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Project Area: Hierarchical Structures

Tab. 2: Projects

Project: Mathematical modeling
of cellular systems

- Detailed mathematical models for virus replication in
mammalian cells
- Segregation of plasmids and protein yields in E. coli

fermentations

Title Scientists Funded by  Start Partners

Subproject

Segregation instability of expres- |U. Reichl MPI/ DFG 01/2006 |Nacheva,

sion plasmids carrying the human | M.N. Popov Institute of

interferon gamma gene in E. coli Molecular
Biology
(Bulgarian
Academy of
Science)

Subproject

Dynamical model of herpes- U. Reichl MPI 11/2007 |Ré&dler/Mendo-

virus replication J. Bantang za, Faculty of
Physics, LMU,
Munich

Project: Mathematical modeling,
simulation and control of bio-

- Unstructured, segregated mathematical models for
MDCK cell growth and influenza virus replication in

processes microcarrier culture

Title Scientists Funded by Start Partners
Subproject

Development of bioprocess U. Reichl MPI 01/2000 |BPE, OvGU
concepts in viral vaccine A. Bock

production

Project: Signal transduction
and apoptosis in virus-infected
cells

Characterization of virus-host cell interaction in mamma-

lian cell culture

Subproject
The role of IFN and other host cell | T. Frensing MPI/BMBF |05/2007 |Hauser, Wirth
defense mechanisms in influenza |C. Seitz Helmholtz
vaccine production Center for
Infection
Research,
Braunschweig
Subproject
Analysis of virus-induced signaling | T. Frensing MPI/ BMBF/ |05/2007 |Naumann,
pathways in mammalian host cell |B. Heynisch | Chair of Institute of
systems Bioprocess Experimental
Engineering, Internal
OvGU Medicine
Medical Facul-
ty, OvGU
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Project Area: Population Balance Systems
Tab. 3: Projects
Project: Dynamics of virus-host - Population balance systems to characterize virus
cell populations in bioreactors spreading and infection processes
- Quantitative analysis of flow cytometry data sets
Subproject
Physiological status of mammalian |U. Reichl MPI 09/2003 |Kienle,
cells during cell growth and viral J. Schulze- PSD Group
infection Horsel
Project Area: Coupled Processes
Tab. 4: Projects
Project: Monitoring, design and - Integrated concepts for design and optimization of
optimization of bioprocesses vaccine production processes
- Mammalian cell culture
- Yeast expression systems
Title Scientists Funded by Start Partners
Subproject
Influenza vaccine production in Y. Genzel MPI 07/2000 |BPE, OvGU
microcarrier systems
Subproject
Design, scale up and process U. Reichl MPI 01/2003 |Grammel, SBI
optimization for recombinant L. Antoniukas 05/2008 |Group, MPI
hantavirus NP expression in Institute of
S. cerevisiae for vaccines and Biotechnology,
diagnostics Vilnius,
Lithuania
Friedrich-
Loffler-Institute,
Wousterhausen,
Germany
Subproject
Monitoring and control of high U. Reichl MPI /IMPRS |03/2003 |BPE, OvGU
density cell culture systems A. Bock
T. Rudolph
Subproject
Cell growth and metabolism in Y. Genzel MPI/BMBF |07/2008 |SysLogics
human suspension cells A. Rath
Subproject
MVA and influenza virus pro- Y. Genzel MPI 07/2008 |ProBioGen
duction in avain designer cell lines |V. Lohr AG, Berlin,
Germany

Project: Downstream process-
sing of viral and recombinant
proteins

- Generic processes for purification of virus particles or
viral proteins,

- Lectins, synthetic ligands and matrices for affinity
chromatography

- Methods for quantification of virus particles and viral
proteins
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Title Scientists Funded by Start Partners
Subproject

Downstream processing of U. Reichl MPI 01/2002 |BPE, OvGU
influenza virus B. Kalbful

Subproject

Affinity Chromatography of M. Wolff MPI 01/2005 |BPE, OvGU
Influenza Virus L. Opitz

Subproject

Particulate formulation of influenza | U. Reichl MPI 09/2007 |Sundmacher
virus antigen T. Kréber PCP Group

Project: Quantitative analysis of
metabolic and regulatory
networks of cellular systems

- Flow cytometric and microscopical analysis of cell
status and virus replication dynamics

- Quantitative analysis of virus replication dynamics

- Proteomics, differential protein expression analysis by
2D-DIGE and mass spectrometry

- Glycomics, quantitative and qualitative analysis of
glycosylation patterns by CGE and MS

- Analysis of extra- and intracellular metabolites concen-
trations, enzyme activity assays

“13C isotopomer analysis

Title Scientists Funded by Start Partners
Subproject
Cell growth and virus replication in |U. Reichl MPI 07/2000 |BPE, OvGU
perfusion systems Y. Genzel
A. Bock
Subproject
Microscopical analysis U. Reichl, MPI 01/2000 |BPE, OvGU
J. Schulze-
Horsel
Subproject
Quantitative analysis of energy Y. Genzel MPI 01/2002 |Gilles
metabolism of animal cells J. Ritter SBI Group
Subproject
Analysis of glycosylation of E. Rapp MPI 01/2005
the influenza A virus HA J. Schwarzer
Subproject
Physiological status of mammalian |U. Reichl MPI 09/2003 |Kienle,
cells during growth and viral J. Schulze- PSD Group
infection Horsel
Subproject
Biomolecular analysis of dynamic |Y. Genzel MPI 05/2005 |Benndorf,
interactions between influenza D. Vester OovGU
viruses and host cells E. Rapp Bettenbrock,
SBI Group
Subproject
Enzymatic characterization of A. Wahl MPI 04/2007 | MPI Molecular
mammalian cells R. Janke Plant Physio-

logy, Golm
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Project Area: Network Theory
Tab. 5: Projects

