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Summary 

Every year, influenza viruses infect up to 20% of the world population. Infection with the 

subtype influenza A virus (IAV), one of the major respiratory pathogens of humans, is 

associated with high morbidity and mortality. The pathogenesis of IAV includes metabolic 

changes in host cells. 

Host cell energy metabolism is of particular interest because replication of the virus 

requires supplementary energy sources. Detailed knowledge about energy metabolic 

changes in IAV-infected host cells is weak, and currently no comprehensive functional 

metabolic analysis of IAV-infected human host cells is available. Therefore, this study 

aimed to adapt the Phenotype MicroArray
TM

 for mammalian cells (PM-M) to investigate 

energy metabolic changes related to substrate utilization for energy production in human 

cell lines infected with IAV. Dedicated protocols for PM-M measurements were developed 

for two cell lines, A549 (resembling type II lung epithelial cells) and dTHP-1 (resembling 

macrophages), and infection with two IAV strains of differential virulence. Infected cells 

were screened for their phenotypic metabolic profiles on a pre-selected set of PM-M plates.  

A549 cells, which support productive IAV infection, showed a different profile of carbon 

source utilization compared to mock infected cells. Differences were statistically 

significant in polysaccharide metabolism and polyol metabolism. In contrast, dTHP-1 

cells, which support only an abortive IAV infection, exhibited no clear metabolic changes 

during IAV infection. Using the PM-M technique, we could thus detect pathways altered in 

IAV infection, which had previously not been implicated in the infection of human lung 

epithelial cells. Furthermore, the findings suggest that the metabolic host cell response may 

differ according to the host cell type or the type of infection (abortive vs. productive). 
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1. Introduction 

Influenza A virus (IAV) is the most common cause of human respiratory infections and is 

associated with high morbidity and mortality
1,2

. Several indications exist that metabolic 

changes in host cells during IAV infection play significant roles in pathogenesis (see 

section 1.5). Host cell energy metabolism is of special interest, as replication of the virus 

requires cellular energy sources (see section 1.4.1.1). Currently, there is only little 

knowledge about changes in energy metabolism during IAV infections, and a thorough 

literature research resulted in a lack of a comprehensive functional analysis of infected 

human host cells (see section 1.5). Therefore, this project aims to get a global functional 

analysis of energy metabolic changes in IAV-infected host cells by using the Phenotype 

MicroArray™ for mammalian cells (PM-M). 

1.1 Epidemiology and natural reservoir of IAV 

Influenza viruses are divided into three subtypes, namely IAV, influenza B and -C viruses 

(IBV, ICV). Of these, IAV and IBV are relevant human pathogens causing annual seasonal 

epidemics that affect 5–20% of the world population
1,2

. IAV is responsible for the majority 

of disease in humans and for severe courses of infection involving hospitalisation. In 

contrast, ICV causes, if at all, only mild symptoms
2,3

. IAV caused four important 

pandemics in the last century: the 1918 Spanish flu, the 1957 Asian flu, the 1968 Hong 

Kong flu, and the 2009 swine-origin pandemic
2,3

. In the last flu-epidemic (2014–2015) 

79% of influenza cases in Europe were identified as type A
1
. 

Natural hosts of IAV are aquatic birds, shorebirds and waterfowls
4
. In these hosts IAV 

replicates in the intestinal tract without causing symptoms and is excreted in the faeces. 

These original avian viruses occasionally transmit to a wide range of other species, 

including humans, poultry, sea mammals, horses, dogs, cats and pigs (Fig.1), where they 

may cause outbreaks of influenza (see section 1.3. for further details)
4,5

. Further 

transmission within susceptible species through so called “intermediate hosts” is possible, 

although IAV is relatively host specific and intermediate hosts which sustain transmission 

of the virus rarely break the species barrier
5
. However, some instances of inter-species 

transmissions were reported such as transmission from domestic poultry and pigs to 

humans. This was for example documented during the  swine-origin pandemic in 2009
4–7

. 
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As shown in Figure 2, the segments PA, PB1 and PB2 encode three subunits of the RNA 

polymerase complex, which is associated with the viral RNA. Another RNA-associated 

protein is the nucleoprotein NP. The RNA segments together with these four associated 

proteins form the core of the virus, the nucleocapsid or ribonucleoprotein complex 

(RNP)
2,6

. The PB1 segment of some IAV types additionally encodes the PB1-F2 protein as 

an alternative reading frame. PB1-F2 is a non-structural protein which induces apoptosis in 

host cells
2
.  

