1 inhibits the serine/threonine
kinase PKR, thereby preventing blocking of protein synthesis (Hatada et al. 1999; Li
et al. 2006). Furthermore, NS1 activates the phosphatidylinositide 3-kinase (PI3K)
pathway (Ehrhardt et al. 2006; Ehrhardt et al. 2007; Hale et al. 2006) which results in
apoptosis-suppression.
Ɣ PB1-F2, the +1 open reading frame of the PB1 gene, functions in a strain-dependent
manner proapoptotic during later stages of the viral life cycle (Chen et al. 2001). In
influenza virus A/PR/8 infections PB1-F2 led to permeabilisation of the outer
mitochondria membrane (Zamarin et al. 2005). In addition, it was described that PB1F2 cooperates with NS1 to inhibit the host cell’s interferon response (Varga et al. 2011).
Ɣ M2 was shown to inhibit macroautophagy, resulting in an accumulation of
autophagosomes that do not fuse with lysosomes (Gannage et al. 2009).
While apoptosis of infected cells helps the organism to limit viral spread, several studies
demonstrated the influenza virus to utilise host cell apoptosis. It was shown that
overexpression of Bcl-2 resulted in decreased virus titres (Hinshaw et al. 1994; Olsen et al.
1996) as did inhibition of caspase-3 (Wurzer et al. 2003). In those cases and in case of
nuclear factor κ-light-chain-enhancer of activated B cells (NFκB) inhibition, retention of
vRNP in the nucleus was observed. Zhirnov and Klenk (2007) showed antiapoptotic
signalling to occur in early phases of influenza virus replication, but to provoke apoptosis
at late phases of infection. Thus, in the early phase of the infection virus-induced activation
of the Akt/PKB way (through NS1 binding to PI3K subunit p83) negatively regulates
proapoptotic factors (like caspases-3, -9, and Bcl-2-associated death promoter (BAD)); in
the late phase of infection virus-induced NFκB activation results in activation of
proapoptotic factors (Fas, FasL, TRAIL) enabling extrinsic apoptosis induction with
subsequent caspase activation. This possibly leads to widened nuclear pores enabling an
increased export of vRNPs from the nucleus (Herold et al. 2012).
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In vivo, the above described complex pathways are additionally influenced by immune
cells. Cellular detectors like retinoic acid-inducible gene 1 (RIG-I) result in activation of
the interferon system. In different organisms, cell death of virus-infected cells can also be
induced externally, for example by cytotoxic CD8+ T cells that detect virus antigens
presented on the host cell’s outer membrane in a perforin or Fas-dependent manner
(Topham et al. 1997). Through this mechanism further spreading of the virus is prevented.
For example, dendritic cells in the lymph node (and other immune cells) release
FasL/TRAIL, thereby activating CTLs that stimulate death receptors on virus-infected lung
cells (Legge and Braciale 2005; Langlois and Legge 2010). In addition, influenza virus
infected cells themselves express Fas, enabling detection by immune cells. In mouse
tracheal epithelial cells influenza virus infection resulted in ER stress and caspase-12mediated apoptosis (Roberson et al. 2012).

Manipulation and usage of apoptosis in cell culture
Different studies showed that in some cell culture systems manipulation of apoptosis can
be used to improve product yields. Especially in the production of recombinant proteins,
inhibition of apoptosis results in an extended productive lifetime and thereby higher
product yields. This can either be achieved by optimising media composition or by
applying genetic engineering strategies. Media supplementation can involve addition of
nutrients, but also anti-apoptotic chemicals. Suramin, insulin, transferrin, galactose,
glutamine, glycine, asparagine, threonine, or caspase inhibitors are only some examples for
additives described to be beneficial for increasing yields in CHO, Vero, or hybridoma
cultures (reviewed by Arden and Betenbaugh 2004). Genetic strategies comprise
expression of bcl-2 or bcl-xL in NS0, CHO, baby hamster kidney (BHK), and hybridoma
cells aiming at inhibiting cell death. Also, expression of catalytically inactive caspase
variants, caspase inhibitors, or mutated versions of Bcl-2 or Bcl-xL, lacking the caspase
cleavage site that prevents their conversion into proapoptotic variants were utilised for this
purpose (Sitailo et al. 2002; Jendrossek et al. 2003). NS0 myeloma fusion partner cells
overexpressing heat shock protein 70 that protects cells from stress, showed delayed
apoptosis induction and increased number of hybridoma fusions in an antibody production
system (Lasunskaia et al. 2003). The positive impact on antibody titres was described to be
a 40% increase for Bcl-2-expressing CHO cells (Tey et al. 2000) and adenoviral gene
E1B-19K-expressing hybridomas (Mercille et al. 1999; Mercille and Massie 1999).
Expression of Aven and E1B-19K genes led to increased maximum antibody titres by 40–
55% in CHO cell bioreactor cultivations (Figueroa et al. 2007), and improved survival in
recombinant factor VIII-expressing BHK cells (Nivitchangyong et al. 2007).
Above examples describing inhibition of apoptosis to positively influence product yields
were performed in recombinant protein production (Arden and Betenbaugh 2004).
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Manipulating apoptosis for higher yields in influenza virus propagation seems to be more
complex because of both, positive and negative effects of apoptosis on influenza virus
replication. An approach by Schulze-Horsel (2011) tested apoptosis inducing chemicals
(staurosporine, gossypol, and valinomycin) and apoptosis inhibitors (betaine, zinc sulphate,
and caspase inhibitors) for improving viral yields through manipulation of apoptosis.
Adherent MDCK cells were infected with influenza A/Wisconsin/67/2005-like at MOI
0.001 in 6-well plates, and two bioreactor cultivations at MOI 0.001 and 0.002. The
chemicals were added at toi in different concentration. Betaine showed a not reproducible
increase of cell-specific virus production, 10 µM gossypol led to an increase in cellspecific viral yield; however, considering the standard deviation (SD) of the biological
replicates the increase was calculated to be not significant.

2.3.3 Methods for apoptosis detection
Apoptosis can be monitored with different methods. A simple approach is detection of
apoptosis-caused DNA fragments from cell lysates using gel electrophoresis, first
described by A. H. Wyllie in 1980 (Wyllie 1980). This results in a DNA ladder pattern
with bands with size differences of about 180 base pairs—characteristic for late apoptosis.
Main advantage is the simplicity of this method. Disadvantages are the poor sensitivity
(approximately 1 x 106 cells), and the fact that only qualitative results are obtained.
Alternatively, western blot techniques can be used to identify activated caspases or
poly(adenosine diphosphate-ribose)polymerase (PARP) (which is a DNA repair-sensing
enzyme), using specific antibodies (Kaufmann et al. 1993). Similar to the detection of
DNA ladder pattern using gel electrophoresis, quantitative results are hard to achieve with
this method and no single cell results are obtained as gel electrophoresis-based methods
average results over the cell population.
The morphological changes accompanying apoptosis, like cell shrinkage or membrane
blebbing, can also be identified microscopically (Kerr et al. 1972). Disadvantage of this
method is that only a small number of cells is analysed. Thus, no information about
distribution in the cell population is gained. For a more specific method fluorescence
microscopy using antibodies directed against apoptosis-specific targets can be used. Still,
main disadvantage of microscopic methods is the small number of analysed cells.
Above mentioned methods of apoptosis measurements are only delivering qualitative
results or analyse too small cell populations. Thereby, no statistically relevant information
is obtained. Consequently, these methods are not suited for quantitative monitoring of time
courses of apoptosis in infected cell cultures and do not allow generation of data for
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quantitative mathematical modelling (as described in section 2.4.4). Thus, another assay
had to be chosen for apoptosis measurements in this work.
A more sophisticated approach for apoptosis measurements is usage of flow cytometry. It
allows analysis of cellular attributes on single-cell level, thus, avoiding averaged results
over the cell population. Through measurement of at least 10000 cells, information on cell
population level is available, as well as proportions of positive and negative cells. Another
advantage of flow cytometry is that different targets can be addressed in parallel. For
example, by staining cellular targets like virus proteins or DNA fragmentation flow
cytometry allows determination of quantitative information on infected/uninfected as well
as apoptotic/non-apoptotic cell populations. This information can be used to determine
correlations between virus-induced apoptosis and infection status of cells. In addition, the
qualitative and quantitative influence of infection parameters such as MOI on apoptosis
can be investigated and used for industrial production optimisation at a later stage.
Furthermore, these quantitative data can be used for mathematical modelling (described in
section 2.4.4). These arguments led to the decision to use flow cytometry as method of
choice for apoptosis detection in this work. Hence, flow cytometry and flow cytometric
methods for apoptosis detection are explained in more detail in section 2.4.

2.4

Flow cytometry for virus-infected host cells

In the following section the general working principle of a flow cytometer is introduced
(section 2.4.1), followed by examples for application of flow cytometry in cell cultures
infected with influenza virus (section 2.4.2). Finally, remarks on flow cytometric data
evaluation are given (section 2.4.3), and the role of flow cytometric data for mathematical
modelling is addressed (section 2.4.4).

2.4.1 Basic principle of flow cytometry
A flow cytometer analyses fluorochrome-labelled cells by excitation through a laser and
detection of the emitted light by photomultiplier tubes (PMT) (Figure 2-7). For this
purpose, antigen-specific antibodies that are conjugated to fluorophores or labelled by a
second conjugated antibody, which is directed against the fragment crystallisable (Fc)
region of the primary antibody, are used. Additionally, staining can be performed using
DNA dyes. In case of surface antigens, cells only have to be incubated with the antibody
solution. In case of intracellular targets, usually a membrane permeabilisation step with
detergents is performed to improve uptake of the antibody into the cell.
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Figure 2-7 Working principle of a flow cytometer: labelled samples are excited by a laser and emit
light to photomultiplier tubes (PMT). Through a set-up with semi-permeable mirrors several
fluorescent dyes can be analysed in parallel. FSC = forward scatter channel, SSC = side scatter
channel, FL1–4 = fluorescence light channels 1–4. Modified from Rollié (2010).

In the flow cytometer stained cells are aligned by hydrodynamic focusing through injection
of a sheath fluid stream. This single stream of particles is then passed through a 488 nm
argon ion elliptical focused laser beam that excites the fluorophore(s). The emitted light is
collected by PMTs or silicon photodiodes. Light scattered in line or in narrow angles to the
laser beam is collected in the forward scatter channel (FSC). This signal roughly
corresponds to the particle size, and can be used, e.g., for discrimination of intact cells
from cell debris. At a 90° angle the side scattered light is collected into the side scatter
channel (SSC). This signal correlates with the granularity of a cell and can be used to
distinguish, e.g., granulocytes from other lymphocytes. Through 45° positioned dichroic
mirrors light of wavelengths between 505 and 545 nm (525 nm band-pass filter (BP)) is
conducted to the fluorescence light (FL)-1 channel PMT, light of 560–590 nm (575 nm
BP) to the FL-2 channel, light of 605–635 nm (620 nm BP) to the FL-3 channel, and light
of 660–700 nm (675 nm BP) to the FL-4 channel. Through this set-up it is possible to
detect green, yellow, orange, and red light emitted from the fluorochrome independently,
meaning a simultaneous detection of four different targets.
The Epics XL flow cytometer used in this work excites stained samples with a 15 mW
argon laser (laser beam spot size: 10 ȝm high by 80 ȝm wide) and has a fluorescence
sensitivity of <1000 molecules of equivalent soluble fluorochrome (MESF). Particles of a
size from 0.5 µm to 40 µm can be analysed with a maximum measurement speed of
3300 cells/second.
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If the emission spectra of simultaneously measured fluorochrome overlap and hit the same
detector, compensation of the detected signals is necessary. For this purpose, single and
multiple stained control samples are evaluated prior to measurement of experimental
samples. Thereby, the proportion of light spilling over in the other detector channels is
determined.
For analysis, data can be displayed individually for every detector in single-parameter
histogram plots (number of events over the fluorescence intensity), or in 2D plots in which
the fluorescence signal of one channel is plotted over the fluorescence signal of another
channel. For 2D plots the most commonly used display modes are dot or contour plots.
Additionally, so-called gates or regions can be set to choose or exclude specific
subpopulations from further analysis. Generally, read-out is the proportion of positive and
negative cells in percentage. However, by usage of cell count beads it is possible to
determine absolute numbers of (positive) cells. Also calibration beads can be used to
calculate the fluorescence intensity into fluorescent molecules. Summarising, flow
cytometry is a valuable method enabling multi-parameter analyses on the single-cell level
even in a quantitative way.
Mostly used in immunology as diagnostic tool and for differentiation of various immune
cells, flow cytometry is nowadays used for many diverse applications that also include
analysis of bacteria species and VLPs.

2.4.2 Flow cytometry for measuring apoptosis and infection in
cell culture
Most common flow cytometric methods for apoptosis detection
One flow cytometric method for apoptosis detection is a caspase assay. Key step is the
addition of a fluorochrome-conjugated pan caspase inhibitor. It contains three amino acids,
including an activated caspase binding aspartate residue that is linked to a fluoro-methylketone (Bedner et al. 2000). Through formation of a thio-methyl-ketone with the cysteine
in the active site is binds irreversibly to the active site, thereby inactivating the caspase.
This inhibition prevents detection of only shortly activated caspases. Advantage of the
method is its detection of early apoptotic signals, disadvantages are concerns and doubts
regarding the specificity of the pseudo substrate and the fact that the overall fluorescence
intensity of apoptotic cells labelled with the caspase inhibitor does not reflect unique
binding to caspase active centres (Kuzelova et al. 2007; Pozarowski et al. 2003), and that
there are caspase-independent apoptosis pathways described. Also, Elmore (2007)
emphasised that caspase activation not necessarily indicates that apoptosis will occur and
that the tremendous overlap in substrate preferences of caspases affects the specificity.
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Generally, the assay should be performed with fresh, non-fixed samples to prevent
unspecific signals.
Another option is the staining of the membrane lipid PS that appears on the outer cell
membrane during apoptosis with fluorescent-labelled Annexin V in a flow cytometric
assay (van Engeland et al. 1998). It is a highly sensitive assay, however, interpretation of
Annexin V assay results might be difficult after mechanical or enzymatic treatment of the
cells (e.g. trypsin), as it influences PS flipping. Accordingly, this is a major drawback for
using the Annexin V assay in trypsin-treated influenza infection samples.
Staining of DNA fragments using the terminal deoxynucleotidyl transferase (TdT)mediated dUTP nick end labelling reaction (TUNEL) is another approach for detection of
late apoptosis with flow cytometry (Gavrieli et al. 1992). The TUNEL assay uses the
ability of the enzyme TdT to incorporate labelled deoxyuridines at 3’OH-termini of DNA
strand breaks forming polydeoxynucleotide polymers. Today’s procedures include a
fixation with (para-)formaldehyde with subsequent postfix/permeabilisation and storage in
70% ethanol (Loo 2011). This is especially advantageous for infectious samples (like
samples from influenza virus infections) as ethanol and (para-)formaldehyde inactivate the
sample which simplifies later sample treatment. Another advantage of this assay is its high
sensitivity of as few as 100 cells that can be detected. Main disadvantages are the high
costs, that it is not quantitative, and necrotic cells are potentially stained as well.
Finally, changes in scattered light by cell size and shape can be recorded with flow
cytometry without fluorescent dyes. Also, lysosome function can be measured using dyes
such as acridine orange that are acidophilic and concentrate in areas of high lysosomal and
phagocytic activity. As this is not apoptosis-specific, additional validating methods should
be performed in parallel. In addition, assays are available detecting changes in
mitochondrial membrane potential, calcium flux, or cytochrome c release (reviewed by
Christensen et al. 2013).

Apoptosis detection in influenza virus infected cell cultures
For apoptosis detection of bioreactor and small-scale cultivation samples of adherent and
suspension MDCK cells an assay was required that is usable with fixed cell samples.
Fixation directly inactivates the samples and enables a parallel staining and evaluation of
an infection experiment series. Additionally, this improves comparability between samples
from one infection experiment. Furthermore, a method was soughed that is independent of
the way of apoptosis induction, as apoptosis induced via different pathways might not be
captured with pathway-specific assays. The TUNEL assay fulfils these requirements and
was hence chosen as method of choice for apoptosis detection in this work. Additionally,
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Schulze-Horsel et al. (2009) described the non-apoptotic infected cell population
(determined with a TUNEL assay) to be the productively virus releasing population, as
with onset of apoptosis induction a drop in productivity was observed. Thus, the TUNEL
assay with its detection of late apoptotic cells is a good method to determine the time point
when an influenza infected culture becomes unproductive.
A parallel caspase assay was not performed because of the aforementioned drawbacks of
the assay. More importantly, caspases activation and DNA fragmentation correlate and
proceed in a small time window. Bedner et al. (2000) investigated parallel samples of
human leukaemia cells treated with the apoptosis-inducing agent camptothecin using a
caspases assay and the TUNEL assay. Subsequent regression plot analysis showed an
excellent correlation of the two methods. Also, the same group described detection of
PARP cleavage and DNA fragmentation to appear only with a 30 minutes (min) delay (Li
and Darzynkiewicz 2000). This is also in agreement with the finding that the full apoptosis
process from initiation to completion occurs within 2 h (Elmore 2007). When considering
samples from influenza infection experiments to be taken in several hours intervals, a
resolution of early apoptosis (with caspase assays) and late apoptosis (with TUNEL assay)
seems not feasible.
Other methods like determination of membrane integrity, PS exposure (Annexin V assay)
or dissipation of mitochondrial membrane potential cannot be used for apoptosis detection
with fixed and stored samples (Wlodkowic et al. 2011), as fixating agents (like methanol
or formaldehyde) influence the measured cellular parameters (e.g. by crosslinking or
denaturing proteins). Thus, these methods cannot be used for detection of apoptosis in
samples that were stored during infection experiments and were thus not used for apoptosis
measurements in this work.
The eventual detection of necrotic cells by a TUNEL assay is not a hindering in statements
concerning productive life span of cells in cell culture, because in cell culture systems
secondary necrosis is observed (Elmore 2007). Influenza virus infected cell cultures will
most likely become apoptotic due to the virus infection; however, without phagocytes in
the culture infected apoptotic cells undergo necrosis.

Detection of influenza virus infection in cell culture
Monitoring of influenza virus propagation with flow cytometry was performed by several
groups in different ways. Steele-Mortimer et al. (1990) measured time courses of influenza
virus C (Johannesburg/1/66) infected MDCK cells using virus-specific polyclonal serum
from infected rabbits and a second incubation with fluorescein isothiocyanate (FITC)conjugated anti-rabbit immunoglobulin G (IgG) antibody. Nichols et al. (1993) described
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an FITC-labelled NA and HA-containing influenza virus that could be detected with flow
cytometry. They analysed monocytes-macrophages having bound influenza virus and
internalised the virus. Lonsdale et al. (2003) showed usage of antibodies directed against
influenza virus A and B nucleoprotein for determination of percentage of infected cells.
They chose NP as target for infection detection as it is after M1 the most abundant
structural influenza virus protein. Furthermore, NP was described to be highly conserved
between viruses of the same type (Walls et al. 1986). Schulze-Horsel et al. (2008)
described staining of influenza virus proteins M1 and NP for detection of virus
propagation. M1-fluorescence appeared to be much lower compared to NP-fluorescence.
Consequently, in parallel stained samples discrimination of M1-positive and negative cells
was not as clear as in NP-stained samples. Thus, NP staining for influenza virus infection
detection is preferable to M1 staining.

Combining flow cytometric staining of infection and apoptosis
Additional information can be gained by combining different flow cytometric stainings. A
combination of virus protein staining and apoptosis staining enables to distinguish
uninfected and infected apoptotic cells. Chawbi et al. (2005) performed a simultaneous
staining of rotavirus-infected Caco-2 cells (MOI 10, 10 hpi) for a viral antigen and a
TUNEL assay to distinguish infected and apoptotic infected cells. However, as TUNELfluorescence was not much higher than their mock-infected control, no clear separation
between non-apoptotic and apoptotic infected cells was possible. Also, the analysis was
only conducted at one time point, thus, no information about the dynamic of apoptosis
induction upon rotavirus infection was obtained.
Double staining of virus proteins and apoptosis together with measurement of virus titres
offers valuable information to determine the time point when (productive) infected cells
become apoptotic and are lost as virus producing cells. Schulze-Horsel et al. (2009) used
parallel staining of influenza virus NP and the TUNEL assay for detection of influenza
virus propagation and virus-induced apoptosis in bioreactor infections of adherent MDCK
cells using two influenza virus A/PR/8 strains from different suppliers, the RKI and the
NIBSC, respectively. Additionally, they used the influenza virus A/Wisconsin/67/2007like reassortant strain for a bioreactor infection experiment.
In this work staining of viral NP was used in combination with a TUNEL assay to
discriminate uninfected non-apoptotic, infected non-apoptotic, apoptotic infected, and
apoptotic uninfected cell populations with flow cytometry in influenza virus infected cell
cultures.
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2.4.3 Flow cytometric gates and controls
Flow cytometric data can be analysed individually for every detection channel in form of
histograms or the information of two channels obtained from multiple staining can be
combined in 2D plots. Histograms contain the information of the population distribution
and can be analysed for type of distribution, mean, and SD. In 2D plots so-called gates or
regions can be drawn to discriminate populations with different fluorescent levels. Those
gates can be drawn in a polygonal manner, however, especially if drawn manually this
analysis holds the drawback of being very subjective, as the decision to set the barrier
strongly depends on personal estimation. A more objective way for analysis is the setting
of quadrant gates.
The most important decision in an infection staining is to distinguish negative from
positive events. The first basis for this is an optimal antibody concentration. Therefore, for
establishing a flow cytometric staining procedure, it is important to titrate the needed
amount of antibody. This guarantees optimal separation of negative and positive
populations during analysis. In immunology, Fc receptor blocking is performed during
flow cytometric surface staining to prevent unspecific antibody binding. This is possible,
because immune cells like B cells, natural killer cells, monocytes, macrophages, or
platelets express Fc receptors. Hence, for influenza virus protein staining in MDCK cells
this is not possible. The second basis for a correct decision between negative and positive
events is the right choice of control samples. In immunology an isotype control is
performed to detect background fluorescence in flow cytometric stainings, again, for
influenza virus protein staining this is not possible as MDCK cells do not express Fc
receptors.

2.4.4 Role of flow cytometric data for mathematical modelling of
influenza infection
To perform in depth analyses of biological data and to explain biological phenomena,
mathematical models are valuable tools. Several models of the dynamics of influenza
virus A on the population level as well as to understand virus kinetics were developed
(reviewed by Beauchemin and Handel 2011; Smith and Parelson 2010). These models of
influenza virus kinetics are helpful, e.g. to develop treatment strategies or to improve
epidemiological models.
Mathematical models depend on reliable data to fit the model’s parameter and to verify
model predictions. Flow cytometric data on virus infected cells and apoptotic cell
populations, with their single-cell information of at least 10000 measured cells, are very
useful for mathematical models on influenza virus kinetics in cell culture. Together with
virus titre data and cell concentration valuable information on virus propagation and virus
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spreading in the culture can be used for parameter fitting, thereby giving insights in
intracellular virus propagation and extracellular virus release.
Flow cytometric data together with cell concentration as well as infectious and total virus
titres gained in this work were used in two approaches for mathematical modelling of
influenza virus propagation and apoptosis in cell culture. One approach was deterministic
modelling of virus replication in single cells that was integrated into a model for
transmission of virus between host cells. Furthermore, population balance modelling using
population distributions gained by flow cytometric measurements was performed. Both
approaches are described in the following paragraphs.
In a first model Heldt et al. (2012) described the complete intracellular viral life cycle. One
result was that number of virus proteins and viral genomes produced and replicated in the
host cell would allow release of larger numbers of virus particles. Thus, other processes
than transcription and translation, like formation of eight gene segment-containing
complexes at the plasma membrane, transport of vRNPs to the plasma membrane, or virus
budding are potential bottlenecks. For prediction of virus yields in cell culture, however,
this single-cell model is not suited and was therefore successfully expanded for virus
spreading in cell culture. Thereby, the single-cell model is an essential component of the
model for virus spreading.
A follow-up study described the extension of the single-cell model to cell-to-cell
transmission of influenza virus in cell culture (Heldt et al. 2013). In this approach flow
cytometric data on the infection and apoptosis status of the cell population was used in
combination with data on viral RNA species. For this purpose, flow cytometric data and
infectious virus titres of influenza virus A/PR/8 RKI infections at MOI 1 x 10-4, 0.1, and 3
in adherent MDCK cells was provided from this work. These data enabled an integrated
modelling approach which links intracellular processes to the spreading of the virus
between cells. The model can predict how the inhibition of specific steps in the viral life
cycle affects virus propagation. Concretely, inhibition of viral transcription, replication,
protein synthesis, nuclear export, as well as virus assembly and virus release were found to
have strong negative effects on virus propagation. Consequently, these processes should
not be limited in cell culture-based influenza virus propagation. Furthermore, in their
simulations most cells died before the end of the virus production phase, thus indicating
that a delay of apoptosis induction might improve virus titres. Thus, the model by Heldt
et al. (2013) helped to understand virus propagation in cell culture. However, the model
was mainly intended for drug targeting and hence did not provide concrete suggestions for
improvement of influenza virus propagation in cell culture. Further studies that apply such
models aiming at increasing the number of released virions could give concrete evidences
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on how yields in cell culture-based virus propagation can be improved and that could be
validated experimentally afterwards.
Population balance modelling constitutes another approach to address the distribution
dynamics of infected cells as measured by flow cytometry. In particular, the approach of
Müller et al. (2011 and 2013) comprises three coupled distributed cell populations
(uninfected, infected, and apoptotic cells) and two lumped virus species (active and
inactive) to perform population balance modelling of virus-host cell interactions during
virus propagation in cell culture. Time courses of these populations were directly obtained
from cytometric data and provided for the modelling approach of Müller and Dürr (Müller
et al. 2011 and 2013; Dürr et al. 2012). Flow cytometric raw data had to be transformed
into adequate data forms before being handed over to the modellers:
Ɣ Single fluorescence channel information in histograms was transformed into vectors
Ɣ 2D plots of apoptosis fluorescence against infection fluorescence were transformed into
matrices
These transformations enabled further calculations in different mathematical programs
(like MATLAB®).
Above transformed flow cytometric measurements were used by T. Müller and R. Dürr to
explain characteristic dynamic phenomena like transient multimodality and the reversal of
propagation direction in a distributed modelling approach. Experimental data on 1.2 L
cultivations of adherent MDCK cells infected with influenza A/PR/8 RKI, A/PR/8 NIBSC,
and A/Wisconsin/67/2005-like at MOI 0.025 were used to determine kinetic parameters for
infection, apoptosis, and other relevant processes (Müller et al. 2011 and 2013). In
addition, Dürr et al. (2012) showed that the agreement between the model and
experimental data can be improved—especially for later time points of infection—by
considering a nonlinear dependency of the kinetic parameters on the degree of fluorescence
(internal coordinate). Currently, flow cytometric data, cell concentration, and virus titre
courses are used to improve the established model and the included assumptions in order to
perform validations and adaptations.

3

Material and Methods

In this chapter all applied methods and used materials are described. These comprise cell
culture techniques including infection experiments and seed virus adaptation. Furthermore,
analytical methods for cell concentration, virus titre, extracellular metabolite concentration,
and trypsin activity determination are described. Finally, usage of flow cytometry for
influenza virus and virus-induced apoptosis measurement is depicted. Lists of used
equipment, consumable, and chemicals are given in sections 8.1 and 8.2; a list of the used
standard operation procedures (SOPs) is given in the appendix (section 8.3).

3.1

Cell culture

In this work an adherent and a suspension MDCK cell line were cultivated in different
cultivation systems. The performed cultivation procedures are presented subsequently.
SOPs applied are summarised in section 8.3.

3.1.1 Cultivation of adherent MDCK cells
For preculture adherent MDCK cells (ECACC #84121903) were grown in GMEM
containing 2 g/L peptone and 10% foetal calf serum (Z medium) (Table 3-1 and SOP
M/02) in static T-flasks (25, 75, or 175 cm2) or roller bottles in a 5% CO2 atmosphere at
37°C. Cells were passaged weekly up to 20 passages. For this purpose, flasks were washed
twice with PBS (Table 3-2 and SOP M/01) and cells were detached after 15 min incubation
with trypsin/Ethylenediaminetetraacetic acid (EDTA) solution (Table 3-3 and SOP M/07).
The reaction was stopped by addition of at least the same volume of Z medium, and single
cells were obtained by pipetting. Cell concentration was determined in a Vi-CellTM XR cell
counter (Beckman Coulter). Finally, 7 x 104 cells/cm2 were seeded in fresh Z medium into
a new flask.
Table 3-1 Composition GMEM Z medium.
Compound
GMEM basis medium

Amount
a

890 mL

Lab-M-peptone (20%)

10 mL

Foetal calf serum

100 mL

Components were mixed under sterile conditions and stored at 4°C.
a

GMEM basis medium was prepared according to SOP M/03
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Table 3-2 Composition PBS.
Compound

Amount

NaCl

8.00 g/L

KCl

0.2 g/L

KH2PO4

0.2 g/L

Na2PO4

1.15 g/L
ad 1.0 L dH2O

Solution was autoclaved and stored at room temperature.

Table 3-3 Composition trypsin/EDTA solution (10-fold concentrated).
Compound

Amount

PBS

100 mL

Trypsin (775 Units/mg)

0.5 g

EDTA

0.2 g

The solution was sterile-filtered after mixing of the components and stored at 4°C. Single-concentrated
trypsin/EDTA solution was generated through dilution with PBS.

Table 3-4 Overview of vessels used for adherent MDCK cell cultivation.
Cultivation vessel

Working volume

Temperature via

Gas supply

Petri dishes

2 mL

Incubator

5% CO2 via membrane

T-flasks (T25, T75, T175)

10, 50, and 125 mL

Incubator

5% CO2 via membrane

Spinner flask

250 mL

Incubator

5% CO2 via membrane

1 L CellFermPro (DasGip)

1000 mL

Heater band

40% DO via dip tube

1.2 L Biostat (Sartorius)

1000 mL

Water jacket

40% DO via dip tube

5000 mL

Peltier element

Sparger

TM

5 L BiostatC

(Sartorius)

For stirred tank bioreactor cultivations 1 L DasGip, 1.2 L Biostat, or 5 L BBraun
cultivation vessels were used, all equipped with temperature, pH, stirring, and aeration
control. Prior to the start of the cultivation a two point pH calibration (pH 7.0 and 9.21)
was performed. 2.5 x 105 cells/mL from roller bottle precultures were seeded in Z medium
containing 2 g/L cytodex® 1 microcarrier. Prior to the experiment a stock solution with
40 g/L microcarriers was prepared and sterilised. Stirring was adjusted to 65 rpm,
temperature was set to 37°C, aeration to 40% dissolved oxygen (DO), and pH to 7.3. Cells
were grown to confluence or indicated adherent cell concentration. An overview of
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cultivation vessels used for infection experiments with adherent MDCK cells is given in
Table 3-4.

3.1.2 Cultivation of MDCK.SUS2 cells
MDCK.SUS2 cells obtained through a collaboration with K. Scharfenberg (FH
Emden/Leer), were grown in 100 or 250 mL vented shake flasks (with baffles) in Smif8
medium supplemented with 22.3 mmol/L NaHCO3, 106.7 mmol/L NaCl, 0.805 mmol/L
CaCl2, 0.01‰ Pluronic-F68, 0.017 mmol/L ethanolamine, 1.6 mmol/L L-glutamic acid,
and 20.3 mmol/L D-(+)-glucose (Table 3-5 and SOP M/03.3). Prior to usage, the medium
was freshly supplemented with 4 mmol/L glutamate and 4 mmol/L pyruvate (if not
indicated differently). Cells were cultivated at a temperature of 37°C in a 5% CO2
atmosphere and 180 rpm shaking. MDCK.SUS2 cells were passaged every 4 to 5 days. For
this purpose, after trypsinisation to reduce cell clogging, cell concentration was determined
in a Vi-CellTM XR. For inoculation 5 x 105 cells/mL were seeded in glutamate and
pyruvate supplemented Smif8 medium with 10% of the culture volume of the supernatant
from the previous passage (termed: conditioned medium). A list of utilised cultivation
vessels for infection experiments of MDCK.SUS2 cells is given in Table 3-6.
Table 3-5 Composition Smif8 medium.
Compound

Amount

Smif 8 powder medium

30.41 g

NaHCO3 (22.3 mmol/L)

20.00 g

NaCl (106.7 mmol/L)

62.38 g

CaCl2 (0.805 mmol/L)

1.184 g (pre-dissolved in 500 mL dH2O)

Pluronic F-68 (0.01‰)

100 mL (10% stock solution)

Ethanolamine (0.017 mmol/L)

10 µL (98% stock solution)

L-glutamic acid (1.6 mmol/L)

2.42 g

(D)-(+)-glucose (water free) (20.33 mmol/L)

36.62 g
ad 10 L dH2O

Components were mixed, sterile-filtered and stored at 4°C. Prior to usage Smif8 medium was supplemented
with 4 mmol/L glutamate and 4 mmol/L pyruvate.

