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Kurzfassung

Infektionen mit Influenza-Viren sind nicht nur eine Bedrohung fiir die Gesundheit von Millionen
Menschen, sondern haben auch erhebliche Auswirkungen auf die lokale und globale Wirtschaft.
Die Kontrolle und Pravention von Grippe Epidemien hangt von der Verfiigbarkeit wirksamer und
sicherer saisonaler- und pandemischer Impfstoffe ab, welche hauptsiachlich aus inaktivierten
Influenzaviruspartikeln hergestellt werden. Die derzeitigen Produktionsprozesse basieren hierbei
stark auf Hiihnereiern als Substrat fiir die Virusvermehrung. Trotz der Unterschiede in den
Oberflachenantigenen der saisonalen Virus-Subtypen, sind die Impfstoffhersteller gut geriistet, um
der periodischen Nachfrage nach Impfstoffdosen nach zu kommen. Angesichts der steigenden
Nachfrage nach Grippeimpfstoffen in den Schwellenlindern und des Bedarfs an Milliarden von
Impfstoffdosen im Falle einer plotzlichen Pandemie, konnte die traditionelle Impfstoffherstellung
jedoch an ihre Grenzen stofden. Der Einsatz von zellkulturbasierten Produktionsprozessen
ermoglicht eine schnelle Fertigung sowohl in grof3technischen als auch in mittelgroflen Anlagen,
unabhdngig von Hiithnereiern. Um eine effiziente zellkulturbasierte Fertigung zu erméglichen, sind
optimierte Produktionsprozesse erforderlich. Hier konnen neue Zellkulturmedien, gut
charakterisierte  Produktionszelllinien und neue Zellkulturprozesstechnologien helfen,
Produktionsbarrieren zu tiberwinden und sichere, effiziente und kostengiinstige Grippeimpfstoffe

anzubieten.

Diese Arbeit konzentriert sich auf die Evaluierung von MDCK-Suspensionszelllinien fiir die
Herstellung von zellkulturbasierten Grippeimpfstoffen. Wachstum, Stoffwechsel und Produktivitat
verschiedener MDCK-Suspensionszelllinien in einer Variation der Kultivierungsmedien wurden
bewertet, um einen Batchprozess zu entwickeln, welcher bei sehr hohen Zellkonzentrationen
maximale Virusausbeuten ermoglicht. Dartiber hinaus wurden die Auswirkungen der
Influenzavirusinfektion auf den zentralen Energie- und Kohlenstoffmetabolismus der MDCK-
Suspensionszellen analysiert, um potenzielle metabolische Engpdsse zu identifizieren, die die

Replikation des Influenzavirus begrenzen konnten.

Im ersten Teil dieser Arbeit wurde eine MDCK-Suspensionszelllinie an ein neues
Kultivierungsmedium adaptiert, welches ein schnelleres Zellwachstum, eine hdohere
Zellkonzentration und einen hoéheren Influenzavirus Titer als vergleichbare Medien ermoglichte.

MDCK-Zellen wuchsen als Einzelzellensuspension mit einer Verdoppelungszeit von weniger als 20
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Stunden und erreichten Zellkonzentrationen von iiber 10 x 10° Zellen/mL im Batch-Betrieb.
Influenza A-Virus Titer von Batchinfektionen, lagen bei 3,6 Ig(HAU) fiir die gesamten Viruspartikel
und 10° TCIDs0o/mL fiir infektiose Viruspartikel. Zusatzlich wurde eine Kultivierung mit hoher
Zelldichte im Semi-Perfusionsmodus durchgefiihrt, wobei Zellkonzentrationen von bis zu 60 x 10°
Zellen/mL moglich waren. Mit dieser Technologie wurden Virustiter von 4,5 Ilg(HAU) erreicht, die

hochsten bisher in Zellkultur gemessenen Titer.