A mature IAV virion is composed of the RNP complex, surrounded by a layer built of the 

matrix protein M1, which is additionally surrounded by the membrane envelope 

originating from plasma membranes of the host. The outer membrane envelope contains 

three envelope proteins: (i) the matrix protein M2, (ii) an integral membrane protein 

forming ion channels and (iii) the major immunogenic viral proteins hemagglutinin (HA) 

and neuraminidase (NA)
2
. In addition to the function as a viral antigen, HA is responsible 

for the binding to and entry into host cells through virus receptors. NA plays an important 

role in the budding of new virions from the infected host cells
6,9

. The NS segment encodes 

two non-structural proteins, NS1 and NS2. NS1 is not part of the virion, but remains in the 

cytoplasm of infected cells interacting with cellular host proteins
10

. In doing so, it induces 

inhibition of host messenger RNA (mRNA) processing and impairment of the host innate 

immune system by inhibiting the type-1 interferons (IFN), i. e. IFN-β and IFN-α. NS2 is 

incorporated into the virion and is involved in regulating viral transcription and 

replication
10,11

. 

The two glycoproteins, HA and NA, determine the subtype of IAV. 18 HA and 11 NA 

genomes have been identified to date
12

. Phylogenetic trees of the HA and NA genes are 

illustrated in Figure 3. The two recently identified genomes, designated as H17N10 (2012) 

and H18N11 (2013), are so far categorized as influenza-like subtypes. Both proteins, HA 

and NA, show structural and functional differences compared to previous groups
12

. 

Additionally, both genomes were isolated from bats and the relation to the natural reservoir 

of aquatic birds is unclear
12

. 
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Figure 3: Phylogenetic trees of the HA and NA genes of known IAV subtypes. A Phylogenetic tree 

of HA genes including the influenza like subtypes H17 and H18 (marked with asterisks). B 

Phylogenetic tree of NA genes including the influenza-like subtypes N10 and N11 (marked with 

asterisks). The HA and NA genes of the IAV subtype used in this study, H1N1, are highlighted by 

red arrows. Adapted from Wu et al. 2014, Trends in Microbiology 22, pp. 183-191
12

. 

There is a general nomenclature for the description of influenza viruses: it includes the 

influenza type (A, B, C), the host of the first isolation (in case of a human host, the host 

name is not displayed), geographic location, strain number, year of isolation, and the 

characteristics of HA and NA proteins (in parentheses). The viral strain used in this project 

is the influenza A virus strain number 6 that was isolated from a human in Gießen 

(Germany) in 2009 and contains the HA type 1 and NA type 1. It is thus labelled 

A/Gießen/6/09 (H1N1). 

1.2.2 Antigenic drift, antigenic shift and reassortment 

The epidemiology of IAV with annual seasonal outbreaks and occasional pandemics is due 

to its genetic variability. During replication inside the host cell, the viral RNA polymerase, 

lacking a proofreading mechanism, frequently produces point mutations. Over time, 

mutations accumulate and may lead to structural changes. When mutations occur in the 

immunogenic surface proteins HA and NA, different characteristics of the viral antigens 

can allow the virus to evade host immunity. This process of continuous genetic changes 

and selection is called antigenic drift. It is responsible for the formation of new viral strains 

and thus for seasonal influenza outbreaks
2
. During antigenic drift the IAV subtype is 

maintained. In contrast, new viral subtypes are generated during a process called antigenic 

shift. During the antigenic shift a complete gene segment encoding a surface protein is 

exchanged through a mechanism called reassortment (Fig. 4)
2
. 
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Pneumonia is the most frequent serious complication and is associated with high 

mortality
15

. This can be a simple primary viral pneumonia or a complex pneumonia 

accompanied by secondary bacterial infection with Streptococcus pneumoniae (S. 

pneumoniae), Staphylococcus aureus, or Haemophilus influenzae. More uncommon 

complications are myositis, myocarditis or neurological complications like encephalitis and 

meningitis. Additionally, exacerbations of previous health problems such as chronic lung 

diseases or heart failure can cause hospitalisation. Thus, in addition to children less than 1 

year and adults over 65 years of age, the groups at high risk of influenza complications 

include people with comorbidities such as heart disease, lung disease, diabetes, renal 

disease, rheumatologic disease, dementia and stroke. Another risk group includes patients 

under immune suppression, such as human immunodeficiency virus (HIV)-infected 

individuals, and organ transplant recipients
3,15

. 

The first differential diagnosis of influenza is an acute infection of the respiratory tract, 

caused by pathogens other than influenza virus. Upper respiratory tract infections are 

mainly caused by viruses, whereas the most common causative agent of lower respiratory 

tract infections, including pneumonia, is S. pneumoniae. This differential diagnosis of 

pneumococcal infection is fundamental to consider for consequences in treatment
16

. 