For stirred tank bioreactor cultivations a 1.2 L Biostat Bplus reactor equipped with
SCADA MFCS/win software for bioreactor operation and data recording was used.
Controlled parameters were temperature, pH, stirring, and oxygen supply. Prior to
inoculation a two-point-calibration of the pH sensors was performed. MDCK.SUS2 cells
were seeded in glutamate and pyruvate supplemented Smif8 medium at 7 x 105 cells/mL
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(10% conditioned medium). Stirring was adjusted to 75 rpm, temperature was set to 37°C,
aeration to 40% DO, and pH set to 7.3.
Table 3-6 Cultivation vessels used for MDCK.SUS2 cell cultivation.
Cultivation vessel

Working Volume

Temperature via

Gas supply

1.2 L Biostat

1000 mL

Water jacket

40% DO via dip tube

Shake flask

100 mL, 250 mL

Incubator

5% CO2 via membrane

Spinner flask

250 mL

Incubator

5% CO2 via membrane

Vented reaction tube

20 mL

Incubator

5% CO2 via membrane

3.2

Infections with influenza virus A

Adherent MDCK cells and MDCK.SUS2 cells were used for infection experiments with
four different influenza virus A strains. Influenza A/PR/8 seed virus was used from two
different suppliers, the RKI in Berlin (Amp. 3138) and the NIBSC in Hertfordshire, United
Kingdom (#06/114). Furthermore, the two HGRs A/Uruguay/716/2007-like (NYMC X175c) and A/Wisconsin/67/2005-like (NYMC X-161b), both H3N2 type strains with an
A/PR/8 backbone were used for infection experiments. In Table 3-7 an overview of all
influenza seed virus preparations utilised in this work is given.
Table 3-7 Influenza A seed virus strains used in this work: virus strain, subtype, TCID50, and date
of preparation.
Influenza virus strain

Subtype

TCID50
(IVP/mL)

A/PR/8 NIBSC

H1N1

1.30 x 10

A/PR/8 NIBSC

H1N1

5.43 x 10

HA titre
(log10 HAU/100µL)

Date of
preparation

7

2.60

01.06.2006

6

2.10

16.07.2009

6

2.08

06.11.2007

8

2.80

17.02.2010

9

2.37

02.03.2011

7

2.30

05.10.2006

8

2.63

15.07.2009

7

2.45

17.12.2008

9

2.72

20.06.2012

8

2.41

30.05.2007

A/PR/8 NIBSC

H1N1

6.32 x 10

A/PR/8 NIBSC

H1N1

9.20 x 10

A/PR/8 NIBSC

H1N1

1.00 x 10

A/PR/8 RKI

H1N1

4.00 x 10

A/PR/8 RKI

H1N1

5.17 x 10

A/Uruguay/716/2007-like HGR

H3N2

9.82 x 10

A/Uruguay/716/2007-like HGR*

H3N2

1.00 x 10

A/Wisconsin/67/2005-like HGR

H3N2

2.28 x 10

All strains are adherent MDCK cell-adapted, except for A/Uruguay/716/2007-like HGR* which is MDCK.SUS2
cell-adapted.
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3.2.1 Infection of adherent MDCK cells
For T25-flasks infection experiments adherent MDCK cells were grown for 5 days until
confluence in Z medium. After washing twice with PBS, 10 mL virus maintenance
medium (Table 3-8) containing 5 units trypsin/mL and the seed virus (according to the
target MOI) was added for infection. Afterwards, samples were taken in 8–12 h intervals to
measure supernatant and adherent cell concentration. Furthermore, infection supernatant
was stored at -80°C for later virus titre determination, and aliquots of 1 x 106 cells for later
flow cytometric staining and analysis (section 3.2.3) were taken.
Table 3-8 Composition virus maintenance medium.
Compound

Amount

GMEM basis medium

990 mL

Lab-M-peptone (20%)

10 mL

Components were mixed under sterile conditions and stored at 4°C.

For infections of 3.5 cm diameter petri dishes, 1.5 x 106 cells were seeded 24 h prior to
infection. Infection was performed in a reduced volume to improve virus binding to the
cells. Therefore, seed virus and trypsin were added in a volume of 500 µL, and after an
incubation of 1 h at 37°C filled up to 2 mL. Three dishes at every sampling time point were
harvested: one for cell concentration determination, a second one for sample generation for
flow cytometric analyses (section 3.2.3), and a third for RNA measurements (performed by
C. Seitz, MPI Magdeburg, Bioprocess Engineering Group).
For infections of adherent MDCK cells in stirred systems (spinner and bioreactor), stirring
was stopped to allow settling of microcarriers. Then, carriers were washed twice with PBS
and a medium exchange to serum-free virus maintenance medium, containing
2 x 10-5 units/cell trypsin and seed virus, was performed. In time intervals from 5 to 12 h
samples were taken to cross check for the pH and to determine supernatant and adherent
cell concentration. Furthermore, culture supernatant was stored for later analysis of total
and infectious virus titres. Samples for later measurement of extracellular metabolite
concentration were incubated at 80°C for 3 min to inactivate virus. Finally, 1 x 106 cells
were fixed and stored for later flow cytometric analysis (section 3.2.3).
When adherent MDCK cells were cultivated in serum-free EpiSerf medium, no medium
exchange was performed before infection. Instead, seed virus, trypsin, and glucose at a
final concentration of 10 mmol/L were added directly to the culture broth at toi. Sample
taking and preparation for later analysis of virus titres and flow cytometric analysis of
infection status and apoptosis induction were performed as in medium exchange infections.
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3.2.2 Infection of MDCK.SUS2 cells
For shake flask infections of MDCK.SUS2 cells three different infection procedures were
used: firstly, direct infections were performed, with 5 mmol/L glucose, 1 x 10-5 units/cell
trypsin, and seed virus being directly added to the culture broth; secondly, a 1:2 dilution at
toi was performed by discarding half of the culture and replacing it with the same volume
of fresh medium containing 1 x 10-5 units/cell trypsin and the seed virus; thirdly, culture
broth was centrifuged at 300 x g for 10 min and resuspended in fresh medium containing
seed virus and 1 x 10-5 units/cell trypsin (full medium exchange).
MDCK.SUS2 cells grown in spinner flasks were infected directly with influenza A/PR/8
RKI through addition of seed virus (MOI 0.025) and 1 x 10-5 units/cell trypsin or with a
medium exchange or 1:2 dilution prior to infection at MOI 1 x 10-4.
For infection in reduced volume (increased cell and virus concentration) shake flask
cultures of MDCK.SUS2 cells were grown in Smif8 medium supplemented with 4 mmol/L
glutamate and 4 mmol/L pyruvate. Prior to infection culture broth was centrifuged and half
of the supernatant stored at 4°C. Resuspended cells were infected with influenza virus
A/PR/8 RKI at MOI 0.025. At 1 hpi the stored culture supernatant was added again to the
infected cells.
Stirred tank bioreactor infections (1 L working volume (wv)) of MDCK.SUS2 cells were
carried out either by direct infection without medium exchange or with a 1:2 dilution prior
to infection. For the direct infection, cell concentration was determined twice and the
needed volume of seed virus (calculated with the seed virus’ TCID50 to adjust the indicated
MOI) and 1 x 10-5 units/cell trypsin was calculated. Afterwards, 5 mmol/L glucose,
trypsin, and seed virus were added directly to the culture broth using a syringe via a
septum. For infections with 1:2 dilutions prior to infection, the culture broth was diluted
with the actual reactor working volume of fresh Smif8 medium containing
1 x 10-5 units/cell trypsin and the seed virus. Every 8 h samples were taken to measure pH,
cell concentration, virus titres, extracellular metabolite concentration, and to prepare cells
for later flow cytometric analysis (see subsequent section 3.2.3).

3.2.3 Sample preparation for flow cytometric analysis
For flow cytometric analysis aliquots of 1 x 106 cells were prepared. For this purpose, in
adherent cell infections supernatant and trypsinised adherent cells were pooled; in
MDCK.SUS2 cell infections a sample of the culture broth was directly taken and mixed
with a final concentration of 1% paraformaldehyde (1:2 dilution of paraformaldehyde
stock solution, Table 3-9 and SOP M/08). After incubation on ice for 30 min, cells were
pelleted and dissolved in PBS. The volume containing 1 x 106 cells was finally aliquotted
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in 4.5 mL ice cold 70% ethanol. To guarantee fast and homogeneous distribution the tubes
were vortexed during aliquotation. Until staining for flow cytometric analysis samples
were stored at -20°C.
Table 3-9 Composition 2% paraformaldehyde solution.
Compound

Amount

Paraformaldehyde

10 g

PBS

500 mL

NaOH (5 mol/L)

to solve paraformaldehyde powder

HCl (5 mol/L)

volume equivalent to used volume NaOH
adjust at pH 7.0 with HCl

After mixing PBS and paraformaldehyde NaOH was added until complete solution of the paraformaldehyde.
Afterwards, pH was adjusted to 7.0 using HCl.

Prior to measurement, negative control samples were generated by performing a mock
infection. For this purpose, a T175-flask confluently covered with adherent MDCK cells in
GMEM was washed twice with PBS. Then, a medium exchange to 100 mL virus
maintenance medium, containing 5 units/mL trypsin but no seed virus, was performed.
Mock-infected cells were incubated for 15 min at 37°C. Afterwards, supernatant was
discarded, cells were washed twice with PBS, and detached by 15 min incubation with
trypsin/EDTA solution. Trypsinisation reaction was stopped and cell concentration
determined, followed by fixation in 1% paraformaldehyde for 30 min on ice. After
centrifugation (300 x g, 6 min, 4°C) and resuspension in PBS aliquots of 1 x 106 cells in
4.5 mL ice cold 70% ethanol were stored at -20°C until further usage as control samples.
For generation of positive control samples, a confluent roller bottle with MDCK cells was
washed twice with PBS. Then, cells were infected by a medium exchange to 100 mL virus
maintenance medium containing 12.5 units/mL trypsin and 5 x 105 IVP/mL A/PR/8 seed
virus (RKI, TCID50 = 4 x 107 IVP/mL) in a volumetric infection with no MOI adjustment.
The bottle was incubated at 37°C until total supernatant cell concentration exceeded
5 x 105 cells/mL. Subsequently, the supernatant was harvested, centrifuged, and
resuspended in PBS. Cell concentration was determined, and cells were fixed in 1%
paraformaldehyde for 30 min on ice, centrifuged (300 x g, 10 min, 4°C), and resuspended
again in PBS. Finally, fixation of 1 x 106 cells each in 4.5 mL ice cold 70% ethanol and
storage at -20°C until staining was performed.

3.3 Adaptation of seed virus
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Adaptation of seed virus

In the next two subsequent sections two adaptation protocols to generate seed virus master
and working banks are described. The first protocol (section 3.3.1) was performed for all
strains used for adherent MDCK cell infections; the second protocol (section 3.3.2) was
only used for influenza A/Uruguay/716/2007-like HGR adaptation to MDCK.SUS2 cells.

3.3.1 Volume-based adaptation
Purchased virus aliquots were adapted to adherent MDCK cells as described below. First,
the lyophilised virus was dissolved in dH2O and the complete vial was used together with
500 µL trypsin (500 U/mL) to infect a T75-flask (wv: 50 mL) of confluent MDCK cells.
24 hpi 200 µL supernatant plus 500 µL trypsin were taken to infect a new T75-flask. Again
24 hpi, 200 µL supernatant and 500 µL trypsin were taken to infect a new T75-flask.
Finally, 48 hpi supernatant was harvested and aliquots were stored as virus master seed
bank. From this master seed TCID50 and HA titre were determined.
To generate a working seed of this adapted virus, a confluent grown roller bottle of MDCK
cells (wv: 250 mL) was infected with 1 mL master bank seed virus together with 2.5 mL
trypsin (500 U/mL). Harvest and aliquotation (1.8 mL) was performed 24–36 hpi, and
TCID50 and HA was determined of the stored vials. Virus master- and working seeds were
stored at -80°C.

3.3.2 Low MOI adaptation
To improve infection dynamics of the Uruguay-like HGR strain in MDCK.SUS2 cells an
adaptation of the seed virus to the cell line was performed using a low MOI adaptation
strategy (Figure 3-1). For this purpose, serial dilutions of the seed virus of 10-1, 10-2, 10-3,
and 10-4 in Smif8 medium were performed. Then, 200 µL of the dilutions were used to
infect 2 x 107 MDCK.SUS2 cells in 20 mL Smif8 medium in vented 50 mL reaction tubes.
Calculated MOI in this passage were 9.8 x 10-2 to 9.8 x 10-5. At 72 hpi, infection
supernatants were analysed for HA titre, and the two dilutions showing the highest titres
were stored in aliquots at -80°C as passage 1 (P1). The supernatant showing the highest
titre was diluted 10-2, 10-3, 10-4, and 10-5, and 200 µL were used to infect four new reaction
tubes with 2 x 107 cells (corresponding to MOI 4.2 x 10-3 to 4.2 x 10-6). 48 hpi HA titre
was checked and the two best supernatants were stored in aliquots as passage 2 (P2). The
best P2 supernatant was diluted 10-3, 10-4, 10-5, and 10-6, and used for the next passage.
This procedure was repeated for five passages in which the dilutions used for infections
were stepwise reduced down to 10-8, resulting in MOI of 7.5 x 10-5 to 7.5 x 10-8. After
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supernatants of all five passages had been collected, HA titre as well as TCID50 were
measured.
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Figure 3-1 Scheme of low MOI adaptation procedure. Four reaction tubes with 2 x 10 cells in
20 mL medium each are infected with dilutions of the seed virus for five passages (P1–P5).
Afterwards, TCID50 and HA titre of all stored samples are determined.

3.4

Analytical methods

3.4.1 Determination of cell concentration
3.4.1.1 Cell concentration of adherent MDCK cells
Supernatant cells in adherent MDCK cultivations were counted with a Vi-CellTM XR. For
static cultivations supernatant was directly measured, for microcarrier cultivations cell
suspension was filtered through a 50 µm cell mesh (Partec CellTrics®). The standard
deviation of the method was determined to be 14% (Bock et al. 2009). The measuring
program included taking of 100 photos and counting of cells with diameters between 8 and
25 µm. Through a trypan blue staining read-out was viable and total cell concentration.
For determination of adherent cell concentration 1 mL of culture sample was taken,
supernatant discarded, and settled microcarriers were washed three times with PBS.
Afterwards, 100 µL of microcarrier suspension was mixed with 100 µL trypsin/EDTA
solution in 96-well plates. After microscopic pictures at 10 x magnification for later
counting of microcarriers had been taken, the plate was incubated for 20 min at 37°C to
detach all cells from microcarriers. Finally, cell suspension was 1:2 diluted with trypan

3.4 Analytical methods

45

blue solution (Table 3-10 and SOP M/15) and counted in a Fuchs-Rosenthal chamber.
Adherent cell concentration was then calculated as the product of the number of attached
cells per microcarrier (XMC) and the number of microcarriers per mL (NMC). With
ୟୠୱ୭୪୳୲ୣ୬୳୫ୠୣ୰୭ୡୣ୪୪ୱ

XMC = ୟୠୱ୭୪୳୲ୣ୬୳୫ୠୣ୰୭୫୧ୡ୰୭ୡୟ୰୰୧ୣ୰ୱ

(1)

and
NMC = 8000 microcarriers/mL. Adherent cell concentration of every sample was
determined three times using three wells in parallel.
Table 3-10 Composition 1% trypan blue solution.
Compound

Amount

Trypan blue

10 g

NaCl

18 g
ad 1000 mL dH2O

Components were mixed, sterile-filtered and stored at room temperature. Prior to usage stock solution was
diluted 1:2.

3.4.1.2 Cell concentration of MDCK.SUS2 cells
For MDCK.SUS2 cell concentration determination a Vi-CellTM XR was used. Prior to cell
counting samples were treated as follows: 1 mL of cell suspension was centrifuged at
600 x g for 1 min at room temperature. From the supernatant 950 µL were discarded, and
the cell pellet was resuspended in 450 µL of trypsin/EDTA solution. After incubation for
10 min at 37°C, trypsinisation was stopped through addition of 500 µL of FCS. Finally, the
cell suspension was homogenised by intensive pipetting and inserted into the Vi-CellTM
XR for cell concentration determination. The measuring programs included taking of 100
photos and detection of cells with diameters between 7 and 50 µm. Through a trypan blue
staining read-out was viable and total cell concentration.

3.4.2 HA assay
For measurement of HA content as total virus titre, an HA assay was performed according
to Kalbfuss et al. (2008) (SOP V/05): 1:2 serial dilutions of infection supernatants in 96well plates were mixed with 100 µL erythrocytes solution (adjusted to 2 x 107 ±
0.1 x 107 cells/mL). After 3 h incubation at room temperature haemagglutination was
checked by absorbance measurement at 700 nm using a Tecan plate reader. Sigmoid fitting
of the absorbance over the negative decimal logarithm of the dilution was then used to
calculate log10 HAU/100 µL. This read-out can be used to estimate numbers of virions/mL
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assuming the ratio virus particles/erythrocytes is one at the highest dilutions showing
haemagglutination by:
concvirus = concerythrocytes x 10 log10 HAU/100 µL value.

(2)

The limit of detection is 0.15 log10 HAU/100 µL and the standard deviation is
0.03 log10 HAU/100 µL which is the dilution error. For calculation of cell-specific total
virus yield maximum HA titre was divided by the overall maximum cell concentration.

3.4.3 50% Tissue Culture Infectious Dose (TCID50)
For determination of infectious virus concentration a TCID50 assay was used (performed
according to SOP V/08). Briefly, 1:10 serial dilutions of medium supernatant were used to
infect adherent MDCK cells in 96-well plates. One plate per sample was used to perform
an 8-fold determination. After 2 days incubation at 37°C cells were fixed with
paraformaldehyde and staining of viral HA was performed using a monoclonal antibody
and a secondary Alexa-Fluor488-labelled antibody. Fluorescence was analysed
microscopically at 10-fold magnification, checking for the dilution showing only one
positive event. Calculation of IVP/mL was then performed according to the method of
Spearman and Kärber (Mahy and Kangro 1996):
log(virus 100%) + 0.5 – (cumulative 100%/number of tests per dilution)
= log virions/100 µL

(3)

with “log(virus 100%)” being the dilution showing 100% positive wells, “cumulative
100%” being the number of positive wells, and “number of tests per dilution” being eight
(as one 96-well plate was used for each sample).
Cell-specific yields of IVP were calculated as the ratio of TCID50 to maximum cell
concentration.
Percentage of IVP was calculated by:
% IVP = 100 / (HA in virions/mL) x (TCID50 in IVP/mL).

(4)

3.4.4 Metabolite concentration
Extracellular metabolite concentration of glucose, lactate, ammonia, glutamate, and
glutamine in culture supernatants were determined with a BioProfile® Plus. With every set
of samples, standards in three concentrations of all metabolites were measured, and this
standard curve was used to correct measured values. Samples and standards were measured
randomised to prevent an influence on metabolite determination in case of a systemic drift
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of the sensors. Relative standard deviations and validated measuring ranges are given in
Table 3-11. If measured values exceeded the indicated validated ranges, dilutions were
prepared and samples were measured again.
Table 3-11 Validated measuring ranges, standard deviations of the method, and limits of
quantitation for the BioProfile® Plus. In cases of homogeneous variances absolute standard
deviation in mmol/L is given; for inhomogeneous variances relative standard deviations in
percentage is given.
Glucose

Lactate

Ammonia

Glutamine

Glutamate

Validated measuring
range (mmol/L)

1.11–41.08

2.22–33.40

0.20–5.20

0.20–2.60

0.20–2.60

Standard
deviation

0.39 mmol/L

0.30 mmol/L

4.54%

Limit of quantitation
(mmol/L)

3.91

2.98

0.15

a

a

homogeneous variances

b

inhomogeneous variances

a

b

12.81%
0.82

b

a

0.02 mmol/L
0.29

Based on determined extracellular concentration of glucose and lactate the yield coefficient
Y’lac/gluc was calculated as the ratio of amount produced lactate and consumed glucose. The
same calculation was performed to determine the ammonia yield coefficient from
glutamine (Y’NH4/gln).

3.4.5 Trypsin activity
Trypsin activity of infection supernatants and stock solutions used for infection were
determined using the trypsin activity colorimetric assay kit (BioVision) according to the
manufacturer’s instructions. Briefly, 5 µL sample was mixed with 45 µL assay buffer and
1 µL chymotrypsin inhibitor in 96-well plates and incubated for 10 min. Afterwards, 50 µL
reaction mix containing 48 µL assay buffer and 2 µL substrate were added, quickly mixed,
and absorbance measured at 405 nm in 20 min intervals in a Tecan plate reader. In parallel,
a pNA standard curve was generated by filling up 0, 2, 4, 6, 8, and 10 µL of pNA stock
solution to 50 µL with assay buffer. Calculation of trypsin activity was performed by


ATry = ο୲୶ x FD

(5)

with ATry being trypsin activity in pNA mU/mL, B the pNA content in nmol generated
with the standard curve, ¨t the time difference between the measurements in min, V the
volume of sample added in mL, and FD the dilution factor if samples were diluted prior to
activity measurements.
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With
1 pNA Unit = 312 BAEE Units

(6)

the read-out pNA U/mL could be converted into the more common BAEE U/mL.

3.4.6 Flow cytometric staining
Flow cytometry was used to investigate infection status of influenza virus infected cells
with a FITC-labelled anti-NP antibody (AbD Serotec, #MCA400) in parallel to apoptosis
detection with the in situ cell death detection kit (Roche, tetramethylrhodamine (tmr) redlabelled). The latter is based on addition of deoxyribonucleotides through the enzyme TdT
to open 3’ OH-ends, a hallmark of late apoptosis-induced DNA fragmentation.
For a flow cytometric double staining with FITC-labelled anti-NP antibody and the
TUNEL assay, collected samples of infection courses (stored at -20°C) containing 1 x 106
cells were pelleted at 300 x g at 4°C for 10 min and washed twice with FACS washing
buffer (Table 3-12 and SOP M/12). Then, cell pellets were permeabilised by 2 min
incubation with 100 µL permeabilisation buffer (Table 3-13) on ice. After two subsequent
washing steps, 50 µL TUNEL reaction mix containing 45 µL labelling solution and 5 µL
TdT enzyme solution were added per sample. After 60 min incubation at 37°C samples
were washed twice with FACS washing buffer (Table 3-12). 25 µL NP antibody solution
was added and again incubated for 60 min at 37°C. After a final washing step with FACS
washing buffer samples were suspended in 500 µL FACS washing buffer.
In addition to infection experiment samples, control samples to adjust compensation
settings for the flow cytometric analysis were treated as follows. For an apoptosis positive
control sample a previously generated mock-infected sample was treated with the nuclease
benzonase for 10 min in a benzonase-mix (Table 3-14) containing 98 µL 4-(2hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (Table 3-15), 1 µL
benzonase, and 1 µL CaCl2 on ice. This created DNA fragments that resulted in a positive
signal when analysed with the TUNEL assay. As a negative control a mock sample was
stained with the reaction mix without enzyme addition (labelling solution without TdT
addition) in order to detect the fluorescence background caused by the fluorescent
nucleotides. For infection positive control samples a roller bottle was infected and
supernatant cells (assumed all being infected) were stored in aliquots and single stained for
NP. Because, as mentioned above, no isotype control can be performed when staining
MDCK cells for influenza virus infection, unstained samples of infected cells were taken
as negative controls.
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Measurements were performed with an EpicsXLTM flow cytometer equipped with
ExpoTM32 acquisition software, using a 488 nm argon laser for excitation and FL1 (505 to
545 nm) and FL3 (605 to 635 nm) channels for detection of the emitted FITC and tmr red
fluorescence. Prior to measurement of infection experiment samples, compensation
settings were adjusted using the four single stained control samples.
Table 3-12 Composition washing buffer for flow cytometric staining.
Compound

Amount

Glycine

10 g

Bovine serum albumin (BSA)

0.5 g
ad 500 mL PBS

Components were mixed, sterile-filtered and stored at 4°C.

Table 3-13 Composition permeabilisation buffer.
Compound

Amount

Triton X-100 (0.1%)

0.5 mL of 10% stock

Sodium citrate dihydrate (0.1%)

50 mg
ad 50 mL dH2O

Components were mixed, sterile-filtered and stored at 4°C.

Table 3-14 Composition benzonase solution used for generation of DNA strand breaks for positive
control samples in TUNEL assay.
Compound

Amount

Benzonase (3.5 units/µL)

1 µL

HEPES buffer

98 µL

MgCl2 (2 mmol/L)

1 µL from 200 mmol/L stock

Table 3-15 Composition HEPES buffer used for preparation of benzonase solution.
Compound

Amount

HEPES (20 mmol/L)

476.6 mg

NaOH pellets

900 mg

NaCl

2922 mg
ad 1 L dH2O

Components were mixed, sterile-filtered and stored at 4°C.
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3.4.7 Flow cytometric analysis
To check the correct optical alignment and fluidic stability of the flow cytometer, FlowCheckTM Fluorospheres (Beckman Coulter) were used in a weekly routine. These beads are
labelled with different dyes, whose emission ranges from 525 nm to 700 nm when excited
at 488 nm. Half-peak coefficient of variation values for Flow-CheckTM fluorospheres of
less than 2% for forward scattered light and FL1–FL4 confirm proper working of the flow
cytometer.
Flow cytometric list mode data files were analysed in different manners using FlowJo
(Treestar Inc.) and ExpoTM32 (Beckman Coulter) evaluation software. Firstly, monomeric
cells were gated by checking scatter versus auxiliary signal/peak height to area ratio. Those
gated cells were plotted as histogram plots (TUNEL-fluorescence and NP-fluorescence,
respectively) as well as 2D dot plots (TUNEL-fluorescence over NP-fluorescence). The
sample taken directly after infection (0 hpi) was then used to set gates for infection and
apoptosis. In particular, gates for uninfected/infected and non-apoptotic/apoptotic cell
populations were set to obtain a 1% false-positive signal.
Flow cytometric staining of influenza virus showed background fluorescence, meaning that
already the 0 hpi sample showed some low fluorescence intensity. Still, the staining
worked properly, as during the infection a population of bright fluorescent cells could be
detected. The analysis with individually set gates was compared to the analysis using
quadrants, but manual polygonal regions appeared to be subjective and population
percentage was much lower than expected. For these reasons, for analysis of stainings a
quadrant analysis was used with setting of the barrier between negative and positive events
using the 0 hpi sample (with 1% false-positive). For experiments in which cells were
infected without a medium exchange prior to infection a substantial apoptotic uninfected
cell population was present 0 hpi. For those data sets no 1% false positive gate for
apoptotic cells could be set. Instead, the barrier between non-apoptotic and apoptotic cells
was manually set in the minimum between the two populations.
For experimental data used for subsequent stochastic modelling, QuantumTM FITC-5
MESF High Level calibration beads (Bangs Laboratories) were measured twice together
with infection experiment samples. These beads contain distinct MESF units that can be
calibrated to resulting fluorescence intensities. Thereby, MESF units can be calculated
from fluorescence intensities of experimental samples. For this purpose, a standard
calibration curve was generated by plotting the MESF versus median fluorescence
intensities for beads with known MESF values. Linear regression delivers the calibration
curve equation in which measured fluorescence intensities of unknown samples can be
inserted to calculate the according MESF unit value. An example of such a calibration
curve generated with the QuantumTM FITC-5 MESF beads measured twice in an
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EpicsXLTM flow cytometer is shown in Figure 3-2. As can be seen from the figure, the
calibration can be reproduced very well and the linear relationship holds true for the whole
fluorescence range of the beads.
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Figure 3-2 Example of a standard calibration curve generated with Quantum FITC MESF beads
to enable a quantitative usage of infection data for population balance modelling approaches.

4

Results and discussion

In the following chapter remarks on statistical data analysis of cell culture infection
experiments are made (section 4.1) followed by investigations on control samples for flow
cytometric measurements (section 4.2). Afterwards, results from infection experiments of
adherent MDCK cells in different cultivation vessels are shown and discussed (sections
4.3–4.5) as well as MDCK.SUS2 cells tested for influenza virus propagation (section 4.6).

4.1

Statistical data analysis

There are many reasons for variations in repeated biological experiments, especially when
working with cell cultures. Loewer and Lahav (2011) reviewed reasons for non-genetic
heterogeneity, like stochastic fluctuation of cellular components, cellular states, and the
microenvironment. In literature there are also several approaches to describe biological
noise quantitatively. Arriaga (2009) summarised these ways to determine intrinsic and
extrinsic biological noise by single-cell techniques (like time lapse microscopy and flow
cytometry). Snijder et al. (2009) soughed for explanations for the origin of heterogeneity
pattern of cellular activities in adherent cell populations. For infections with rota virus,
dengue virus, mouse hepatitis virus, and simian virus 40 they found many processes within
one cell population to be heterogeneous: much of the variation in virus infection,
endocytosis, and lipid composition of the cell surface is determined by the cell’s
population context, especially population size, local cell density, and cell islet edges.
Snijder and Pelkmans (2011) emphasised moreover that cell-to-cell variability in cellular
activities is the consequence of complex and robust regulatory networks from the cell
population context.
Besides biological noise, experiment errors (like measuring errors) also contribute to
variations in experiment repetitions. Especially, experimental conditions like different
passages of cells, different batches of medium, pipetting errors, and other experimental
errors result in variations between repeated experiments. However, variations like time
delays observed in repeated infection experiments performed in this work were too large to
be solely caused by measuring errors. Instead, reasons for inhomogeneity are more likely
different passages of cells, different lots of medium, error in TCID50 of seed virus, and
pipetting errors (especially at very low MOI).
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4.1.1 Variations in infection experiments and statistical data
analysis for data sets in this thesis
For experiment repetitions performed in this work especially differences in the onset of
infection (increase in HA, TCID50, and NP positive cells) were observed (an example is
shown in Figure 4-1). In the following the handling of such data sets is demonstrated.
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Figure 4-1 Mean versus median of uninfected non-apoptotic cells determined with flow cytometry.
Courses of three times repeated bioreactor cultivation of MDCK.SUS2 cells infected with influenza
-5
virus A/PR/8 from RKI at MOI 1 x 10 . Open symbols indicate single courses of uninfected nonapoptotic cells determined with flow cytometry. Filled symbols are calculated mean and SD (a) and
median and median absolute deviation (MAD) (b).

In Figure 4-1 one example of the uninfected cell population as measure for progress of
infection in a three times independently repeated infection of adherent MDCK cells in a
stirred tank bioreactor system is shown. Usually, for such data sets calculation of mean and
SD with subsequent t-test for determination of significance to other experiments is
performed (Figure 4-1a). Importantly, a requirement for performance of a t-test is data sets
to be normally distributed and to have homogeneous variances. Especially for small
sample sizes, fulfilment of the constraints is very important (Rudolf and Kuhlisch 2008).
Thus, in a first step, normality of example data was assessed via Kolmogorov-Smirnov
test, while homogeneity of variances was tested with a Levene’s test (both performed with
MATLAB® 2012 software (MathWorks)). A level of significance α = 0.05 was chosen,
corresponding to an allowed maximum probability of error of 5%. Calculated p-values for
a three times repeated bioreactor cultivation of adherent MDCK cells with subsequent
infection with influenza virus A/PR/8 are shown in Table 4-1. At significance level α =
5%, normality and homogeneity of variances for most of the time points have to be
rejected. Similar results were obtained for the same analysis of a three times repeated
infection experiment of MDCK.SUS2 cells in bioreactors and shake flasks comparing
different culture conditions (data not shown).
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Table 4-1 p-values of virus titre and cell population data from bioreactor infections of adherent
MDCK cells: three independent replicates were tested for null hypotheses that normal distribution
and homogeneity of variances are given (α = 0.05). Numbers in red indicate p < α, thus, rejection
of the null hypothesis; numbers in green mark p > α, thus, acceptance of the null hypothesis.

Test for normality

p-values for

hpi

HA titre

0

3.33 x 10

8

3.33 x 10

19

3.33 x 10

-1

n.a.

-4.44 x 10

-1

n.a.