Im zweiten und dritten Teil dieser Arbeit wurden vier MDCK Suspensionszelllinien verglichen, um
die Auswirkungen von Medium und Zelllinie auf das Zellwachstum, den Stoffwechsel und die
Virusproduktion zu untersuchen. Die MDCK-Zelllinie aus der amerikanischen Zellbank (ATCC),
kultiviert in einem neuen chemisch definierten Medium, war den anderen getesteten Zelllinien
deutlich tiberlegen. Dies fiihrte zu der Entwicklung eines skalierbaren Fed-Batch-Prozesses fiir die
Herstellung von  Grippeimpfstoffen. Durch  optimale Skalierbarkeit, sehr guten
Wachstumseigenschaften, optimierter Mediumsnutzung und einer maximalen Zellkonzentration
von 12 x 10° Zellen/mL, waren sehr hohe Influenzavirus-Titer von 3,6 Ig(HAU) und 2 x 10°
TCID5s0/mL moglich. Eine geschdtzte Produktivitit von bis zu 600 Impfstoffdosen pro Liter
innerhalb von nur 4 bis 5 Tagen Kultivierungszeit machte diesen Prozess sowohl im Vergleich zu

anderen zellbasierten Prozessen als auch gegeniiber der eierbasierten Produktion tiberlegen.

Der letzte Teil dieser Arbeit konzentrierte sich auf die detaillierte Analyse des Stoffwechsels der
MDCK-Suspensionszelle wahrend des Zellwachstums und nach der Infektion mit Influenzaviren.
Extra- und intrazelluldre Metaboliten und die Replikation des Influenzavirus bei Infektionen mit
hoher MOI wurden in zwei Versuchsreihen untersucht. Eine synchrone Zellinfektion fiihrte zu
einem schnellen Stopp des Zellwachstums. Nach einem kurzen Zeitintervall der Virusvermehrung
von nur 12 Stunden, setzte die virusinduzierte Apoptose ein, welch zu einem schnellen Zelltod
fithrte. Innerhalb dieser Zeit waren sowohl der zellspezifische Glukoseverbrauch als auch die
Laktatsekretion leicht erhoht. Es wurden einige Verdnderungen in den intrazelluldaren
Metabolitpools der Glykolyse gefunden, was auf eine Wirkung der Virusinfektion auf diesen
Stoffwechselweg hinweist. Fiir die Energiemetaboliten (ATP, ADP. AMP), die Energieladung und

die Metabolitpools des TCA-Zyklus wurden jedoch keine grofieren Veranderungen gefunden.

Insgesamt gibt diese Arbeit einen tieferen Einblick in den Stoffwechsel von MDCK-
Suspensionszellen, insbesondere nach der Infektion mit Influenzaviren. Obwohl kein klarer
metabolischer Engpass fiir die Vermehrung der Influenzaviren identifiziert werden konnte, gab es
einige Hinweise auf eine veranderte Glykolyse in infizierten MDCK-Suspensionszellen. Insgesamt

waren die metabolischen Auswirkungen von Influenza-A-Virusinfektionen jedoch begrenzt.
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Dariiber hinaus wurden zwei neuartige, hochproduktive Verfahren zur Herstellung von
Influenzaviren entwickelt. Hier wurden, mittels neuer Kultivierungsmedien, MDCK
Suspensionszelllinien generiert, welche in Kombination mit modernster Kultivierung- und
Prozesstechnologie den Virustiter und die Produktivitat deutlich erhohten. Diese Arbeit konnte der
erste Schritt zu einem verbesserten, weit verbreiteten und kostengiinstigen MDCK-basierten
Grippeimpfstoff sein, der idealerweise in einem intensivierten Verfahren mit hoher Zelldichte