 

1.4 Pathogenesis of IAV infection 

After having entered the respiratory tract, the virus has to get through the mucus layer 

before it can invade host cells. Lung epithelial cells (LEC) are the primary targets. The 

virus replicates in the LECs of the upper and lower respiratory tract. Further, resident 

immune cells including alveolar macrophages (AM) are infected by IAV
17

. When AMs are 

infected, most IAV types undergo an abortive infection, i.e. an infection that does not 

result in the release of new virions
18,19

. The pathological processes causing symptoms in 

patients are divided into antiviral immune response, including cellular infiltration, and 

direct interactions of the virus with the host epithelium, mostly due to its replication 

cycle
20

. Virus infection and direct cytopathic effects in lung epithelium cause respiratory 

symptoms, while pro-inflammatory cytokines, released by infected cells (see section 1.4.2), 

cause systemic effects like fever and myalgia
20

. 
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1.4.1 Viral life cycle 

A schematic overview about the IAV life cycle is depicted in Figure 5. IAV binds to cells 

through interactions between sialic acid residues of host membrane glycoproteins and the 

viral HA protein. IAV uses these sialic acid residues as receptors and binding to them 

provokes receptor-mediated endocytosis of IAV particles
21

. The low pH-environment in 

endosomes triggers conformational changes in the HA protein resulting in fusion of the 

viral and endosomal membranes as well as the release of the viral RNPs into the 

cytoplasm
21,22

. 

After translocation of viral RNPs into the nucleus, the viral polymerase complex starts 

RNA replication and transcription to messenger RNA (mRNA)
23–25

. Translation of the 

viral mRNA is carried out by the host cell machinery in the cytoplasm. The viral proteins 

PA, PB and NP are transported back into the nucleus, where RNP complexes are built 

before being moved back to the cytoplasm
2,22

. The viral envelope proteins HA, NA and M2 

undergo a post translational modification at the endoplasmic reticulum (ER). 

 

Figure 5: Schematic diagram of IAV life cycle. After receptor-mediated endocytosis, the low pH 

of the endosome enables releases of the viral RNPs in the cytoplasm. Viral RNPs are transported to 

the nucleus where viral transcription and replication occurs. mRNAs are transported to the 

cytoplasm for translation. After formation of new RNPs, including the viral proteins PA, PB and 

NP, RNPs are transported to the plasma membrane together with the other viral proteins. At the 

plasma membrane, assembly and budding occurs, facilitated by the neuraminidase activity of NA. 

From Neumann et al. 2009. Nature 459, pp. 931-939
26

. 
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Transport of all viral proteins and RNPs to the plasma membrane is mediated by the viral 

proteins M1 and NS2. After completion of transport, virus assembly starts with an 

association of NA and HA with lipids of the host plasma membrane, followed by the 

packaging of RNPs. The M1 protein, forming the surrounding layer, plays a critical role in 

closing and budding of the new viral particles
27,28

. In a last step, the viral neuraminidase 

NA cleaves linkages between the host membrane sialic acids and the viral glycoprotein HA 

and thus facilitates the release of the virions
29

.  

During an abortive infection, as exemplified by AMs, early signs of viral replication, such 

as transcription of viral genes, might be detected, but the replication cycle is then blocked 

at some point
18

. Consequently, no new infectious viral particles are released from AMs. 

The point in which the replication cycle is blocked and the responsible cellular 

mechanisms are still largely undetermined
18

. 

1.4.1.1 Cytopathic processes in host cells during viral replication 

Consecutive cycles of productive cell infection, including replication and generation of 

new virions, result in an exponential increase of viral titre with a peak around 24 to 48 

hours (h) post infection (pi)
30

. During replication host cell protein synthesis is 

downregulated through inhibition of host mRNA processing by the viral NS1 protein, 

leading to a shift in protein synthesis favouring production of viral proteins
10

. Additionally, 

for viral protein synthesis, viral genome replication and generation of new membrane 

lipids, the virus relies on energy sources provided by the host cell (shown in Table 1)
31

.  

Table 1: Energy demand for virion production of human IAV. Adapted from Grenzel et al. 

2007, Cell Technology for Cell Products, pp. 503-508
31

. 

 ATP molecules 

[numbers] 

Virus specific 

% 

Cell derived 

% 

Viral genome replication 5.44 × 10
4
 0.55 0.27 

Viral mRNA 2.82 × 10
4
 0.29 0.14 

Viral protein 9.73 × 10
6
 99.16 48.10 

Viral carbohydrates - - - 

Membrane lipids 

Membrane proteins 

1.04 × 10
7
 - 29.74 

21.75 

total 2.02 × 10
7
 100 100 

 

  



1 Introduction 

 

9 

This supplementary energy demand for virion production was, as one example, calculated 

for Madin-Darby canine kidney epithelial (MDCK) cells and amounts to about 10% of the 

produced ATP molecules. The shutdown of host protein synthesis and redirection of 

energy sources to viral replication was reported to result in alterations in host cell energy 

metabolism (see section 1.5)
32

. 