-4.44 x 10

-1

-4.44 x 10

-6

-4.44 x 10

1.30 x 10

35

5.80 x 10

51

-6

2.70 x 10

-7

4.70 x 10

Test for
homogeneity of
variances

-4.44 x 10

-16

-4.44 x 10

-4.44 x 10

6.70 x 10

4.74 x 10

-16

-4.44 x 10

-16

-4.44 x 10

-16

-6.66 x 10

-16

-6.66 x 10
-1.11 x 10

-16
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The consequence of this violation of parametric tests’ constraints was refusal of presenting
mean and SD for repeated data sets and using a t-test for determination of significance.
Instead, non-parametric methods were used for analysis of independently repeated data
sets. Examples are the Wilcoxon or Friedmann test. These tests compare rank series and do
not require to assume a specific distribution of the data set. Additionally, these tests are
resilient to outliers and are more suitable for small sample sizes (Rudolf and Kuhlisch
2008).
When the distribution condition is violated the median is better in reflecting the central
tendency of data sets than the mean. The median plus MAD as statistical dispersion
correspond to the rank based character of non-parametric tests.
For these reasons, median and MAD were used to present three times performed bioreactor
and shake flask infection experiments in this work (Figure 4-1b). Testing for statistical
significance was not performed, as with sample size n = 3 the according non-parametric
tests are of too limited power.
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4.1.2 Discussion
Usually in biological sciences calculation and presentation of mean and SD for repeated
data sets is performed. However, in cases of shown timely shifted infection dynamics this
will not only result in huge error bars, but also in mis-interpretation when constraints for
the data’s distribution of parametric tests are not fulfilled.
Filip et al. (2013) evaluated cells from chronic lymphocytic leukaemia patients regarding
cell viability and apoptosis in co-culture experiments with other cells and anti-leukaemia
drugs. They used presentation of median and MAD for flow cytometric data on cell
viability and apoptosis after testing for normality with a Shapiro-Wilk test. To evaluate
statistical significance of differences between dependent samples they used the Wilcoxon
matched pair test, and for independent samples the Mann-Whitney U test. Before, median
and MAD were used by Seitz et al. (2012) for gene expression data, after testing for
normality and homogeneity of variances were negative. Disadvantage of calculating
median and MAD is the loss of information about extreme values. Also, non-parametric
methods are not recommended in case the requirements for parametric tests are fulfilled
(Rudolf and Kuhlisch 2008).
Performance of a normalisation of data sets—as method to reduce variances in data
repetitions—is not suitable for comparisons performed in this work. But a ratio apoptotic
infected/infected cells determined with flow cytometry was performed in order to ease the
comparison of apoptosis induction and presence of apoptotic cells between infection
studies using different influenza virus strains, different cells, or different cultivation
conditions. The alternative to show representative runs is avoided when possible, as the
information on the variance is lost. For data sets of T25-flask infection studies that had
been repeated three times representative runs are shown, as due to variations in sampling
points no calculation of median and MAD was possible.
Summarising, testing of normality and homogeneity of variances of example data sets from
this work showed that usage of parametric methods (like calculation of mean, SD, and ttest) is not correct for these data sets. Instead, non-parametric methods that are independent
of the data set’s distribution are the correct way to present data sets of repeated infection
experiments that are not normally distributed with non-homogeneous variances. In cases of
small sample sizes like n = 3 they react less on extreme values and help to better identify
trends. Thus, for presentation of three times repeated experiments median and MAD are
used. Non-parametric tests for significance for n = 3 do not deliver reliable results and
were therefore omitted.

56

4.2

4 Results and discussion

Investigation of flow cytometric control samples

As control samples are of great importance for a correct interpretation of results from flow
cytometric measurements, in this chapter studies regarding controls for influenza virus
staining and differentiation between cell populations are presented (section 4.2.1). In
addition, under certain conditions fluorescence intensity distributions shifted, which is
presented in section 4.2.2. Finally, in section 4.2.3 results are discussed.

4.2.1 Decision between uninfected and infected cell populations
In flow cytometric measurements control samples determine the validity of the recorded
data. In this work, a FITC-labelled antibody against influenza virus NP was used to follow
virus propagation using flow cytometry. For setting the infection gate NP-stained mockinfected, unstained infected, and NP-stained 0 hpi samples were tested for their FL1fluorescence (Figure 4-2). Through the overlay of several histograms in one diagram no
cell counts on the y-axis are given in Figure 4-2 to Figure 4-4.

FL1-fluorescence
Figure 4-2 Comparison of histograms of FL1-fluorescence of potential samples for setting the
infection gate. NP-stained 0 hpi infection samples (red curve), NP-stained mock-infected samples
(blue curve), and unstained infected samples (grey curve) of adherent MDCK cells. The vertical line
indicates 1% false-positive gate for the NP-stained control samples. Through the overlay of
histogram distributions a normalisation of the distribution height is performed by the software, thus,
no count values can be given on the y-axis.

Unstained samples showed median fluorescence intensities too low to use them for the
gating procedure. In contrast, there is a relatively high background fluorescence of the
intracellular NP staining. NP-stained mock-infected samples showed the same upper limit
in FL1-fluorescence as NP-stained infected 0 hpi samples (Figure 4-2). Thus, mock-

4.2 Investigation of flow cytometric control samples

57

infected and infected 0 hpi samples are equally suitable for setting the upper limit of
background fluorescence.
The option of always performing parallel mock infections and using these samples to set
the infection gate was discarded as the samples showed a constant background
fluorescence over the infection phase (Figure 4-4). Manual polygonal gates are very
dependent on the analysing person; therefore, quadrant evaluation of 2D flow cytometric
data was preferred. Consequently, for analysis of infection time series shown in this work
NP-stained 0 hpi samples were used to set a 1% false-positive infection gate (black vertical
line, Figure 4-2) and gates were kept constant during evaluation of infection series
samples.

4.2.2 Shifting cell populations
Depending on the influenza virus strain and the MOI used for infection, a shift in
fluorescence intensities of uninfected and infected cell populations was sometimes
observed in late infection. One extreme example is shown in Figure 4-3. At 32 hpi the
population becomes bimodal, with a second FL1-fluorescence peak additionally to the
uninfected low FL1 peak. This is most likely caused by cells that have just started to
accumulate virus protein. At 52 hpi this infected cell population shifts to higher FL1fluorescence intensities when virus replication has progressed.

FL1-fluorescence
Figure 4-3 Example of shifts in FL1-fluorescence intensities of uninfected and infected cell
populations of MDCK cells infected with influenza virus A/PR/8 RKI at MOI 0.016. Red curve: 0 hpi,
green curve: 32 hpi, violet curve: 52 hpi. The black vertical line indicates the 1% false-positive gate
set with the 0 hpi sample. Through the overlay of several histogram distributions no cell count can
be given on the y-axis.

To clarify whether the shifting of the low FL1-fluorescence population was caused by the
virus or the cells, autofluorescence of unstained infected cells was measured up to 72 hpi.
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Furthermore, NP-stained mock-infected samples were measured for up to 72 hpi to exclude
shifting in fluorescence being caused by the medium exchange performed at toi.
Time series of unstained samples showed only a very minor shift in fluorescence at very
late time points in infection (Figure 4-4a), probably due to the higher proportion of
apoptotic cells present late in infection. NP-stained mock-infected samples showed no shift
of their upper fluorescence limit over 72 h (Figure 4-4b). Thus, the observed shift in NPfluorescence of the uninfected population during infection is not caused by a changing
auto- or background fluorescence of the cells. The data show that the fluorescence shift
must be caused by the virus itself, e.g. through absorption of virus particles to the cell
surface or virions released into the cytoplasm.
For these reasons, the gate between uninfected and infected samples (set with the 0 hpi
infected NP-stained sample) was kept constant for all sampling time points during analysis
of infection time series. This is also in agreement with gating procedures in evaluation of
immunologic flow cytometric data, and with previous flow cytometric detection of
influenza virus infection (Nichols et al. 1993).
(a)

(b)

FL1-fluorescence

FL1-fluorescence

Figure 4-4 Histogram distributions of NP-fluorescence intensities of (a) unstained infected samples
and (b) NP-stained mock-infected samples of adherent MDCK cells. Analysed time points: 0 (red),
8 (orange), 16 (yellow), 24 (light green), 32 (dark green), 40 (light blue), 52 (dark blue), and 72
(violet) hpi. The black vertical line indicates the 1% false-positive gate. Through the overlay of
several histogram distributions no absolute count values on the y-axis can be given.

4.2.3 Discussion
Shifts in histogram fluorescence intensities are not an unusual observation. In fact, there
are several studies described in literature that make use of shifts in fluorescence intensities
in order to address various questions.
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Wu et al. (2014b) used a proteinase K assay to investigate whether selected FITC-labelled
DNA aptamers interact with certain surface proteins on a glioma cell line overexpressing
an epidermal growth factor receptor. As the digestion time with proteinase K increases, a
decrease in fluorescence signal intensity occurred reflecting the decreasing interaction
between the aptamer and the surface protein.
Ikeda et al. (2000) used decreasing fluorescence intensity as a measure for a murine
leukaemia virus binding to a glycoprotein at the surface of different murine cell lines in
dependency of temperature: an increase from 4°C to 37°C resulted probably in a
conformational change of the glycoprotein resulting in a loss in fluorescence from the cellglycoprotein-labelled antibody complex.
Liu et al. (2007) investigated the effect of Flex-Het drugs on mitochondrial swelling and
membrane integrity in ovarian cancer cells and non-cancerous cells. Therefore, they used
the cationic dye JC-1 that accumulates in mitochondria to form aggregates. In case of a
loss of mitochondrial membrane integrity or potential, a shift in fluorescence was
monitored over drug treatment time.
The uptake of FITC-labelled dextran as a model for antigen uptake by dendritic cells was
used by Porter et al. (2007). Monitoring the increase in mean fluorescence intensity they
performed a quantitation of the time-dependent functional uptake of FITC-dextran up to
90 min.
The ability of a receptor at the surface of cells to be internalised was measured as a
decrease in fluorescence intensity in a flow cytometer (Gavina et al. 2010). Rat leukaemia
cells transfected with a HA-tagged receptor for the formyl-methionine-leucinephenylalanine (fMLP) peptide were stimulated with fMLP peptide and stained with an
anti-HA antibody and a secondary fluorescent-labelled goat-anti-mouse antibody. The
decrease in fluorescence intensities was monitored at three time points up to 30 min.
Steele-Mortimer et al. (1990) evaluated time series of MDCK cells infected with influenza
C/Johannesburg/1/66 using flow cytometry up to 72 hpi. Therefore, they incubated cells
with virus-specific polyclonal serum followed by incubation with a FITC-labelled
secondary antibody. Percentage of infected cells reached a maximum around 30 hpi and
decreased afterwards. However, as the authors do not provide histograms it cannot be
decided if a shift in fluorescence intensity might be responsible for the decrease in
percentage of positive cells.
Finally, Nichols et al. (1993) distinguished internalised from bound FITC-labelled
influenza virus A/AA/Marton/43 (H1N1) in monocyte-macrophages. Percentage of cells
positive for influenza virus after infection at MOI 3 increased up to 30 min, but decreased
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afterwards. They hypothesised that this decrease in positive cells is due to loss in FITCfluorescence which is caused by the change in pH when the virus enters the cell’s
endosomes. However, when treating cells with inhibitors for vacuolar acidification no
significant influence on the percentage of cells positive for internalised virus was detected.
They also present histograms in which a bimodal distribution is visible for internalised
virus 20 min after infection, indicating an uninfected and an infected cell population.
Interestingly, the left peak of uninfected cell slightly shifts to higher fluorescence
intensities, especially after 50 min. This shift of the uninfected cell population is
comparable to that observed in influenza virus stainings and flow cytometric analyses
performed in this work. However, a direct comparison of the histogram data is not
possible, due to the different virus-host cell system and different staining strategy (Nichols
et al. use labelled virus, whereas in this work viral NP is labelled after sample taking).
Also, they do not comment on this shifting cell population. Still, this study is an additional
indicator that cell populations with intracellular influenza virus detected with flow
cytometry do not have strict constant fluorescence intensity.

4.3

Influenza virus replication in adherent MDCK cells
using static cultivation systems

In this section results from T25-flask infections of adherent MDCK cells with different
influenza virus A strains are shown. Aim of these studies was investigation of the effect of
a change in MOI on virus infection dynamics, virus-induced apoptosis, and viral yields.
For this purpose, infections with influenza A/PR/8 RKI and NIBSC, the HGR strains
Uruguay-like and Wisconsin-like at MOI 0.0001, 0.1, and 3 were performed. These data
(sections 4.3.1 and 4.3.3) plus the according discussion were published previously as
“Isken B, Genzel Y, Reichl U. 2012. Productivity, apoptosis, and infection dynamics of
influenza A/PR/8 strains and A/PR/8-based reassortants. Vaccine 30: 5253–5261”.

4.3.1 T25-flasks as small screening system
To investigate the influence of different infection parameters on infection dynamics and
virus-induced apoptosis in cell culture-based influenza virus propagation, stirred tank
bioreactor cultivations are time consuming and material expensive. In particular, for
comparison of several virus strains at various MOIs in parallel, bioreactor systems would
not be feasible. In order to overcome these limitations, T25-flasks were chosen as culture
system enabling parallel investigation of different infection conditions. Aiming at
analysing infection status and apoptosis with flow cytometry, petri dishes were considered
to be too small, as at least 3 aliquots with 1 x 106 cells each should be stored for
measurements. Thus, T25-flasks with an infection volume of 10 mL were investigated as
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screening system. Firstly, dynamics of infection progression and HA titre should be
compared to 1 L stirred tank bioreactor systems. A cultivation using adherent MDCK cells
in GMEM infected with influenza virus A/PR/8 NIBSC at MOI 0.025 was compared to an
A/PR/8 NIBSC MOI 0.025 infection in T25-flasks. For this purpose, multiple T25-flasks
were inoculated from the same cell pool in parallel and grown to confluence for 5 days.
Afterwards, flasks were washed with PBS and infected in parallel using 10 mL serum-free
virus maintenance medium containing 50 units trypsin and seed virus to adjust an MOI of
0.025. The general preparation steps for later flow cytometric evaluation like trypsinisation
of adherent cells, pooling of trypsinised cells with cells from supernatant, and double
fixation were performed as with bioreactor samples.
In Figure 4-5 the comparison of stirred tank to T25-flask infection dynamics is shown. In
T25-flask infections HA titre increased at 24 hpi (Figure 4-5a). This is about 12 h later
compared to the bioreactor infection performed with the same strain at the same MOI.
Comparing maximum percentage of infected non-apoptotic cells in T25-flasks to
bioreactors, it appeared that in T-flasks maximum percentage were 16.4% lower than in the
bioreactor infection under similar conditions (data not shown), and maximum total virus
titres were 0.14 log10 HAU/100 µL lower in T25-flask infections (Figure 4-5a), which is in
the assay’s error range. Consequently, specific virus yields per cell (calculated from
maximum cell numbers and maximum HA titres) were in the same range for both systems:
9325 and 11259 virions/cell in bioreactor and T25-flask infections, respectively.

(a)

(b)

2.5
2.0

60
1.5
40
1.0
20

0.5

0

0.0
0

12

24

36
48
time (hpi)

60

72

HA titre (log10 HAU/100 µL)

80

9E+05
cell concentration (cells/mL)

3.0

fraction of cells (%)

100

8E+05
7E+05
6E+05
5E+05
4E+05
3E+05
2E+05
1E+05
0E+00
0

12

24

36
48
time (hpi)

60

Figure 4-5 Comparison of infection dynamics and HA titre of a 1 L stirred tank reactor infection
(triangles) to a T25-flask infection (squares) of adherent MDCK cells infected with influenza virus
A/PR/8 NIBSC at MOI 0.025. (a) uninfected cells (dashed lines) and HA titre (solid lines); (b) total
(dashed lines) and viable (solid lines) cell concentration in supernatant.

Cell concentration in supernatant (Figure 4-5b) showed a comparable time shift as seen in
HA titre time courses and infection dynamics. Equal cell concentration was reached in
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T25-flask 50 hpi. Thus, T25-flasks offer an easy to handle infection system, which is
especially useful for comparison of multiple infection conditions.
As a final remark, T25-flask infections were performed directly through addition of 10 mL
virus maintenance medium containing trypsin and seed virus: no low volume incubation to
improve virus attachment to the cells and to achieve a synchronous infection was
performed. Furthermore, scouting experiments performed within the scope of this thesis
have shown that such a low volume incubation does not result in a synchronous infection
in terms of NP-fluorescence measured by flow cytometry (data not shown).

4.3.2 Biological variation within and between T25-flask
experiments
Next aim was to identify variations of infected T25-flasks within one experiment. For this
purpose, a parallel infection of three T25-flasks was performed followed by analysis of cell
concentration in supernatant, HA titre, and infected and apoptotic cell populations.
Confluent adherent MDCK cells were infected in 10 mL serum-free virus maintenance
medium containing influenza virus A/PR/8 RKI at MOI 0.016 and three parallel T25-flasks
were analysed at every time point (Figure 4-6). Both, total and viable cell concentration in
the supernatant started to increase at 30 hpi, with the total cell concentration steadily
increasing up to 8.7–9.3 x 105 cells/mL, and the viable cell concentration up to 2.8–
3.1 x 105 cells/mL at 72 hpi (Figure 4-6a). Variations at 8 and 16 hpi in total cell
concentration might be caused by the lower detection limit of the Vi-CellTM XR of
6 x 104 cells/mL. Generally, at all time points the variations between the three parallel
flasks were below 6 x 104 cells/mL.
When comparing HA titre time courses of the three parallel T25-flasks a similar picture as
in cell concentration measurement appeared, with very similar HA titres at all time points
(Figure 4-6b). Finally, variations in flow cytometric determination of infection status and
apoptosis should be compared between parallel infected T25-flasks (Figure 4-6c). Again,
differences between the three parallel analysed T25-flasks were very low, at maximum
9.7% at 40 hpi. Summarising, parallel infected T25-flasks showed excellent agreement
regarding courses of cell concentration, HA titre, and flow cytometric evaluation of
infection status and virus-induced apoptosis. Thus, for comparison of multiple infection
conditions T25-flasks offer an easy to handle infection system with low inter-experimental
variations.
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Figure 4-6 Three parallel infected T25-flasks of confluent adherent MDCK cells infected with
influenza virus A/PR/8 RKI at MOI 0.016. (a) total (triangles) and viable (squares) cell concentration
in the supernatant; (b) HA titre; (c) cell populations of uninfected (triangles), infected (squares) and
apoptotic infected (circles) cells determined with flow cytometry.

The next step was analysis of biological reproducibility over time. In Figure 4-7 a T25flask infection run that has been performed three times in completely independent
experiments is shown. Supernatant cell concentration, HA titre, and percentage of
uninfected cells of the three experiments are plotted as single runs. All three experiments
fit together very well, showing a deviation of only few hours in the course of infection. The
delay of onset of HA titre increase was 10.2 ± 2.1 h (median ± MAD). This value was
determined by calculating the intersection between the initial HA titre and the linear
regression of the exponential HA titre increase. This small delay might reflect errors in
MOI adjustment through cell counting or pipetting errors.
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Figure 4-7 Comparison of biological repetitions of infection experiments in T25-flasks. Adherent
MDCK cells infected with influenza A/PR/8 RKI at MOI 3: analysis of (a) supernatant cell
concentration, (b) percentage of uninfected cells determined with flow cytometry, and (c) HA titre.

Furthermore, histograms of NP-fluorescence distributions of the three independent
experiments were compared. In particular, the infected cell population of NP-fluorescence
histogram distributions of 24, 32, and 40 hpi samples of three times performed T25-flask
infections of MDCK cells with influenza A/PR/8 RKI at MOI 3 were fitted with a
Gaussian distribution using MATLAB® software. In Figure 4-8 results of this MATLAB®
analysis are shown, comparing mean and SD of the fitted distributions. A list of the
determined values for mean fluorescence intensities, SD, and confidence intervals of SD of
this three times repeated T25-flask infection can be found in the appendix (Table 8-4). All
analysed samples showed mean fluorescence intensities between 1662 and 3635
fluorescence units (Figure 4-8a). Importantly, no significant differences neither between
the repeated experiments nor the evaluated time points appeared. Also, no tendencies for
fluorescence intensities to increase from 24 to 40 hpi were visible. Nevertheless, a factor
that might influence absolute fluorescence intensities is the ratio of antibody molecules per
cell that can vary due to cell losses during the staining procedure.
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Figure 4-8 Three times performed infection of adherent MDCK cells in T25-flasks infected with
influenza A/PR/8 RKI at MOI 3. (a) Analysis of mean fluorescence intensities of NP-fluorescence
histograms with corresponding SD; (b) calculation of positive (light grey bars) and negative (dark
grey bars) SD with corresponding 95% confidence interval. Analysis of three independent
experiments (Exp.1–3) analysed at 24, 32, and 40 hpi.

While mean fluorescence values of the distributions did not differ much, the SD—
representing the width of the distributions—varied between the samples. This is shown in
Figure 4-8b by plotting SD plus its 95% confidence interval (light grey bars: SD in positive
direction, dark grey bars: SD in negative direction). Clearly, the widths of the distributions
do not only differ between experiment repetitions but also between time points within one
experiment. Importantly, no correlation between sampling time point and distribution
width was identified. Similar results were obtained when analysing NP-fluorescence
distributions of parallel infected T25-flasks (shown in Table 8-5 in the appendix).
Concluding, flow cytometric analysis of NP-fluorescence in MDCK cells infected in T25flasks delivers reproducible mean fluorescence intensities even for independent experiment
repetitions.
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4.3.3 Influence of MOI on virus titres, infection dynamics, and
apoptosis induction
Typically, each virus strain has its specific productivity, which can be different depending
on the virus-host cell system. Moreover, the replication of some virus strains is restricted to
few or even one host cell line. Some influenza virus strains show an MOI dependency,
leading to higher virus titres at low MOI (Voeten et al. 1999; Aggarwal et al. 2011). Indepth analysis of progress of infection and characterisation of corresponding cell
population distributions (i.e. degree of infection, apoptosis) can help to better understand
these variations in productivity, and give hints towards seed virus and strain optimisation.
Former infections in the upstream team of the bioprocess engineering group had been
performed at MOI 0.025 (Schulze-Horsel et al. 2009; Genzel et al. 2004; Genzel et al.
2005; Bock et al. 2011). Thus, the newly established T25-flask system should be used to
investigate the influence of lower and higher MOI on infection and apoptosis dynamics as
well as on virus titres. At the same time different high and low yield virus strains (wild
type and HGR) should be compared. For this purpose, parallel T25-flasks were infected
with four influenza A virus strains at MOI 0.0001, 0.1, and 3. An overview of the used
seed virus preparations including their TCID50, HA titre, and percentage of infectious
particles is given in Table 4-2. Results shown in this section are discussed afterwards in
section 4.3.4. For estimation of virions/mL based on HA titre, equation (2) (section 3.4.2)
was used.
Table 4-2 Influenza seed viruses used for T25-flask infection experiments of adherent MDCK cells
(seed virus adapted to adherent MDCK cells). In addition, virus subtype, seed virus titres, and
percentage infectious particles is given.
Influenza virus strain

Subtype

TCID50
(IVP/mL)

A/PR/8 NIBSC

H1N1

0.13 x 10

A/PR/8 RKI

H1N1

0.40 x 10

HA titre
(virions/mL)

8

7.96 x 10

8

3.99 x 10

9

0.16

9

1.00

9

1.74

9

4.44

8

5.64 x 10

8

5.14 x 10

A/Uruguay/716/2007-like HGR

H3N2

0.98 x 10

A/Wisconsin/67/2005-like HGR

H3N2

2.28 x 10

% infectious
particles

Effects of variations in MOI on HA titre and TCID50
First, the T25-flask infections with influenza A/PR/8 RKI, A/PR/8 NIBSC and the HGRs
Uruguay-like and Wisconsin-like at MOI 0.0001, 0.1, and 3 were analysed for infectious
and total viral particle concentration by TCID50 and HA assay, respectively. As expected,
HA titres increased earlier the higher the MOI used for infection (Figure 4-9a, c, e). Due to
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the comparatively low TCID50 value of the seed virus (Table 4-2), a HA titre of
1.6 log10 HAU/100 µL was measured in A/PR/8 NIBSC infections at 0 hpi. The two tested
HGR strains always showed the earliest increase in HA while the two A/PR/8 wild type
strains showed comparable dynamics. The Uruguay-like HGR showed the earliest increase
in HA titre of all tested strains at the tested MOIs. In addition, using the Uruguay-like
HGR strain very high end titres up to 3.1 log10 HAU/100 µL were achieved independent of
the MOI. Interestingly, the Wisconsin-like HGR reached the highest HA titres at MOI
0.0001 and significant lower HA titres at MOI 3 indicating an MOI dependency.
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Figure 4-9 Courses of HA titre (a, c, d) and TCID50 (b, d, f) of T25-flask infections of adherent
MDCK cells with influenza A/PR/8 RKI (diamonds), A/PR/8 NIBSC (squares), Uruguay-like HGR
(triangles), and Wisconsin-like HGR (circles) at MOI 0.0001 (a, b), 0.1 (c, d), and 3 (e, f).
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Time courses of the TCID50 were similar at MOI 0.0001 for all tested strains, with
influenza A/PR/8 RKI increasing a few hours later than the other three strains (Figure
4-9b). With higher MOI the dynamics of TCID50 varied more between the strains (Figure
4-9d, f). Remarkably, the A/PR/8 NIBSC did not show any increase in infectious particle
concentration with MOI 3. Generally, the dynamic patterns of HA and TCID50 appeared to
be more comparable between the tested strains at low MOI.
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Figure 4-10 Maximum HA titre (dark grey bars) and TCID50 (light grey bars) of adherent MDCK
cells infected with influenza (a) A/PR/8 NIBSC, (b) A/PR/8 RKI, (c) Uruguay-like, and (d)
Wisconsin-like HGRs at MOI 0.0001, 0.1, and 3. Shown are median ± MAD from at least three
independent experiments.

In addition, the maximum number of virus particles obtained via HA assay and TCID50
was analysed (Figure 4-10). This allowed a statistical evaluation of the results, verifying
reproducibility of the T25-flask set-up. It can clearly be seen that for the Uruguay-like
HGR as well as for the two A/PR/8 wild type strains a change in MOI did not lead to
significant differences in the maximum number of virus particles released (Figure 4-10a, b,
c: light grey bars). Only infections with the Wisconsin-like HGR at MOI 3 resulted in
significant lower values than at MOI 0.0001 and 0.1 (Figure 4-10d) thus confirming an
MOI dependency of the maximum number of virus particles (HA values) obtained.
Maximum TCID50 decreased with increasing MOI used for infection (Figure 4-10, dark
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grey bars) especially for the tested wild type strains. Most strikingly, for influenza A/PR/8
NIBSC infections the maximum TCID50 titre at MOI 0.0001 was 5 magnitudes higher than
at MOI 3. Apparently, no infectious virus particles were produced in MOI 3 infections, or
virus stability was very low. For A/PR/8 RKI and Wisconsin-like HGR infections the
TCID50 at MOI 3 were more than ten times below maximum titres reached in MOI 0.0001
infections.
The composition of the seed viruses used for infections ranged from 0.16% (A/PR/8
NIBSC) to 4.44% (Wisconsin-like HGR) for the ratio of infectious virus particles to total
virus particles (Table 4-2). The highest number of virions produced per cell at MOI 3
infections was observed for the Uruguay-like HGR with a total number of
47000 virions/cell and 231 IVP/cell, respectively (Table 4-3). In contrast, A/PR/8 NIBSC
produced only 7400 virions/cell and 0.6 IVP/cell at MOI 3. Percentage values of maximum
TCID50 to maximum HA titre at MOI 3 revealed for A/PR/8 NIBSC a 60-fold lower
proportion compared to A/PR/8 RKI. At MOI 0.0001 in Uruguay-like infections almost
40000 virions were released per cell, however, A/PR/8 RKI had the highest percentage of
infectious virus particles produced (11.48%). Interestingly, the MOI increase had a much
more severe effect on proportions of infectious virus particles for the two wild type strains
and especially the A/PR/8 NIBSC than for the two tested HGR strains (factor 21.5 and
920.5 for A/PR/8 RKI and NIBSC, factor 2.8 and 5.8 for the HGRs, respectively). Finally,
as shown in Table 4-3, high MOI infections generally led to decreased numbers of
infectious virus particles released per cell (0.6–230.9 IVP/cell at MOI 3 and 474.5–
1451.4 IVP/cell at MOI 0.0001).
Table 4-3 Overview of yields of T25-flask infections of adherent MDCK cells.

Total
virions/cell

Infectious
virions/cell

%
infectious
virions

Total
virions/cell

Infectious
virions/cell

%
infectious
virions

Fold
reduction
high vs
low MOI

11696.8

868.6

7.43

7437.5

0.6

0.01

920.5

12644.9

1451.4

11.48

13017.1

69.4

0.53

21.5

39959.9

474.5

1.19

46996.5

230.9

0.49

2.4

26885.4

479.5

1.78

9998.6

30.5

0.31

5.8

Yield MOI 0.0001
Virus
strain
A/PR/8
NIBSC
A/PR/8
RKI
Uruguaylike HGR
Wisconsinlike HGR

Yield MOI 3
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Infected and uninfected cell populations in low and high MOI infections
In many studies, e.g. Voeten et al. (1999) on influenza virus HGR characterisation, only an
HA assay is used for virus quantification. Experimental data based on infectivity or HA
assays are only elucidating the time course of virus release and the accumulation of virus
particles. To optimise influenza vaccine production, additional information concerning the
physiological status of the host cells at toi as well as the progress of infection and virusinduced apoptosis is useful.
Thus, in addition to virus titre measurements, flow cytometric analysis of virus
accumulation in cell populations at different MOIs was performed. As expected, the
decrease in the percentage of uninfected cells (Figure 4-11a, c, e) correlated well with
increase in infected cell populations (Figure 4-11b, d, f). At MOI 0.0001, the two HGRs
Uruguay-like and Wisconsin-like showed faster infection dynamics compared to the two
tested wild type strains. All strains reached the maximum in percentage of infected cells
between 24 and 32 hpi with a slight decrease afterwards (Figure 4-11b). When raising the
MOI to 0.1, increases in percentage of infected cells started earlier compared to lower
MOI, similar to the shifts in HA titres (Figure 4-9a, c, e). Again the HGRs showed the
fastest dynamics while progress of infection of A/PR/8 RKI was the slowest. Interestingly,
the A/PR/8 NIBSC revealed a dynamic behaviour more comparable to the HGR strains
than to A/PR/8 RKI at this MOI. Furthermore, A/PR/8 NIBSC showed the strongest
response to MOI variation. Also noticeable is the change in the percentage of infected cells
after the maximum: while the Wisconsin-like HGR stayed at a constant high level, A/PR/8
NIBSC showed a striking decline in percentage of infected cells from 65% to 30% within
8 h (Figure 4-11d). At the higher MOI of 3 the A/PR/8 NIBSC infection was as fast as the
HGR infection and showed an even more severe drop in the percentage of infected cells
from its maximum of 80% down to 25% (Figure 4-11f). Interestingly, maximum
percentage values of infected cells were independent of the MOI always ranging between
60% and 80% for all tested strains. Infection with higher MOI generally led to a shift to
earlier time points, however, the extent of this shift varied for the different strains.
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Figure 4-11 Fractions of uninfected (a, c, e) and infected (b, d, f) cells determined with flow
cytometry of a T25-flask infection experiment with adherent MDCK cells using influenza A/PR/8
RKI (diamonds), NIBSC (squares) and the HGRs Uruguay-like (triangles) and Wisconsin-like
(circles) at MOI 0.0001 (a, b), 0.1 (c, d), and 3 (e, f).

Dynamics of virus-induced apoptosis is strain- and MOI-dependent
Influenza virus infections are known to induce apoptosis in their host cell, which has a
significant influence on the number of virus producing cells and therefore on yields in
vaccine manufacturing (Schulze-Horsel et al. 2009; Möhler et al. 2005; Petiot et al. 2011).
Thus, in addition to the infection status, cell populations were analysed by flow cytometry
with respect to apoptosis induction.
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Figure 4-12 Flow cytometric determination of apoptotic infected cell populations (a, c, e) and
supernatant cell concentration (b, d, f) of MOI 0.0001 (a, b), 0.1 (c, d), and 3 (e, f) infections of
adherent MDCK cells grown to confluence in T25-flasks. Virus strains used for infection: influenza
A/PR/8 RKI (diamonds), A/PR/8 NIBSC (squares) and the HGRs Uruguay-like (triangles) and
Wisconsin-like (circles).

For the low MOI of 0.0001 the percentage of apoptotic infected cells constantly increased
for all tested strains in a comparable range and correlated very well with the time course of
cell concentration in the supernatant (Figure 4-12a, b). With increasing MOI, the fraction
of apoptotic cells in Uruguay-like HGR and A/PR/8 RKI infections showed similar
dynamics, while the A/PR/8 NIBSC showed a much earlier and stronger increase in the
percentage of apoptotic infected cells up to 60% (Figure 4-12c). This fast apoptosis
induction became even stronger at infections with MOI 3 (maximum of 71% apoptotic
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infected cells) (Figure 4-12e). Interestingly, at MOI 3, the Wisconsin-like HGR also
strongly induced apoptosis (maximum of 63%) (Figure 4-12e).
Most time courses of the percentage of apoptotic infected cells declined after a maximum
was achieved. This is most likely due to cell lysis, as cell concentration in the supernatant
decreased in a comparable manner. Generally, the time courses in supernatant cell
concentration (Figure 4-12b, d, f) correlated very well for all MOIs with percentage in
apoptotic infected cells (Figure 4-12a, c, e). Importantly, not only did infections with
higher MOI lead to an earlier and stronger induction of apoptosis, the tested strains also
responded quite differently to higher MOIs. While the A/PR/8 NIBSC and Wisconsin-like
HGR strain strongly induced apoptosis especially at higher MOI (Figure 4-12e), the
A/PR/8 RKI and Uruguay-like HGR only led to a moderate increase in the percentage of
apoptotic infected cells. Comparing dynamics of infected cells (Figure 4-11b, d, f) with
apoptosis induction it appears that infections with influenza A/PR/8 NIBSC result in a fast
progress of infection and a fast onset of apoptosis, while the Uruguay-like HGR strain
infected cultures very fast, but induced apoptosis much later and in a less pronounced way.
A/PR/8 RKI responded generally very little to MOI variation, and the Wisconsin-like HGR
strain showed only at the high MOI of 3 a stronger induction of apoptosis. Remarkably, the
differences between the strains became only distinct at higher MOI, while at lower MOI
the dynamics of apoptosis induction was similar for all tested strains.