hergestellt wird.
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Abstract

Human influenza virus infections are not only a threat for the health of millions of people but have
a significant impact on local and global economies as well. Control and prevention of rapid influenza
spread depend on the availability of efficacious and safe seasonal and pandemic vaccines, made
primarily from inactivated influenza virus particles. Current influenza virus production processes
rely heavily on embryonated chicken eggs as substrate for virus propagation. Manufacturers are well
prepared to respond to seasonal demands for vaccine doses, despite the differences in surface
antigens and virulence of virus subtypes. However, with raising demand for influenza vaccines in
developing countries and the need for billions of vaccine doses in case of a sudden pandemic,
traditional vaccine manufacturing might reach its limits. With the use of cell culture-based facilities,
egg independent virus production enables fast manufacturing both in large scale and medium sized
single use facilities. To enable efficient cell culture-based manufacturing, optimized production
processes are needed. Here, cell culture media, well characterized production cell lines, and state of
the art cell culture process technologies can help to overcome production barriers and provide safe,

efficient, and affordable influenza vaccines.

This work focuses on the evaluation of MDCK suspension cell lines for the production of cell culture-
based influenza vaccines. Growth, metabolism and productivity of different MDCK suspension cell
lines in various cultivation media were evaluated to suggest an improved, highly productive process
with very high cell concentrations. Additionally, effects of influenza virus infection on the central
energy and carbon metabolism on the MDCK suspension cells was analyzed to identify potential

metabolic bottleneck that could limit influenza virus replication.

In the first part of this thesis a MDCK suspension cell line was adapted to a new cultivation medium
which enabled faster cell growth, higher cell concentration and higher influenza virus titer. MDCK
cells grew as single cell suspension with a doubling time of less than 20 h achieving cell
concentrations over 10 x 10° cells/mL in batch mode. Influenza A virus titer obtained in batch
infections were 3.6 Ig(HAU) for total- and 10° TCID,,/mL for infectious virus particles, respectively.
Additionally, high cell density cultivations were performed in semi-perfusion mode, where cell
concentrations of up to 6 x 10 7cells/mL were possible. Using this technology a virus titer of 4.5

lg(HAU) were reached, which was the highest titer ever reported so far.
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Abstract

In the second and third part of this thesis, four MDCK suspension cell lines were evaluated to
investigate the impact of medium, and cell line on the cell growth, metabolism and virus production.
The MDCK cell line from the American cell bank (ATCC), cultivated in a new chemically defined
medium was identified to be superior to the other tested cell lines and media. The superior
characteristics of this cell line were used to design and evaluate a scalable fed-batch process for the
manufacturing of influenza vaccines. Due to optimal scalability, superior growth, optimized
medium use and maximal cell concentration of 12 x 10° cells/mL very high influenza virus titers of
3.6 Ig(HAU) and 2 x 109 TCIDs,/mL were achieved. An estimated productivity of up to 300 vaccine
doses per liter of harvest broth within 4 to 5 days of manufacturing made this process superior not

only to other cell-based processes but to egg-based production as well.

The last part of this work focused on the deeper analysis of the metabolism of MDCK suspension
cell during a cell growth phase and upon influenza virus infection. Extra- and intracellular
metabolites and influenza virus replication in high MOI infections were monitored in two sets of
experiments. A synchronous cell infection stopped cell growth almost immediately limiting virus
replication to about 12 h until virus-induced apoptosis resulted in fast cell death. Within this time
period cell specific glucose consumption as well as lactate secretion was slightly increased. Some
alterations were found in the intracellular metabolite pools of the lower glycolysis indicating an
effect of virus infection on this pathway. However, no changes were found for energy metabolites

(ATP, ADP. AMP), energy charge and the metabolite pools of the TCA cycle.