Project: A systems biology A. Wahl MPI/BMBF 01/2005 |SyslLogics,
approach to mammalian cell R. Janke Klamt, SBI
metabolism S. Freund Group

SFACN Group,
MPI Molecular
Plant Physio-
logy, Golm

Projects: Chair of Bioprocess Engineering (OvGU)

Tab. 6: Projects

Project: Dynamics of microbial
communities

C. Riedele

(Start: May 2002)

Experimental characterization and mathematical
modeling of microbial growth dynamics in batch
and continuous culture. Application of T-RFLP
analysis for quantification in microbial communities
of bacterial species related to cystic fibrosis
disease

Funding: Saxony-Anhalt

Project: Flow cytometric analysis of a
medically relevant three-species
bacterial community

M. Riger

(Start: September 2007)

Flow cytometric analysis of proliferation activity of
bacteria in pure and mixed culture under different
cultivation conditions (batch, chemostat) using
DAPI staining techniques

Partners: Miuller, Helmholtz Center of Environ-
mental Research, Leipzig, Germany

Project: Meta-proteome analysis of a
heterogeneous microbial culture

D. Benndorf

(Start: January 2008)

Experimental characterization of meta-proteome
dynamics of microbial communities, e.g. bacterial
species related to cystic fibrosis disease

Project Biomolecular analysis of dynamic interactions
D. Vester between influenza viruses and their host cells
(Start May 2005) on the proteomic and mRNA level

Project Affinity chromatography of vaccinia virus

M. Wolff Partners: Bavarian Nordic, Kvisgard, Denmark
(Start March 2007)

Project Analysis of influenza virus-induced signaling in
B. Heynisch mammalian host cell systems

(Start April 2007) Funding: FORSYS, BMBF

Project Coordination: Diploma course Biosystems Engi-
D. Benndorf neering

(Start August 2007) Funding: FORSYS, BMBF

Project Development and optimization of a procedure

M. Pohlscheidt
(Finished 2005)

for the production of parapoxvirus ovis in micro-
carrier culture

Funding: Bayer HealthCare AG, Wuppertal,
Germany
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Projects: Cooperation with other Institutions and |

Tab. 7: Projects

ndustry

Project: Analysis of milk sugars
(Start April 2007)

Milupa GmbH, Germany

Project: Analysis of Influenza Virus
Hemagglutinin
(Start November 2007)

Chiron/Novartis AG, Marburg, Germany

Project: Analysis of al-Antitrypsin
Glycosylation
(Start March 2007)

ProBioGen AG, Berlin, Germany

Project: Experimental characterization
and mathematical modeling of
microbial communities

(Start April 2008)

Helmholtz Center of Environmental Research
Flow Cytometry Gruppe
Leipzig, Germany

Project: Vaccinia virus purification
(Start March 2007)

Bavarian Nordic, Denmark
Sartorius Stedim Biotech GmbH, Germany

BMBF Project: Downstream process-
sing of recombinant proteins
(Start October 2008)

OvGU, Chair of Bioprocess Engineering
Merckle Biotec GmbH

EMC microcollections GmbH

Prof. S. Laufer, Institute of Pharmacy
University of Tibingen

BMBF Project: Downstream process-
sing of influenza virus
(Start October 2008)

OvGU, Chair of Bioprocess Engineering
IDT Biologika GmbH
EMC microcollections GmbH

Project: Microsensor Influenza
(2007-2008)

Institute for Microtechnology,
TU Braunschweig

4 Research Highlights

4.1 Metabolic Flux and Intracellular Metabolite Con

centrations during

Adherent Cell Growth and Infection

The flux through the metabolic reaction network of a cell (Fig. 2) depends on various
cellular properties, in particular enzyme concentrations, enzyme activities and
metabolite concentrations. In order to observe the cellular metabolic state, several
analytical tools have been established or are currently being developed. Focus of the
analysis is (i) the influence of different cultivation conditions (especially media) on the
central carbon metabolism, (ii) the distribution of fluxes during different cell growth
phases of a cultivation (exponential, confluency), and (iii) the response of central

carbon metabolism to viral infection.



BPE Group, U. Reichl, Report to the Scientific Advisory Board 233

Pentose
Phosphate
Pathway

U U0

Glycolysis

=
N
B

>
P>
B (,
Yy ¢
>

z
1)
r

A System
('L System)
i

Asp,GIuwAsp,GIu
4 BN

3 Na 3 Na"

Xy System

1
G S)
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
]
]
’
’

~

Fig 2: Graphical representation of the metabolic reaction network (in total 112 reactions, 72 metabolites) of an
adherent MDCK cell (Wahl et al, 2008). The model includes two compartments, cytosol and
mitochondria that are interconnected by transporters. Uptake of amino acids and carboxylic acids is
coupled with ATP consumption (not shown). Metabolites displayed on green are “entry points” of amino
acid degradation (not shown).

4.1.1 Intracellular Fluxes

For the estimation of intracellular fluxes, metabolic flux analysis is applied. Within this
project a close cooperation with S. Klamt (SBI Group) supports the evaluation of data
using the software-tool CellNetAnalyzer. Based on extracellular uptake and release
rate measurements and a reaction network established for adherently growing MDCK
cells (Fig. 2; Wahl et al., 2008) intracellular flux rates are calculated. Additionally, if
growth phases are observed, the biomass composition has to be known to estimate
the demand of carbon and energy for cell growth.