4.3.4 Discussion
Different influenza virus strains perform very differently when propagated in cell culture.
Some virus strains replicate well to high titres while others exhibit an MOI dependency,
grow to only low titres, or will not propagate at all. To better understand differences
between high and low yield influenza virus strains, infections with different influenza virus
strains at various MOIs should be performed. As infections in bioreactor systems are too
laborious and cost-intensive for such studies, a T25-flask infection system was established.
Thereby, infection experiments comparing up to four different virus strains or four
different MOIs in parallel can be performed. Comparing infection dynamics and HA titres
in T25-flasks to those obtained in bioreactor systems, T25-flask infections showed a later
onset of infection. Reason for this time delay might be related to diffusion-limited
spreading of the virus and the different flow conditions in T25-flasks compared to STR. In
the T25-flask system, virus seed added for infection in 10 mL virus maintenance medium
and, in particular, released virions must spread through the system mainly by diffusion. In
the STR system, virus particles are transported by convective mass transport induced by
stirring, in addition to diffusion. This seems to accelerate the infection waves resulting in
an earlier detectable onset of infection in stirred systems compared to static cultivation
systems.
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In addition, the cultivation system has an impact on the cellular metabolic activity. For
example, shear stress is present in stirred systems, but absent in static cultivation systems.
An altered metabolic activity of adherent MDCK cells that showed higher glutamate and
glutamine uptake rates in stirred systems than in static systems even in the stationary phase
was described by Wahl et al. (2008) and Rehberg et al. (2013). Wahl et al. (2008)
described influenza virus replication not to be a burden for cellular metabolism; however,
cells on microcarriers (that are exposed to shear stress) might show cell growth (and
metabolic activity) at a low specific rate which is believed being beneficial for virus
replication.
In order to analyse variations between T25-flask infections, parallel infected T25-flasks as
well as independently repeated infection experiments in T25-flasks were compared.
Courses of cell concentrations and HA titre in parallel T25-flasks showed only minor
variations. Also, flow cytometric analysis of infection dynamics and apoptosis showed
differences of very maximum 9.7% in the highly dynamic part of the infection.
Independent experiment repetitions demonstrated at maximum few hours delay in
percentage of uninfected cells and first increase of HA titre. Finally, analysis of NPfluorescence distributions showed a good reproducibility of cytometric stainings even in
independent experiment repetitions. Concluding, T25-flasks demonstrated to be a useful
system with good reproducibility, similar final HA titres and cell-specific virus yields
compared to stirred tank bioreactor (STR) infections. Hence, T25-flasks were used for
studies aiming at comparing different virus strains at different MOI.
Subsequently, T25-flask infections of adherent MDCK cells with two wild type A/PR/8
strains and two A/PR/8-based HGR strains were conducted at MOI 0.0001, 0.1, and 3. As
expected, the HA titres and TCID50 increased earlier the higher the MOI chosen for
infection for all four strains. An earlier increase in virus titres for increasing MOI was also
observed in other studies (Genzel et al. 2006b; Rimmelzwaan et al. 1998). When Aggarwal
et al. (2011) tested different ca influenza virus strains, they found infectious titres to
increase at the same time at different MOIs. Additionally, they described great differences
in virus yields with change in the MOI. This is also apparent in the results summarised in
Table 4-3. Furthermore, peak titre variations were small at low MOI in Aggarwal et al.
(2011), which was also seen in T25-flask infections at MOI 0.0001 (Figure 4-9b).
Maximum infectious titres, however, did not vary significantly in their experiments. This is
in contrast to TCID50 titres in this thesis—especially for the A/PR/8 wild type strains.
These differences might be due to the different infection system used by Aggarwal et al.
(2011). They cultivated MDCK cells in bioreactors and split them into shaker flasks for
subsequent infection. Furthermore, infections were carried out at 33°C as they used live
attenuated virus strains, all containing an A/AnnArbor or B/AnnArbor backbone.
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Final HA titres varied only slightly at lower MOI in T25-flask infections (Figure 4-9a).
Also, dynamics of the release of infectious virus particles appeared more homogeneous at
lower MOI (Figure 4-9b). Concerning the maximum HA titres reached, only the
Wisconsin-like HGR showed an MOI dependency. Here, the HA titre dropped
significantly with the increase of the MOI to 3. The Uruguay-like reassortant could be
grown to very high titres at all MOIs. In addition, the A/PR/8 RKI variant reached higher
titres than the NIBSC variant, which is in accordance with previous results (SchulzeHorsel et al. 2009). Genzel et al. (2006b) investigated HA titres of equine influenza virus
infections in roller bottles at MOI from 1 to 0.0001 and also found a time shift in virus
particle release, but no differences in final HA titres. Rimmelzwaan et al. (1998) analysed
HA and TCID50 titres of infections with an influenza virus H3N2 wild type strain at
different MOIs in MDCK cells. Maximum HA titres were 2–4-fold increased when
lowering the MOI from 1 to 0.0001, whereas maximum infectious titres showed no
significant differences (Rimmelzwaan et al. 1998). These discrepancies to the data
presented here probably result from the different virus strain they used and differences in
infection conditions, namely infecting in BSA containing medium without addition of
trypsin. Furthermore, unbound virus particles were removed by washing steps in their
experiments after one hour incubation at 37°C. Le Ru et al. (2010) investigated influenza
virus A/PR/8 replication in HEK-293 cells and found higher HA titres for infections at
MOI 1 x 10-3 and 1 x 10-5 compared to infections at MOI 1 and 10-1 after 3 days post
infection. This could indicate that MOI dependency is also potentially dependent on the
cell line used.
Maximum infectious titres decreased for increasing MOI, which was also seen for different
influenza virus strains by others (Aggarwal et al. 2011; Maranga et al. 2003; Carinhas
et al. 2009). While in most studies either total or infectious virus titres were determined,
the data presented in Table 4-3 show that the ratio of infectious virus particles to total virus
particles also decreased for the higher MOI. One explanation could be the accumulation of
DIPs that might influence this ratio, a hypothesis that Nayak et al. (1985) and Aggarwal
et al. (2011) proposed. In literature there are four populations of non-infectious biological
active influenza virus particles (niBAP)s described, namely interferon-inducing particles
(Marcus 1982), interferon induction-supressing particles (Marcus et al. 2005), niCKPs
(Ngunjiri et al. 2008), and DIPs (Nayak et al. 1985). These non-infectious particles have
the potential to influence the course of pathogenesis through their capacity to stimulate or
suppress antiviral responses (Marcus et al. 2009). Especially DIPs are described to be
generated by passaging at high MOI (Nayak et al. 1985). Though not directly killing cells,
DIPs impair the replication of co-infecting infectious cell-killing particles. Marcus et al.
(2009) postulated that large copy numbers of gene segments, present in high multiplicity
passages, may influence replication steps in subsequent low MOI infections as well as the
selective packaging of the eight gene segments required for infectivity. When comparing
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percentage of infectious virus particles to the total number of virions produced in this
work, values of MOI 3 infections were always lower than those of MOI 0.0001 infections
(Table 4-3), and thus in line with above mentioned literature.
Flow cytometry was used to analyse populations of uninfected, infected, apoptotic, and
apoptotic infected cells. Earlier investigations concerning time courses of influenza virusinduced apoptosis mostly used qualitative methods like agarosegel electrophoresis
(Hornícková 1997; Kurokawa et al. 1999). Quantitative studies using flow cytometry were
performed by Price et al. (1997), who identified apoptotic cells in influenza virus
infections by a low DNA content and Wurzer et al. (2003), who measured time courses of
early apoptosis with an Annexin V assay. However, both studies were performed at one
single MOI only. Flow cytometric data presented here were generated after infections at
different MOIs and combine information about intracellular virus protein accumulation and
apoptosis induction through a double staining.
Former work in the bioprocess engineering group, comparing A/PR/8 NIBSC and RKI at a
single MOI 0.025 in stirred tank infections, showed the A/PR/8 NIBSC had a faster
increase in the percentage of infected cells and an earlier apoptosis induction resulting in
lower titres than the A/PR/8 RKI infection (Schulze-Horsel et al. 2009; Heynisch et al.
2010). Above presented data for infections at three different MOIs gives new insights into
the differences between these two variants. Only at a very low MOI, but not at a higher
MOI, A/PR/8 RKI and A/PR/8 NIBSC showed similar dynamics. Noteworthy, the
percentage of infectious virus particles in the seed virus strains varied from 0.16% to
1.00%, for A/PR/8 NIBSC and A/PR/8 RKI, respectively (Table 4-2). Accordingly, the
RKI-derived seed virus contained six times more infectious virus particles than the
NIBSC-derived seed virus. Seed viruses with a higher proportion of non-infectious virus
particles, like the used A/PR/8 NIBSC, should contain more niCKPs that potentially drive
cells into apoptosis (Marcus et al. 2009). Those niCKPs could not only explain the stronger
activation of different signalling pathways and interferon expression found in A/PR/8
NIBSC infections compared to A/PR/8 RKI infections (Heynisch et al. 2010; Seitz et al.
2010) but also the stronger apoptosis induction in A/PR/8 NIBSC infections, especially at
the higher MOIs.
For the two tested HGRs—which are both H3N2 subtype strains with an A/PR/8
backbone—a faster progress of infection compared to the wild type A/PR/8 strains was
observed. Especially the Uruguay-like HGR had a faster increase in infected cells at all
MOIs, while for the Wisconsin-like HGR this fast dynamic was lost at the high MOI.
Regarding apoptosis induction, the two HGRs showed a more pronounced difference for
higher MOIs. In particular, the Wisconsin-like HGR showed a much stronger induction of
apoptosis at MOI 3 compared to the Uruguay-like HGR. In contrast to A/PR/8 NIBSC,
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both HGRs showed only a weak induction of analysed host cell signalling molecules:
namely, the signalling molecules IțBĮ, elF2Į, Stat2 and IRF3 were less activated upon
influenza virus infection in MDCK cells (Heynisch 2013). Thus, signal transduction seems
unlikely to be the cause for the enhanced apoptosis induction in Wisconsin-like HGR
infections at MOI 3. It seems more likely that the Wisconsin-like reassortant generates
higher proportions of niCKP that are sufficiently diluted in low MOI infections but play an
important role regarding apoptosis induction at higher MOIs. This hypothesis agrees with
Marcus et al. (2010), who also described influenza virus-induced apoptosis to be mainly
caused by niCKP, and not by plaque-forming particles (PFP).
Summarising, here presented experiments revealed that strain-specific differences in HA
and TCID50 titres and apoptosis induction are less pronounced with reduction of the MOI.
This more homogeneous behaviour is beneficial for robustness in vaccine production
processes, as process conditions and time point of harvest can be kept constant independent
of the strain used. Especially, late induction of apoptosis of virus-infected cells is of
interest for vaccine production as, according to the models proposed by Möhler et al.
(2005) and Schulze-Horsel et al. (2009), this results in an improvement of virus yields.
This can explain the high total virus titres obtained in Uruguay-like HGR and A/PR/8 RKI
infections, as infections with both strains result in a slow onset of apoptosis but a fast
progress in infection. Thus, for influenza vaccine production strains combining a fast
progress of infection with a late induction of apoptosis are the most preferable ones, as
they yield the highest titres. It would be interesting to characterise more influenza virus
strains in order to confirm this hypothesis. Also, the high virus titres obtained in infections
with Uruguay-like HGR suggest that yield improvements in cell culture-based influenza
virus propagation might be achieved by delaying apoptosis induction as it could prolong
the cells’ productive lifespan.

4.4

Influence of defective interfering virus particles on
virus yields

T25-flask infections with different strains and varying MOI showed the impact of seed
virus composition for the outcome of an infection. It seemed that DIPs negatively affected
infectious virus yield. Therefore, the question arose whether the observed differences
between in-house influenza A/PR/8 variants are caused by the seed virus preparations. To
clarify this, two experimental strategies were followed and are presented in sections 4.4.1
and 4.4.2. Afterwards, results are discussed in section 4.4.3. Firstly, a high TCID50
influenza seed virus preparation should be mixed with increasing proportions of noninfectious seed virus preparation to see if and how the performance of the seed virus
decreases. Secondly, different seed virus preparations from A/PR/8 NIBSC with different
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TCID50 and different percentage of infectious virions should be compared regarding their
infection and apoptosis dynamics as well as virus yields.

4.4.1 Addition of inactive seed virus to high TCID50 virus seed
At first, experiments should investigate how a higher proportion of inactive particles in a
virus seed influences virus dynamics and apoptosis. For this purpose, high TCID50 seed
virus was inactivated by incubation at 37°C for 5 days, as this is an easy to handle way for
virus inactivation. A TCID50 was performed afterwards to control the generated virus was
inactive. Then, infections of petri dishes with adherent MDCK cells were performed with
seed virus containing 7% infectious virus particles (with a TCID50 of 2.09 x 109 IVP/mL;
the untreated original seed virus), 0.7%, 0.07%, and only 0.007% infectious virus particles.
MOI 0.1 was used in infections with all four preparations. Following the infection the HA
titre and the TCID50 were monitored (Figure 4-13). In addition, flow cytometric analysis
was performed (Figure 4-14).
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Figure 4-13 Analysis of effect of addition of inactive seed virus to a high TCID50 seed virus.
Courses of (a) HA titre and (b) TCID50 of adherent MDCK cells infected with influenza A/PR/8 RKI
seed virus containing 7% (triangles), 0.7% (squares), 0.07% (circles), and 0.007% (diamonds)
infectious virus particles.

For the two seed virus preparations containing the lowest proportion of infectious particles
already 0 hpi a HA titre could be detected due to the high amount of seed virus needed for
MOI 0.1 adjustment (Figure 4-13a). The increase in HA titre for the 0.007% seed virus
infection appeared less steep. Importantly, 48 hpi final virus titres did not differ much
between all four preparations, ranging from 2.74–2.88 log10 HAU/100 µL. Consequently,
net virus production was much lower for the 0.007% seed virus than for the other seed
virus preparations. For time courses of TCID50 0.007% seed virus infection again showed a
relatively slow increase compared to seed viruses with higher proportions of infectious
virus particles (Figure 4-13b). Maximum TCID50 ranged between 4.30 x 108 and
1.30 x 109 IVP/mL. Flow cytometric analysis showed a similar progress of infection and
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virus-induced apoptosis for infections with 7%, 0.7%, and 0.07% infectious particles
(Figure 4-14a, c). A maximum proportion of 72.4–83.3% infected non-apoptotic cells was
reached 16 hpi. Interestingly, the infection using 0.007% infectious particles showed a
delayed increase in the infected cell population with only 24.4% of the cells being infected
16 hpi, and a maximum of 71.7% infected cells 24 hpi. Also, the cells detached later
(Figure 4-14b). In parallel to the increase of the concentration of cells in the supernatant
the apoptotic infected cell population increased, but stayed relatively low for all tested
samples with a maximum of 17.5% at 24 hpi.
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Figure 4-14 Analysis of (a) infection status and (c) apoptosis induction with flow cytometry as well
as (b) supernatant cell concentration of infections of adherent MDCK cells with influenza A/PR/8
RKI seed virus containing different proportions of infectious particles: 7% (triangles), 0.7%
(squares), 0.07% (circles), and 0.007% (diamonds).

4.4.2 Comparison of different influenza A/PR/8 seed viruses
As working virus banks have to be prepared every few years, there do exist several inhouse A/PR/8 NIBSC seed virus preparations with different proportions of infectious
particles. Four A/PR/8 NIBSC seed viruses, listed in Table 4-4, with TCID50 ranging from
5.43 x 106 IVP/mL to 1 x 109 IVP/mL, corresponding to 0.2% to 21.3% infectious virus
particles, were directly compared in the experiments described below. With these strains
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infections at MOI 1 were performed in adherent MDCK cells in GMEM grown for one day
in petri dishes.
Table 4-4 List of influenza A/PR/8 NIBSC seed virus preparations including TCID50, HA titre, and
proportion of infectious virions.
% infectious virions

6

2.10

0.22

6

2.08

0.26

8

2.80

7.29

9

2.37

21.33

TCID50 (IVP/mL)

16.07.2009

5.43 x 10

06.11.2007

6.32 x 10

17.02.2010

9.20 x 10

a

1.00 x 10

02.03.2011
a

HA titre
(log10 HAU/100 µL)

Date of preparation

6

prepared from the 6.32 x 10 IVP/mL seed virus through low MOI passage by C. Seitz

Due to the large volume of seed virus added in infections with low TCID50 seed viruses,
already 0 hpi a HA titre was detectable (Figure 4-15a). Final titres differed by at least
0.4 log10 HAU/100 µL between low and high TCID50 seed virus infections, which is a
difference slightly larger than the error of the method. TCID50 time courses show extreme
differences between low and high TCID50 seed viruses. While for high TCID50
preparations maximum TCID50 of 2 x 109 IVP/mL were reached, infections with low
TCID50 seed virus preparations showed declining TCID50 time courses, which means that
no infectious particles were released (Figure 4-15b).
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Figure 4-15 Comparison of different influenza A/PR/8 NIBSC high TCID50 (1 x 10 IVP/mL
8
6
triangles, 9.2 x 10 IVP/mL squares) and low TCID50 (5.43 x 10 IVP/mL diamonds,
6
6.32 x 10 IVP/mL circles) seed virus preparations. Time courses of (a) HA titre and (b) TCID50.

Flow cytometric analysis also showed the population of infected non-apoptotic cells to
differ between low and high TCID50 seed virus infections at 16 hpi and the second half of
the infection (Figure 4-16a). Total cell concentration in the supernatant increased earlier
and clearly stronger in low TCID50 seed virus infections (Figure 4-16b). The decrease in
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the proportion of infected non-apoptotic cells at 16 hpi in low TCID50 seed virus infections
corresponded to a by trend larger apoptotic infected cell population (Figure 4-16c).
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Figure 4-16 Comparison of different influenza A/PR/8 NIBSC seed virus preparations. Infections
9
8
6
with high TCID50 (1 x 10 IVP/mL triangle, 9.2 x 10 IVP/mL squares) and low TCID50 (5.43 x 10
6
IVP/mL diamonds, 6.32 x 10 IVP/mL circles) seed strains were analysed for (a) fractions of
infected cells, (b) total cell concentration in supernatant, and (c) apoptotic infected cells.

4.4.3 Discussion
Results from the T25-flask study shown in section 4.3.3 indicated that variations in
infectious virus titres and seed virus performance are potentially influenced by DIPs. To
further investigate this impact of DIPs on influenza virus replication in MDCK cells, seed
virus preparations from the same virus strain containing different amounts of DIPs should
be compared.
For this purpose, in a first attempt influenza virus A/PR/8 RKI seed virus preparations
containing different proportions of infectious particles were generated through addition of
temperature-inactivated seed virus. This resulted in seed viruses with 7%, 0.7%, 0.07%,
and 0.007% infectious virus particles. In petri dish infections of adherent MDCK cells all
of these four seed viruses reached similar final HA titres. However, due to the high 0 hpi
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titre caused by the seed virus added at toi net virus production was much lower in the
infection with the 0.007% seed virus. Except for the preparation with the lowest amount of
infectious particles (0.007%) no differences in virus titre dynamics, NP accumulation, and
apoptosis induction were detected. This low proportion of infectious virus particles could
be under a threshold for reduction of virus propagation by DIPs. Samples of this infection
experiment were also analysed for interferon (IFN)-β and Mx1 expression by C. Seitz. IFN
expression did not differ much between the infections with the four A/PR/8 RKI
preparations and also Mx1 expression was only increased at 24 hpi for the infection with
the 0.007% seed virus.
These results indicate that the approach of adding temperature-inactivated seed virus to
high TCID50 seed virus was not successful in creating high amounts of DIP-containing
seed viruses. Incubation of the seed virus at 37°C apparently resulted in formation of noninfectious particles other than DIPs. In literature there are several non-infectious biological
active virus populations described (Marcus et al. 2009). However, little is known about
their molecular function and how these particles induce different effects. The kind of
particles produced in the presented heat-inactivated seed virus should be clarified in further
studies. It was not in the scope of this work, as differentiation between the diverse
populations of non-infectious biological active particles is methodically rather complex.
As high MOI conditions are described in literature to result in low infectious virus tires and
based on the results from experiments with increasing MOI presented in section 4.3.3, it
was tried to generate a high DIPs containing seed virus by high MOI passaging. This
attempt performed in the bioprocess engineering group by N. Wynserski and T. Frensing,
however, was not successful.
The second approach presented in the following used four different A/PR/8 NIBSC seed
virus preparations with TCID50 from 5.43 x 106 to 1.00 x 109 IVP/mL. In line with results
for A/PR/8 NIBSC in T25-flasks (Figure 4-9f), in infections with the two low TCID50 seed
virus strains solely non-infectious particles were released. In contrast, in infections with the
high TCID50 A/PR/8 NIBSC seed virus strains TCID50 of up to 3.2 x 109 IVP/mL were
obtained. Final HA titres differed by at least 0.34 log10 HAU/100 µL between low and high
TCID50 seed virus infections, which means that at minimum twice the number of virus
particles were released. Also percentage of infected cells differed between the seed viruses:
infections with the high TCID50 seed virus preparation resulted in higher proportions of
infected cells in the second half of the infection. Both results indicated that the low TCID50
seed virus is not able to perform a productive virus replication in the cell population.
Virus-induced apoptosis also differed between the seed viruses, however, to a smaller
extend.
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Samples from above shown infections with low and high TCID50 influenza A/PR/8 NIBSC
seed virus (section 4.4.2) were analysed for expression of IFN-β and Mx1 by C. Seitz.
Expression of both molecules was found to be higher in low TCID50 seed virus infections
compared to high TCID50 seed virus infections: at 8 hpi Mx1 expression was increased
3.5–7.2-fold in low TCID50 seed virus infections compared to high TCID50 seed virus
infections, IFN-β was stronger expressed by a factor of 6.5–14.9 (data not shown). This
reflects a stronger antiviral host response by cells infected with the low TCID50 seed
viruses. This could be caused by the preferential binding of the cellular viral RNA sensor
RIG-I to smaller influenza genome segments and subgenomic RNA (Baum et al. 2010). To
some extend this stronger immune response could be responsible for the—by trend—
higher apoptosis induction observed in low TCID50 seed virus infections, as interferon
expression is described to increase virus-induced apoptosis (Balachandran et al. 2000).
Additionally, the low TCID50 A/PR/8 NIBSC seed virus might also contain other kinds of
biological active particles, e.g. niCKPs that influence the antiviral response and virusinduced apoptosis (Marcus et al. 2009).
A repetition of the second study with two of the four A/PR/8 NIBSC strains (the 5.43 x 106
and 1.29 x 109 IVP/mL virus preparations) was published by Frensing et al. (2014). They
checked seed virus preparations for DIPs by analysing shorter gene segments, amplified by
gene-specific polymerase chain reaction (PCR) and separated by gel electrophoresis. This
showed that segments 1, 2, 3, and 6 of the 5.43 x 106 seed virus contained DIPs,
determined as small fragments of approximately 400–700 base pair length. In contrast, the
1.29 x 109 IVP/mL virus preparation contained predominantly full-length segments and
only small amounts of short PCR products. Interestingly, most deletions were identified in
the polymerase-coding segments 1, 2, and 3 which is in line with descriptions of the
polymerases-coding gene segments to be the most prevalently origin of DI RNAs (Davis
and Nayak 1979; Saira et al. 2013). Furthermore, Frensing et al. (2014) confirmed the
stronger interferon response induced by the low TCID50 seed virus compared to the high
TCID50 seed virus. In addition to virus titre measurements and flow cytometric analysis of
NP accumulation and apoptosis, RT-qPCR was performed for determination of viral
mRNA, cRNA, and vRNA. They found vRNA synthesis, but not mRNA and cRNA
synthesis, to be impeded by DI RNAs. Thus, DIPs influenced the second replication step
(the synthesis of progeny vRNA) of the viral life cycle and had only a minor impact of on
viral transcription and cRNA synthesis.
The impact of DIPs in a continuous influenza propagation process was investigated by
Frensing et al. (2013). They showed DIPs to be responsible for virus titre fluctuations (HA
and TCID50) and fluctuations of the effective MOI in a continuous (17 day long) influenza
propagation process using a two-step bioreactor set-up (one “cell bioreactor” and one
“virus bioreactor”) using the duck-derived suspension cell line AGE1.CR. Even small
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amounts of DIPs in the seed virus preparation rapidly accumulated and consequently
affected virus yield. This demonstrated DIPs to be a challenge and a crucial factor to be
considered for design and optimisation of efficient (continuous) influenza virus
propagation processes.
Summing up, data presented in this section confirm the hypothesis stated in section 4.3.3
that DIPs are responsible for the low titres of infectious virions resulting from infections
with low TCID50 seed virus preparations. Furthermore, the importance of low MOI
infection conditions to yield high infectious virus titres was underlined. Influenza vaccine
production using cell culture should avoid DIPs formation and thus benefit from low MOI
condition, which is indeed currently used by producers of cell culture-based influenza
vaccine (Genzel et al. 2014a), as it leads to a robust and reliable production process.
Special attendance should be given to seed viruses with low amounts of DIPs in order to
ensure an efficient and high titre yielding infection. As the virus titre is often not tested
during virus adaptation in vaccine strain generation, high MOI situations might occur
favouring formation of DIPs. Also, it would be important to check older stored seed virus
preparations for presence of DIPs by RT-PCR. Thereby, it could be decided if a low MOI
passage should be performed in order to avoid or at least strongly reduce DIPs in the seed
virus preparation. And as low MOI virus strain adaptation strategy is very laborious large
lots of seed virus should be performed.
Concluding, results on MOI dependency in T25-flasks (section 4.3.3) and data presented in
this section demonstrate the importance of seed virus composition and DIPs on total and
infectious particle formation in cell culture-based influenza virus propagation. One low
MOI passage was sufficient to increase seed virus TCID50 and reduce the amount of DIPs
in the seed virus.

4.5

Infection of adherent MDCK cells in dynamic
cultivation systems

In this section results from infections of adherent MDCK cells with different influenza
virus A strains in dynamic cultivations systems are shown. Different virus strains as well
as different infection conditions should be compared. For this purpose, infection dynamics
and virus-induced apoptosis were analysed with flow cytometry. HA and TCID50 assay
were used for determination of total and infectious virus titres, and extracellular metabolite
concentration was measured with a BioProfile® Plus.
Results from infections of adherent MDCK cells in spinner flask (section 4.5.1) and stirred
tank bioreactors (section 4.5.2) are shown. Bioreactors were infected with influenza
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A/PR/8 RKI and NIBSC at MOI 0.025 as well with the HGR strains Wisconsin-like and
Uruguay-like at MOI 0.025 and 0.05, respectively. In addition, cultivation and infection
with influenza A/PR/8 RKI under serum-free conditions and at very low MOI 1 x 10-5
were performed. All results are discussed in section 4.5.3.
Data from low MOI infections in section 4.5.2 were also published as: “Peschel B,
Frentzel S, Laske T, Genzel Y, Reichl U. 2013. Comparison of influenza virus yields and
apoptosis-induction in an adherent and a suspension MDCK cell line. Vaccine 31: 5693–
5699”. The infections with influenza A/PR/8 RKI in GMEM medium at MOI 0.025 as well
as Wisconsin-like HGR at MOI 0.025 were part of the Bachelor thesis of Tanja Laske
(Otto von Guericke University, Magdeburg).

4.5.1 Infections in spinner flask
Stirred cultivation systems are divided into controlled systems, i.e. bioreactors with
controlled gassing and pH, and uncontrolled systems like most spinner flasks. In spinner
flasks the only adjusted parameters are stirring and temperature. In contrast to bioreactors
in spinner flasks gas exchange only takes place through membranes in the side caps that
are in contact to the 5% CO2 atmosphere of the incubator, and pH regulation takes place
through the buffering capacity of the medium. Thus, especially oxygen supply, pH, and
osmotic concentration differ for uncontrolled compared to controlled cultivation systems.
In this section it should be investigated whether these differences have an influence on
influenza virus infection dynamics and virus-induced apoptosis. For this purpose, spinner
cultivation of adherent MDCK cells (grown in GMEM using 2 g/L microcarriers) and
subsequent infection with influenza A/PR/8 RKI at MOI 0.025 was conducted with
analysis of cell and extracellular metabolite concentration, infection dynamics, virusinduced apoptosis, and HA titre (Figure 4-17).
Two days after inoculation adherent cell concentration reached its plateau, due to
confluence of cells on the microcarriers, probably accompanied by a switch to maintenance
metabolism (Rehberg et al. 2013). Approximately 24 hpi adherent cell concentration
started to decrease and total and viable cell concentration in the supernatant to increase
(Figure 4-17a). Flow cytometric analysis of infection status and apoptosis showed 90% of
the cells to be infected at 12 hpi with a declining tendency after 30 hpi (Figure 4-17b).
Apoptosis induction started 24 hpi. Afterwards, a drop in the measured fraction of
apoptotic cells was observed. This might be due to a poor sample treatment during sample
taking thereby artificially increasing the apoptotic cell population or due to an insufficient
paraformaldehyde fixation resulting in an insufficient TUNEL staining. Generally, the
decrease in infected cells correlated with the increase in double positive cells, indicating
that those infected cells underwent virus-induced apoptosis. Approximately 4 h after NP
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positive cells were detectable, at 12 hpi, an HA titre of 1.39 log10 HAU/100 µL was
measured, reaching a maximum of 3.30 log10 HAU/100 µL by the end of infection (Figure
4-17c). This corresponds to a cell-specific virus yield of 22261 virions/cell.
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Figure 4-17 Spinner flask cultivation of adherent MDCK cells and subsequent infection with
influenza A/PR/8 RKI at MOI 0.025. Analysis of (a) cell concentration, (b) infection status, and (c)
HA titre: adherent cell concentration (a, triangles), total cell concentration in supernatant (a,
squares), viable cells in supernatant (a, circles), uninfected cells (b, triangles), infected cells (b,
squares), apoptotc infected cells (b, circles), and apoptotic uninfected cells (b, diamonds). Vertical
line in (a) marks toi.

Quantification of extracellular metabolite concentration is shown in Figure 4-18. During
48 h prior to infection no measurements were performed. Thus, 48 hpi and 0 hpi sampling
points were not connected in order to avoid wrong impressions of concentration time
courses. Glucose was consumed during the infection phase from 29.3 mmol/L to
17.8 mmol/L, and lactate released to 27.9 mmol/L (Figure 4-18a). This corresponds to a
yield coefficient of Y’lac/gluc = 2.43. Courses of ammonia and glutamine concentration in
the supernatant behaved inverse, with ammonia being released up to 2.1 mmol/L, and
glutamine being consumed to 0.7 mmol/L (Figure 4-18b). This corresponds to an ammonia
yield coefficient from glutamine of Y’NH4/gln = 4.29. It is not clear whether the washing
step did not completely remove the ammonia or during storage of the medium ammonia

4.5 Infection of adherent MDCK cells in dynamic cultivation systems

87

formed through decomposition of glutamine. As seen in other infections of adherent
MDCK cells (Genzel et al. 2004, 2005, 2006a; Ritter et al. 2010) glutamate is consumed
during the first 12 hpi, and released after 33 hpi up to 0.46 mmol/L by the end of infection
(Figure 4-18b). Generally, cells did not run into nutrient limitations, except for glutamate
that was completely taken up temporarily. Importantly, Genzel et al. (2004) described
lactate concentration of more than 8 mmol/L at toi to reduce HA titre by a factor of two in
roller bottle infections. This critical level was exceeded 12 hpi (Figure 4-18a), thus, a
negative impact of lactate on virus titre cannot be excluded.
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Figure 4-18 Analysis of extracellular metabolite concentration of a spinner flask cultivation of
adherent MDCK cells infected with influenza A/PR/8 RKI at MOI 0.025. Analysed metabolite
concentration: glucose (a, triangles), lactate (a, squares), ammonia (b, circles), glutamine (b,
diamonds), and glutamate (b, crosses). Vertical lines indicate point of infection.