Furthermore, cytopathic effects during viral replication involve cell lysis and apoptosis, 

which occur about 20-40 h pi
33

, as well as induction of cellular stress including generation 

of reactive oxygen species (ROS)
34

. Concerning apoptotic processes, IAV exerts pro-

apoptotic (mostly through PB1-F2 and NA proteins) as well as anti-apoptotic effects 

(trough NS1 protein)
33,35,36

. PB1-F2 affects mitochondrial membranes and leads to 

permeabilisation with impairment of membrane potential
36,37

. This process additionally 

leads to alteration in mitochondrial energy production. 

1.4.2 Immune response to IAV infection 

Immune responses serve to restrict the spread of the virus and to induce its rapid 

elimination. The innate immune response starts with early, unspecific defence resulting in 

the production of interferons (IFNs), cytokines and chemokines (see section 1.4.3.1). The 

adaptive immune response forms the second line of defence and is more specific: it 

involves a humoral response via virus specific antibodies and a cellular part involving 

activation of different types of T cells (see section 1.4.3.2)
2,17,38

. 

1.4.2.1 Innate immune response 

Cells recognize infectious pathogens through pathogen-associated molecular patterns 

(PAMPs) via specialized proteins expressed by cells of the innate immune system, the 

pattern recognition receptors (PRRs)
39

. Various members of PRRs such as different Toll-

like receptors (TLRs), TLR-3, TLR-7 and TLR-8, retinoic acid-inducible gene 1 (RIG-1) 

and nucleotide oligomerization domain (NOD)-like receptors, specifically NLRP3, are 

responsible for IAV recognition
38

. Upon activation of these receptors, infected LECs and 

AMs, start an antiviral response by releasing pro-inflammatory cytokines to communicate 

with neighbouring lung cells and to induce recruitment of immune cells from blood (see 

Figure 6 for details)
33

. 
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cytokines, most importantly Type 2 IFN, IFN-γ, which regulates activation and migration 

of CTLs
39

. The Th2 cells contribute to B cell proliferation and differentiation into antibody 

producing plasma cells. Neutralizing antibodies generated against the two viral surface 

proteins HA and NA are found from the third to fifth day pi
33

. AMs additionally produce 

IL-18, which activates IFN-γ production by T cells and, thus, the migration of CTLs to the 

site of infection. Macrophages are activated by IFN-γ to higher cytokine expression, 

resulting in a positive feed-back loop between the AMs and T cells
17

. 

1.4.2.3 Effect of cytokine release in the host 

An effective immune response is important for viral control, but can cause host immune-

pathological processes
39

. Secretion of pro-inflammatory cytokines, such as IL-6, TNF-α 

and IFNs, leads to general symptoms like fever, fatigue and myalgia
40

. Additionally, 

cytokines can directly alter the cellular redox state and reduce oxygen consumption and 

ATP synthesis
41,42

. More virulent IAV strains induce higher cytokine levels and in case of 

uninhibited release, a “cytokine storm” can cause severe IAV infection with collateral 

damage of host tissues resulting in multi organ failure (MOF)
20,43

. A severe course of IAV 

infection, including patients with IAV encephalitis and MOF, often leads to vascular 

dysfunction with hyperpermeability and metabolic disorders
44–46

.  

 

1.5 Metabolic changes during IAV infection 

Several indications exist that metabolic changes in host cells during IAV infection play a 

significant role in pathogenesis. Immune stimulation upon infection and direct effects of 

the virus due to its replication cycle, have both been reported to alter the metabolic state of 

host cells (section 1.4.1.1, 1.4.2.3). Besides IAV, many other viruses (see examples below) 

modify host cell metabolism during infection
32,47

. Alterations in host energy metabolism 

sustain viral replication, but also aim for better survival of host cells during the stress of 

infection. For replication, viruses have to rely on energy resources and structural 

compounds provided by host cells. Of special interest are nucleotides for genome 

replication, amino acids for generation of viral proteins and lipid material as well as 

glycoproteins for envelopment
32,47

. For a broad spectrum of viruses, affected pathways 

responsible for the metabolic rearrangement in host cells, have been detected
32

. An 

overview about the interaction of viruses with host cell metabolism is given in Figure 7 and 

will only be exemplified in the following. 
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Many viruses (poliovirus (PV)
48