Metabolic flux analysis requires a steady-state for balancing. Because no real
steady-state can be achieved with adherent cells (chemostat cultivation is not

possible) phases of quasi stationarity have been determined (Fig. 3).
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Fig. 3: Adherent cell numbers and concentration measurements under different conditions (GMEM with
glutamine, GMEM with pyruvate). The lines represent the fitting of experimental data using a model that
assumes constant specific rates during a phase. The rate and the phase change time points are
determined by parameter fitting.

Cultivation on microcarriers can be divided into a phase of cell attachment, cell
growth, reduced growth, confluency and infection. Some of these phases seem to
exhibit a quasi stationary behaviour. The extracellular concentrations of glucose,
lactate, ammonia and 18 amino acids as well as cell numbers on microcarriers and in
suspension of different cultivations have been measured. Additionally, the oxygen
consumption has been calculated from the pO, signal. Especially during exponential
growth, the growth rate, as well as the consumption of main substrates and product
release seems to be constant (Fig. 3). After this phase, growth is slowly reduced,
which is presumably due to space limitations. Even though the specific growth rate is
not constant, uptake and release rates seem to be constant. Confluency was not
reached in a standard cultivation after four days; hence this phase was not analyzed.
Also, the phase after infection has not been studied in bioreactor cultivation because
infection with low multiplicity of infection (MOI) used in a realistic production process
leads to a highly complex behavior. In the beginning only a small amount of cells are
infected producing virus particles that will infect further cells. Thus, there is no

homogeneous population and no stationary state can be reached.

A phase model based on constant specific rates and growth dependent on the
available space has been set up. Parameter optimization was used to determine the
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points in time of phase changes and the specific rates in each phase. The
optimization was divided in two steps (i) determination of the phase time points
based on cell counts and oxygen transfer rate, and (ii) determination of the single
specific uptake and production rates.

The phase model has been applied to various cultivation conditions (Fig. 4, GMEM
with glutamine, GMEM with pyruvate addition and no glutamine, and serum-free
Episerf Medium). The reproduction of the extracellular measurements under these
conditions was satisfactory and therefore the assumption of quasi steady-states
seems applicable (Fig. 4). In the end, the specific rates and also the accuracies of
the estimation were obtained. These rates are now used in metabolic flux analysis to
determine flux distributions under different cultivation conditions. To support the
interpretation of the flux distributions, a theoretic flux distribution representing an
“optimal” cell that consumes a minimum amount of carbon for growth was calculated.
Fig. 4 shows a comparison of optimal and experimentally determined uptake rates
under conditions containing glutamine and pyruvate (Sidorenko et al, 2008). As
expected, the minimum uptake of glucose is far below the observed rate (13 times
lower compared to glutamine condition) and respiration has to be much higher to
achieve an efficient use of nutrients. In comparison to the glutamine condition, growth
in medium containing pyruvate is closer to an optimal cell. The overall turnover of
ATP is comparable (Fig. 4), though the balance between glycolysis and respiration is

different, thus leading to overall higher carbon consumption.
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Fig. 4: (a) Specific uptake rates under different conditions (green: calculated from minimum consumption, blue:
glutamine containing medium, red: pyruvate containing medium). (b) ATP turnover under different
conditions.
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4.1.2 Intracellular Metabolites

The intracellular concentrations especially of nucleotides and compounds of the
central carbon metabolism can give clues to possible bottlenecks in metabolism, e.g.
the accumulation of intermediates or the depletion of energy transporters like ATP.
This information is important in order to optimize growth conditions (e.g.
supplementation with additional substrates) and to identify bottlenecks in the supply
of precursors and energy for virus synthesis. For the determination of intracellular
metabolite concentrations, sensitive measurement techniques and an appropriate
extraction method have to be established. For adherent MDCK and Vero cells an
extraction protocol has been worked out using experimental design strategies (Ritter
et al. 2008). lon-chromatography coupled with mass spectroscopy (IC-MS) is used
for the measurement of intracellular concentrations (Ritter et al, 2007).

In order to study the influence of viral infection and replication a synchronous
infection is needed. Therefore, infection was performed at high MOI (20) in static
culture systems (6-wellplates). As control a MOCK infection (V-Medium without virus)
was performed. Fig. 5 (left) shows the time course of a virus production (HA) with
H1N1/PR8 (RKI). Fig. 5 (right) displays the time course of chosen metabolites.
Especially ATP is at a constant level until about 13 hours post infection (hpi). Shortly
after the first release of virus particles the amount of ATP strongly decreases. In
order to determine the reasons for this behavior, additional experiments and
measurements, e.g. flow cytometry, have to be performed. One hypothesis could be
a disruption of the mitochondrial membrane as a consequence of apoptosis. In this
case no ATP can be regenerated by the action of TCA and respiratory chain. A hint
on a possible decrease in TCA activity is given by the drop in concentration of citrate,
cis-aconitate and ketoglutarate after 13 hpi. At this point in time also an increase in

lactate excretion and glucose uptake rate (data not shown) was also observed.
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Fig. 5: Time course of HA and intracellular metabolites after infection with MOI 20.

4.2 Development of Downstream Processes for the Pro  duction of Viral
Vaccines and Recombinant Proteins

4.2.1 Downstream Processes of Viral Vaccines

Current activities in the area of downstream processes of viral vaccine focus on
purification of cell culture-derived human influenza vaccines and smallpox vaccines

(Vaccinia virus).