4.5.2 Infections in stirred tank bioreactors
Infection with influenza A/PR/8 RKI
The next step was to compare infection and apoptosis dynamics, virus titres, and metabolic
profiles of the spinner infection to the dynamics and profiles in a controlled cultivation
system. For this purpose, a 1 L stirred tank bioreactor cultivation with adherent MDCK
cells infected with influenza virus A/PR/8 RKI at MOI 0.025 was performed (Figure 4-19).
About 30 hpi adherent cell concentration started to decrease, with a parallel increase in
total and viable cell concentration in the supernatant (Figure 4-19a). At 12 hpi HA titre
increased, reaching up to 3.3 log10 HAU/100 µL at 72 hpi (Figure 4-19c). Cells expressing
viral NP were detectable 4 h before HA titre increase. A maximum of 88% of the cells
appeared infected non-apoptotic at 24 hpi. At this time point the apoptotic infected cell
population also started to increase (Figure 4-19b, circles). TCID50 showed its maximum of
1.33 x 109 IVP/mL at 28 hpi, which is rather late compared to the HA titre course (Figure
4-19c). In other standard infections the maximum TCID50 was reached before the HA titre
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had reached its plateau (Schulze-Horsel et al. 2009). Cell-specific yields were
29617 virions/cell and 917 IVP/cell.
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Figure 4-19 1 L stirred tank bioreactor cultivation of adherent MDCK cells and subsequent infection
with influenza A/PR/8 RKI at MOI 0.025. Determination of (a) cell concentration: adherent
(triangles), total (squares), and viable (circles) supernatant cells, (b) infection and apoptosis status:
uninfected (triangles), infected (squares), apoptotic infected (circles), and apoptotic (diamonds) cell
populations, (c) HA titre (squares), and TCID50 (triangles). Vertical line in (a) indicates point of
infection.

Analysis of extracellular metabolite concentration is shown in Figure 4-20. Glucose was
consumed from 29.6 to 2.4 mmol/L, and lactate released up to 75 mmol/L (Y’lac/gluc = 2.79)
during the infection. Glutamine was consumed, and ammonia released into supernatant,
with a yield coefficient Y’NH4/gln = 1.35. As seen previously, glutamate concentration
increased during the second half of the infection.
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Figure 4-20 Courses of extracellular metabolite concentration in a stirred tank reactor cultivation of
adherent MDCK cells infected with influenza A/PR/8 RKI at MOI 0.025. Concentration of glucose
(a, triangles), lactate (a, squares), ammonia (b, circles), glutamine (b, diamonds), and glutamate (b,
crosses). Vertical lines indicate point of infection.

Infection with influenza A/PR/8 NIBSC
In addition, the second in-house A/PR/8 strain from a different supplier—the influenza
A/PR/8 from NIBSC—was investigated for infections of adherent MDCK cells. Earlier
studies in STR had shown that A/PR/8 NIBSC infects cells faster than the A/PR/8 RKI but
reaches much lower titres (Schulze-Horsel et al. 2009). To determine whether this
difference between the seed viruses still holds true, a 1 L stirred tank cultivation of
adherent MDCK cells infected with influenza A/PR/8 NIBSC at MOI 0.025 was performed
(Figure 4-21).
Adherent cell concentration started to decrease at 24 hpi (Figure 4-21a), and thereby 6 h
earlier than in A/PR/8 RKI bioreactor infection. Cell concentration in the supernatant
increased with decreasing adherent cell concentration (Figure 4-21a). First HA titre was
detectable 16 hpi (Figure 4-21b), and thus 4 h later than in the A/PR/8 RKI infection. The
final HA titre of 2.7 log10 HAU/100 µL was clearly lower than the final titre obtained in
the A/PR/8 RKI infection. Cell-specific virus yields were 9325 virions/cell. Flow
cytometric analysis (Figure 4-21c) showed 10% of the cells to be infected already 4 hpi, as
indicated by NP accumulation, reaching a maximum of 90% at 16 hpi. Flow cytometric
determination of apoptosis induction showed a steady increase of apoptotic infected cells at
36 hpi.
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Figure 4-21 Stirred tank bioreactor cultivation of adherent MDCK cells subsequently infected with
influenza A/PR/8 NIBSC at MOI 0.025. Determination of adherent cell concentration (a, triangles),
total (a, squares) and viable (a, circles) cell concentration in supernatant, HA titre (b), and infected
and apoptotic cell populations detected by flow cytometry (c): uninfected (triangles), infected
(squares), apoptotic infected (circles), apoptotic (diamonds) cells. Vertical line in (a) indicates point
of infection.

Infection with influenza A/Wisconsin/67/2007-like HGR
Another wide-spread influenza virus subtype besides H1N1 is H3N2. Therefore, a H3N2like strain should also be characterised in terms of infection dynamics and apoptosis
induction in bioreactor cultivations of adherent MDCK cells and compared to H1N1
infections. For this purpose, the influenza HGR strain A/Wisconsin/67/2007-like
(containing an A/PR/8-backbone) was chosen. This strain was included in the 2007
seasonal influenza vaccine. A 1 L stirred tank bioreactor cultivation of adherent MDCK
cells infected at MOI 0.025 showed a decrease in the adherent cell concentration with a
parallel increase in the supernatant cell concentration at 12 hpi (Figure 4-22a). At the same
time an HA titre of 1.9 log10 HAU/100 µL was detected, reaching its plateau of
3.05 log10 HAU/100 µL at 36 hpi (Figure 4-22c). This corresponds to a cell-specific virus
yield of 11700 virions/cell. The TCID50 showed its maximum of 7.5 x 108 IVP/mL at
20 hpi, staying on a high level up to 45 hpi (Figure 4-22c). This corresponds to a cellspecific yield of 417 IVP/cell. The flow cytometric detection of virus accumulation in the

4.5 Infection of adherent MDCK cells in dynamic cultivation systems

91

cells started around 6 hpi, with a maximum of 80% infected non-apoptotic cells (Figure
4-22b). After this maximum the infected non-apoptotic cell population decreased in favour
of the double positive infected apoptotic cell population. This population steadily increased
up to 45% at 72 hpi.
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Figure 4-22 Adherent MDCK cells cultivated in a 1 L stirred tank bioreactor and infected with
influenza A/Wisconsin/67/2007-like HGR (H3N2) at MOI 0.025. (a) cell concentration: adherent
(triangles), total supernatant (squares), viable supernatant (circles); (b) flow cytometric
determination of infection status and apoptosis induction: uninfected (triangles), infected (squares),
apoptotic infected (circles), and apoptotic (diamonds) cell populations; (c) HA titre (squares) and
TCID50 (triangles). Vertical line in (a) indicates point of infection.

Profile of extracellular glucose concentration showed a complete consumption during 95 h
of cell growth, with a corresponding increase in extracellular lactate up to 63 mmol/L
(Figure 4-23a). After infection with influenza virus A glucose was consumed down to
8.5 mmol/L, with 50.5 mmol/L lactate being produced (Y’lac/gluc = 2.21). Until 72 hpi
2.3 mmol/L ammonia were released (Figure 4-23b). Glutamine was converted to ammonia
to a final concentration of 0.53 mmol/L with a yield coefficient Y’NH4/gln of 2.60.
Glutamate was consumed during cell growth, but released after 24 hpi up to 1.02 mmol/L
(Figure 4-23b). At this time the HA titre reached its plateau and a significant apoptosis
induction was detected compared to both A/PR/8 wild type strains.
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Figure 4-23 Extracellular metabolite concentration of adherent MDCK cells infected with influenza
A/Wisconsin/67/2007-like HGR (H3N2). Analysis of concentration of glucose (a, triangles), lactate
(a, squares), ammonia (b, circles), glutamine (b, diamonds), and glutamate (b, crosses). Vertical
lines indicate point of infection.

Infection with influenza A/Uruguay/716/2007-like HGR
Another vaccine-relevant H3N2 strain is the Uruguay-like HGR, containing HA and NA
from influenza virus A/Uruguay/716/2007 and the backbone from influenza virus A/PR/8.
This strain was used for a 5 L cultivation of adherent MDCK cells with subsequent
infection at MOI 0.05 (Figure 4-24 and Figure 4-25). Supernatant cell concentration started
to increase at 24 hpi (Figure 4-24a). Already 8 hpi a HA titre of 1.6 log10 HAU/100 µL was
detectable, finally reaching a maximum of 2.8 log10 HAU/100 µL (Figure 4-24c),
corresponding to a cell-specific virus yield of 7464 virions/cell. The TCID50 increased in
parallel to the HA titre at 8 hpi. As the 0 hpi TCID50 value was determined, the MOI
adjustment could be checked: with 1.69 x 106 cells/mL at toi and MOI 0.05 the calculated
0 hpi TCID50 value is 8.5 x 104 IVP/mL, which fits the measured 0 hpi value, and thus
confirmed a good MOI adjustment. At 16 hpi a plateau in the infectious virus titre of
1.8 x 108 IVP/mL was reached that lasted up to 44 hpi (Figure 4-24c). With a maximum
cell concentration of 1.73 x 106 cells/mL the cell-specific infectious virus yield was
104 IVP/cell. Already at 4 hpi 38% of the cells were infected, and the maximum of
infection was reached 16 hpi with 95% infected non-apoptotic cells (Figure 4-24b). At
40 hpi 56% of the cells were apoptotic and infected. The metabolic profile shown in Figure
4-25 looked similar to earlier described profiles. It appears that concentrations determined
at 20 and 24 hpi eventually overestimate concentration for some metabolites. This might be
due to evaporated liquid, e.g. through not fully closed cap lids of sample vials during
heating at 80°C. Up to 24 hpi glucose was consumed and lactate released by the cells
(Y’lac/gluc = 2.30) (Figure 4-25a). Ammonia was released continuously by the cells (Figure
4-25b). Glutamate behaved inversely to ammonia, however, as the data points fluctuate a
clear tendency is not determinable. Glutamine showed the earlier described decreasing
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concentration in the first half of the infection, but increasing concentration at 20 hpi
(Figure 4-25b).
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Figure 4-24 Infection of adherent MDCK cells with Uruguay-like HGR in a stirred tank bioreactor at
MOI 0.05. Adherent cell concentration (a, triangles), total cell concentration supernatant (a, circles),
viable cell concentration supernatant (a, squares); population of uninfected cells (b, triangles),
infected cells (b, squares), apoptotic infected cells (b, circles), apoptotic cells (b, diamonds); time
courses of HA titre (c, squares) and TCID50 (c, triangles). Vertical line in (a) indicates point of
infection.
(b)

40

concentration (mmol/L)

concentration (mmol/L)

(a)

30

20

10

0

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

0

12

24

36
48
time (hpi)

60

72

0

12

24

36
48
time (hpi)

60

72

Figure 4-25 Extracellular metabolite concentration of influenza Uruguay-like HGR-infected MDCK
cells (stirred tank bioreactor, MOI 0.05): glucose (a, triangles), lactate (a, squares), ammonia (b,
circles), glutamine (b, diamonds), and glutamate (b, crosses).
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Infection at MOI 1 x 10-5
Previous shown infections were performed at an intermediate MOI of 0.025, which is the
internal “standard MOI” in the bioprocess engineering group. However, industrial
influenza vaccine production using cell culture for virus propagation uses MOIs as low as
1 x 10-5–1 x 10-8 (Genzel et al. 2014a). Also T25-flask experiments showed very low MOI
to be very attractive (section 4.3.3). Thus, in the next step, the influence of a drastic
reduction of the MOI on infection dynamics and virus-induced apoptosis in stirred tank
bioreactor systems should be investigated. As an example A/PR/8 RKI was used for
infection of adherent MDCK cells in GMEM medium at MOI 1 x 10-5 in a 1 L stirred tank
bioreactor. As these infections were performed three times (in three completely
independent experiments), in Figure 4-26 median ± MAD of time courses of HA titre,
TCID50, and flow cytometric evaluation of infection status and apoptosis induction are
shown. For courses of cell concentration median ± MAD are not plotted because of
variations in the starting concentration, instead, all three single runs are shown.
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Figure 4-26 Cultivation of MDCK cells in GMEM medium in a stirred tank bioreactor and infected
-5
with influenza A/PR/8 RKI at MOI 1 x 10 (n = 3). (a) adherent (open symbols) and total (filled
symbols) cell concentration in supernatant; (b) flow cytometric determination of uninfected cells
(triangles), infected cells (squares), apoptotic infected (circles), and apoptotic uninfected
(diamonds) cells; (c) TCID50 and HA titre. Median ± MAD are shown for cytometric evaluation of
cell populations as well as for HA titre and TCID50.
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Adherent cell concentration showed a decrease starting at 30 hpi in all three cultivations,
with a corresponding increase in the supernatant cell concentration (Figure 4-26a). At that
time point the maximum percentage of the infected non-apoptotic cell population was
reached (91%) (Figure 4-26b). The infected non-apoptotic cell population stayed at a level
above 76% until 67 hpi. Apoptosis induction appeared late at 60 hpi and only to a
maximum around 20%. HA titres were above 2 log10 HAU/100 µL 24 hpi, and increased
up to 3.15 ± 0.13 log10 HAU/100 µL (median ± MAD) (Figure 4-26c). TCID50 reached its
maximum of 2.37 x 109 IVP/mL at 36 hpi. The corresponding cell-specific virus yields
were 22891 ± 2747 virions/cell and 2887 ± 1217 IVP/cell (median ± MAD).
Analysis of metabolite concentration was performed for one of the three performed
experiments (represented in Figure 4-26a as circles) and is shown in Figure 4-27. Glucose
was consumed during the infection from 25.1 to 14.9 mmol/L, while lactate was released
up to 23.3 mmol/L at 96 hpi (Figure 4-27a), corresponding to a yield coefficient Y’lac/gluc of
2.27. Glutamate was taken up by the cells during the first 20 hpi, but released again at
60 hpi (Figure 4-27b). This glutamate release corresponded to apoptosis induction and the
HA titre reaching its plateau. Ammonia was continuously released during the infection up
to 2.35 mmol/L, glutamine consumed from 1.58 to 1.05 mmol/L (Y’NH4/gln = 3.44) (Figure
4-27b).
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Figure 4-27 Extracellular metabolite concentration of a MOI 1 x 10 infection of adherent MDCK
cells in GMEM with influenza A/PR/8 RKI in a stirred tank bioreactor. Shown are glucose (a,
triangles), lactate (a, squares), ammonia (b, circles), glutamine (b, diamonds), and glutamate (b,
crosses) concentration.

Infection under serum-free conditions
Influenza virus propagation using adherent cells requires washing steps when changing
from serum-containing to serum-free medium, because the protease trypsin is added with
the seed virus. Furthermore, spent medium and remaining serum are removed through this
washing step. However, those washing steps are laborious, time consuming, and bear the
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risk of contamination. Besides, production processes using mammalian cell culture seek to
omit animal components to reduce risks of contaminations (like prions) and increase batchto-batch reproducibility. Serum-free media, like EpiSerf (by Gibco®) are available which
can also be used to cultivate adherent MDCK cells, enabling a production process without
medium exchange and washing steps. However, in a direct infection spent medium and
potential inhibitory molecules are not removed. To investigate if the omitting of a washing
step influences infection dynamics and virus-induced apoptosis, adherent MDCK cells
were directly infected after the cell growth phase. For this purpose, a 5 L stirred tank
cultivation with serum-free grown MDCK cells was infected directly (without medium
exchange) only by addition of trypsin, glucose, and A/PR/8 RKI seed virus at MOI 0.025
at toi (Figure 4-28).
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Figure 4-28 Adherent MDCK cells grown in serum-free EpiSerf medium in a stirred tank bioreactor
infected without a medium exchange with influenza A/PR/8 RKI at MOI 0.025. Adherent cell
concentration (a, triangles), total cells in supernatant (a, squares), viable cells in supernatant,
populations of uninfected (b, triangles), infected (b, squares), apoptotic infected (b, circles), and
apoptotic uninfected (b, diamonds) cells; time courses of HA titre (c, squares) and TCID50
(triangles).

Cell concentration in the supernatant started to increase 16 hpi, with a corresponding
decrease in the adherent cell concentration (Figure 4-28a). Also, 16 hpi an HA titre of
2.03 log10 HAU/100 µL was detected, ending in a final titre of 3.09 log10 HAU/100 µL at
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72 hpi (Figure 4-28c). TCID50 showed a strong increase already 4 hpi (Figure 4-28c), and
thereby earlier than the increase in HA titre. A maximum of 1 x 109 IVP/mL was reached
16 hpi, at that time point the HA titre was still increasing. Cell-specific production was
14223 virions/cell and 578 IVP/cell, respectively.
Results from flow cytometric analysis of infection and apoptosis are plotted in Figure
4-28b. Especially in the beginning of infection the apoptotic uninfected population made
up more than the half of the present cells (56.7%), while in infections with a medium
exchange this population never exceeded 4%. Importantly, within 15 hpi this population
decreased down to less than 10%, presumably due to cell lysis or infection of already
apoptotic cells. Surprisingly, measurements of supernatant cell concentration did not show
an increased concentration of dead cells shortly after infection. Proportion of infected cells
reached its maximum of 80.5% at 24 hpi. At 33 hpi a significant proportion of the cells
appeared apoptotic and infected, corresponding again to the HA titre reaching its plateau.

4.5.3 Discussion
Four different influenza virus A strains, A/PR/8 RKI, A/PR/8 NIBSC, Wisconsin-like
HGR, and Uruguay-like HGR, were characterised regarding infection dynamics, apoptosis
induction, total and infectious virus titres, and concentration of five extracellular
metabolites, namely glucose, lactate, glutamate, glutamine, and ammonia. Furthermore, for
A/PR/8 RKI, a direct infection without medium exchange was investigated as well as an
infection in a spinner flask and at very low MOI. An overview of all performed stirred tank
cultivations including infection conditions, maximum virus titres, and cell-specific yields is
given in Table 4-5.

Comparison of influenza A/PR/8 RKI to A/PR/8 NIBSC
The first comparison of A/PR/8 RKI to A/PR/8 NIBSC was motivated by differences
earlier observed in infection dynamics and final virus titres (Schulze-Horsel et al. 2009).
Influenza A/PR/8 NIBSC showed a faster infection of the cells by approximately 8 h, and
virus titres up to 1 log10 HAU/100 µL lower compared to infection at the same MOI with
A/PR/8 RKI. These observations were very surprising at this point, as the seed virus strain
should be the same only derived by two different suppliers.
The stirred tank infections with influenza A/PR/8 RKI and A/PR/8 NIBSC performed in
this work showed a reduced time delay in the onset of infection determined, with the
A/PR/8 NIBSC being not as fast as described in earlier studies; only approx. 4 h faster than
the A/PR/8 RKI (Figure 4-29a), which is not significant taking into account biological
variations of bioreactor experiments. Interestingly, HA titre increased simultaneously in
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infections with both A/PR/8 strains. In addition, compared to previous studies with
influenza A/PR/8 NIBSC, the final HA titres were increased by 0.2 log10 HAU/100 µL
now yielding a maximum HA titre of 2.7 log10 HAU/100 µL. Correspondingly, cellspecific virus yields were increased, yielding more than 9000 virions/cell, compared to
earlier reported 3000–4000 virions/cell (Schulze-Horsel et al. 2009). This is still lower
than yields of 29000 virions/cell in A/PR/8 RKI infection, but a clear increase compared to
earlier studies. Thus, although A/PR/8 NIBSC spread faster in the cell population and had
a longer time window from NP accumulation to the first detectable increase in HA titre,
virus titres and cell-specific yields were lower than in A/PR/8 RKI infections.
The reason for this changed behaviour of A/PR/8 NIBSC is most likely due to a different
lot of seed virus used for infection compared to experiments by Schulze-Horsel et al.
(2009). Only a limited volume of seed virus is generated during working bank preparation,
and every few years original seed virus from the supplier is used to prepare a new virus
working bank. Unfortunately, those infections for seed virus preparations are performed
with standard volumes and harvest at eventually different time points, resulting in
undefined infection conditions (such as potential high MOI) during seed virus propagation.
Furthermore, it is not possible to use infectious virus titres for determination of the best
harvest time point, as only the HA assay gives results within few hours. All of this finally
results in significant lot to lot variations and different seed virus qualities between virus
working banks. This becomes apparent when comparing TCID50 and HA titres of the seed
virus lots from the same master banks in the bioprocess engineering group. A/PR/8 NIBSC
seed viruses used in former studies had different TCID50 and different ratios of infectious
virus particles to total virus particles. A/PR/8 RKI seed virus preparations used in the last
years did not differ much in TCID50, however, as the non-infectious virus population in the
seed virus aliquots has not been determined, no clear conclusion can be drawn. Still, the
different seed virus composition is most likely the reason for here observed different
behaviour of the A/PR/8 NIBSC and emphasises the need for controlled low MOI seed
virus generation procedures to minimise lot to lot differences and to draw valid
conclusions on the impact of other cultivation parameters modified. Consequently, when
comparing different infection conditions (such as vessel or MOI) it is of utmost importance
to use identical lots of seed virus. Otherwise, potential observed differences might be
caused by seed virus quality and not be due to the changed culture conditions.
Consequently, for all infections shown in this work, the same lot of seed viruses were used
(if possible) for all virus strains investigated.

MOI
0.025
0.025
0.025
0.05
0.00001
0.025
0.025

Virus strain

A/PR/8 RKI

A/PR/8 NIBSC

Wisconsin-like HGR

Uruguay-like HGR

A/PR/8 RKI

A/PR/8 RKI

A/PR/8 RKI

Stirred tank

Spinner

Stirred tank

Stirred tank

Stirred tank

Stirred tank

Stirred tank
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EpiSerf

GMEM

GMEM

GMEM

GMEM

GMEM

GMEM

Medium

7.50 x 10

3.05

n.a.
1.00 x 10

3.33
3.09

9

2.37 x 10

9

1.80 x 10

8

3.28

2.81

n.a.

2.71
8

1.33 x 10

9

Maximum
TCID50
(IVP/mL)

3.33

(log10HAU/100µL)

Maximum
HA titre

14223

20800

22891

7552

11700

9158

29617

Cell-specific
yield
(virions/cell)

578

n.a.

2887

104

417

n.a.

917

Cell-specific
inf. yield
(IVP/cell)

4.1

n.a.

12.6

1.4

3.1

n.a.

3.1

% infectious
virions

Table 4-5 Overview of performed stirred tank cultivations with adherent MDCK cells: virus strain, MOI, cultivation vessel, medium, maximum HA titre, maximum TCID50, total cell-specific yield (ratio HA titre to maximum cell concentration), infectious cell-specific virus yield (ratio maximum TCID50 to maximum
cell concentration), and percentage infectious virions produced.
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Analysis of the genetic differences between A/PR/8 RKI and NIBSC was also performed.
Rödig et al. (2011) published results from pyrosequencing analyses of the HA-coding gene
segment 4, revealing that the A/PR/8 RKI seed virus preparation was very homogeneous.
In contrast, the A/PR/8 NIBSC seed virus preparation comprised several quasispecies,
some possibly linked to the lower virus yield obtained.

Influenza high growth reassortants compared to wild type A/PR/8
For seasonal influenza vaccine production not wild type but HGR influenza virus strains
are used. Thus, it was interesting to compare vaccine relevant reassortants to A/PR/8 wild
type strains in stirred tank bioreactor infections.
Infections of MDCK cells with the Wisconsin-like HGR showed infection dynamics
comparable to A/PR/8 NIBSC infections. The Uruguay-like HGR was even faster, with
8 hpi having 90% of the cells infected (Figure 4-29a). Thus, bioreactor cultivations of the
two HGR strains and the two A/PR/8 variants showed similar tendencies as low MOI
infections in T25-flask, with the A/PR/8 RKI showing the latest progress of infection and
the Uruguay-like HGR infecting very fast (Figure 4-11). The differences in infection
dynamics are very remarkable since the gene segments coding for the polymerases, and
thus for the main determinants of replication speed, should be identical between all four
strains. Thus, steps like virus attachment, incorporation, release into cytoplasm, and
entering the nucleus that also affect onset of virus replication and that are influenced by
HA and NA might be reasons for differences between the A/PR/8 wild type and A/PR/8based HGR strains. Plant et al. (2012) described mutations in influenza PB1 gene to
influence growth kinetics of reassorted H3N2 strains containing an A/PR/8 backbone.
Reasons for observed differences in infection dynamics could be elucidated by genetic
analyses clarifying the molecular differences between the virus strains or microscopic
analyses of virus attachment and internalisation dynamics.
Apoptosis induction appeared somewhat increased for the HGR strains in comparison to
the A/PR/8 wild type strains (Figure 4-29b). Mohsin et al. (2002) described (H3/H2)N2
influenza virus strains to induce higher levels of apoptosis than (H1/Hsw1)N1 strains.
They compared apoptosis induction in adherent MDCK cells infected with seven N2 and
four N1 strains and emphasised the role of NA for this process. However, they analysed
only one time point, thereby not revealing infection dynamics and possible differences in
apoptosis dynamics. In addition, they tested only one MOI, and results of T25-flask
experiments in this work demonstrated an additional influence of MOI on apoptosis
induction. Additionally, in a later work they failed to modify apoptosis induction of
influenza strains by inserting NA genes of high apoptosis inducing strains into low
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apoptosis inducing strains and vice versa. This demonstrated the role of NA for apoptosis
induction to be limited (Morris et al. 2005).
A comparison of HA and TCID50 time courses is shown in Figure 4-29c and d. All final
HA titres ranged between 2.71 and 3.33 log10 HAU/100 µL (Table 4-5), which
demonstrates again adherent MDCK cells to be suitable for propagation of a wide range of
influenza virus strains to high HA titres. Interestingly, final HA titres were higher for all
tested strains in bioreactor infections than in T25-flask infections. This is presumably
caused by the higher maximum percentage of infected cells: between 5.3% and 24.8%
more infected non-apoptotic cells were reached in infections in stirred tank bioreactors
compared to T25-flasks. This tendency was already visible in the data shown in Figure 4-5.
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Figure 4-29 Stirred tank cultivations of MDCK cells infected with influenza A/PR/8 RKI (diamonds),
A/PR/8 NIBSC (squares), Uruguay-like HGR (triangles), and Wisconsin-like HGR (circles) at MOI
0.025 (Uruguay-like HGR: MOI 0.05). (a) fraction of uninfected non-apoptotic cells; (b) fraction of
apoptotic infected cells; (c) HA titre time courses; (d) TCID50 time courses.

TCID50 increased similar between all strains and reached maxima between 1.3 x 108 and
2.4 x 109 IVP/mL, which is in the same range as maximum TCID50 obtained in low MOI
infections in T25-flasks. In A/PR/8 RKI infections the highest TCID50 was measured,
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while in Uruguay-like HGR infections the lowest maximum TCID50 was detected. The
only study describing cell culture propagation of Uruguay-like HGR were performed in a
MDCK suspension cell line (MDCK-siat7e) at MOI 0.01, in which maximum infectious
titres of 8 log10 TCID50/ml (= 1 x 108 IVP/mL) were described (Chu et al. 2010). Overall,
high TCID50 were obtained in STR infections with all four tested virus strains.

Effect of low MOI for infections in stirred tank bioreactors
Established industrial cell culture-based influenza vaccine production processes use very
low MOI (Genzel et al. 2014a). Results from T25-flask infections and studies on DIPs
performed here also demonstrated a beneficial effect of low MOI (section 4.3 and 4.4). For
these reasons, the influence of lowering the MOI from 0.025 down to 1 x 10-5 for stirred
tank bioreactor cultivations of adherent MDCK cells was investigated. Through this lower
virus concentration at toi the onset of infection was about 10 h later than in MOI 0.025
infections (Figure 4-30a). Importantly, at 36 hpi the percentage of infected non-apoptotic
cells was highest in this low MOI infection compared to all MOI 0.025 infections with
influenza A/PR/8 RKI. This corresponded to a later and slower increase of the apoptotic
infected cell population (Figure 4-30b). Nevertheless, maximum HA titres were very
similar between MOI 1 x 10-5 and MOI 0.025 infections. Comparing time courses of HA
titres and point of maximum TCID50 it seemed that at standard MOI maximum TCID50 was
reached comparatively late. Eventually, the low MOI results in an earlier release of
infectious virus particles compared to the release of non-infectious virus particles in here
presented stirred tank infections. Importantly, maximum TCID50 was higher compared to
MOI 0.025 infection, as was cell-specific yield. The highest cell-specific virus yield in
terms of total virus particles released was obtained in infections with influenza A/PR/8
RKI under all tested conditions compared to A/PR/8 NIBSC, Uruguay-like HGR, or
Wisconsin-like HGR (Table 4-5). And also the highest infectious cell-specific yield of all
performed stirred tank infections was obtained in the low MOI infections with influenza
A/PR/8 RKI: 12.6% infectious virus particles were obtained, which is a factor 4 higher
than at MOI 0.025. This result matches observations in T25-flask infections at different
MOIs in which increased proportions of infectious virus particles were released at very low
MOI. Thus, results obtained in T25-flasks could be confirmed for stirred tank systems and
further support the hypotheses on the role of DIPs in influenza virus propagation.
In comparison to standard MOI infections, low MOI infections revealed not only a later
release of infectious particles, but also a more constant infectious virus titre (a later
decrease). This indicates that under low MOI conditions infectious virus particles are
released for a longer time period, while in higher MOI infections more non-infectious
particles are released, especially later in infection. Again, this demonstrates the importance
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of low MOI infections for seed virus generation and LAIV production, both aiming at
harvesting at time points with high proportions of infectious particles.

Influence of direct infection without medium exchange
Direct infection of adherent MDCK cells in serum-free EpiSerf medium showed infection
dynamics in terms of HA titre and populations of infected cells determined with flow
cytometry not to be significantly slower compared to infection with a medium exchange
(Figure 4-30a, c). A difference in this direct infection is the presence of an apoptotic
uninfected cell population in the beginning of the infection, reflecting a lower viability of
the culture. Interestingly, 24 hpi this population disappeared, presumably due to secondary
necrosis (lysis of the cells) or infection of apoptotic cells. Final HA titre was comparable to
infection with medium exchange (3.09 log10 HAU/100 µL), and a high maximum TCID50
of 1 x 109 IVP/mL was reached (Figure 4-30c, d). Thus, virus titres obtained with adherent
MDCK cells under serum-free infection conditions were comparable to those obtained
with cells grown in serum-containing medium. Also, flow cytometric characterisation of
infection and apoptosis showed—despite the significant apoptotic non-infected cell
population right after the infection—very similar profiles (Figure 4-30a, b). As metabolic
profiles were not monitored in the serum-free infection experiment (Figure 4-28), it is
unclear whether ammonia and lactate eventually reached critical levels.
Genzel et al. (2006a) also described similar yields for serum-containing and serum-free
influenza virus propagation in 5 L stirred tank bioreactor infections of adherent MDCK
cells in Ex-Cell® medium. Their infections with influenza A/PR/8 NIBSC at MOI 0.05
reached titres up to 2.9 log10 HAU/100 µL and cell-specific yields of approx.
12200 virions/cell. In a different study they obtained maximum HA titre of
3.3 log10 HAU/100 µL, corresponding to 33255 virions/cell, when infecting adherent
MDCK cells in EpiSerf medium in a wave bioreactor with influenza A/PR/8 RKI at MOI
0.018 (Genzel et al. 2010). This is very similar to results for stirred tank infections of
MDCK cells with influenza A/PR/8 RKI obtained in this work (Table 4-5).
Tree et al. (2001) reached higher titres under serum-free compared to serum-containing
conditions when infecting adherent MDCK cells in roller bottles with influenza A/PR/8 at
MOI 0.001. For MDCK cells grown in EpiSerf medium and infected in EpiSerf plus
5 µg/mL trypsin they reached 1 x 109 PFU/mL. When cells were grown in FCS
supplemented DMEM and infected in virus maintenance medium containing 5 µg/mL
trypsin only 7.9 x 107 PFU/mL were obtained. Liu et al. (2009) tested seven ca influenza
virus strains for propagation in MDCK cells grown in serum-containing DMEM or serumfree MediV100 medium (a supplemented SF-DME/F12 medium). Four ca influenza
virus A strains (A/New Caledonia/20/99, A/Panama/2007/99, A/Sydney/05/97, and
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A/Texas/36/91) reached higher titres in serum-containing medium, while three ca
influenza

virus

B

strains

(B/Brisbane/32/2002,

B/Hong

Kong/330/01,

and

B/Victoria/504/2000) reached higher titres in serum-free cultivated MDCK cells.
Differences in titres were less than 0.6 log10 TCID50/mL, except for influenza ca
A/Texas/36/91 that reached 1.2 log10 TCID50/mL higher titres in serum-containing
compared to serum-free infection conditions.
Concluding, cultivation of adherent MDCK cells in serum-free media like EpiSerf is a
good alternative to processes with serum-containing cell growth phases, enabling a
completely serum-free, facilitated process with no need for washing of microcarriers and
medium exchange, still yielding almost unchanged infection dynamics and acceptable
yields. Indeed, as for human vaccine manufacturing regulatory authorities require omitting
of serum, serum-free production processes for influenza virus propagation were established
(Genzel et al. 2014a).
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Figure 4-30 Comparison of A/PR/8 RKI infections of adherent MDCK cells in stirred systems
performed under different conditions. Infection in spinner flask at MOI 0.025 (triangles); infection in
-5
stirred tank bioreactor at MOI 0.025 (diamonds); infection in bioreactor at MOI 1 x 10 (circles);
direct infection in serum-free EpiSerf medium at MOI 0.025 (squares). Flow cytometric analysis of
(a) infected non-apoptotic cells and (b) apoptotic infected cells; time courses of (c) HA titre and (d)
TCID50.
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Spinner flask infection compared to stirred tank bioreactor infection
While in bioreactor systems many parameters such as pH and dissolved oxygen are
controlled, in spinner flasks only temperature and stirrer speed are typically controlled.
Oxygen and carbon dioxide are influenced through the atmosphere of the incubator and pH
is kept in the physiologic range by the buffering capacity of the medium. Consequently, the
not constant pH might have an influence on cell viability, apoptosis, and virus infection
dynamics.
A direct comparison of spinner and bioreactor infection dynamics, virus-induced apoptosis,
and HA titres is shown in Figure 4-30. Infection dynamics appeared very similar in both
experiments; the slightly earlier increase of infected cells and HA titre in the spinner
cultivation is in the range of biological variation. Also, maximum percentage of infected
cells was very similar (88% and 92%). The apoptotic infected cell populations seemed also
comparable. However, measured percentage of infected non-apoptotic and infected
apoptotic cell populations in the spinner infection fluctuate. This was also seen in
infections of adherent MDCK cells with influenza A/PR/8 RKI under serum-free
conditions and STR infection with Wisconsin-like HGR. Reasons for those fluctuations are
not clear, but are most likely a measuring artefact caused by sample taking, sample
treatment, or measurement errors, as biological processes like apoptosis induction are
irreversible and thus do not fluctuate within few hour intervals. Variations between
percentage of infected and apoptotic infected cell populations were also observed by
Schulze-Horsel et al. (2009) and also explained by misclassification. Importantly, TUNELfluorescence histograms of these fluctuating samples did not show abnormalities in the
distribution shape (like multimodalities).
HA titre time courses increased almost simultaneously in spinner and STR infections and
reached identical final titres of 3.33 log10 HAU/100 µL. While in the stirred tank
cultivation pH was kept constant at 7.3, pH in spinner was influenced by lactate and
glutamate release by the cells. Importantly, in the spinner infection pH ranged from 7.61 to
7.05 at 70 hpi (data not shown). Thus, pH stayed close enough to the optimal range of 7.2–
7.4, and a negative effect on titre or cell viability was not detected. In contrast, a negative
impact of a low pH value during influenza virus propagation was described by Genzel
et al. (2006b, 2010). Adherent MDCK cells grown serum-free in Ex-Cell® medium in a
Wave bioreactor system without pH control infected with equine influenza
A/eq/Newmarket/1/93 at MOI 0.04 showed a drop in the pH below levels of 6.8, caused by
lactate release and glutamate release of up to 2 mmol/L (Genzel et al. 2006b). This drop in
pH was speculated to be responsible for a final titre of only 1.7 log10 HAU/100 µL. A drop
in pH of below 6.4 was seen at the very end of infection in adherent MDCK cells
cultivated in EpiSerf medium in uncontrolled wave bioreactor systems and infected with
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influenza A/PR/8 RKI at MOI 0.018 (Genzel et al. 2010). Although this drop is stronger
than the drop in pH observed in here performed uncontrolled infection, Genzel et al.
(2010) reached a final titre of 3.3 log10 HAU/100 µL and high cell-specific yield, thus, this
late drop in pH did not negatively affect virus titre.
Concluding, although low pH values can negatively affect influenza virus titres this is not
the case for MDCK cells cultivated in GMEM in spinner flasks. Also infection dynamics
and apoptosis induction did not seem to be influenced by the decreasing pH or headspace
aeration. In the spinner cultivation, a plateau in cell concentration was reached during cell
growth and infection was performed at a higher cell concentration at toi compared to the
bioreactor cultivation, in which confluency probably had not been reached at toi. To a
certain extent, these factors limit the comparability of the two cultivations as both factors
potentially influence onset of infection.