, human cytomegalovirus (HCMV)
49

, dengue virus 

(DENV)
50

, hepatitis C virus (HCV)
51

, Karposi sarcoma virus (KSHV)
52

, and adenovirus 

(AV)
53

) induce aerobic glycolysis for rapid adenosine triphosphate (ATP) production. This 

process is known as the “Warburg Effect”. Most viruses induce fatty acid synthesis (PV
54

, 

HCMV
55

, DENV
56

, HCV
57

, Epstein-Barr virus (EBV)
58

, vaccinia virus (VACV)
59

, 

KSHV
60

) to generate lipid material and additional energy reserves. Moreover, 

glutaminolysis is induced by a lot of viruses for a supplementary energy supply (PV
61

, 

HCMV
62

, VACV
63

, KSHV
64

). Less is known about the tricarboxylic acid (TCA) cycle, 

which can provide additional energy as well and important metabolic precursors for 

biosynthesis of amino acids and fatty acids. To date, the TCA cycle was reported to be 

activated by HCMV
49

 and herpes simplex virus 1 (HSV-1)
65

. Another highly affected 

pathway during viral infection is the pentose phosphate pathway (PPP). Here the purpose is 

not additional energy production, as the PPP is a pivotal source of free nucleotides required 

for viral replication. Induction of the PPP in host cells has been observed during infection 

with adenovirus
53

, HSV-1
65

, HCMV
49

, HCV
66

, and KSHV
60

. 

 

Figure 7: Overview of virus-induced metabolic pathways. The major metabolic pathways 

altered by virus infections are: glycolysis (green), fatty acid synthesis (orange), glutaminolysis 

(purple), and pentose phosphate pathway (blue). Viruses inducing alterations in the pathways are 

listed in the adjacent boxes. Key enzymes identified as targets of specific viruses are marked in 

turquoise. From Sanchez et al. 2015, Virology 479-480, pp. 609-618
32

. 
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For some viruses, key enzymes of affected pathways or even specific viral proteins 

inducing changes in host metabolism, have been identified. During infection with HCMV, 

(aerobic) glycolysis is induced by the calmodulin-dependent protein kinase family 

(CAMKK)
67

 and glucose uptake is upregulated by increased expression of one glucose 

transporter (glut) 4
68

. Similar details are known for other viruses, i.e. KSHV, HCV and 

EBV. These viruses enhance glycolysis via induction of hexokinase 2
51,52,69

. HCV 

regulates the induction through the viral protein NS5A
51

, EBV through the membrane 

protein LMP-1
52

. Well documented findings also exist for the mechanism of induction of 

fatty acid synthesis. The core enzyme, fatty acid synthase (FASN), is activated in EBV 

infected cells by the BRLF1 protein
58

 and during DENV infection through interaction with 

the viral NS3 protein
56

. HCMV induces fatty acid synthesis through activation of acetyl-

CoA carboxylase 1 (ACC1)
49

. 

In summary, it can be stated, that details about virus induced changes in the energy 

metabolism of host cells, are known for various viruses. However, this remains debated for 

IAV infection. Early studies dating back to between 1950 and 1970 already indicated 

alterations of host cell metabolism during IAV infection. Fisher et al. (1956) documented 

an inhibition of glycolysis in guinea pig leucocytes
70

. A subsequent study by Klemperer et 

al. documented an increase in glucose uptake and glycolysis in influenza infected chick 

embryo cells
71

. In 1971, Voitsekhovsky et al. observed an inhibition of oxygen 

consumption and cell respiration in different human and chick cell subsets
72

.  

Despite the compelling early results, host metabolism during IAV infection has regained 

the focus of interest only 30-40 years later with the development of new techniques for 

metabolic profiling, such as: nuclear magnetic resonance (NMR) spectroscopy, mass 

spectrometry (MS) and metabolic flux studies using isotopic labelled substrates and thus, 

enabling the tracking of passages through metabolic pathways. With these new approaches, 

knowledge about metabolic changes during IAV infection could be extended. For instance, 

a current study in mice reported a downregulation of pyruvate dehydrogenase activity and 

ATP production upon severe IAV infection in different organs
42

. A study of serum samples 

from  patients suffering from IAV associated encephalopathy show disorders in the 

synthesis of long-chain fatty acids
44

. In the latter studies (including severe courses of IAV 

infection with systemic immune response, cytokine storm, MOF, etc.) it can be argued that 

observed metabolic changes are due to viral effects. In a cell culture based study on 

MDCK cells, IAV replication was reported to be inhibited by fatty acid synthesis inhibitors 

(see Fig. 7, “Flu”)73
. Using the same cell line, Ritter et al. (2010) found an increased 
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glucose uptake, and an induction of glycolytic enzymes and lactic acid production. 