4.2.1.1 Design and Optimization in DSP of Cell Cult ure-derived Vaccinia Virus
(MVA-BN®)

MVA-BN®is a smallpox vaccine based on the Modified Vaccinia Ankara (MVA) virus,
which demonstrated superior safety compared to traditional smallpox vaccines based
on native Vaccinia virus strains. Furthermore, re-engineered MVA-BN® represents as
a robust vector an interesting platform technology not only for vaccine delivery
systems like e.g. HIV, Dengue fever, Japanese encephalitis but also as a vector for
gene therapy, e.g. cancer treatment.

In collaboration with Bavarian Nordic GmbH, Sartorius Biotec GmbH and the OvGU
downstream processes are being developed for new production process of
mammalian cell culture-derived Vaccinia virus (MVA-BN®). New upstream processes
are focusing on designer cell lines versus the currently used primary cells. Hence, an
enhanced downstream process is required in order to meet the stringent production
requirements for regulatory approval. Focus of the new downstream process is on
increased recovery of the viral particles and an improvement in reduction of

contaminating host cell proteins and host cell DNA. Studies are currently focusing on
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the initial capture step based on different types of membrane adsorbers (MA) such as
ion exchange (Q, D, S and C) and pseudo-affinity (heparin and sulfated cellulose)
membranes. The heparin MA are a research product of Sartorius Biotec GmbH.
Sulfated cellulose membranes (SCM) are prepared using in-house technology (Wolff
et al., 2008b) based on a chemical modification of reinforced cellulose membranes
with a pore size of 3 to 5 um (Sartorius Biotec GmbH). Comparisons of different MA
with column based Cellufine® sulfate chromatography (CC) indicated that the
heparin pseudo-affinity MA allowed under the applied running conditions the highest
overall viral recovery, followed by SCM, Cellufine® Sulfate column chromatography
and anionic MA (Fig. 6).

100

Viral Content
75 + F
50 —
25 i
o
Total Protein
100 -
75 4
25 4
o

Total DNA

Recovary[24
g

B Product Fraction

m  Flow through + wash
50
25 1
o 5] M

MA Hep MA SCM MA S 75 MA C 75 MA Q 75 MA D 75 CC 1ml
Membrane Adsorbers Cellufine ® Sulfate

Fig. 6: Comparison of membrane adsorbers (MA) and column based Cellufine® sulfate chromatography (CC) as
capture step for cell culture derived Vaccinia virus (MVA-BN®). Bars represent SD of the mean of three
experiments measured in triplicates.

All tested chromatography media were suitable to remove the majority of
contaminating host cell proteins (Fig. 6). However, the product fractions of heparin
MA chromatography contained more than 30% of the initial DNA. Comparing these
MA to other tested chromatography methods, the heparin MA revealed the lowest
depletion of host cell DNA under the applied running conditions. Under identical
running conditions the amount of total DNA in the product fraction of the SCM and
Cellufine® sulfate chromatography was below the quantification limit. However, during
alkaline loading conditions Cellufine® sulfate showed significantly higher viral
capacities than the SCM MA. The optimal operating condition for the process has yet
to be identified.
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4.2.1.2 Cell Culture-derived Influenza Virus

During the last years several different purification schemes and individual unit
operations for the DSP of inactivated whole influenza virus particles have been
developed. Initially equine influenza virus (A/Newmarket 1/93; (H3N8)) had been
chosen as model virus, later the human influenza virus A/Puerto Rico/8/34; H1IN1
had been used as model. More recently, the current A and B strains of the seasonal
human vaccines were applied for the design and optimization of DSP of influenza
vaccines.

One focus of the DSP has been on affinity based capturing methods for inactivated,
clarified cell culture-derived influenza virus particles. As pseudo affinity media various
immobilized lectins, metal ions, and sulfated cellulose were applied. In an extended
lectin screen a galactosyl (a 1-3) galactose specific lectin (Euonymus europaeus
lectin) was identified being suitable to capture MDCK cell derived influenza virus
particles (A/PuertoRico/8/34; H1IN1) (Opitz et al., 2007a). Further studies evaluated
favorable adsorption matrices for the affinity capture step: (i) reinforced cellulose
membranes and (ii) a polymer bead from Galab Technologies GmbH (Opitz et al.,
2007b). These chromatography media resulted in a viral recovery greater than 95%
of the starting material based on the hemagglutination assay. In the case of the MA,
total protein and host cell DNA reduction based on the starting material
concentrations amounted to 69% and 99%, respectively. Evaluations of the general
applicability of the EEL-affinity chromatography indicated comparable results for
different human and equine strains of Influenza A virus and for human influenza B.
However, glycosylation patterns of viral membrane proteins strongly depend on the
host cell. This is reflected in an inefficient capturing of Vero cell-derived influenza
virus particles by EEL-chromatography (Opitz et al., 2008a) and indicated in glycan
analysis studies (Schwarzer et al., 2008). In the case of varying host cells,
corresponding lectins would have to be identified.

A general concern associated with affinity chromatography is the leaching of
bioactive compounds (Wolff and Reichl, 2008c). This accounts in particular for lectins
having the potential to be toxic. As an alternative, pseudo affinity chromatography via
heparin or sulfated cellulose can be applied. Cellufine® sulfate is currently used in a
commercial vaccine manufacturing process for capturing influenza virus particles
(Novarits AG). The major drawback of Cellufine® sulfate bead chromatography for

influenza virus purification is its comparatively low productivity, which can be
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overcome by the application of sulfated reinforced cellulose membranes (Wolff et al.,
2008a; Wolff et al., 2008b; Opitz et al., 2008b). A direct comparison revealed an
improvement in the overall viral recovery by a significant reduction of the host cell

DNA contamination of the product fraction (Fig. 7).
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Fig. 7: Comparison of sulfated reinforced cellulose membrane adsorbers (SCM) with Cellufine® Sulfate column
chromatography (CC) for a capturing of cell culture-derived influenza virus (A/Puerto Rico/8/34; HIN1).
Bars represent SD of the mean of three experiments measured in triplicates.