Extracellular metabolite profiles
Comparing metabolic profiles, for cell growth (analysed in cultivations subsequently
infected with A/PR/8 RKI and Wisconsin-like HGR) typical time courses were found: with
glucose being consumed and lactate being released. In here presented cultivations, yield
coefficients Y’lac/gluc of 2.3–2.5 were found, which is higher than earlier described yield
coefficients (Genzel et al. 2004). As according to described metabolic pathways for
MDCK cells two molecules lactate are formed per molecule glucose, corresponding to a
maximum yield coefficient of 2. Reasons for here determined coefficients larger than 2
could be overestimation of lactate concentration, or that lactate formed by other pathways
than reduction of glucose-derived pyruvate. The by-product ammonia was released during
cell growth, while glutamine and glutamate were taken up by the cells or decomposed.
With the medium exchange performed for infection of adherent MDCK cells, consumed
glucose, glutamine, and glutamate were replenished and potential inhibitors like lactate and
ammonia were removed. As no high MOI was used for infection, glucose was consumed
during the early infection phase, and lactate and ammonia were released.
Importantly, glutamate profiles differed from that of other metabolites during infection: in
the first hours after infection glutamate levels stayed constant or decreased, while in the
second half of the infection cells released glutamate. Genzel et al. (2004) described this
release to correlate with HA titre and speculate it to correspond to cell death and glutamate
being released via permeabilised mitochondrial and cellular membranes. Here presented
data additionally show this increase also to correlate with apoptosis induction, which
would support the hypothesis of glutamate being released by dying cells. The uptake of
glutamine correlated to the release of ammonia, as the latter is one product of glutamine
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metabolism. The yield coefficients Y’NH4/gln for this conversion varied in here presented
infections between 1.35 and 3.44.
Interpretation of glutamine to ammonia conversion is, however, difficult, as different
pathways can be used by the cell for glutamine metabolism, only some of which result in
ammonia formation. This, and the variations in the calculated values higher than 2, show
that this yield coefficient is not very reliable. In addition, this could also indicate that
pathways other than deamination of glutamine resulting in ammonia formation might play
a role. For different infection experiments, though not exact values, but time courses of the
determined metabolic concentration generally did not differ much. In literature, there are
several critical concentrations described to have a negative impact on cell growth or virus
propagation. For example, 20 mmol/L ammonia chloride are described to inhibit HAmediated fusion with the endosomes (Morris et al. 1999; Jakeman et al. 1991), 8 mmol/L
lactate at toi to negatively impact HA titre (Genzel et al. 2004), 7–10 mmol/L NH4Cl to
reduce cell growth by 50% (Glacken et al. 1986), and 5 mmol/L ammonium chloride in
virus maintenance medium at toi to reduce influenza virus yields in MDCK cells (Genzel
et al. 2005). In here presented cultivations, ammonia concentration were uncritical,
however, lactate concentration exceeded in most infections critical values, thus, a negative
effect on HA titre cannot be excluded.

Loss of productivity
The time point when an infected culture becomes unproductive is highly interesting for
influenza virus propagation. The loss of productivity in this thesis is regarded as the end of
release of virions due to dying of cells. In this context, apoptosis determined by a TUNEL
assay was investigated, as late apoptotic cells are unlikely to release virions. Indeed,
apoptosis induction determined by flow cytometry correlated to three measured indicators
in cell culture infections with influenza virus, namely detached cell concentration, HA titre
plateau, and glutamate release. Afterwards, the ratio of infected non-apoptotic to infected
apoptotic cells as indicator to determine the time point when the cell culture becomes
unproductive is introduced.
As dead cells detach from their growth surface, concentration of cells in the supernatant
correlates to apoptotic infected cells detected by flow cytometry. Accordingly, in a
separate analysis of adherent and detached cells in STR cultivations infected with influenza
A/PR/8 NIBSC (MOI 0.025) apoptotic cells were almost solely found in the supernatant,
but not attached to microcarriers (Isken et al. 2009). In T25-flasks increases of total cell
concentration in supernatant and apoptotic infected cells were perfectly simultaneous
(Figure 4-12), in STR systems it appeared that cell concentration in supernatant increased
some hours before apoptotic infected cells were detected by flow cytometry. Apparently,
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shear stress present in stirred systems but not in static cultivation systems led to an earlier
detachment of dying cells from the growth surface. This is in agreement with the concept
of dead adherent cells to detach from microcarriers (Schulze-Horsel et al. 2009; Isken et al.
2009).
Regarding the connection between apoptosis and HA titre, Schulze-Horsel et al. (2009)
found induction of apoptosis to correlate to the HA titre reaching its plateau for three
cultivations. This was interpreted as the end of the high productive virus release phase. For
most of all (74%) of infection experiments with adherent MDCK cells presented in this
work, apoptosis induction and HA titre reaching its plateau correlated very well. However,
no correlation was found for the following infection experiments:
Ɣ T25-flask infections at MOI 3 with A/PR/8 RKI, A/PR/8 NIBSC, and Wisconsin-like
HGR
Ɣ Spinner infection of adherent MDCK cells with A/PR/8 RKI at MOI 0.025
Ɣ STR infections with Uruguay-like HGR (MOI 0.05) and A/PR/8 RKI (MOI 1 x 10-5)
In T25-flasks correlation of HA titre plateau and apoptosis was given for low MOI
infections, while for MOI 3 infections only Uruguay-like HGR fulfilled the correlation.
Especially as A/PR/8 NIBSC and Wisconsin-like HGR at MOI 3 showed a strong and
early apoptosis induction, the correlation between apoptosis and HA titre plateau was not
observed. Furthermore, no correlation between apoptosis induction and HA titre plateau
could be determined in spinner infection with influenza A/PR/8 RKI at MOI 0.025 because
percentage of infected and infected apoptotic cells fluctuated. Interestingly, in STR
infections with Uruguay-like HGR (MOI 0.05) and A/PR/8 RKI (MOI 1 x 10-5) increase in
apoptotic infected cells and HA titre did not correlate due to the very late apoptosis
induction in those infections. Summing up, except for high MOI infections and spinner
infection with fluctuating data points, the increase of apoptotic infected cells indicated that
the HA titre is reaching its plateau or has reached its plateau (when apoptosis induction is
very late). Thus, these data support that apoptotic cells do not productively release virions
anymore (Schulze-Horsel et al. 2009).
Finally, correlation of glutamate release to apoptosis induction was analysed. It appeared
that apoptotic infected cells detected by a flow cytometric TUNEL assay increased up to
10 h earlier than extracellular glutamate concentration. Thus, data show that the increase in
extracellular glutamate observed later in infection is presumably caused by dead and lysed
cells. However, glutamate release depends on the permeability of the cell membrane, and
deviations in cell membrane permeability directly affect glutamate release.
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Concluding, there is no general one single indicator for the end of the productive phase.
For different cultivation conditions, different indicators should be applied to determine
time point when productivity is lost.
As an additional indicator for the loss of productivity the ratio infected non-apoptotic to
infected apoptotic cells (inf./apop.inf.) can be used. The time point when the ratio exceeds
one indicates more apoptotic infected cells than infected cells to be present. The ratios of
flow cytometrically determined infected and apoptotic infected cell populations over the
infection period are shown in Figure 4-31. These ratios were calculated only for time
points after onset of infection, as very low percentage of infected cells falsifies the ratio.
The time point when this ratio starts to increase indicates the shift from predominantly
infected productive cells to less productive apoptotic infected cells. Comparing MOI
1 x 10-5 to 0.025 infections a clearly earlier and stronger increase in the ratio apopt.inf./inf.
is observed, as the three MOI 0.025 infections reach a ratio apopt.inf./inf. of 1 between 58
and 72 hpi. Thus, a lower proportion of apoptotic infected cells relative to infected cells is
present in the culture broth in the low MOI infections. This eventually prolongs the
productive time window and could be responsible for higher TCID50 and higher cellspecific infectious virus yields reached.
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Figure 4-31 Calculation of ratio apoptotic infected to infected non-apoptotic cells for stirred tank
cultivations of adherent MDCK cells infected with influenza A/PR/8: comparison of MOI 0.025 (filled
-5
symbols, three experiments) to MOI 1 x 10 infections (open symbols, three experiments).

The time window from NP accumulation to the time when the inf./apop.inf.-ratio exceeds 1
is proportional to the productive lifespan of the cells. Indeed, Uruguay-like HGR with the
lowest output in virions per cell had only 36 h for virus production, while in A/PR/8 RKI
MOI 0.025 infection 29617 virions/cell within 62 h productive infection were obtained.
However, no strict correlation is determinable, indicating that other factors like virus
replication or release efficiency might also play a role. Mathematical models can give hints
for elucidating such additional factors that influence the productive lifespan of virusinfected cells (Heldt et al. 2013).
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Concluding remarks
All tested virus strains replicated well to high titres, proving adherent MDCK cells again to
be a very suitable substrate for propagation of a broad range of influenza virus strains.
Interestingly, differences between the virus strains in terms of infection dynamics,
apoptosis induction, and cell-specific virus yields were detected, even though all strains
contained the same genetic backbone, confirming earlier observations in T25-flask
infections. These results demonstrate flow cytometric characterisation of infection
dynamics and virus-induced apoptosis to be a powerful tool to understand high titreyielding virus propagation processes and can help to improve industrial vaccine production
by identifying ways for optimisation like low MOI seed virus adaptation.

4.6

MDCK.SUS2 cells for influenza virus propagation

Adherent MDCK cells are a high virus titre-yielding substrate for influenza virus
propagation, and able to replicate a broad range of different influenza virus strains (Gaush
and Smith 1968; Merten et al. 1996). However, production processes using adherent cells
rely on the usage of microcarriers to offer a growth surface in dynamic cultivation systems.
This complicates scale-up of the process and causes additional costs. Furthermore, serumfree processes are required for production of human vaccines. Therefore, cells growing in
suspension in serum-free medium are considered to be an attractive alternative to
adherently growing cells (Feng et al. 2011). Thus, in cooperation with Klaus Scharfenberg
from FH Emden/Leer an adaptation of adherent MDCK cells to growth in suspension in
chemically-defined serum-free Smif8 medium was performed (Lohr et al. 2010). Those
cells were named MDCK.SUS1–MDCK.SUS3.
In this thesis MDCK.SUS2 cells were used for infection experiments. Characterisation of
infections dynamics and apoptosis induction was performed in order to develop strategies
for usage of MDCK.SUS2 cells in influenza virus propagation in a vaccine production
process. Firstly, a comparison of infection dynamics and cell-specific virus yields using
different infection strategies was performed (section 4.6.1). Secondly, trypsin activity was
determined (section 4.6.2). Finally, two influenza virus A strains (A/PR/8 RKI and
Uruguay-like HGR) should be propagated in MDCK.SUS2 cells with analysis of infection
dynamics and virus-induced apoptosis using flow cytometry and virus titre determination
using HA and TCID50 assays (sections 4.6.3 and 4.6.4). All results are finally discussed in
section 4.6.5.
Parts of this section, namely results and discussion of low MOI shake flask and stirred tank
infections (sections 4.6.1 and 4.6.3), have been published as “Peschel B, Frentzel S,
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Laske T, Genzel Y, Reichl, U. 2013. Comparison of influenza virus yields and apoptosisinduction in an adherent and a suspension MDCK cell line. Vaccine 31: 5693–5699”.
Stirred tank cultivations of MDCK.SUS2 cells and subsequent infection with influenza
A/PR/8 RKI and Wisconsin-like HGR at MOI 0.025 without medium exchange as well as
spinner flask infection with influenza A/PR/8 at MOI 0.025 (section 4.6.1) were part of the
Bachelor thesis of Tanja Laske (Otto von Guericke University, Magdeburg). Trypsin
activity measurements shown in section 4.6.2 as well as low MOI spinner infections
(section 4.6.1) were part of Sarah Frentzel’s Bachelor thesis (Otto von Guericke
University, Magdeburg).

4.6.1 Infection conditions for MDCK.SUS2 cells
MDCK.SUS2 cells were tested for replication of two different influenza virus A strains by
a direct infection as performed by Lohr et al. (2010). For this purpose, MDCK.SUS2 cells
were grown in stirred tank bioreactors and infected by addition of 1 x 10-5 units porcine
trypsin per cell and influenza virus A/PR/8 RKI as well as the Wisconsin-like HGR, both
at MOI 0.025. Additionally, glucose at a final concentration of 5 mmol/L was added at toi
to compensate for nutrient depletion. In Figure 4-32 and Figure 4-33 results for stirred tank
bioreactor infections are shown.
Infections were performed at cell concentrations of 3.8 and 4.0 x 106 cells/mL, thus, twice
as high as cell concentration reached with adherent MDCK cells using 2 g/L microcarriers.
To infect the culture no medium exchange was performed, only glucose, trypsin, and seed
virus were added to the culture broth at toi. Immediately after infection viable cell
concentration started to decrease and 90 hpi only 5 x 105 viable cells/mL were present
(Figure 4-32a).
HA titre in A/PR/8 RKI infection was only detectable 48 hpi and increased until the end of
infection to only 2.15 log10 HAU/100 µL (Figure 4-32c), corresponding to 819 virions/cell.
Infection with Wisconsin-like showed a 12 h earlier increase in HA titre, but only a final
titre of 1.56 log10 HAU/100 µL (Figure 4-32c), this is equivalent to a cell-specific yield of
only 214 virions/cell. Maximum TCID50 were detected 44 and 32 hpi with 1.0 x 108 and
2.4 x 107 IVP/mL for A/PR/8 and Wisconsin-like infections, respectively (Figure 4-32c).
Flow cytometric analyses of NP accumulation confirmed this late onset of infection: in
A/PR/8 RKI infection the infected cell population started to increase at 40 hpi, in
Wisconsin-like HGR infection at 12 hpi (Figure 4-32b). Interestingly, the infected
apoptotic population started to increase in parallel to the infected non-apoptotic cell
population. This very early onset of apoptosis plus the very small fraction of infected cells
indicates a loss of productive cells and is presumably the reason for the low titres and the
low cell-specific virus yields determined in these infections. Importantly, a significant
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proportion of the cells were not infected even by 72 hpi as seen in the uninfected cell
populations not falling below 30% until the end of the experiments. Importantly, even
when considering this low fraction of infected cells for calculation of cell-specific yields,
yields are much lower than those obtained in adherent MDCK cells.
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Figure 4-32 MDCK.SUS2 cells cultivated in 1 L stirred tank bioreactors and infected with influenza
A/PR/8 RKI (open symbols) and Wisconsin-like HGR (filled symbols) at MOI 0.025. (a) viable cell
concentration; (b) flow cytometric determination of infection status and apoptosis induction:
uninfected cells (triangles), infected cells (squares), and apoptotic infected cells (circles). For a
better visualisation of the infection dynamics, apoptotic uninfected cells were excluded from the
analysis. The vertical line in (a) indicates point of infection.

In addition, metabolic profiles of extracellular glucose, lactate, ammonia, glutamine, and
glutamate were recorded (Figure 4-33). Glucose was almost completely consumed in both
cultivations during cell growth, but replenished to half of the starting concentration by
addition of glucose at toi (Figure 4-33a). Lactate was released by the cells up to 40–
45 mmol/L at the end of the infections (Figure 4-33a). Ammonia was released during cell
growth up to 3.42–3.70 mmol/L, and increased further during infection up to 4.74–
5.12 mmol/L (Figure 4-33b). Glutamine was continuously taken up or decomposed during
cell growth and further during infection, while glutamate was consumed in the later phase
of cell growth, and released from 12 hpi on (Figure 4-33b).
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Figure 4-33 Metabolic profiles of MDCK.SUS2 cell infections in stirred tank bioreactors at MOI
0.025 with influenza A/PR/8 RKI (open symbols) and Wisconsin-like (filled symbols) at MOI 0.025.
Glucose (a, triangles), lactate (a, squares), ammonia (b, circles), glutamine (b, diamonds), and
glutamate (b, crosses) concentration. Vertical lines indicate point of infection.

Generally, the metabolic profiles of MDCK.SUS2 cells looked similar to those of infected
adherent MDCK cells, as recorded by Lohr et al. (2010). Absolute concentrations can of
course not be directly compared as infection were performed at a twofold higher cell
concentration and in a different medium. Ammonia concentration increased during the
infection with A/PR/8 RKI from 4.0–5.0 mmol/L and from 3.5–4.4 mmol/L in Wisconsinlike HGR infection. Thus, by the end of infection ammonia concentration was close to the
critical level of 5 mmol/L that was described to negatively affect influenza virus yields in
adherent MDCK cells (Genzel et al. 2005). Thus, ammonia eventually had a negative
effect on virus yields in these cultivations. It has to be mentioned that this critical value for
ammonia was only determined for adherent MDCK cells, thus, additional tests to
determine critical ammonia concentration for MDCK.SUS2 cells would be necessary.
In infections of adherent cells extracellular glutamate concentration increase correlated to
apoptosis induction and cell lysis, which is also true for the MDCK.SUS2 cell infection.
However, it is less explicit because of the high amount of apoptotic uninfected cells
present in the culture broth at toi due to the omitted medium exchange at toi.
Concluding, directly infected MDCK.SUS2 cells showed a delayed infection dynamic with
lower virus titres and lower cell-specific virus yields compared to adherent MDCK cells.
Reasons for this observation might be the presence of inhibitory molecules and cell debris
that are not washed away prior to infection as in adherent MDCK infections. Furthermore,
although a suspension cell line, MDCK.SUS2 cells showed a tendency for cell clogging
especially at higher cell concentration. Those agglomerates might have hindered efficient
spreading of the virus. Eventually, only cells on the surface of the agglomerates might be
infected. Analysis of extracellular metabolite concentration showed the same general
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tendencies as observed in adherent MDCK cell cultivations, thus implying that no severe
changes in metabolism have occurred during the adaptation process.
As the obtained virus titres and infection dynamics in MDCK.SUS2 cell infections were
not satisfying when compared to adherent MDCK cells, strategies were tested to improve
infection dynamics and yields. Parameters considered were: cell concentration at toi, a
reduced volume for infection, increasing trypsin activity, medium supplementation, and
addition of fresh medium to the culture broth at toi. Above discussed infections were
performed in stirred tank bioreactors to enable a direct comparison to adherent MDCK cell
infections. Therefore, scouting experiments testing different parameters to improve
infection dynamics and virus titres were performed in 100 mL shake flasks.
Firstly, it was investigated whether the delay in infection dynamic was caused by an
insufficient trypsin activity. For this purpose, the trypsin activity of 1 x 10-5 units/cell used
previously was compared to 5 x 10-5 and 1 x 10-4 units/cell in A/PR/8 RKI infections at
MOI 0.025 in shake flasks. As an indicator for virus replication only the HA titre was
monitored (Figure 4-34). In all infections approx. 25 hpi an HA titre of 2.1–
2.25 log10 HAU/100 µL was detected, increasing up to 2.75–2.9 log10 HAU/100 µL at
120 hpi. Importantly, no large differences between the different trypsin activities were
detected. Thus, trypsin activity was not limiting infection spreading. Hence, an trypsin
activity of 1 x 10-5 units/cell was used for subsequent infections. Interestingly, final HA
titres in these shake flask infections were higher than final HA titres obtained in infections
with influenza A/PR/8 RKI in STR. This could be caused by smaller cell agglomerates
observed when cultivating MDCK.SUS2 cells in shake flask compared to STR (data not
shown).
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Figure 4-34 Testing of different trypsin activities for MDCK.SUS2 cell infections with influenza
-5
A/PR/8 RKI at MOI 0.025 in shake flasks. HA titre time courses for infection with 1 x 10 units/cell
-5
-4
(triangles), 5 x 10 units/cell (squares), and 1 x 10 units/cell (circles).
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In the next experiment, it was investigated whether infection dynamics can be accelerated
by temporarily reducing the culture volume for infection. For this purpose, infections with
influenza A/PR/8 RKI at MOI 0.025 were performed in which the culture broth was
concentrated via centrifugation prior to seed virus and trypsin addition (Figure 4-35). One
hour after infection the culture volume was replenished with the stored supernatant. HA
titre time courses showed a faster increase when the culture broth was concentrated for
infection, but the difference was small. At 48 hpi identical HA titres were reached. Thus,
for the tested conditions, a higher cell and virus concentration at toi had no effect on
infection dynamics. Also, studies testing different supplementations of Smif8 medium and
different cell concentration at toi were not successful in improving infection dynamics and
cell-specific virus-yields (data not shown).
The disadvantage of a direct infection strategy without a medium exchange (hereinafter:
w/oME) is accumulation of inhibitory molecules and cell debris that are not washed away
prior to infection. To evaluate whether those factors might be responsible for the slowed
infection dynamic, direct infections performed in a reduced or normal culture volume were
compared to infections with a medium exchange prior to infection (hereinafter: wME).
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Figure 4-35 Comparison of normal (squares) and reduced (triangles) culture volume for infection of
MDCK.SUS2 cells with influenza A/PR/8 RKI at MOI 0.025 in shake flasks. (a) HA titre time
courses; (b) viable cell concentration.

For this purpose, culture broth was centrifuged, the used medium discarded, and the cells
were resuspended in fresh medium. In Figure 4-36 HA titres and cell concentration for
w/oME (open symbols) and wME (filled symbols) infections performed in reduced
(triangles) or normal (squares) culture volume are shown. HA titre courses clearly showed
an improvement of at least 12 h with an HA titre of 2.30 log10 HAU/100 µL 12 hpi (Figure
4-36a). By the end of infection even 3.21 log10 HAU/100 µL were reached. Importantly,
both wME infections looked very similar in their HA titre time courses. The same holds
true for cell concentration (Figure 4-36b). As a consequence of the higher final virus titre
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also cell-specific virus yields were improved through the medium exchange. Compared to
3500 and 4800 virions/cell in w/oME infections, 9600 and 11000 virions/cell were
obtained in wME infections.
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Figure 4-36 Influence of a medium exchange on (a) HA titre dynamics and (b) viable cell
concentration of influenza A/PR/8 RKI infected MDCK.SUS2 cells. Infection conditions: wME (filled
symbols), w/oME (open symbols), reduced volume (triangles), and normal volume (squares).

However, the finding of wME infection strategy to be beneficial for infection dynamics,
virus titres, and cell-specific yields, bears the problem of being very labour-intensive: with
suspension cells the culture broth has to be centrifuged, which is already in small-scale
bioreactors cumbersome. For these reasons, a 1:2 dilution of the culture broth at toi
(hereinafter: 1:2dil) was additionally tested as this is much easier to perform—especially at
large scale—than a full medium exchange with the need for cell retention by centrifugation
or other means. Also, as addition of fresh medium at toi reduces cell concentration, it
might also reduce the problem of cell agglomeration that was observed especially at higher
cell concentration.
In Figure 4-37 a comparison of wME, 1:2dil, and w/oME infection strategies in A/PR/8
RKI infections at MOI 0.025 in shake flasks is shown. HA titre courses showed very
similar profiles with titres of 1.96 and 2.15 log10 HAU/100 µL at 16 hpi when comparing
1:2dil and wME infections. Also, final HA titres did not differ much (2.93 and
3.02 log10 HAU/100 µL, respectively). As seen before, w/oME infections resulted in a 12 h
delay in HA titre increase. Thus, a 1:2dil infection procedure seems like a good
compromise between laborious medium exchange and improved infection dynamics. Also
for industrial vaccine production processes, diluting the culture broth of suspension cells
should be more feasible than performing a complete medium exchange.
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Figure 4-37 Comparison of a complete medium exchange (circles), a 1:2 dilution (triangles), and
no medium exchange (squares) for MOI 0.025 infection of MDCK.SUS2 cells with influenza A/PR/8
RKI in shake flasks. Determination of HA titre time courses.

All infections of MDCK.SUS2 cells shown above were performed at MOI 0.025. With the
results shown in section 4.3.3 that a low MOI in adherent MDCK cell infection was
beneficial for infectious virus titres, reduced apoptosis induction, and a robust virus
production in mind, the effect of a low MOI should also be investigated for MDCK.SUS2
cells. For this purpose, w/oME, 1:2dil, and wME shake flask infections at MOI 1 x 10-5
were performed three times. HA titre profiles with median ± MAD are shown in Figure
4-38a. Despite of the low MOI, 27 hpi HA titres of 1.4 for 1:2dil and
2.85 log10 HAU/100 µL for wME infections were detected. Final titres reached 3.01 and
3.27 log10 HAU/100 µL. In w/oME infections the increase in HA titre was delayed
significantly and final titres of only 1.65 log10 HAU/100 µL (23-fold lower than wME)
were obtained. The differences in HA titres were also reflected in lower cell-specific virus
yields, with comparable cell-specific yields of 9575 and 9178 virions/cell for wME and
1:2dil infections, respectively, and only 289 virions/cell for w/oME infections.
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Figure 4-38 MOI 1 x 10 infection of MDCK.SUS2 cells with influenza A/PR/8 RKI in shake flasks.
Comparison of wME (triangles), 1:2dil (squares), and w/oME (circles) infection conditions.
Determination of (a) HA titre and (b) cell viability. Shown are median ± MAD of three independent
experiments.
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The improved performance of wME and 1:2dil infections might be caused by a better cell
viability of the culture, as cell viabilities of w/oME infections and 1:2dil were much higher
than in w/oME infections throughout the infection (Figure 4-38b).
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Figure 4-39 MDCK.SUS2 cells infected with influenza A/PR/8 RKI at MOI 1 x 10 in shake flasks.
Comparison of wME (solid lines), 1:2dil (dashed lines), and w/oME (dotted lines) infection
conditions. Determination of infection status and apoptosis induction using flow cytometry: (a)
uninfected cells, (b) infected cells, (c) apoptotic uninfected cells, and (d) apoptotic infected cells.
Shown are median ± MAD of three independent experiments.

For the performed shake flask infections of MDCK.SUS2 cells the effect of low MOI and
different medium exchange conditions at toi on infected and apoptotic cell populations was
investigated additionally using flow cytometry (Figure 4-39). Time courses of uninfected
non-apoptotic cells showed a faster decrease in wME and 1:2dil infections than in w/oME
infections (Figure 4-39a). Again, the difference between wME and 1:2dil was not large.
Populations of infected non-apoptotic cells (Figure 4-39b) showed the same tendencies as
seen in the uninfected cell population. In addition, the w/oME infection was clearly
delayed (below 20% until 48 hpi) with 60% of uninfected cells at 48 hpi. At this time
point, in wME infections HA titre had already reached its plateau. In case no medium
exchange was performed, a poor viability during the infection was observed, as reflected in
an apoptotic uninfected cell population that was significantly higher compared to wME and
1:2dil infections (Figure 4-39c). Temporarily, 35.8 ± 6.5% (median ± MAD) of the cells
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were apoptotic, while in wME and 1:2dil infections this population never exceeded 6%.
The infected apoptotic cell population started to increase later in infection. Again, no large
difference between wME and 1:2dil infections was observed (Figure 4-39d), while the
population of infected apoptotic cells increased only slightly at 48 hpi in the w/oME
infection.
The next step was to investigate whether above observed tendencies for MOI lowering and
1:2 dilution prior to infection are also valid for uncontrolled systems, in which a drop in
pH, e.g. caused by release of lactate, might influence infection dynamics and cell death.
Indeed, the same tendencies seen in shake flask infections were found for infections of
MDCK.SUS2 cells in spinner flasks (Figure 4-40a, b). A direct infection with influenza
A/PR/8 RKI at MOI 0.025 resulted in an increase of HA titre at 36 hpi, to a final value of
2.28 log10 HAU/100 µL at 113 hpi. This corresponds to a cell-specific yield of
1050 virions/cell.
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Figure 4-40 Spinner flask cultivation of MDCK.SUS2 cells infected with (a, b) influenza A/PR/8 RKI
-4
at MOI 0.025 w/oME and (c, d) influenza A/PR/8 RKI at MOI 10 wME (filled symbols) and 1:2dil
(open symbols). (a, c) HA titre and (b, d) flow cytometric determination of uninfected (triangles),
infected (squares), apoptotic infected (circles), and apoptotic uninfected cells (diamonds).

120

4 Results and discussion

The flow cytometric analysis showed that apoptotic uninfected cells made up a significant
proportion of the total cell population reflecting the low viability of the culture at toi
(58%). Still, only 36 hpi infected non-apoptotic cells are detectable, shortly followed by an
increasing infected apoptotic cell population. This parallel increase was already seen in
w/oME stirred tank infections; however, in the latter the infected apoptotic population even
outran the infected non-apoptotic cell population which is not the case in the spinner flask
infection. Still, an overall maximum of only 53% (sum of infected non-apoptotic and
infected apoptotic) of the cells were infected at 72 hpi.
In Figure 4-40c and d the subsequently performed infections of MDCK.SUS2 cells at MOI
1 x 10-4 using a wME and 1:2dil infection strategy are shown. HA titre increased at about
24 hpi for both conditions, with the wME infection reaching a final titre of
3.03 log10 HAU/100 ȝL, and 2.79 log10 HAU/100 ȝL in 1:2dil infection. This corresponds
to cell-specific yields of 11487 and 8113 virions/cell, respectively. Interestingly, HA titres
started to increase simultaneously, but ended up at different final titres. Flow cytometric
evaluation of infection status showed a faster progress of infection in wME infection with a
maximum of 92.1% infected cells (sum of infected non-apoptotic and infected apoptotic
cells). In the 1:2dil infection a maximum of only 75.0% of the cells was infected. Virusinduced apoptosis was detected at 44 hpi for both infection conditions.