However, the reports could not distinguish whether the increased aerobic glycolysis was 

related to viral or apoptotic effects
74

.  

There are only a few studies about the primary target cells of IAV in human lung epithelial 

cells. Most of them focused on the proteome and transcriptome levels
75–77

. With the latter 

approaches, the validity and transferability of findings to the functional metabolic 

phenotype of cells is limited (see section 1.6). One recent MS based metabolomics study 

from Lin et al. (2010) performed IAV infection in a human lung carcinoma epithelial cell 

line (A549) and detected an increase in fatty acid synthesis and cholesterol metabolism
78

. 

Further, Seo et al. (2013) showed that IAV influences sphingolipid metabolism in various 

human cell lines including A549
79

. Despite these recent advances, IAV-induced changes in 

host cell metabolism are not fully understood. While the above-mentioned recent studies 

could detect changes in anabolic processes (synthesis of fatty acids, cholesterol and 

sphingolipids), an overview on the mobilization of energy sources to cover enhanced 

demands during infection remain fragmentary. A major impediment for progress in this 

area of research is the lack of a convenient human cell based model to comprehensively 

analyse energy metabolism with respect to substrate consumption for energy production in 

IAV-infected host cells. Here, one promising approach for a global analysis of host cell 

energy metabolism, enabling the simultaneous detection of consumption alterations on up 

to 367 substrates, is the Phenotype MicroArray™ for mammalian cells (PM-M) from 

Biolog Inc. Functionalities and facilities of the PM-M technique are described in the 

following section 1.6 and in section 2.2.4 of the Methods.  

 

1.6 Methodological challenges 

Recent research about host cell responses to infection include studies on genomics, 

proteomics and metabolomics. While genomics and proteomics are limited to characterise 

functional relevant differences in the phenotype of host cells, data from metabolomic 

studies enable indirect conclusions about affected pathways and changes in metabolic 

phenotypes
80,81

. Prior to the analysis of intracellular metabolites, rapid sample preparation 

is needed in order to stop enzyme activity. Thus, metabolomics only provide analysis at an 

end point level
81

. Direct observations of the functional characteristics of cells (the 

phenotype) is still challenging. One possibility for a systematic study of phenotypes 

(phenomics) is the Biolog Phenotype MicroArray™ (PM) based on tetrazolium assays
82

. 
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1.6.1 Tetrazolium assays in the metabolic analysis of cells – a possible 

real time phenotypic profiling 

Beside MS or NMR spectroscopy based methods, tetrazolium assays are another widely 

used possibility to measure the metabolic activity of cells
83

. Tetrazolium salts, colourless 

or weakly coloured, can be reduced to a brightly coloured derivative, formazan. Depending 

on their chemical properties, tetrazolium salts and appropriately formed formazans can be 

insoluble, e.g. 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT), or 

soluble, e.g. 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide 

(XTT), sodium 5-(2,4-disulfophenol)-2-(4-iodophenyl)-3-(4-nitrophenyl)-2H-tetrazolium 

inner salt (WST-1), or 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS). 2,3,5-triphenyl-2H-tetrazolium chloride (TTC), the 

prototype compound of the tetrazolium salts, is a soluble tetrazolium salt, but forms an 

insoluble formazan. Tetrazolium salts differ as well in their site of reduction, which can be 

intracellular by cellular reductants originating from cell energy metabolism and cell 

respiration, most notably NADH, or extracellular by trans-plasma membrane electron 

transport (see Fig. 8). 

 

Figure 8: Schematic diagram of cellular reduction of MTT and WST-1. MTT is reduced by a 

variety of intracellular reductants. WST-1 is reduced extracellularly by trans-plasma membrane 

electron transport via the electron carrier mPMS. From Berridge et al. 2005, Biotechnology annual 

review 11, pp. 127-152. 

Microplate assays assessing cell metabolic activity are one important application of 

tetrazolium dyes. MTT, forming an insoluble formazan, is mostly used in endpoint assays, 

whereas soluble chemical compounds forming a soluble formazan can be used in real time 
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assays
83

. One of the first assays was introduced by T. Mosmann in 1983, a colorimetric 

assay based on the tetrazolium salt MTT to measure cellular proliferation, activation or 

cytotoxicity
84

. 