Overall, this thesis gives a deeper insight in the metabolism of MDCK suspension cells, especially
upon influenza virus infection. Even though no clear metabolic bottleneck has been identified, there
was some evidence for an altered glycolysis in infected MDCK suspension cells. However, the overall
metabolic effects of influenza A virus infections were limited. Furthermore, two novel highly
productive processes for influenza vaccine manufacturing were designed. Here, new cultivation
media for MDCK suspension was combined with modern cultivation and process technologies to
maximize virus titers and productivity. This work might be the first step towards an improved,
widely available, and affordable MDCK-based influenza vaccine ideally produced in intensified high

cell density processes.
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1 Introduction

The rise of mammalian cell culture in the biopharmaceutical industry started with the first polio
vaccine 60 years ago [1]. Since Jonas Salk introduced his innovative vaccine produced in Vero cell
culture, this field has gone through some major transformations. Despite the fact that many viral
vaccines are still produced in similar processes [2], recombinant proteins attracted more interest as
pharmaceutical compounds in the 1980s and are now the major commercial cell culture-based
products [3-5]. Due to the huge demand for complex therapeutic proteins (e.g. mAb, EPO, FVIII)
advanced production processes and cell line development, led to massive improvements in
manufacturing [6-8]. With the growing need for viral vaccines and the development of new
therapeutic applications using viral vectors, viral biopharmaceutical products are also getting
greater attention both in academia and industry [9,0]. Today, this field is benefitting from
technologies developed for mammalian cell lines used for recombinant protein expression (CHO,
NSO, BHK and HEK293). Similar production standards, concerning process modes, cell line
performance and media development are needed [u]. As for recombinant proteins, manufacturing
of viral products is moving from processes based on adherent cells to single cell suspensions in
serum-free or chemically defined media [12-15]. Suspension cells ease scale-up for production and
enable small-scale cultivation for screening in high throughput [16,17]. Furthermore, suspension cells
are increasingly used in intensified processes like continuous, fed-batch or perfusion mode to boost
productivity significantly and reduce development as well as manufacturing costs [18-21]. In the same
way as bioreactor based production has transformed in the recent decades, purification trains for
recombinant proteins and viruses have improved massively to speed up purification of products and
enable integrated manufacturing [7,22-24]. Today many manufacturing options are available for fast,
cheap and safe cell culture-based production, both in traditional stainless steel and single-use

facilities [5,25-27].

Despite positive examples of modern cell culture-based manufacturing processes for vaccines and
viral vectors no general platform technology has prevailed in a similar manner to platform
technologies for recombinant protein production [28-31]. Differences in host cells, product
properties, availability of cultivation media and purification systems demands for additional
research in this highly interdisciplinary area. Influenza vaccine manufacturing is one example where

the transition from traditional manufacturing to modern cell culture-based systems are still limited.
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Approximately 9o % of the 500 million annual influenza vaccine doses are still produced in
embryonated chicken eggs (ECE) despite many attempts and some successes of cell culture-based
manufacturing [32,33]. Even though egg-based flu vaccines dominate the seasonal vaccine
manufacturing, they are considered less suitable for pandemic influenza vaccine production [34].
Apart from common disadvantages like slow manufacturing, poor scalability and limitations in ECE
supply [35], egg-derived vaccines might be less protective against some influenza virus strains [36-
38]. Higher production and investment costs, patent and legal restrictions or technical expertise
might be the main barrier for changing from eggs to cell culture. Mammalian Vero and Madin-
Darby canine kidney (MDCK) cell lines (Influvac®, Optaflu®/ Flucelvax®, Preflucel®) as well as the
insect cell line SFg (FluBlock®) have been licensed for commercial human influenza vaccine
manufacturing [35,39,40]. Additionally, HEK293 and other cell lines like Per.C6°, EB66°, CAP®,
AGE1.CR® were evaluated as a cell substrate for influenza virus propagation [35,41-43]. However, with
a cell specific virus yield (CSVY) exceeding 10,000 virions/cell, MDCK remain the most productive
cell line for influenza viruses [44]. MDCK cells are easily accessible[45], are widely used in influenza
research and are already applied successfully in vaccine manufacturing [31]. Initially, MDCK cells
were cultivated as adherent cells on microcarriers [46-49]. Further cell line and media development
led to MDCK suspension cell lines, used both in academia [50-53] and industry [54]. For MDCK cells
growing in suspension however, disadvantages like low specific growth rate (), low cell density and
cell aggregates have been reported [51-53,55]. For large-scale manufacturing, fast cell growth, high
maximal cell density and high cell specific productivity are crucial in order to reduce time to reach
the needed production scale and maximize virus titer. Cell line and medium development have the

potential to improve not only cellular performance, but to boost overall productivity as well.