As a further option, affinity chromatography based on immobilized metal ions is
currently being evaluated. Initial results indicate promising total viral recoveries and
similar contaminant depletions as compared to the SCM unit operation.

A generic scheme for the downstream process of MDCK cell-derived human
influenza virus based on (i) clarification by depth filtration (0.45 um), (i) B-
propiolacton inactivation, (iii) concentration via cross-flow ultrafiltration, (4) size
exclusion chromatography, and (iv) anion exchange chromatography resulted in an
overall virus yield of 53%. Total protein and host cell DNA removal based on the
starting material was 96.5% and 99.8%, respectively (Kalbful3 et al., 2007a, b, c).
Although the reduction of contaminating host cell proteins and DNA is comparatively

high, it is still not sufficient for human vaccine production. Attempts to further reduce
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the level of contaminating host cell DNA were done by selective precipitations of host
cell DNA from inactivated and clarified cell culture supernatant by a following
diafiltration to remove the precipitation agent (Krober et al., 2008). The drawback of
this method is the identification of highly specific non-toxic precipitation agents. The
currently applied model compounds are toxic and require an improved specificity. An

overview on downstream processes established in the BPT group is shown in Fig. 8).
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Fig. 8: Overview of current downstream processes
4.3 Proteomics and Glycomics

To explore qualitative and quantitative data of cell cultures on various levels, several
experimental platforms have been established: physiological level (microscopy, flow
cytometry), genome level (real-time PCR), proteome level (qualitative and
quantitative proteomics), metabolome level (qualitative and quantitative metabolic
(flux) analysis). These allow very specific questions concerning mammalian cell
growth and virus-related bioprocesses to be addressed.

Qualitative and quantitative analysis on proteome level is performed using a set of
gel-electrophoresis techniques (2D-DIGE) for protein separation (and quantification),
in combination with two-dimensional high performance liquid chromatography

coupled online to tandem mass spectrometry (2D-nanoHPLC-MS/MS) for protein
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identification. The methods are also used to investigate bacterial growth (regulation
and control in E. coli, K. Bettenbrock, SBI Group), and the meta-proteome of
microbial communities (D. Benndorf, BPE, OvGU).

4.3.1 Virus-Host Cell Interaction at the Proteome L  evel

This project focuses on the dynamic interaction of the influenza virus with its
mammalian host cell. The first aim was to characterize host cell protein expression
changes in various mammalian cells after infection with different influenza virus
strains. In addition, proteome changes related to -cultivation conditions are
investigated.

Differentially expressed host cell proteins over the time course of an infection phase
were detected (quantitatively) by 2D-DIGE. Differences in relative protein expression
were quantified to trace time dependent changes of the cellular proteome
composition. Up and downregulated proteins were digested enzymatically and
identified via nanoHPLC-MS/MS utilizing the MASCOT protein identification system
(Fig. 9a). The dynamic host cell proteomes of different cell lines (e.g.: canine MDCK
and human A549) after infection with different influenza strains was elucidated and
compared (Fig. 9b). Interestingly, the same virus strain induces significantly different
host defence mechanisms in canine (MDCK) and human (A549) cells (Vester et al.,
2007). Proteins identified are reported to be involved in a wide spectrum of cellular
functions and host defense mechanisms including: apoptosis, cytoskeletal
rearrangement, protein synthesis, and protein degradation. Distinct proteome
patterns with differentially regulated proteins over time showed dynamic host cell
response mechanisms in both the early and late phase of infection. Surprisingly,
significant differences in host cell response were observed when comparing results
from virtually the same virus strain (H1N1) obtained from different suppliers (RKI,
Germany and NIBSC, UK), which clearly indicates a strong influence of only a few

mutations of the viral genome on virus-host cell interaction.
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Fig. 9: a) Process scheme for differential protein abundance analysis and protein identification, using the 2D-
DIGE system and nanoHPLC-MS/MS. b) Effect of influenza A infection on the proteome of mammalian
cells. The bar chart represents the average ratio of the spot volume of all differential expressed protein
spots at three time points post infection (4 h, 8 h, 12 h).

4.3.2 Glycomics

Monoclonal antibodies, recombinant and viral glycoproteins produced in mammalian
cell culture play an important role in manufacturing biopharmaceuticals. To ensure
consistent quality of the corresponding products, glycosylation profiles have to be
closely controlled, as glycosylation potentially affects important properties, including
bioactivity and antigenicity. Glycosylation patterns of viral surface proteins from unit
operations in up and downstream processing are characterized by high performance
liquid chromatography (HPLC), multi-capillary gel electrophoresis (CGE), each with
either laser induced fluorescence (LIF) or mass spectrometric (MS) detection
(collaboration with PCF Group and external partners: ProBioGen, Berlin,
Chiron/Novartis AG, Marburg, Germany).

The main questions addressed regarding the glycosylation of the major viral
membrane proteins hemagglutinin (HA) and neuraminidase (NA), are e.g.: the
influence of host cell lines and cultivation conditions, impact of inactivation

procedures and changes in glycosylation profiles in downstream processing.