In 1977 Bochner et al. started to develop a technique based on the tetrazolium salt TTC to 

characterize microorganisms due to their metabolic capacities of catabolizing defined 

substrates on a microplate
85

. Further development and tetrazolium dye optimization led to 

the introduction of the Phenotype MicroArray™ (PM) by Biolog in 2001. This assay was 

described as a “high-throughput technology for simultaneous testing of a large number of 

cellular phenotypes”86
. The PM technique allows a global profiling of cellular phenotypes 

by measuring cell respiration on a variety of different substrates (see section 2.2.3 for 

details). The PM technology utilizes a tetrazolium dye with a sensitive and irreversible 

reduction. Thus, coloured formazan accumulates in microplate wells and can be 

quantitatively assessed over time. The results provide real-time kinetic information about 

the functional metabolic status of cells. 

Biolog Inc. firstly designed PM for phenotyping of bacteria and fungi. Since 2011, an 

adapted version for mammalian cells, the Phenotype MicroArray™ for mammalian cells 

(PM-M), is available for analysis
87

. The most important applications to date are cancer
88–92

 

and stem cell research
87,88,93

. The application field is starting to expand in studies on human 

diseases, especially for new diagnostic and therapeutic approaches. Using the PM-M 

technique, Boccuto et al. 2013 found decreased tryptophan metabolism in lymphoblastoic 

cell lines derived from patients with autism spectrum disorders. Dušanic et al. 2014 first 

attempted to use PM-M in the field of infectious diseases, in a study about the metabolic 

changes induced by Mycoplasma synoviae in infected chicken chondrocytes (CCH)
94

. 
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1.7 Aims of the study 

Viral replication during IAV infection and the immune stimulation upon infection, have 

both been reported to alter the energy metabolic state of IAV-infected host cells (section 

1.4.1.1, and 1.4.2.3). While affected pathways responsible for the metabolic rearrangement 

in host cells, have been identified for a broad spectrum of viruses, IAV induced changes in 

human host cells are not fully understood (section 1.5). The aim of this study was to 

improve our understanding of energy metabolic changes in human host lung epithelial cells 

during IAV infection. The main focus was to get an overview about mobilization of host 

cell energy sources during infection. In this context, the study also aimed to identify the 

cause of IAV induced changes in energy metabolism - viral replication or immune 

stimulation upon infection.  

Therefore, two different cell lines were studied:  a human lung carcinoma epithelial cell 

line (A549) and a human acute monocytic leukemia cell line (THP-1). A549 cells resemble 

a primary target of IAV in that they support productive infection. THP-1 cells can be 

differentiated into macrophages (dTHP-1). Macrophages are also infected during IAV 

infection, but they undergo an abortive infection without the production of new virions.  

Cells were infected with two different viral strains, one wild-type isolate from the 2009 

pandemic (WT-IAV) and one reassortant, more virulent strain (RA-IAV), which is 

identical to WT-IAV except that the wild-type NS segment was replaced with the NS 

segment from strain PR8 (A/Puerto Rico/8/34, A. Mostafa [Justus-Liebig University 

Gießen] unpublished data). These two IAV strains were used to evaluate a potential 

influence of virulence on energy metabolic changes. 

For detection of metabolic changes, we established a new approach, the Phenotype 

MicroArray
TM

 for mammalian cells (PM-M), enabling a global screening of energy 

metabolism in host cells by simultaneously analysing cell respiration in the presence of any 

one of up to 367 different energy substrates. Usage of the PM-M technique aimed to get an 

overview of metabolic pathways that are regulated during IAV infection and would thus be 

of interest for further, targeted analyses. For instance, enzymes or metabolites in the 

regulated pathways might be potential biomarkers for diagnosis or prognosis of IAV 

infection. With this in mind, a bacterial control with S. pneumoniae was implemented to 

test whether the detected changes might be specific for a viral infection.  
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2. Materials and methods 

2.1 Materials 

2.1.1 Equipment and consumables 

Table 2: Overview of used machines 

Machine Model Manufacturer (City, Country) 

Centrifuges 5417R (r: 1.1 cm) * 

Megafuge 40  

(r: 1.95 cm)* 

Eppendorf (Hamburg, DE) 

Thermo Scientific (Wilmington, US-

DE) 

CO2-incubator for 

cell cultures 

Cytoperm Heraeus (Hanau, DE) 

CO2-incubator for 

bacterial cultures 

Hera cell 240 Thermo Scientific  

Cooling block Isosafe Eppendorf 

Electric pipette Pipetboy acu Integra Bioscience (Chur, CH) 

Freezer -4 and -20°C Comfort Liebherr (Biberach, DE) 

Freezer -80°C U725 New Brunswick Scientific (Enfield, 

US-CT) 

Freezer -150°C ULTRA LOW Sanyo (Moriguchi, JP) 

LightCycler LightCycler 480 Roche (Basek, CH) 

Magnetic mixer Combimag Ret Janke & Kunkel (Staufen, DE) 