Furthermore, it is to be noted that advanced process optimization and intensification technologies
can be applied to maximize the productivity of MDCK-based processes and reduce production costs.
For process optimization many aspects of the cultivation environment and the cellular response
regarding product yield and product quality have to be considered [56,57]. Today’s process analytical
and optimization technologies are not only limited to empirical approaches, but are moving to a
more rational understanding using omics technology [58-61]. Besides the very established genomics
[62,63], transcriptomics [64,65] and proteomics [63,66], the use of metabolomics technologies in the
biopharmaceutical industry is growing for process characterization, optimization and
troubleshooting [67-69]. This most recent member of the omics family captures the cellular
intracellular metabolite pools, consumption/production rates or intracellular metabolite fluxes to

obtain an impression of the metabolic status of the cell [70,71].



Metabolite fluxes and pools react almost instantly to external and internal stimulations making
them good process indicators on the one hand but are complicating the exact determination of the
pool compositions on the other hand. Despite a growing application of this technology in the culture
of Chinese hamster ovary (CHO) cells [60,72-75], there are very few metabolic analyses for viral
production processes [76-79]. No metabolic analysis concerning the dynamics of intracellular
metabolite pools during cell growth and virus replication has been described for MDCK suspension

cells.

This work has the aim to shed some light on the metabolic profile of MDCK suspension cells during
a standard batch cultivation and an influenza A virus infection. With the help of LC-MS based
metabolomics, the dynamics of the different metabolite pools, especially of the glycolysis and of the
citric acid cycle, might give deeper insights in substrate conversion and reveal potential metabolic
bottlenecks. In order to analyze the effect of viral infection in this scenario, standard infection used
for industrial virus propagation is not suitable (low MOI and trypsin addition), therefore, a more
artificial infection condition (MOI 10 & no trypsin) was used. Furthermore, a new cultivation
medium provided by a cooperation partner from the East China University of Science and
Technology (ECUST) was evaluated for the cultivation of MDCK cells in suspension. Effects of the
original (Smif8) and new medium (Xeno) on cellular growth, morphology, metabolism and
influenza A virus productivity were analyzed for several MDCK suspension cell lines. The final aim
was to identify the best performing host cell line to establish and characterize a scalable cell culture-

based production process for an influenza vaccine candidate.
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2 Theoretical background

This chapter introduces influenza virology, influenza vaccine manufacturing, mammalian
metabolism and metabolomics in brief. This will give the knowledgeable reader the necessary
background and literature to follow subsequent explanations. General information concerning
influenza disease or virology was taken from two book chapters [80,81] and a review [82]. Metabolic
pathways of central carbon metabolism and their role for cultured animal cells are summarized from

two book chapters [83,84].

2.1 Influenza disease and virology

Influenza viruses can be separated into four genera, all belonging to the Orthomyxovirdiae family:
Influenzavirus A, Influenzavirus B, Influenzavirus C and Influenzavirus D, of which A, B and C are
viral human pathogens. Influenza virus infections are the cause of a disease phenotype called flu or
influenza. In humans, influenza viruses primarily infect cells of the upper respiratory system (nose,
throat and bronchi) leading to cough, runny nose, fatigue, fever, headache, muscle pain and in some
cases gastrointestinal problems. Extended viral infections of the lower respiratory tract and
secondary bacterial infections can lead to severe and sometimes fatal respiratory complications.
Influenza C viruses are rarely isolated from infected patients and play a very small role in the
influenza disease. Influenza A and B viruses cause seasonal global infection waves, both in northern
and southern hemispheres. These seasonal infections are caused by multiple influenza A and B virus
subtypes with varying virulence. All influenza A virus (IAV) subtypes can be found in wild aquatic
birds, which are considered the main reservoir for IAV. In some cases, avian influenza viruses can
evolve to new human pathogenic viruses, which can cause epidemic or even pandemic infections of
only a single IAV subtype. Due to the importance for pandemic infections, this work mainly focuses

on viruses of the genus Influenzavirus A.
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2.1.1 Virus structure & viral replication