4.6.2 Measurement of trypsin activity throughout the infection
A sufficient trypsin activity is essential for cleavage of influenza virus HA0 into HA1 and
HA2 and efficient virus propagation in cell culture systems (Klenk et al. 1975). Trypsin
stock solutions used for here presented infection experiments were adjusted to activities of
500 and 5000 U/mL according to the manufacturer’s recommendations. However, trypsin
activity was not confirmed after stock solution preparation. An insufficient trypsin activity
can result in delayed infection dynamics or impaired infection (Kaverin and Webster 1995;
Seitz et al. 2012). The delayed infection dynamics observed in w/oME infections of
MDCK.SUS2 cells raised concerns whether sufficient trypsin activity was present in the
culture supernatant. To clarify this, trypsin activity present during infection experiments
was determined.
For analysis of trypsin activity in infection supernatants the commercial “trypsin activity
colorimetric assay kit“ (BioVision) was used. It is based on cleavage of the substrate
BAPNA by trypsin to form the yellow dye pNA that can be detected in a fluorescence plate
reader. The read-out pNA units/mL was converted into the more common BAEE units/mL
by equation (6) in section 3.4.5.
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Firstly, the internal trypsin stock used in the bioprocess engineering group for infection
experiments was tested for its actual activity. Values detected with the assay kit for stock
solutions were in the range of the expected activity of 500 U/mL (data not shown). Next, it
was investigated if different medium exchange conditions affect trypsin activity. Thus,
supernatant of shake flask infections of MDCK.SUS2 cells with influenza A/PR/8 RKI at
MOI 1 x 10-5 and a calculated adjusted trypsin activity of 1 x 10-5 units/cell was analysed
with the assay kit. In Figure 4-41 trypsin activity in BAEE units/mL of one set of parallel
infected shake flasks either under wME, 1:2dil, or w/oME infection conditions is shown.
Data clearly showed that trypsin activity was present with 23–30 BAEE units/mL under all
infection conditions over the complete infection period. Thus, omitting of a medium
exchange had no negative effect on trypsin activity. Taking the cell concentration at toi,
target trypsin activity of 1 x 10-5 units/cell correspond to 28, 29, and 30 BAEE units/mL.
Thus, the determined 0 hpi values of 28.0, 30.3, and 30.5 BAEE units/mL met the expected
corresponding calculated values very well (Figure 4-41).
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Figure 4-41 Trypsin activity in MDCK.SUS2 cell shake flask infections with influenza A/PR/8 RKI
-5
(MOI 1 x 10 ). Comparison of wME (triangles), 1:2dil (squares), and w/oME (circles) infection
conditions using the commercial “trypsin activity colorimetric assay kit“ (BioVision).

Trypsin activity was also determined for 1:2dil infections at MOI 1 x 10-5 and 1 x 10-4 in
stirred tank and spinner flasks, respectively. For the bioreactor infection (Figure 4-42a)
trypsin activity decreased during the infection duration: 16 BAEE units/mL at 0 hpi to
7 BAEE units at 60 hpi. Afterwards, determined activity was stable. With a calculated
activity of 25 BAEE units/mL at toi, the adjustment of the activity did not work well in this
infection experiment. In Figure 4-42b trypsin activity from MDCK.SUS2 cell infections in
spinner flasks is depicted. In this experiment the adjusted value of 23 BAEE units/mL was
met very well, with the assay determining an activity of 26 BAEE units/mL at toi.
Afterwards, a drop in activity was observed (8 BAEE units/mL at 26 hpi), but recovering
to activities around 18 BAEE units/mL. It is not clear whether this behaviour is due to
assay error or a poor sample preparation.
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Figure 4-42 Trypsin activity determined with a commercial assay kit of (a) stirred tank and (b)
-5
-4
spinner flask infections of MDCK.SUS2 cells (influenza A/PR/8 RKI at MOI 1 x 10 and 1 x 10 ,
respectively).

In summary, the commercial kit worked, although absolute values should be treated with
care until a validation has been performed. Measurements showed that even without a
medium exchange no limitation in trypsin activity is observed, and that the tested
infections with 1:2dil at toi did not show low trypsin activity during the course of infection.

4.6.3 Infections in stirred tank bioreactors
As the next step, the performance of MDCK.SUS2 cells was compared to adherent MDCK
cells. For this purpose, three stirred tank cultivations with MDCK.SUS2 cells were
performed under 1:2dil conditions and infected with influenza virus A/PR/8 RKI at MOI
1 x 10-5. In Figure 4-43 median values ± MAD of these three infections are shown. HA
titres of these 1 L stirred tank bioreactor infections (Figure 4-43a) showed a similar time
course and comparable maximum virus titres compared to infections under the same
conditions in shake flasks (2.94 ± 0.02 log10 HAU/100 µL). With 11411 ± 949 virions/cell
(median ± MAD) cell-specific virus yields were also comparable to shake flask infections
in which 9178 ± 1400 virions/cell were obtained (Figure 4-48). Additionally, a maximum
TCID50 of 1 x 109 ± 3 x 108 IVP/mL at 43 hpi was determined (Figure 4-43a). This
corresponds to a cell-specific infectious virus yield of 633 ± 227 IVP/cell (median ±
MAD).
Flow cytometric analysis of the infection status and apoptosis showed the uninfected cell
population to decrease at 24 hpi (Figure 4-43b). Likewise, the infected non-apoptotic cell
population started to increase at that time point reaching a maximum of 88.2 ± 3.6% at
35 hpi. The subsequent decrease in the proportion of infected non-apoptotic cells
corresponded to an increase of the apoptotic infected population up to 55.2 ± 1.4%. The
apoptotic uninfected cell population remained more or less constant at a level below 5%
during the entire infection period, as seen before in shake flask infections (Figure 4-39).
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Figure 4-43 Stirred tank cultivation of MDCK.SUS2 cells infected with influenza A/PR/8 RKI at MOI
-5
1 x 10 using 1:2dil. Determination of (a) HA titre and TCID50, as well as (b) infection status and
apoptosis induction with flow cytometry: uninfected cells (triangles), infected cells (squares),
apoptotic infected cells (circles), and apoptotic uninfected cells (diamonds). Median ± MAD from
three independent experiments are shown.

Also, concentration of extracellular metabolites was compared (Figure 4-44). During the
first 94 h of cell growth glucose was consumed by the cells to a final concentration of
4.6 mmol/L, but replenished after medium addition at toi to 8.8 mmol/L (Figure 4-44a).
Lactate reached a concentration of 23.1 mmol/L prior to infection (Figure 4-44a). This
level was reduced to 12.5 mmol/L by 1:2 dilution with fresh medium. With 15.2 mmol/L
lactate being released until the end of infection, and consumption of glucose from 8.7 to
2.3 mmol/L, yield coefficient Y’lac/gluc was 2.34.
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Figure 4-44 Stirred tank infection of MDCK.SUS2 cells with influenza A/PR/8 RKI at MOI 1 x 10
using 1:2dil. Determination of extracellular metabolite concentration: glucose (a, triangles), lactate
(a, squares), ammonia (b, circles), glutamine (b, diamonds), and glutamate (b, crosses). Vertical
lines indicate point of infection.

Ammonia concentration was reduced after dilution at toi from 2.2 to 1.2 mmol/L (Figure
4-44b). After infection its concentration increased again up to 3.0 mmol/L. Glutamine was
consumed during cell growth from 3.3 to 1.0 mmol/L (Figure 4-44b). 1:2 dilution at toi
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replenished glutamine concentration to 2.2 mmol/L. During infection glutamine was once
more taken up by the cells, resulting in a final concentration of 0.6 mmol/L at 96 hpi. Yield
coefficient Y’NH4/gln was 1.1. Glutamate concentration showed only minor changes during
cell growth (from 1.6 to 1.9 mmol/L). In the second half of the infection (at 44 hpi)
glutamate concentration increased again up to 2.9 mmol/L (Figure 4-44b).

4.6.4 Infections with Uruguay-like HGR seed virus

HA titre (log10 HAU/100 µL)

Above shown infections of MDCK.SUS2 cells were all performed with influenza virus
A/PR/8 RKI. Studies in adherent MDCK cells demonstrated the influenza Uruguay-like
HGR strain to perform very well in T25-flask infections. It showed a fast progress of
infection and a late apoptosis induction resulting in high virus titres and high cell-specific
virus yields. Thus, it should be analysed whether this strains performs equally well in
MDCK.SUS2 cells. For this purpose, shake flask infections were performed (1:2dil,
1 x 10-5 units trypsin/cell) and HA titres were analysed (Figure 4-45).
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Figure 4-45 Shake flask cultures of MDCK.SUS2 cells infected with influenza Uruguay-like HGR at
MOI 0.025 (triangles) and MOI 1 (squares). Determination of HA titre time courses.

Surprisingly, even using MOI 1, 58 hpi a maximum HA titre of only
1.72 log10 HAU/100 µL was reached, and in MOI 0.025 infection it took even 93 h to have
a detectable HA titre that only increased up to 1.02 log10 HAU/100 µL. This corresponds to
cell-specific yields of only 446 virions/cell and 89 virions/cell, respectively.
As the influenza Uruguay-like HGR seed virus used for infection had been adapted to
adherent MDCK cells, it should be investigated whether an adaptation of this seed virus to
MDCK.SUS2 cells could improve infection dynamics, virus titres, and cell-specific virus
yields. Standard seed virus adaptation in the bioprocess engineering group uses fixed
standard volumes per flask, thus, no concrete MOI is adjusted, and eventually high MOI
situations might occur. Previous experiments in this thesis had shown a low MOI to be
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beneficial for achieving high infectious virus titres (section 4.3.3) and generating a high
quality seed virus. Consequently, a different SOP for the adaptation of the Uruguay-like
HGR seed virus to MDCK.SUS2 cells was used. In this procedure, the seed virus was
highly diluted over 5 passages (up to a dilution of 10-8), thereby achieving very low MOIs
resulting in a seed virus with a high proportion of infectious virus particles. The adaptation
of the Uruguay-like HGR virus to MDCK.SUS2 cells generated a seed virus containing
9.2% infectious virus particles, with a TCID50 of 1 x 109 IVP/mL. This is identical to
TCID50 of the best adherent cell-adapted seed virus used in this work, which was the
influenza A/PR/8 NIBSC seed virus generated by a low MOI passage.
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Figure 4-46 Infections of MDCK.SUS2 cells with MDCK.SUS2 cell-adapted Uruguay-like HGR
-5
seed virus at MOI 1 x 10 using wME (solid lines) and 1:2dil (dashed lines) infection conditions in
shake flasks. Results of two experiments are shown (open and filled symbols): (a) flow cytometric
determined uninfected (triangles), infected non-apoptotic (squares), and apoptotic infected (circles)
cell populations; time courses of (b) TCID50 and (c) HA titre.

This adapted Uruguay-like HGR seed virus was then used for two low MOI infections of
MDCK.SUS2 cell shake flask cultures (Figure 4-46). To obtain a better impression of the
new seed virus, wME as well as 1:2dil conditions were compared for MOI 1 x 10-5
infections (n = 2). Uninfected non-apoptotic cells were absent 36 hpi in wME infections
(Figure 4-46a). Under 1:2dil conditions this took about 10–12 h longer. Correspondingly,
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the maximum of infected non-apoptotic cells was reached at these time points. Apoptosis
was induced late in these infections, with the apoptotic infected cell population starting to
increase at 40 hpi. Importantly, apoptotic uninfected cells did not play a role during the
experiment (constantly below 3%). Maximum TCID50 reached were 6 x 107 to
1.3 x 108 IVP/mL (Figure 4-46b). Interestingly, maxima were reached very late during
infection. HA titre increased up to 2.3 and 2.6 log10 HAU/100 µL (Figure 4-46c). Cellspecific yields were 497–2938 virions/cell and 13–40 IVP/cell.

4.6.5 Discussion
Testing of medium exchange strategies for infections of MDCK.SUS2 cells
Cell-specific virus yields of MDCK.SUS2 cells presented by Lohr et al. (2010) were much
lower than those obtained in adherent MDCK cells. Additionally, progress of infection was
delayed significantly compared to infections in microcarrier cultures. In line with this, first
infections with MDCK.SUS2 cells presented in this work showed a weaker performance of
MDCK.SUS2 cells compared to adherent MDCK cells. Thus, in order to improve virus
titre and cell-specific yields, MDCK.SUS2 cells infection conditions should be optimised.
First attempts tried higher trypsin concentration, different medium supplementation (data
not shown), or reduced culture volume at toi (higher cell and virus concentration) but
achieved no significant improvement. An insufficient trypsin activity could be excluded as
a cause for delayed infection dynamics, as trypsin activity was high in all shake flask
infections throughout the complete infection phase (Figure 4-41).
Further attempts for improving infection dynamics included addition of fresh medium to
the culture broth at toi and medium exchange. Although cultivation in serum-free medium
enables a direct infection, also vaccine industry performs washing steps in order to remove
spent medium. Furthermore, in direct infections of MDCK.SUS2 cells inhibiting
metabolites like ammonia and lactate had accumulated and glucose had been consumed
during cell growth (Figure 4-33). Therefore, performing a full medium exchange at toi
should be compared to direct infections with only glucose being added. Additionally,
infections in which the culture broth was 1:2 diluted with fresh medium at toi were
included, as this is more feasible than a full medium exchange. Furthermore, the MOI was
reduced to 1 x 10-5 as it was shown previously that low MOI infections can improve
infectious virus titres (section 4.3.3). Also industrial cell culture-based influenza vaccine
productions use very low MOI. Aggarwal et al. (2011) described the MOI to be an
important parameter for optimisation of influenza virus production, and showed a low MOI
to be not only beneficial for process productivity, but also for process robustness. Shake
flask infection experiments performed under low MOI conditions showed that 1:2dil at toi
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improved the viability of the culture (Figure 4-38) and reduced the apoptotic uninfected
cell population (Figure 4-39c). This might be caused by dilution of potential inhibitors and
supply of fresh nutrients. In contrast, in w/oME infections the viable cell concentration
steadily decreased (Figure 4-38b). Importantly, virus propagation started earlier under
wME and 1:2dil conditions. Possible explanations might be the dilution of substances
inhibiting virus entry and intracellular virus replication, or the activation of cellular
metabolism and cell growth after addition of fresh medium. The latter is supported by an
increasing viable cell concentration and a better cell viability after infection in 1:2dil but
not in w/oME infections (Figure 4-38b). The lower cell concentration in 1:2dil infections
compared to w/oME infections might also be responsible for the faster onset of infection:
MDCK.SUS2 cells tend to form cell aggregates at higher cell concentration eventually
hindering an efficient spreading of the virus through the whole cell population. While for
Modified Vaccinia Ankara virus in AGE1.CR cell cultures cell agglomerates support virus
spreading (Lohr et al. 2009), MDCK.SUS2 cells eventually still release virus particles via
their former apical side, thereby hindering an infection of cells within cell agglomerates.
Most likely, in wME and 1:2dil infections the early onset of virus replication together with
the late induction of apoptosis resulted in higher cell-specific virus yields because the virus
production time window was extended. Importantly, a 1:2 dilution was already sufficient to
achieve this beneficial effect, as infection dynamics and virus titres did not differ much
between wME and 1:2dil infections (in maximum by 0.26 log10 HAU/100µL). Similar
results were obtained in spinner flask infections of MDCK.SUS2 cells. Here, w/oME
infection with influenza A/PR/8 RKI at MOI reached a final HA titre of
2.28 log10 HAU/100 µL (1050 virions/cell). Interestingly, this value is higher than the final
HA titre obtained in stirred tank infections under these conditions. Performance of a 1:2dil
and wME infection strategy clearly improved infection dynamics and virus titres. A first
HA titre was detectable 15 h earlier in wME and 1:2dil infections than in the w/oME MOI
0.025 infection. Final HA titre improved 3.2-fold when comparing w/oME infection to
1:2dil infection, and a factor 5.6 improvement compared to wME infection. For cellspecific yields improvement factors were even higher: 7.7 and 10.9 when comparing wME
and 1:2dil infection yields to w/oME infection yields, respectively.
A comparison of the former infection strategy (also used by Lohr et al. 2010) to the 1:2dil
infection strategy is shown in Figure 4-47. Infected cells (apoptotic plus non-apoptotic NPpositive cells in flow cytometric measurements) and HA titres of direct w/oME infections
of MDCK.SUS2 cells with influenza A/PR/8 RKI at MOI 0.025 showed a later progress of
infection than infections with the same virus strain under 1:2dil infection conditions at
MOI 1 x 10-5. Also, cell-specific virus yields in 1:2dil and wME infections were higher
than yields obtained in w/oME infections (Figure 4-48).
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Figure 4-47 Improved infection conditions for MDCK.SUS2 cells. Comparison of w/oME MOI 0.025
-5
(open symbols) to 1:2dil MOI 1 x 10 (filled symbols) infections. Infected cell populations (triangles)
(sum of non-apoptotic as well as apoptotic infected cells) and HA titre time courses (squares) of
MDCK.SUS2 cells grown in stirred tank reactors and infected with influenza A/PR/8 RKI.
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Figure 4-48 Cell-specific virus yields of w/oME, 1:2dil, and wME shake flask infections and 1:2dil
-5
stirred tank infections of MDCK.SUS2 cells with influenza A/PR/8 at MOI 1 x 10 . Median ± MAD of
three independent experiments are shown.

Similar results were obtained by Genzel et al. (2013), who investigated the influence of a
wME and 1:2dil in comparison to w/oME infections in influenza infections using CAP
cells. In shake flask infections using CAP cell-adapted influenza A/PR/8 seed virus, the
1:2dil infection strategy also improved HA titres by at least 0.4 log10 HAU/100 µL
compared to w/oME infections. Here, a full medium exchange at toi resulted in even
further increased final HA titres of 3.0 log10 HAU/100µL and earlier onset of infection.
In summary, though a direct infection w/oME of MDCK.SUS2 cells is possible, a 1:2dil
was necessary to achieve fast infection dynamics, high virus titres, and increased cellspecific virus yields in MDCK.SUS2 cell infections.

4.6 MDCK.SUS2 cells for influenza virus propagation

129

Infection of MDCK.SUS2 cells in stirred tank reactors and spinner flasks
A 1:2dil infection of MDCK.SUS2 cells with influenza A/PR/8 RKI at MOI 1 x 10-5 in
STR cultivations was subsequently performed to enable a direct comparison to adherent
MDCK cells. Diluting the culture broth 1:2 at toi successfully reduced ammonia
concentration and replenished substrates like glucose (Figure 4-44). Yield coefficient
Y’lac/gluc was identical to coefficients determined in adherent MDCK cell infections in this
work (2.27 and 2.34 in adherent and MDCK.SUS2 cell infections, respectively).
Conversion of glutamine to ammonia was lower compared to adherent MDCK cell
infections (Y’NH4/Gln = 1.1 in MDCK.SUS2 cells and 3.44 in adherent MDCK cells).
Genzel et al. (2005) described ammonia concentration of 5 mmol/L at toi to inhibit virus
propagation in adherent MDCK cell infections. Thus, maximum ammonia concentration of
2.35 mmol/L obtained in low MOI MDCK.SUS2 cell infections was most likely below
critical levels, assuming critical concentration for MDCK.SUS2 cells to be in the same
range as for adherent cells. It needs to be clarified whether the lower yield coefficient of
ammonia from glutamine is caused by the different medium composition used for the two
cell lines or by a change in metabolism through the adaptation process. MDCK.SUS2 cell
infections showed a release of glutamate during the second half of the infection,
comparable to tendencies in here presented experiments with adherent MDCK cells and
results described by Genzel et al. (2004). This increase in extracellular glutamate
correlated with flow cytometrically determined virus-induced apoptosis (Figure 4-43b) and
decreasing viable cell concentration (data not shown). Interestingly, net release of
glutamate (calculated as difference between concentration at the end of infection minus
concentration at toi) was 2.6 times higher in MDCK.SUS2 cell infections than in the low
MOI infection of adherent MDCK cells.
Lohr et al. (2010) found A/PR/8 virus-infected MDCK.SUS2 cells to reach maximum
TCID50 of 7.6 x 108 IVP/mL and a maximum HA titre of 2.9 log10 HAU/100 µL in wavebioreactor cultivations, which is in the range of values obtained in this work. However,
cell-specific yields were 7000 virions/cell, which is below the 11400 virions/cell reached
in 1:2dil infections presented in this work.
Recently, Tapia et al. (2014) used MDCK.SUS2 cells for influenza virus A/PR/8 and
A/Mexico/4108/2009 (H1N1) propagation (MOI 0.001) in a hollow fibre bioreactor
system. They estimated yields of 11000–19000 virions/cell, thus, proving the potential of
MDCK.SUS2 cells. Van Wielink et al. (2011) showed for infections of MDCK-SFS cells
with egg-adapted influenza virus A/PR/8 a TCID50 of approximately 6.3 x 108 IVP/mL,
and HA titres of 2.6 log10 HAU/100 µL. However, as the authors do not provide cellspecific virus yields, a direct comparison of the cultivations is difficult.

130

4 Results and discussion

Nevertheless, for infections of adherent MDCK cells with influenza A/PR/8 virus at MOI
1 x 10-5 titres of 3.15 log10 HAU/100 µL and 2.37 x 109 IVP/mL (22000 virions/cell and
2900 IVP/cell) were obtained (Figure 4-43). While this demonstrates that there is further
room for improvement of cell-specific yields in MDCK.SUS2 cells, one has to keep in
mind that concentration of cells in suspension cultures can be increased relatively easily.
For example, similar to Pohlscheidt et al. (2008), perfusion or volume-extended fed batch
strategies might be used as in adherent MDCK cells for further improvement of virus
production. Another option was demonstrated by Petiot et al. (2011). They increased total
virus titres as well as infectious virus titres for influenza virus production in a HEK-293
suspension cell line in perfusion cultures (using an acoustic filter system for cell retention)
compared to batch cultivations.
Alternating tangential flow (ATF) cultivation systems, as used by Genzel et al. (2014) for
influenza virus propagation in AGE1.CR and CAP cells, should be considered, too. They
found the ATF system—that combines perfusion with filtration strategies—to positively
influence the ratio of infectious to total virions released and increased cell-specific
infectious virus yield compared to batch cultivation. Total number of virions/cell were
constant, thus, no high cell density effect occurred.
Regarding other cell lines, Petiot and Kamen (2013) showed maximum infectious titres of
108–1012 IVP/mL in HEK-293 suspension cells infected with influenza A/PR/8 at MOI
0.01 in batch cultivations. With human CAP cells 2.5 log10 HAU/100 µL (up to
6400 virions/cell) and 7.7 x 107 IVP/mL were obtained when infected with influenza
A/PR/8 virus (seed virus adapted to the cells) (Genzel et al. 2013). Per.C6 cells reached
1010 TCID50/mL in bioreactor infections with influenza A/Sydney/95 virus at MOI 1 x 10-4
(Pau et al. 2001). Lohr et al. (2012) described influenza A/PR/8 virus propagation in
AGE1.CR cells to reach TCID50 of 1.8 x 108 IVP/mL and 2.1 log10 HAU/100 µL. Genzel
et al. (2010) showed Vero cells to yield HA titres of 2.6–2.9 log10 HAU/100 µL and
TCID50 of 5.6 x 106 to 1.8 x 108 IVP/mL for MOI 0.001 and MOI 1 influenza A/PR/8 virus
infections in small-scale stirred tank systems under serum-containing and serum-free
conditions. Hu et al. (2008) demonstrated Vero cells to yield 1 x 108 to 1.65 x 109 IVP/mL
when infected with an influenza A/Vietnam/1194/2004 (H5N1)-HGR virus containing a
A/PR/8 backbone in a 1 L-scale bioreactor with 3 x 106 cells/mL at toi. Concluding, with
titres of 1 x 109 IVP/mL and HA titres of 2.94 log10 HAU/100 µL MDCK.SUS2 cells thus
performed well compared to other cell lines.
Comparison of w/oME, 1:2dil, and w/ME infection strategies for MDCK.SUS2 cells in
spinner flasks showed similar tendencies as in shake flasks. 1:2dil and wME infections
showed a faster onset of infection compared to w/oME of 20 h despite the 2500-fold lower
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MOI used. Final HA titres were 0.5 log10 HAU/100 µL higher and cell-specific yields
increased almost 8-fold when comparing 1:2dil infections with w/oME infections.
When comparing the controlled to the uncontrolled cultivation system for MDCK.SUS2
cell infections, stirred tank infections were still faster (90% infected cells in 36 h),
especially taking into account that a 10-fold lower MOI was used than in spinner flask
infections. Cell-specific yields in stirred tank reactor and spinner flask infections differed
only slightly: 11411 virions/cell in stirred tank, 8113 virions/cell in spinner flasks. Data
presented here suggest similar performance of MDCK.SUS2 cells in stirred tank and
spinner systems. However, as spinner infections were not performed in biological
replicates the comparison shall not be over-interpreted.

Trypsin activity in MDCK.SUS2 cell infections
Trypsin activity was determined in infection supernatants to exclude delayed infection
dynamics being caused insufficient trypsin activity during infection. Comparing trypsin
activity in w/oME, 1:2dil, and wME shake flask infections of MDCK.SUS2 cells similar
trypsin activities were determined. Thus, trypsin activity is not limiting virus activation and
spreading in infections without medium exchange.
Although trypsin is described to self-digest itself (Bier et al. 1956), trypsin activity of
shake flask infections did not show a decrease in trypsin activity over time. Thus, selfdigestion doesn’t seem to play a role in cell culture infection experiments. The assay could
be used to check trypsin activity of in-house-prepared trypsin stock solutions used for
infection experiments. Furthermore, it might be interesting to monitor trypsin activity
during continuous influenza virus cultivations (Frensing et al. 2013), to check if trypsin
activity is affected by such infection conditions. Also, high cell density situations like in
ATF or hollow fibre bioreactor systems (Tapia et al. 2014; Genzel et al. 2014b) should be
analysed for trypsin activity, as with high cell densities secreted protease inhibitors could
play a more prominent role and might decrease trypsin activity. The importance of trypsin
addition for influenza virus propagation in cell culture was reported by Le Ru et al. (2010)
who found no influenza virus replication in HEK-293 cells even 4 days post infection
when infecting without trypsin added at toi. For adherent MDCK cells, Seitz et al. (2012)
described absence of trypsin in adherent MDCK cell infections with influenza virus
A/PR/8 NIBSC at MOI 0.025 to result in delayed increase and lower final HA titre,
stronger IFN-β expression, and higher fractions of apoptotic cells later in infection.
However, a too high trypsin activity can also have negative effects on cell viability and/or
virus titres (Pau et al. 2001; Le Ru et al. 2010). Thus, testing for the optimal trypsin
activity is important when aiming at improving influenza virus propagation in cell culture.
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Comparison of MDCK.SUS2 cells to adherent MDCK cells
Compared to adherent MDCK cell infections in bioreactor at MOI 1 x 10-5 with influenza
A/PR/8 RKI, analysis of infected cell populations in bioreactor infections of MDCK.SUS2
cells showed a delay in the increase of infected non-apoptotic cells and HA titre of about
8 h. Reasons for this delay might be related to altered lipid composition of MDCK.SUS2
cell membranes caused by adaptation of the cells to growth in suspension. This could
affect steps like virus attachment, internalisation, and virus budding, thereby influencing
onset of infection and time of virus particle release. Also, in stirred cultivation systems cell
agglomerates of MDCK.SUS2 cells were observed that eventually hindered an efficient
spreading of the virus. Rodriguez-Boulan et al. (1983) analysed influenza virus budding of
adherent MDCK cells that were brought into suspension by trypsin-EGTA treatment.
While single cells in suspension lost their structural and functional polarisation and
released influenza virus particles from the entire cell surface, cells in agglomerates showed
cell polarisation features and asymmetric virus budding (as in cells attached to a surface).
In addition, the adaptation process eventually changed other cellular factors that affect
virus replication. Evaluation of changes between adherent and MDCK suspension cells on
the proteome level could give hints on such altered cellular factors that potentially
influence virus replication. Van Wielink et al. (2011) performed a comparison of influenza
virus infection in MDCK-SFS suspension cells to the parental adherent MDCK cells,
however, they only provide final virus titres and do not comment on infection dynamics.
Tapia et al. (2014) performed infection experiments with both, adherent MDCK cells and
MDCK.SUS2 cells. However, as they performed perfusion cultivations in hollow fibre
bioreactors for 200 hours or longer, differences in the onset of infection between the two
cell lines were not in the scope of their work.
Importantly, apoptosis induction after influenza virus infection was much more
pronounced in MDCK.SUS2 cells than in adherent MDCK cells, shown in percentage of
apoptotic cells and the ratio apopt.inf./inf. cells (Figure 4-49). This indicates an early loss
in the proportion of virus-producing cells in MDCK.SUS2 cell infections, as TUNEL
positive cells do not contribute significantly to virus production anymore (Schulze-Horsel
et al. 2009). Importantly, this was only true for virus-induced cell death, as levels of
uninfected apoptotic cell populations were equally low in infections of both cell lines.
Interestingly, despite the stronger apoptosis induction, increase of apoptotic infected cells
and the HA titre reaching its plateau correlated, as previously observed for most infections
of adherent MDCK cells.
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Figure 4-49 Comparison of adherent MDCK (filled symbols) to MDCK.SUS2 cells (open symbols)
-5
in stirred tank infections with influenza A/PR/8 RKI at MOI 1 x 10 : ratio apopt.inf./inf. cell
populations determined with flow cytometry of three cultivations each.

Adaptation of adherent cells to growth in suspension requires overcoming anoikis. Thus,
suspension-adapted cells should have a lower susceptibility for programmed cell death and,
possibly, also for virus-induced cell death. In contrast, here presented data show that
during the adaptation to suspension growth the cells became more susceptible to virusinduced apoptosis. Signalling pathways leading to cell death are described to be also
connected to adhesion molecules (reviewed by Zhong and Rescorla 2012; Mitra and
Schlaepfer 2006). Furthermore, the interplay of influenza virus proteins with molecules
involved in cell adhesion is described, e.g. Gaur et al. (2012) showed the interaction of
influenza virus neuraminidase with the adhesion molecule CEACAM6 to result in
activation of the Protein Kinase B (Akt) cell survival pathway. Thus, alterations in protein
expression levels or structure of adhesion molecules might alter cell survival signalling
pathways that also interact with influenza virus proteins. This might explain the observed
susceptibility of MDCK.SUS2 cells for virus-induced apoptosis. This hypothesis might be
supported by Coombs et al. (2010) describing proteins associated with cell adhesion to be
downregulated upon influenza virus A infection in A549 cells. If this is also true for
MDCK.SUS2 cells, influenza virus infection might result in down-regulation of various
cell-survival signalling pathways, thereby possibly facilitating virus-induced apoptosis.
Another factor could be that the chemically-defined Smif8 medium used for cultivation of
MDCK.SUS2 cells might not sufficiently protect the cells from virus-induced cell stress.
Finally, mathematical models can be used to estimate the lifetime of productively infected
cells and help to understand the underlying molecular mechanisms (Schulze-Horsel et al.
2009; Heldt et al. 2013).

134

4 Results and discussion

Propagation of influenza Uruguay-like HGR in MDCK.SUS2 cells
The low MOI adaptation of influenza Uruguay-like HGR successfully generated a seed
virus with a high TCID50 and a high proportion of infectious virus particles. This adapted
virus showed improved infection dynamics, virus titres of 2.6 log10 HAU/100 µL, and
TCID50 of 1.3 x 108 IVP/mL in low MOI infections in MDCK.SUS2 cells. This
corresponds to an HA titre improvement by a factor of 8, and improvement of cell-specific
yields by a factor of 33 compared to the adherent-adapted seed virus. This is clearly an
improvement to beforehand observed infection dynamics, titres, and cell-specific yields
with the adherent MDCK cell-adapted seed virus.
However, compared to infections with influenza A/PR/8 RKI (Figure 4-50a) this is still
lower by a factor 2.6. Also, infection dynamics is delayed by 6–12 h when comparing the
adapted influenza Uruguay-like HGR to the A/PR/8 RKI. It would be interesting to
additionally test the fourth passage of the Uruguay-like HGR adaptation for propagation in
MDCK.SUS2 cells.
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Figure 4-50 Comparison of HA titre time courses of shake flasks infections of MDCK.SUS2 cells
-5
with adapted influenza Uruguay-like HGR at MOI 1 x 10 (open squares: 1:2dil, open triangles:
-5
wME) to (a) infections of MDCK.SUS2 cells with influenza A/PR/8 RKI at MOI 1 x 10 (median of
three independent experiments; filled squares: 1:2dil, filled triangles: wME) and to (b) infections of
-4
adherent MDCK cells with Uruguay-like HGR (adapted to adherent MDCK cells) at MOI 1 x 10 in
T25-flaks (diamonds).