4.3.2.1 Method Development and Automated High Throu  ghput Identification of
Carbohydrates and Carbohydrate Mixture Composition Patterns

The workflow (Fig. 10) involves virus purification directly from cell culture

supernatants, protein separation by SDS-PAGE, endo- and exoglycosidase-cleavage

of N-glycans, desalting and CGE-LIF (Schwarzer et al., 2008). The N-glycans are

analyzed in two stages (i) simple glycosylation pattern profiling that allows the
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comparison of “glycan-pool fingerprints” and (ii) structural identification of detected

glycans via database matching, and additionally, sequencing of glycans if required.
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Fig. 10: Workflow for protein identification and N-glycan analysis of mammalian cell culture-derived influenza
virus HA.

Excellent long-term reproducibility concerning migration time and peak heights were
obtained (Schwarzer et al.,, 2008) making this method a valuable tool for
identification of carbohydrate compositions out of highly complex carbohydrate
mixtures, as well as for determination of carbohydrate mixture composition patterns.
Based on the determination of migration time indices (Fig. 11) by multi-capillary gel
electrophoresis, laser induced fluorescence (CGE-LIF), carbohydrate components
are identified by matching of standard migration time indices from a database (Rapp
et al.,, 2008). For this purpose a software package for data processing and
visualization, based on an integrated database containing normalized migration times

of known carbohydrates as standards, is currently being established.
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Fig. 11: Electropherogram of the N-glycan NGA2F obtained by CGE-LIF (overlay, internal standard ladder trace).

4.3.2.2 Profiling Influenza A Virus Hemagglutinin N -Glycosylation During Vaccine
Production

The approach (Fig. 10), allowed the characterization of N-glycosylation patterns of
viral membrane glycoproteins. HA is the most abundant and immunogenic influenza
virus surface glycoprotein. The functional role of the glycans is still not completely
understood. However, it is known that structural modifications of these N-glycans can
influence viral replication dynamics and immune response after vaccination. The
glycosylation pattern can be affected by the virus strain, the glycosylation machinery
of the host cell (Fig. 12), cultivation conditions in upstream processing and via
incipient degradation of glycoproteins during virus inactivation and downstream
processing. Hence, monitoring of the glycosylation pattern during vaccine
manufacturing could be used for process control and as a method to characterize
properties of antigens, which might be highly relevant for antigenicity and

immunogenicity of vaccines.
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Fig. 12: Shifted overlay of HA N-glycan fingerprints of influenza A/PR/8/34 (H1N1) produced in MDCK, Vero,
CR.HS, A549 and HepG2 cells.

4.4 Signal Transduction and Apoptosis in Virus-infe cted Cells

As part of the innate immune response a virus-infected mammalian cell activates a
diverse and complex signal transduction network to establish the host cell defense
(Fig. 13). The virus is sensed by pattern recognition receptors (PRRs), which activate
intracellular signaling pathways leading to the induction of interferon (IFN). IFN is a
key player in the pathogen defense and activates a variety of antiviral genes by
paracrine and autocrine signaling. Among these antiviral genes the Mx (myxovirus
resistance) proteins are known to exert an antiviral effect on the influenza virus
replication. Furthermore, the infected cells can induce apoptosis to reduce the
degree of virus propagation. The virus itself tries to evade these defense
mechanisms by producing the non-structural protein NS1, which interferes with the
host defense at multiple levels.

So far it is not known to which extent the antiviral host cell defense limits influenza
virus vaccine production in mammalian cell cultures. As a starting point we are
focusing on interferon and apoptosis related effects.

A 2D-DIGE (see 4.3.1) approach, which compared protein expression of uninfected
and infected MDCK cells, identified Mx proteins among other proteins to be up-
regulated (D. Vester et al., 2008). Since these Mx proteins are stringently induced by
IFN signaling, a quantitative real-time PCR was set up (supported by Prof. H. Hauser,
HZl Braunschweig, Germany) to monitor the expression of IFN, Mx and viral NS1
during the infection. Results clearly indicate the relationship between IFN induction,
counteracted by newly synthesized viral NS1 protein and the subsequent induction of
antiviral genes like Mx1 (Fig. 14).
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Fig. 13: Scheme of the signal transduction network in a mammalian cell infected with influenza virus. Viral
components are depicted in green, genes are colored in yellow and antiviral IFN-stimulated genes are
shown in orange.

Within the Forsys project WPB 9 (Dynamics of Influenza A Virus Replication in
Epithelial Cells) different molecular biological methods are being adapted to elucidate
the signal transduction in the canine MDCK cell line. Phospho-specific antibodies
against human or mouse proteins are being tested on canine probes to identify the
signaling cascades leading to the induction of the host cell defense. This work is
supported by Prof. M. Naumann (Medical Faculty, OvGU), who is studying signal

transduction in Helicobacter pylori infected MDCK cells.

Luciferase reporter assays are being used to complement the analysis of the
signaling network at the gene regulation level. Based on a structural qualitative
model of the antiviral signaling network that is currently being developed with the
support of S. Klamt and S. Mirschel (SBI group) we expect to get a better
understanding of the relevance of signaling events in cell culture-based vaccine
production, and to further elucidate virus-host cell interactions under highly controlled
process conditions. Furthermore, we are interested in the antiviral capacity of canine
Mx1 and Mx2 proteins in comparison to their well-characterized human and mouse
counterparts. Therefore the canine Mx proteins were cloned into epitop-tagged

expression vectors and will be characterized in collaboration with Georg Kochs
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(Department of Virology, Universitatsklinikum Freiburg). Overall, it is anticipated that
the elucidation of influenza-induced antiviral signaling pathways may lead to new

targets for the optimization of cell culture-based vaccine production process.
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Fig. 14: Real-time PCR quantification of Interferon-beta (IFN-B), myxovirus resistance protein 1 (Mx1) and
influenza non-structural protein 1 (NS1). MDCK cells were infected with influenza A/PR/8/34 (NIBSC)
with MOI 5 and samples were taken at high frequency at the indicated time post infection. Results are
shown as fold expression relative to untreated samples.