Influenza A virus is an enveloped virus with a segmented negative-sense RNA genome. The lipid
membrane harnesses the proton ion channel: matrix protein 2 (M2) and two main glycoproteins:
hemagglutinin (HA) and neuraminidase (NA), which form the main viral antigens. Three HA
proteins form a functional protein complex (homotrimer) which assembles in the virus membrane.
The structural protein “matrix protein 1” (M1) forms a capsid structure below the lipid membrane.
The viral genome, comprised of eight genomic RNA segments (VRNA), is stored in the virus core as
protein complexes of VRNA, nuclear protein (NP), and the RNA polymerase complex (PB1, PB2 and
PA) called viral ribonucleoproteins (vVRNPs). Each of the genome segments, ranging from 0.9 to 2.3
kb, encodes for at least one viral protein. Using different splicing products (segment 7 & 8) and
multiple open reading frames (segment 2, 3 & 77), the total influenza virus proteome can encompass

17 proteins and polypeptides [85].

Influenza virus particles are mostly spherical with a diameter between 80-100 nm, but also longer
filamentous viruses are found in clinical isolates [86]. HA surface proteins bind sialic acid sugars of
host glycoproteins (02,6 for mammalian; o2,3 for avian) to attach the virus to the host membrane,
leading to endocytosis of the virus. The acidification of the virus containing lysosome induces the
HA mediated fusion of the endosome and the virus membrane, releasing the vRNAs into the
cytoplasm. The viral genome segments are transported into the nucleus, where the transcription of
viral mRNA and the replication (via viral cRNA) is initiated. Viral protein expression takes over the
host protein expression system in the cytoplasm and newly expressed viral proteins, and vRNA
complexes assemble on the cellular surface to create new virus particles. Viral NA surface proteins
have sialidase activity, which releases viral particles bound to host cell glycoproteins.
Neuraminidase inhibitors (oseltamivir, zanamivir, peramivir) are used as antivirals to block viral
release and reduce viral distribution [87,88]. HA-trimers, in their initial inactive form (HAO), have
to be cleaved enzymatically into two polypeptides (HA1 & HA2) to form a fully active protein
complex [89]. In vivo tissue-specific or ubiquitous host proteases are responsible for HA activation,
and in vitro unspecific serine proteases (e.g. trypsin) are added for successful virus infection in cell
culture [90-92]. Specific protease inhibitors (e.g. aprotinin ) are also suggested as potential antiviral

treatment for influenza virus infections [93].
2.1.2 Influenza A virus antigens

Unique for influenza virus A subtypes is the high variability in the main antigenic proteins HA and
NA. In total, 18 antigenically different HA and 11 NA serotypes have been identified, which