Finally, despite of the adaptation to the suspension cell line, influenza Uruguay-like HGR
still performed better in adherent MDCK cells compared to infections in MDCK.SUS2
cells (Figure 4-50b). HA titre increased 4–12 h earlier in adherent cells and reached titres
at least 0.4 log10 HAU/100 µL higher than in MDCK.SUS2 cells. TCID50 reached a
maximum of 4 x 108 IVP/mL in adherent MDCK cell infections, which is higher than the
obtained 6 x 107 and 1.3 x 108 IVP/mL in here shown MDCK.SUS2 cell infections. It has
to be noted that adherent MDCK cells in this comparison have been cultivated in a
different cultivation system and were infected with a factor 10 higher MOI, which might
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influence infection dynamics. A complete direct comparison was not possible in these
small vessels as adherent MDCK cells cannot be grown in shake flasks with baffles. Still,
comparing cell-specific virus yields adherent MDCK cells replicated the Uruguay-like
HGR better than MDCK.SUS2 cells by a factor of 10.
Chu et al. (2010) used MDCK-siat7e suspension cells that were generated out of CCL-34
MDCK cells for propagation of the Uruguay-like HGR. They performed a low culture
volume infection strategy with 10-fold dilution of the culture with fresh medium 1 hpi in
shake flaks using MOI 0.01. Maximum HA titre was reached 8 hpi of 8 log2 HA/50 µL
(approx. 2.7 log10 HAU/100 µL), corresponding to approximately 5900 virions/cell and
8 log10 TCID50/mL (= 1 x 108 IVP/mL). Furthermore, they performed a 2 L stirred tank
bioreactor cultivation using a perfusion strategy, thereby achieving a viable cell
concentration of 4 x 106 cells/mL during 10 days of cell growth. Infection was performed
at MOI 0.2 and reached 512 HAU/50 µL (approx. 3 log10 HAU/100 µL). They did not
compare these yields to the parental adherent CCL-34 MDCK cell line, but compared it to
HA titres obtained in chicken eggs. In that study, they found three of four tested influenza
virus strains to yield higher titres in MDCK-siat7e cells, with the Uruguay-like HGR being
the only one reaching lower titres in MDCK-siat7e cells than in chicken eggs.
Nakowitsch et al. (2014) investigated the influence of influenza virus propagation in eggs,
Vero cells, and MDCK cells and found for influenza A/Uruguay/716/2007 and other H3N2
strains an increased pH threshold of HA conformational change and impaired virus
stability. Thus, adaptation of the Uruguay-like HGR is sensitive to the system it is adapted
to. This might explain the only moderate titres obtained with the influenza Uruguay-like
reassortant in MDCK suspension cells, as the seed virus adaptation potentially influenced
virus properties. In-depth analyses would be necessary to clarify whether genetic changes
between the original seed virus, adherent MDCK cell-adapted seed virus, and
MDCK.SUS2 cell-adapted seed virus are present. However, this was beyond the scope of
this work.
An interesting observation is the TCID50 time course of the Uruguay-like HGR which
showed a very late maximum titre. This is an unusual TCID50 time course, as infected cells
are thought to first release intact virions, and later in infection mostly defective particles.
Furthermore, virus particles become non-infectious through incubation at 37°C and
degradation through proteases that are released by lysed cells. Importantly, this late TCID50
peak behaviour of the Uruguay-like HGR was not only observed in MDCK.SUS2 cells, but
also in adherent MDCK cells (Figure 4-51), and thus seems to be a characteristic of the
Uruguay-like reassortant strain. Also in infections of MDCK-siat7e cells with influenza
Uruguay-like HGR, TCID50 and HA titre time courses showed the TCID50 to reach its
maximum approximately 30 h after the HA titre had reached its plateau (Chu et al. 2010),
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thus confirming observations with MDCK.SUS2 cells. Further investigation would be
necessary to clarify the reasons for this interesting behaviour of the Uruguay-like
reassortant but were beyond the scope of this work.
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Figure 4-51 Courses of TCID50 in infections of adherent MDCK cells with influenza Uruguay-like
HGR. Results from MOI 0.05 stirred tank reactor cultivation (open symbols) as well as T25-flask
infections (filled symbols) at MOI 0.0001 (diamonds), MOI 0.1 (circles), and MOI 3 (triangles).

As a concluding remark, the protocol used to adapt the Uruguay-like HGR seed virus to
MDCK.SUS2 cells is still not optimal. Due to its high limit of detection HA titre increases
rather late. Hence, it is not optimal as indicator for the next passage in seed virus
adaptation, since maximum of infectious particles is potentially passed over. Concluding,
the here found late TCID50 peak behaviour makes the Uruguay-like HGR a highly
interesting strain for future studies such as further investigations on DIPs and continuous
virus cultivations.

5

Summary

Scope of this work was to investigate influenza virus propagation in two MDCK cell lines
in terms of infection dynamics and virus-induced apoptosis for an influenza vaccine
production process. An overview of most important studies performed in this work is given
in Figure 5-1.
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Figure 5-1 Overview of most important studies performed in this work: cell lines used, question
addressed, and system chosen.

To extend the range of testable virus strains and to test different MOIs, a large number of
experiments are necessary, especially, as due to batch-to-batch variations three repetitions
would be eligible. Hence, the use of bioreactor cultivation systems as used in previous
studies was not feasible. Thus, a T25-flask-based system which allows to analyse four
virus strains or four MOIs in parallel in one experiment was established and demonstrated
a good biological variance and reproducibility.
In this T25-flask system, studies on infected and apoptotic cell populations, virus titres,
and cell concentration for infection adherent MDCK cells was performed. Therefore, cell
were infected with four influenza virus strains (influenza A/PR/8 RKI, A/PR/8 NIBSC,
A/Uruguay/716/2007-like HGR, and A/Wisconsin/67/2005-like HGR) at three different
MOIs (0.0001, 0.1, and 3). The HGR strains showed an early release of virus particles.
Importantly, in infections with the Uruguay-like HGR the highest HA titres of all four
tested strains at all three MOIs were obtained. For TCID50 courses, the increase in MOI not
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only resulted in an earlier increase with lower maximum values, but strains reacted
differently. Infections with influenza A/PR/8 NIBSC at MOI 3 showed no increase in
TCID50, thus no production of infectious virus particles. This corresponded to a 920-fold
decrease in infectious particles released per cell compared to MOI 0.0001 infection. Also,
flow cytometric analysis of virus-induced apoptosis in A/PR/8 NIBSC infections showed,
especially at higher MOI, a strong apoptosis induction. Hence, four influenza virus A
strains, that should be identical or differ in maximum in the two surface proteins-coding
gene segments, revealed remarkable differences in their behaviour on an increased MOI. In
all infections, lower maximum TCID50 and lower cell-specific virus yields were reached at
high MOI compared to low MOI. Most likely, this is caused by DIPs present in different
amounts in the seed virus preparations. Especially in infections with influenza A/PR/8
NIBSC, the seed virus with the lowest content of infectious particles, the most severe drop
in TCID50 appeared, with no production of infectious virions at MOI 3. Results
demonstrated influenza virus strains that show a fast progress in infection combined with a
late onset of apoptosis to yield the highest virus titres.
Demonstrating hypotheses on DIPs, a subsequent study with four influenza A/PR/8 NIBSC
seed virus preparations containing 5.43 x 106 to 1.00 x 109 IVP/mL (0.22 to 21.33%
infectious particles) revealed the high TCID50 seed virus to reach much higher TCID50 and
higher cell-specific virus yields in petri dish infection experiments. In addition, it seemed
that the infected non-apoptotic cell population stayed on a higher level till the end of
infection. This again confirmed results from the T25-flask study that seed virus
composition is of utmost importance. Frensing et al. (2014) confirmed the low TCID50
A/PR/8 NIBSC seed virus to contain more DIPs than the high TCID50 A/PR/8 NIBSC seed
virus. In summary, low MOI situations in seed virus generation were demonstrated to be of
great importance in order to minimise DIPs.
In stirred tank bioreactor systems, infections of adherent MDCK cells with influenza
A/PR/8 RKI and NIBSC showed fewer differences in infection dynamics compared to
earlier studies (Schulze-Horsel et al. 2009). This is presumably due to a different seed
virus stock used and emphasises the importance of using the same seed virus preparation
for repetitions of experiments.
A direct infection of adherent MDCK cells grown in serum-free medium showed infection
dynamics not to be delayed compared to infections with a medium exchange. Maximum
HA titre and TCID50 were only slightly lower compared to medium exchange infection.
Thus, growth of adherent cells under serum-free conditions was shown to be an attractive
alternative to serum-containing process with washing steps and presents an option for
process simplification.
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Lowering the MOI down to 1 x 10-5 resulted in increased maximum TCID50, increased
percentage of infected cells as well as delayed and reduced apoptosis induction. Thus,
results for low MOI infections obtained in T25-flasks were confirmed, and hereby
advantages of low MOI infections for infectious virus titres were verified.
As adherent cells are difficult to scale-up, suspension cell lines should be established
whenever possible. Here, the MDCK.SUS2 cell line established by K. Scharfenberg (FH
Emden/Leer) was chosen for characterisation of influenza virus infection dynamics and
virus-induced apoptosis. A first optimisation study to improve infection dynamics and
virus titres—including medium supplementation, trypsin activity, and cell concentration at
toi—failed. However, a medium exchange at toi resulted in an earlier increase in HA titre
by at least 12 h. As a medium exchange is relatively cumbersome for suspension cells,
other options for infections were investigated, and a 1:2dil of the culture broth at toi was
identified to result in an HA titre increase only slightly later than with a medium exchange.
Thus, 1:2dil at toi was demonstrated to be a good compromise to improve infection
dynamics in MDCK.SUS2 cells without a laborious medium exchange step.
A study on shake flask infections of MDCK.SUS2 cells with influenza A/PR/8 RKI at
MOI 1 x 10-5 confirmed 1:2dil at toi to be only few hours delayed compared to infection
with medium exchange. In addition, flow cytometry confirmed an only slightly slower
infection dynamic for 1:2dil compared to wME infections. Importantly, w/o infections
showed a significant larger population of apoptotic uninfected cells, reflecting the bad
viability of the culture. Hence, 1:2dil infection strategy was identified to be an effective
way for improvement of infection dynamics.
Transfer of the optimised infection conditions of 1:2dil and MOI 1 x 10-5 to a stirred tank
bioreactor system showed an almost complete infection (90% infected non-apoptotic cells)
at 36 hpi. Final HA titre was 2.94 log10 HAU/100 µL (11411 virions/cell), and maximum
TCID50 was 1 x 109 IVP/mL. Thus, titres and yields were improved to first w/oME
cultivations at MOI 0.025 in which an HA titre of 2.15 log10 HAU/100 µL
(819 virions/cell) and 1 x 108 IVP/mL had been obtained. However, compared to titres and
yields of infections in adherent MDCK cells (final HA titre: 3.33 log10 HAU/100 µL,
maximum TCID50: 1.33 x 109 IVP/mL) there is still optimisation potential, which will be
discussed in the outlook.
Propagation of the influenza Uruguay-like HGR strain in MDCK.SUS2 cells in shake
flasks showed very late increase and low final HA titres. Through the use of a low MOI,
maximum HA titre of 2.57 log10 HAU/100 µL and maximum TCID50 of 1.3 x 108 IVP/mL
were obtained, together with an earlier increase in infected cells. Despite these improved
yields, titres obtained with influenza A/PR/8 RKI in MDCK.SUS2 cells were still higher,
as were yields with the Uruguay-like HGR in adherent MDCK cells.
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Concluding, this work contributes to the understanding of influenza virus infections of host
cells by characterising infection dynamics and virus-induced apoptosis. The influence of
MOI, characteristics of high titre yielding virus strains, the role of DIPs, and differences
between adherent and suspension MDCK cells were identified. Thereby, options for
optimisation of upstream processing were disclosed, with special respect to industrial
application and improvement of viral yields.

6

Outlook

In this work four different influenza virus A strains were used for infection experiments
characterising virus titres, infection dynamics, and virus-induced apoptosis. Expanding
investigations on more influenza virus strains such as vaccine-relevant strains from the B
lineage can help to deepen the understanding of virus propagation in cell culture for
vaccine production. Also, strains that were problematic in MDCK cell-adaptation would be
worthy to be analysed for infection dynamics and virus-induced apoptosis (eventually
before and after low MOI adaptation) to reveal characteristics of low yield influenza virus
strains.
Results gained in this work emphasised the influence of seed virus quality on infection
outcome and highlighted the beneficial effect of low MOI conditions on infectious virus
yields. One consequence is to reduce the MOI used for bioreactor infections experiments in
the bioprocess engineering group from 0.025 to levels below 1 x 10-4. The second
consequence is the revision of the previously performed seed virus generation protocol
using a volume-based adaptation with potential high MOI situations. Instead, a low MOI
protocol such as used for adaptation of the influenza Uruguay-like HGR to MDCK.SUS2
cells would be recommendable for seed virus adaptations. Although it is more laborious,
the high dilutions guarantee low MOI situations, thereby resulting in high TCID50 seed
virus preparations with low contents of DIPs. In addition, the question to quantify
proportions of DIPs in seed virus stocks used in this work remains to be answered, as it
would help to obtain a better inside on seed virus quality for previously performed
infection experiments. Performing a PCR as described by Frensing et al. (2014) is a step in
that direction. Of course, a detailed analysis of seed virus composition comprising several
virus particle species (refer to Marcus et al. 2009) would be very interesting and could help
to further understand background of good and poor seed virus preparations. In addition, as
the influenza Uruguay-like HGR showed an interesting behaviour in terms of TCID50 time
courses it would be interesting to include this strain in future studies on DIPs formation
and continuous virus cultivation.
MDCK.SUS2 cells were shown to be a promising substrate for influenza virus
propagation. However, as only two different influenza virus strains were characterised in
this work, further strains should be tested for their performance in MDCK.SUS2 cells to
confirm and extend their suitability for influenza virus propagation. In addition, it would
be interesting to compare MDCK.SUS2 cells to other suspension cells. A comparison of
MDCK.SUS2 cells to other MDCK suspension cell lines would be of special interest to see
how prominent virus-induced apoptosis is in other MDCK cell lines adapted to growth in
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suspension. Furthermore, new reactor designs like ATF or hollow fibre bioreactors were
shown to be able to improve cell-specific yields (Genzel et al. 2014b; Tapia et al. 2014)
and should be further tested for influenza virus propagation in MDCK.SUS2 cells. Also,
further medium additives able to eventually reduce cell agglomerates (e.g. EDTA) should
be tested for improvement of cell-specific virus yield in MDCK.SUS2 cells.
In addition, new technologies like image stream flow cytometry should be included in
future studies on influenza virus infection dynamics and apoptosis, as this method allows
addressing further questions: through an increased number of detector channels and
additional lasers for excitation more complex simultaneous stainings are possible. This
enables evaluation of additional features such as necrosis, other cellular factors, or viral
M1 proteins. M1 detection was already tested for analysis in an Epics XL cytometer,
however, discrimination of M1-positive from M1-negative cells did not work well
(Schulze-Horsel 2011). Using new cytometers with higher sensitivity, M1 staining should
be tested again, as models on influenza virus replication emphasised the regulatory role of
M1 in viral RNA synthesis. Additionally, image stream flow cytometry offers information
on localisation of target molecules within the cell enabling co-localisation studies.
Thereby, information on special distribution, e.g. of viral components, can be gained that
are not accessible with conventional flow cytometry, thereby supporting a deeper
understanding of molecular processes of virus replication and spreading. Also, the
expansion of flow cytometry to single-cell tracking was described by Sitton and Srienc
(2011). They showed this technique to be applicable for analysis of drug export in human
cancer cells and measurement of yeast cells expressing a mutant of the green fluorescent
protein. Such a reversing flow cytometer enables acquisition of data on changes of singlecell rates. These kinds of data sets are highly interesting for mathematical modelling, e.g.
determination of NP-fluorescence distributions on the single-cell level would enable
calculation of NP accumulation rates on the single-cell level.
Bringing together experimental data and mathematical models showed already great
potential but may even be further improved. Models established by Heldt et al. (2013) and
Müller et al. (2013) gave already hints towards bottlenecks in virus replication and
propagation. Experiments testing different anti-viral drugs proposed by the model of Heldt
et al. (2013) could be performed to verify the model’s predictivity of effects on virus titres.
For the single-cell model (Heldt et al. 2012) intracellular factors influencing apoptosis are
of special interest. The single influencing factors can best be determined by perturbation
experiments like infection in cells with knocked-down of RIG-I or treated with apoptosis
inhibitors. Alternatively, other proteins (like viral M1 (see paragraph above)) and also viral
RNAs, which are linked by the model to the apoptosis influencing factors, could be
measured to test the underlying hypotheses of the model. In addition, the knowledge of
deviations (e.g. of NP-fluorescence) in single cells can also be used for population balance
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modelling. Here, experiments analysing the behaviour of many single cells may enable
conclusions on the population behaviour.
From an experimental point of view, models able to display effects of medium exchange
conditions would be desirable to help finding optimal infection strategies. The simulation
model by Heldt et al. (2013) predicted that most cells die before the end of the productive
phase. Therefore, models on cell metabolism, similar to those published by Ritter et al.
(2010) and Rehberg et al. (2014), could suggest medium supplementation or substrate
dosage strategies in order to improve cell viability (e.g. of MDCK.SUS2 cells) thereby
eventually delaying apoptosis and prolonging productive lifetime of the cells finally
resulting in increased virus release. Furthermore, transport of virions differs in static and
dynamic cell culture systems influencing onset of infection dynamics. To investigate this,
models on flow conditions in cell culture vessels (Oncül et al. 2010) could be combined
with models on virus release and virus spreading, thereby helping to understand delays in
the onset of infection between static and dynamic cultivation systems. All above
mentioned models would help to reduce number of laborious and cost-intensive
experiments enabling more target-oriented experiment design.
Concluding, this thesis is a valuable contribution to the understanding of virus replication,
virus-host cell interaction, and optimisation of upstream processing. Collaborations
between modellers and experimenters may enhance both the models as well as design of
experiments, and thereby even further improve the understanding of influenza virus
propagation in cell culture.
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8

Appendix

8.1

Equipment and consumables

A list of all used equipment and consumables is given in Table 8-1.
Table 8-1 Used equipment.
Equipment

Manufacturer

Model

Autoclave

Thermo Scientific

Varioklav 135S

Balances

Sartorius

Biological safety cabinet

Thermo Scientific
Sartorius
DasGip
Beckman Coulter

Cubis® precision MSU62029
Safe 2020
Heraeus HERAsafe HS15
Biostat® Bplus, Cplus
Cellferm-pro® system
TM
Vi-Cell XR

Dispenser

Partec
Beckman Coulter
Thermo Scientific
Grant bio
Thermo Scientific
Integra Biosciences
Eppendorf

CellTrics® 50 µm
Avanti J-20 XP
Heraeus Biofuge PrimoR
PCV 3000
TM
Heracell
NU-5510E
Multipette

Flow cytometer

Beckman Coulter

Coulter Epics® XL

Flow cytometer tubes

Sarstedt

FACSCAN, 5 mL

Glass bottles

Schott

0.05–5 L

Heating block thermostat

neoLab

neoBlock Mono 1

Haemocytometer

Marienfeld

Fuchs-Rosenthal

Incubation shaker

Infors HT

Multitron

Bioreactors
Cell counter
Cell filter
Centrifuges
CO2 Incubator

Light optical microscope

Carl Zeiss

Axiovert S100, 40C, Axioskop2

Metabolite analyser

Nova Biomedical

BioProfile® 100 Plus

Manual pipettes

Eppendorf

10, 100, 200, 1000 µL, 10 mL

Microplate reader

Tecan

Microtitre plates

Greiner bio-one

Multichannel pipettes

Eppendorf

Infinite® M200
96-well plates, flat or U-bottom
shape
100, 300 µL

pH meter

WTW
Mettler Toledo
Broadley James
Mettler Toledo
Broadley James
Hirschmann Laborgeräte

inoLab®
InPro 6100
OxyProbe D140
405-DPAS-SC-K85
FermProbe®
pipetus®

O2 sensors
pH sensor
Pipette aid
Pipette tips

Greiner bio-one, Brand

10 µL–10 mL

Roller bottle incubator

Bellco Biotechnology

Benchtop incubator

Reaction tubes (screw-topped)

Greiner bio-one

Rotator

Stuart Scientific Bibby

15, 50 mL
Culture Tube Rotator SC1

Shaker flask

VWR

125, 250 mL

Single-use pipettes

Greiner bio-one

Single-use cell culture flasks

Greiner bio-one

Small reaction tubes

Greiner bio-one

Cellstar® 1, 2, 5, 10, 25, 50 mL
2
Cellstar® 25, 75, 175 cm ,
TM
2
Cellmaster 850 cm roller bottle
1.5, 2 mL

Spinner flask

Wheaton

Celstir® 250 mL, 500 mL

Syringes

B Braun
Sartorius
Neolab

Omnifix 5, 10, 20 mL
Midisart® 0.2 µm
0.2 µm

Millipore

Milli-Q Advantage A10

VWR

Analog Vortex Mixer

Syringe filters (single-use)
Ultrapure water purification
system
Vortexer

8.2

Chemicals

All used chemicals are listed in Table 8-2.
Table 8-2 Used chemicals.
Chemical

Manufacturer

Catalogue number

Carl Roth
Merck
Carl Roth

3738.1
818755.1000
CP40.4

Alexa Fluor® 488 donkey anti-sheep IgG

Invitrogen

A-11015

Benzonase

Sigma-Aldrich

E1014-25KU

BioProfile® reagent pack

Nova Biomedical

38291

Acetic acid
Acetone

BSA

Sigma-Aldrich

A2153

Coulter CLENZ®

Beckman Coulter

8448222

Coulter® ISOTON® II Diluent
Cytodex

TM

1

Beckman Coulter

8448011

GE Healthcare

17-0448-01

D-(+)-glucose

Carl Roth

X997.3

Disodium hydrogen phosphate (Na2HPO4)

Merck

106585

EDTA

Sigma-Aldrich

ED2SS

Ethanol

Carl Roth

T868.3

Ethanolamine

Sigma-Aldrich

E9508

Gentamicin

Beckman Coulter
Gibco
Pan Biotech
Invitrogen

6605359
10270-106
P30-3302
11130-036

Glycine

Carl Roth

3790.2

GMEM powder medium

Gibco

22100-093

Flow-Check

TM

Fluorospheres

FCS
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Hydrochloric acid (HCl)
HEPES (4-(2-hydroxyethyl)-1piperazineethanesulfonic acid)
Influenza anti A/PR/8/34 (H1N1) HA serum
(sheep)
Influenza anti A/Wisconsin/67/2005-like HA
serum (sheep)
Influenza anti A/Brisbane/10/2007 (H3N2)-like
HA
In situ cell death detection kit, TMR red

Carl Roth

4625.2

Carl Roth

9105.3

NIBSC

03/242

NIBSC

05/236

NIBSC

08/246

Roche

12156792910

Isopropanol

Carl Roth

6752.4

L-Alanine

Sigma-Aldrich

05130

L-Asparagine

Sigma-Aldrich

A8381

L-Aspartic acid

Merck

100129.1000

L-Glutamine

Sigma-Aldrich

G3126

L-Glutamic acid
Magnesium chloride hexahydrate (MgCl2 x 6
H2O)
Mouse anti influenza A Nucleoprotein (FITClabelled)
O2 Electrolyte

Merck

100291.0250

Carl Roth

2189.2

AbD Serotec

MCA400

Broadley James

AS-3140-C30-0025

Paraformaldehyde

Sigma-Aldrich

P6148

Peptone

LabM Ltd.

MC033

pH 7.0 buffer solution for pH sensor calibration
pH 9.21 buffer solution for pH sensor
calibration
Pluronic® F-68

Mettler Toledo

51350006

Mettler Toledo

51350008

Gibco

24040-032

Potassium chloride (KCl)

Merck

104935.5000

Potassium dihydrogen phosphate (KH2PO4)

Merck

104877.1000

Sodium hydroxide (pellets)

Bangs Laboratories
K. Scharfenberg (FH
Emden/Leer)
Carl Roth
Merck
Carl Roth
Sigma-Aldrich

555A
through personal
contact
6885.3
106400.5000
P029.3
S8045

Sodium pyruvate

Sigma-Aldrich

P8574

Trisodium citrate dihydrate

Merck

106448.0500

Quantum

TM

FITC-5 MESF beads

Smif8 and Smif8-PG powder medium
Sodium bicarbonate (NaHCO3)
Sodium chloride (NaCl)

TM

Triton

X-100

Trypan blue
Trypsin
Trypsin activity colorimetric assay kit

Sigma-Aldrich

X100

Merck
Gibco
Sigma-Aldrich
BioVision

111732
27250-018
T7409
K771-100

8.3

List of SOPs

A list of SOPs of methods used in this work is given in Table 8-3.
Table 8-3 List of relevant SOPs.
SOP Name

Number

Date

Preparation of PBS solution

M/01

2007-09-26

Preparation of Glasgow full medium from ready-to-use
solutions

M/02

2006-09-11

Preparation of Glasgow-MEM medium from powder

M/03

2010-08-19

Preparation of Smif8 medium

M/03.3

2012-05-16

Preparation of trypsin-EDTA (10x) solution

M/07

2010-05-20

Preparation of 2% paraformaldehyde

M/08

2009-11-30

Preparation of glutamine solution

M/09

2007-09-25

Preparation of glycine solution

M/10

2008-06-04

Preparation of pyruvate solution

M/11

2007-09-25

Preparation of FACS buffer washing solution

M/12

2007-01-04

Preparation of glucose solution

M/14

2008-03-26

Preparation of trypan blue solution

M/15

2011-04-28

Manual counting of total cells and viable cells

Z/01

2005-11-10

Adherent cell concentration determination

Z/01.1

2005-03-07

Unfreezing of adherent MDCK cells

Z/02

2005-10-25

Medium exchange MDCK cells

Z/03

2003-06-25

Passage of MDCK cells in serum-containing medium

Z/04

2006-09-11

Passage of MDCK cells in serum-free medium

Z/05

2006-09-11

Unfreezing and cultivation of MDCK suspension cells

Z/10

2008-07-17

Preparation of trypsin solution for virus infection

V/02

2007-01-17

Haemagglutination assay

V/05

2011-01-20

Preparation of erythrocyte solution

V/07

2007-06-07

TCID50 assay

V/08

2008-06-02

-

2007-02-11

Flow cytometric double staining for NP and TUNEL assay
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Analysis of NP-fluorescence distributions

A Gaussian fit of NP histograms was performed and mean fluorescence intensity, the
according SD, and the 95% confidence interval of the SD were determined. Analysis of a
three times repeated T25-flask infection of adherent MDCK cells with influenza virus
A/PR/8 RKI at MOI 3. Values plotted in Figure 4-8 (section 4.3.2) are listed in Table 8-4.
Table 8-4 Mean fluorescence intensities (FI) with corresponding uncertainties (± SD), and SD in
positive and negative direction with corresponding uncertainties (95% confidence interval)
determined by a Gaussian Fit of NP-fluorescence distributions of T25-flasks infected with influenza
A/PR/8 RKI at MOI 3 (n = 3).




ǆƉ͘ϭ
ǆƉ͘Ϯ
ǆƉ͘ϯ
ǆƉ͘ϭ
ǆƉ͘Ϯ
ǆƉ͘ϯ
ǆƉ͘ϭ
ǆƉ͘Ϯ
ǆƉ͘ϯ

ϮϰŚƉŝ

ϯϮŚƉŝ

ϰϬŚƉŝ

ŵĞĂŶ&/
Ϯϰϲϵ;ϭϮϲϵ–ϰϴϬϰͿ
ϭϵϬϮ;ϴϯϵ–ϰϯϭϯͿ
Ϯϭϯϴ;ϭϬϳϵ–ϰϮϯϲͿ
ϭϲϲϮ;ϳϴϭ–ϯϱϯϵͿ
ϭϵϯϳ;ϴϰϳ–ϰϰϯϭͿ
ϭϵϯϳ;ϭϬϱϭ–ϯϱϳϭͿ
ϯϲϯϱ;Ϯϭϱϴ–ϲϭϮϱͿ
Ϯϱϯϳ;ϭϮϴϭ–ϱϬϮϱͿ
ϭϴϲϴ;ϵϭϬ–ϯϴϯϳͿ

н^
Ϯϯϯϱ;ϮϮϵϮ–ϮϯϳϵͿ
Ϯϰϭϭ;ϮϯϳϮ–ϮϰϴϵͿ
ϮϬϵϴ;ϮϬϭϭ–ϮϭϯϲͿ
ϭϴϳϲ;ϭϴϰϱ–ϭϵϰϭͿ
Ϯϰϵϰ;Ϯϰϱϰ–ϮϱϳϰͿ
ϭϲϯϰ;ϭϲϬϮ–ϭϲϲϲͿ
ϮϰϵϬ;ϮϯϮϳ–ϮϱϰϱͿ
Ϯϰϴϵ;Ϯϰϰϰ–ϮϱϴϬͿ
ϭϵϲϴ;ϭϵϯϰ–ϮϬϬϯͿ

Ͳ^
ϭϮϬϬ;ϭϭϴϵ–ϭϮϮϯͿ
ϭϬϲϯ;ϭϬϰϴ–ϭϬϳϭͿ
ϭϬϱϵ;ϭϬϰϵ–ϭϬϳϵͿ
ϴϴϭ;ϴϲϳ–ϴϴϴͿ
ϭϬϵϬ;ϭϬϴϯ–ϭϬϵϴͿ
ϴϴϲ;ϴϳϳ–ϴϵϲͿ
ϭϰϳϴ;ϭϰϱϴ–ϭϰϵϳͿ
ϭϮϱϲ;ϭϮϯϯ–ϭϮϲϴͿ
ϵϱϵ;ϵϱϬ–ϵϲϳͿ

The analysis of NP-fluorescence distributions was also performed for three parallel T25flasks of adherent MDCK cells infected with influenza virus A/PR/8 RKI at MOI 0.016
and is displayed in Table 8-5. The according courses of cell concentrations, HA titres, and
flow cytometric analysis of infection status and apoptosis were shown in Figure 4-6.
Table 8-5 Analysis of NP-fluorescence distributions of three parallel infected T25-flasks (also
displayed in Figure 4-6). Mean FI with corresponding uncertainties (± SD) as well as SD in positive
and negative direction with corresponding uncertainties (95% confidence interval).




ϯϮŚƉŝ

ϰϬŚƉŝ

ϱϮŚƉŝ

ϳϮŚƉŝ

ǆƉ͘ϭ
ǆƉ͘Ϯ
ǆƉ͘ϯ
ǆƉ͘ϭ
ǆƉ͘Ϯ
ǆƉ͘ϯ
ǆƉ͘ϭ
ǆƉ͘Ϯ
ǆƉ͘ϯ
ǆƉ͘ϭ
ǆƉ͘Ϯ
ǆƉ͘ϯ

ŵĞĂŶ&/
ϯϵϬϳ;ϮϮϳϳ–ϲϳϬϮͿ
ϰϮϳϰ;Ϯϰϰϳ–ϳϰϲϱͿ
ϰϭϵϴ;ϮϲϬϲ–ϲϳϲϮͿ
ϯϮϯϰ;ϭϲϵϮ–ϲϮϯϲͿ
ϮϴϱϮ;ϭϱϬϲ–ϱϰϬϬͿ
ϯϭϰϴ;ϭϱϳϱ–ϲϮϵϯͿ
ϮϱϲϬ;ϭϯϬϰ–ϱϬϮϱͿ
ϮϳϮϲ;ϭϯϰϬ–ϱϱϰϴͿ
ϮϯϴϮ;ϭϭϲϬ–ϰϴϵϮͿ
ϰϭϲϬ;ϮϯϰϬ–ϳϯϵϵͿ
ϯϴϳϮ;Ϯϭϱϴ–ϲϵϰϳͿ
ϯϵϳϴ;ϮϮϱϳ–ϳϬϭϬͿ

н^
Ϯϳϵϱ;Ϯϲϳϱ–ϮϵϭϳͿ
ϯϭϵϭ;ϮϵϵϮ–ϯϯϵϱͿ
Ϯϱϲϰ;Ϯϰϰϯ–ϮϳϰϵͿ
ϯϬϬϮ;Ϯϴϵϭ–ϯϬϱϴͿ
Ϯϱϰϵ;ϮϱϬϬ–ϮϲϰϳͿ
ϯϭϰϱ;ϯϬϯϮ–ϯϮϬϭͿ
Ϯϰϲϲ;ϮϰϮϭ–ϮϱϱϳͿ
ϮϴϮϮ;ϮϳϮϯ–ϮϴϳϮͿ
ϮϱϭϬ;Ϯϰϲϲ–ϮϱϱϰͿ
ϯϮϯϴ;ϯϭϬϲ–ϯϯϬϱͿ
ϯϬϳϱ;ϮϵϱϮ–ϯϭϯϴͿ
ϯϬϯϮ;ϮϵϬϳ–ϯϬϵϲͿ

Ͳ^
ϭϲϮϵ;ϭϱϴϵ–ϭϲϳϭͿ
ϭϴϮϳ;ϭϳϲϮ–ϭϴϵϰͿ
ϭϱϵϮ;ϭϱϮϮ–ϭϲϯϵͿ
ϭϱϰϮ;ϭϱϭϮ–ϭϱϱϳͿ
ϭϯϰϲ;ϭϯϭϵ–ϭϯϱϵͿ
ϭϱϳϯ;ϭϱϱϵ–ϭϲϬϮͿ
ϭϮϱϲ;ϭϮϰϰ–ϭϮϲϴͿ
ϭϯϴϳ;ϭϯϳϱ–ϭϰϭϭͿ
ϭϮϮϮ;ϭϮϭϮ–ϭϮϰϯͿ
ϭϴϮϭ;ϭϴϬϬ–ϭϴϲϯͿ
ϭϳϭϰ;ϭϲϵϱ–ϭϳϱϯͿ
ϭϳϮϭ;ϭϳϬϬ–ϭϳϲϮͿ