4.5 Organization of Symposia and Workshops

e Symposium ,Trends in Systems and Control Theory®, 1 - 2 March, 2006
Magdeburg, Germany

*  Workshop Viral Dynamics, CCEX 2006, April 23 — 28, Chateau Fairmont
Whistler, Canada

* Workshop Systems Biology, January 12-13, 2007, MPI, Leipzig, Germany

« MPG-CNRS Joint Workshop on Systems Biology, September 24 — 26, 2007,
Harnackhaus, Berlin; Germany

e Symposium: Information and Control Hierarchies: Foundations, Computation
and Applications, May 22 - 23, 2008, MPI Magdeburg, Germany
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5 Selected Teaching Activities, Diploma Projects, P hD Projects
and Habilitations

In 2004 the interdisciplinary diploma study course Biosystems Engineering was
successfully established together with the Faculty of Electrical Engineering and
Information Technology, the Faculty for Natural Science and the Medical Faculty.
Since the winter semester of 2006/2007 it is offered as a Bachelor of Science
program. In 2011 a consecutive Master of Science program will be offered. Currently,
there are 161 diploma and 52 Bachelor of science students enrolled, with more than
300 applications (50 students accepted) for winter semester 2008/2009.

In 2007 the International Max Planck Research School for Analysis, Design and
Optimization in Chemical and Biochemical Process Engineering was established at

the OvGU Magdeburg. Currently, there are more than 25 PhD students enrolled.

5.1 Lectures at the OvGU (Prof. U. Reichl):

» Biochemical engineering (3 SWS; German, English)

» Laboratory course - Biochemical engineering | (1 SWS; German, English)
» Mathematical modeling of bioprocesses (2 SWS, German)

» Exercise - Mathematical modeling of bioprocesses (1 SWS, German)

» Cell culture engineering (2 SWS; German, English)

» Laboratory course — Cell culture engineering (2 SWS, English)

* Microbiology (2 SWS, with Grammel / Bettenbrock SBI Group)

» Laboratory course — Microbiology (1 SWS; German)

5.2 Diploma projects (September 2005 to July 2008)

Tab. 8: Diploma Projects supervised by U. Reichl

Riedele, Christian | Entwicklung eines Microcarrier-basierten Herstellungs-
verfahrens fur einen Impfstoff gegen Schweine-Influenza

Straube, Sabine Kultivierung von felinen Lungenfibroblasten und Vermehrung
von Nerz Enteritus Virus in Microcarriersystemen bei Batch- und
Perfusions-Betrieb

Klawisch, Validierung der Sterilfiltration

Alexander

Wolff, Sabrina Optimierung der Virusvermehrung von rekombinanten MVA und
FP Vektoren in HEF Suspensionskultur

HeReler, Julia Theoretical Analysis and Mathematical Modeling of Microbial

Species in a Chemostat - How to Achieve Coexistence of
Competing Species
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Deshpande, Kedar | Quantification of Influenza Virus Hemagglutinin (HA) by
Reversed Phase — High pressure Liquid Chromatography (RP-
HPLC) method

Salaklang, Development of a Lectin-Affinity Chromatography for the
Jatuporn Downstream Processing of Influenza A Virus Vaccines
Regestein, Lars Mathematische Modellierung einer drei Spezies Mischkultur im

Chemostat: Einfluss von Medienzusammensetzung und
Stoffwechselcharakteristika auf Koexistenz

Eisold, Katrin Reinigung von humanem Influenzavirus aus Saugerzellkultur

Thiele, Morries Optimierung von Real-Time PCR zum Nachweis von RNA-
Spezies aus Influenza A/PR/8/34

Kréber, Tina Ernte und Reinigung von humanem Influenzavirus aus
Saugerzellkultur

Schulze, Mareike Influenza — Virusproduktion in tierischen Zellkulturen:
Untersuchungen zur Zellphysiologie

Seitz, Claudius Molekularbiologische Untersuchungen an Influenza-Viren mittels

guantitativer Realtime-PCR
Dietzsch, Christian | Influenza Impfstoffherstellung mit adhéarenten Vero Zellen

Knoéchlein, Anne Ernte von Influenza Virus aus tierischer Zellkultur

Christel, Jessica Herstellung und Charakterisierung von PEGylierten
Standardproteinen fir die Testung von Chromatografischen
Tragermaterialien

Lohr, Verena Die aviaren Designerzellen CR.HS und CR.MCX — Wachstum
und Produktion von modifizierten Vacciniavirus Ankara (MVA)
Rath, Alexander Influenza-Impfstoffproduktion in zwei permanenten aviéaren De-

signerzelllinien

5.3 Supervision of Ph.D. Theses (September 2005 to  July 2008)

Tab. 9: Ph.D. theses supervised by U. Reichl

Holtmann, D Electro-Chemical Monitoring of Microbial Activity -
Fundamentals and Application in Waste Water Treatment

Pohlscheidt, M. Entwicklung und Optimierung eines Verfahrens zur
Viruspropagation von Parapoxvirus Ovis NZ-2

Sidorenkao, I, Mathematische Modellierung von Influenza Virus
Replikation in Sdugerzellen
Mohler, L. Segregierte mathematische Modelle zum Wachstum

adharenter tierischer Zellen (MDCK) und zur Influenza
Virus Replikation

Hundt, B. Entwicklung und Optimierung eines Herstellungsprozesses
fur einen Parvovirus-Impfstoff im Ruhrreaktor und
Wave®Bioreaktor

At present there are 7 PhD students in the BPE Group and 6 PhD students at the
OvGU, supervised by U. Reichl, T. Frensing, Y. Genzel, E. Rapp, A. Wahl, and M.