theoretically could reassort to create 198 different subtypes, of which 131 were already detected in
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nature [82,94]. However, this reassortment can only occur in coinfections of two or more different
IAV subtypes. Therefore, direct contact of human and livestock is needed for cross-species
reassortment. This can create new, highly pathogenic influenza virus subtypes, leading to massive
global infection waves. Interestingly the five major influenza pandemics only had a limited set of
HA (Hi, H2, H3) and NA (N1 & N2) serotypes, indicating some restrictions of the serotype profile
for successful human reassortment. In addition to reassortment, a high mutation rate in the HA and
NA genome, especially in mammalian host, results in a strong variation of the main antigens over
time. Despite these variations in amino acid sequence, explicitly in the variable head region,
structure and function of the HA and NA proteins seem to be rather stable. In wild aquatic birds the
HA and NA sequence seems to be more conserved, indicating a good viral adaptation to their main
reservoir. Due to this antigenic shift, human influenza viruses are classified by HA and NA subtypes
as well as by place and date of isolation. For instance, the very common laboratory strain influenza
A/Puerto Rico/8/34(HiN1) was the isolate number 8 of a human HiN1 subtype, obtained 1934 in
Puerto Rico. If the virus is isolated from non-human species, this is indicated in the virus
classification as well (e.g. influenza A/chicken/Hong Kong/220/97(H5N1)). In addition to variations
in protein sequence, differences in the glycosylation of HA and NA increase antigenic complexity
even more. Since glycosylation highly depends on the host cell glycosylation machinery
(endoplasmatic reticulum & golgi apparatus), viral glycan structures are host cell dependent [95,96].
Furthermore, host independent variations of antigen glycan structures and glycosylation sites were
described for different HiN1 serotypes [97,98]. Due to the complexity of viral glycosylation, the direct
effects of the glycan structure on activity, virulence, antigenicity and immune evasion is not well
understood. It seems that the complex glycosylation pattern can mask viral antigens to evade
detection by the host immune system [99-101]. For an effective vaccine design, glycosylation might

play an important role and should be considered for selection of host cell systems [38,102].
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Figure 1: Influenza A virus particle with depiction of viral proteins and segmented genome

The main antigenic surface proteins hemagglutinin (HA) and neuraminidase (NA) are embedded in the lipid
membrane. Matrixprotein 1 (M1) separates the virus shell from the core with the eight segments of the viral
genome. Genomic RNAs form with the nucleoprotein (NP) and the polymerase complex (PA, PB1 & PB2) a
functional unit, the vRNP (viral ribonucleoprotein) complex.

This figure was reprinted from Kramer et al. [82] by permission of the Springer Nature Group.
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Figure 2: Intracellular influenza A virus replication cycle

After viral entry and acidification of the endosomal compartment,t vRNPs are released into the cytoplasm and
transported to the nucleus. Transcription and translation of viral proteins take place in the nucleus and
cytoplasm, respectively. Viral proteins and duplicated vRNP complexes assemble at the cell membrane to new
virus particles.

This figure was reprinted from Kramer et al. [82] by permission of the Springer Nature Group.
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2.1.3 Pandemic and seasonal influenza

Reassortment between influenza A virus subtypes of different species can create new, highly
pathogenic subtypes with various antigenic profiles. Due to the lack of preexisting immune
protection against similar virus strains, these virus infections can have a higher mortality compared
to reoccurring virus subtypes. Infections can spread over large regions or over the whole world
creating an influenza pandemic with massive global economic and health impact. The most serious
influenza pandemic recorded from 1918 to 1919 was the “Spanish flu”. It is estimated that 50 to 100
million people died as a result of respiratory illnesses caused by a single influenza virus subtype
(HiN1). Both World War I and the lack of antibiotics to treat secondary bacterial infections could
have sustained high pathogenicity (mortality rate: 2-5%) of this pandemic virus strain. Since the
Spanish flu, three less severe pandemics with global impact have been recorded. The “Asian
influenza” of the subtype H2N2 originated 1957 in south China and spread subsequently over the
northern hemisphere resulting in 1-2 million deaths. Rapid development of a vaccine and the
availability of antibiotics for treatment of secondary infections limited the spread and mortality of
this pandemic. In 1968, the Hong Kong influenza emerged from southern Asia and was an H3N2
subtype. In the following two years, the highly infectious virus spread rapidly, leading to 1-4 million
deaths. Even though a vaccine was developed, it was not produced and distributed fast enough
before the pandemic peak. In 2009, the pandemic subtype HiN1 as a triple reassortment between an
avian, swine and human influenza virus appeared in Mexico. Despite rapid spread of this pandemic
virus subtype, the death rate was not higher than that caused by usual seasonal infections. A higher
cross protection with other seaso