Wolff (see survey of Research Projects)
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5.4 External evaluations (September 2005 to July 20 08)

e Appointment Committee of the MPG, Muhlheim (2005)

* Appointment Committee of the MPG, Jena (2005)

* Appointment Committee of the OvGU, Magdeburg (2007 — 2008)
* Appointment Committee of the MPG, Leipzig (2007 — 2008)

6 Selected Memberships, Appointments and Awards (Ud o Reichl)

* Member of the Perspective Commission of the CPT (Chemistry, Physics
& Technology) Section, MPG (since 2003)

* Member of the Foundation Committee of the MPG-CAS Institute
“Computational Biology”, (Shanghai, China) (since 2004)

* Managing Director of the MPI (2005 — 2006)

» Spokesperson of the IMPRS Magdeburg (since 2007)

* Member of the Intersectional Expert Committee of Systems Biology,
MPG (since 2006)

* Member of the Board of Trustees, EU Liaison Office of the German Research

Organisations, KOWI, Brussels (since 2007)

7 Future Directions

The main focus of research activities over the next several years will remain on
mammalian cell culture of adherent and suspension cell lines, virus-host cell
interaction, and virus propagation in stirred tank and wave®bioreactors. In addition,
projects related to recombinant protein expression in mammalian cells will be
extended. Supported by external funding of projects related to systems biology
(Forsys, SysLogics; BMBF funding), basic research on mammalian cell metabolism
will remain one of the main activities of the BPE Group. Besides determination of
extracellular metabolite uptake and release rates, measurements of intracellular
metabolite concentrations and high-throughput analysis of key enzyme activity levels
(glycolysis, TCA; MPI for Molecular Plant Physiology, Prof. Stitt, Golm) will be
performed for improving metabolic flux analysis and development of dynamic models
of cell growth. Significant efforts will be directed towards the confirmation and
theoretical analysis of the structure of metabolic networks (Wahl et al., 2008). This
includes *C isotopomer analysis with internal and external partners (SBI group;

SyslLogics, BMBF) and the attempt to include information concerning the spatial
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distribution of intracellular metabolites, in particular concentration differences
between cytosol and mitochondria (SysLogics, BMBF). The latter will be
experimentally extremely challenging due to the lack of established methods and
problems to evaluate results by (internal) standards. To complement research
pursued with adherently growing MDCK cells, growth and product formation (viral
antigens, recombinant proteins) of new human designer cell lines will be thoroughly
characterized. These suspension cells are provided by ProBioGen (ProBioGen AG,
Berlin, Germany) within the SysLogics project (BMBF). Cultivation will be performed
under serum free conditions in batch and continuous culture in small scale stirred
tank bioreactors. Therefore, quasi steady-state assumptions - necessary for MDCK
microcarrier cultivations - are not required for facilitating experimental investigations.
Also, accuracy of cell concentration and cell volume measurements of suspension
cultures is higher allowing a more reliable determination of specific rates.

Progress in understanding virus-host cell interaction and optimization of virus yields
in vaccine manufacturing relies not only on improvement of cell culture conditions.
Often, any attempt to improve virus yields by increasing cell concentration fails due to
reduction in cell specific virus yields (so-called “cell density effect”). In addition,
multiplicity of infection (MOI) has a profound effect on virus yields for various
influenza A strains (e.g. A/Wisconsin/67/2005 HGR, H3N2). Therefore, efforts to
better characterize virus replication on a cellular level will continue. This includes the
use of RT-PCR and proteomics to analyze intracellular virus replication and host cell
response mechanisms. Also, studies with regard to signal transduction pathways (as
relevant in vaccine manufacturing) will be extended to improve understanding of
antiviral factors decreasing cell specific virus yields. Work will be complemented by
flow cytometric studies and - in collaboration PSD Group (A. Kienle) - theoretical
analysis of population dynamics (Sidorenko et al., 2007; Muller et al., 2008).
Downstream processing of cultivation broths consisting of highly complex mixtures of
hundreds of compounds will also remain a focus of research activities. As in previous
years, work will be conducted in close cooperation with the Chair of Bioprocess
Engineering (OvGU, Magdeburg). Based on the successful establishment of a
generic process for influenza virus purification (Kalbful3 et al.,2007a) and work on
affinity chromatography based methods (Opitz et al., 2006; Opitz et al. 2007) a
proposal was successfully evaluated by the BMBF, which will allow the extention our

activities towards affinity based capturing of recombinant proteins (e.qg.
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erythropoietin, follicle-stimulating hormone) and viral antigens (influenza A virus;
human, swine, avian H5N1). Collaborating partners are Merckle Biotec (Ulm,
Germany), EMC microcollections GmbH (Tubingen; Germany), IDT Biologika GmbH
(Dessau-RoBlau, Germany), Prof. Laufer (Chair of Pharmaceutical Chemistry, TU
Tlbingen, Germany), A. Seidel-Morgenstern (PCF Group) and K. Sundmacher (PCP
Group). In addition to experimental work regarding capturing of sialated glycoproteins
by small peptide ligands, questions concerning continuous purification of viral
antigens by simulated moving bed chromatography (PCF Group) and modeling of

ligand-target protein interaction (PCP Group) will be in the focus of this project.
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