Micro scales AccuLab Sartorius AG (Göttingen, DE) 

Microscopes 

 

Axiostar plus 

ECLIPSE TS 100 

Carl Zeiss AG (Oberkochen, DE) 

Nikon (Chiyoda, JP) 

Multichannel pipettes Research multi 3114 Eppendorf 

OmniLog®
 
Reader  Biolog Inc. (Hayward, US-CA) 

Pipettes  Eppendorf 

Plate reader Synergy 2 BioTek (Winooski, US-VT) 

Spectrophotometer NanoDrop 1000 

BioPhotometer 

Thermo Scientific 

Eppendorf 

Multiplate Reader Synergy 2 BioTek  
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Thermomixer Thermomixer Comfort Eppendorf 

Thermocycler C1000™ Bio-Rad (Hercules, US-CA) 

Timer 2-2002 neoLab (Heidelberg, DE) 

Vacuum pump BVC 21 Vacuumbrand (Wertheim, DE) 

Waterbath  VWR International (Darmstadt, DE) 

Workbench Hera Safe KS Thermo Scientific 

 

* For calculation of relative centrifugal force (RCF) in g: 𝑅𝐶𝐹 = 1.118 × 105 × 𝑛2  × 𝑟  
n = rotating velocity in rotations per minutes (rpm) 

r = rotating radius in cm 

 

Table 3: Overview of used consumables 

Consumables Company (City, Country) 

Adhesive qPCR seals Sarstedt (Nümbrecht, DE) 

6-, 24-, 96-well plates (Falcon™) Corning (Corning, US-NY) 

96-well Lightcycler Plate (PP) Sarstedt  

Cell culture flasks (Cellstar
®

) Greiner Bio-One (Frickenhausen, DE) 

Cell culture plates (Nunc™) Thermo Scientific 

Cryotubes Thermo Scientific 

Cuvettes VWR international 

Injection cannula 24 G B. Braun Melsungen AG (Melsungen, DE) 

Laboratory glassware Schott (Mainz, DE) 

Microtube 0.5/1.5/2 mL Eppendorf 

Neubauer counting chamber Marienfeld ( Lauda Königshofen, DE) 

Reaction tube 15/50 mL (Falcon™) Corning  

Sterile reagent-reservoirs VWR international  

 

  



2 Materials and methods    

20 

2.1.2 Chemicals and solutions 

Table 4: Overview of used chemicals and solutions 

Chemicals Company (City, Country) Cat. no 

Biolog IF-M1 (RPMI 1640 w/o L-

Glutamine/Glucose/Phenol red) 
Biolog Inc. 72301 

Biolog redox dye mix MA (6x) Biolog Inc. 74351 

Biolog redox dye mix MB (6x) Biolog Inc. 74352 

Beta-Mercaptoethanol 
Sigma Aldrich 

 (St. Louis, US-MO) 
M6250 

Dialyzed fetal calf serum (dFCS) 
GIBCO

®
 Life Technology 

(Carlsbad, US-CA) 
26400036 

Dimethyl sulfoxide (DMSO)  Sigma Aldrich  D2650 

D-Glucose  Sigma Aldrich  G8270 

Dulbecco’s Modified Eagle’s Medium 

(DMEM,  +4.5g/l Glucose; w/o L-

Glutamine)   

GIBCO
®
 Life Technology  11960044 

Ethylenediaminetetraacetic acid 

(EDTA) 

Merck Millipore 

(Darmstadt, DE) 
324503 

Fetal calf serum (FCS) Biochrom (Berlin, DE) S0615 

Glutamine (GlutaMax™) GIBCO
®
 Life Technology 35050061 

Interferon γ (IFNγ) 
PeproTech EC  

(London, GB) 
300-20 

LPS from Salmonella enterocolica Sigma Aldrich L6511 

MilliQ water Merck Millipore -  

3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT) 
Thermo Scientific M6494 

Phosphate buffered saline  

(1x PBS, w/o Mg/Ca) 
Thermo Scientific 21600044 

Phorbol-12-myristat-13-acetat (PMA) Sigma Aldrich  P8139 

RPMI 1640 Medium (w/o L-glutamine) GIBCO
®
 Life Technology  31870025 

Todd-Hewitt-Broth Thermo Scientific CM0189 

Trypan Blue Stain 0,4% Sigma Aldrich 93595 
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Trypsin GIBCO
®
 Life Technology  15090046 

Yeast extract  
BD Bioscience (Franklin 

Lakes, US-NJ) 
212750 

 

2.1.3 Media for cell and bacterial culture 

Table 5: Overview of used media compositions 

Media Composition 

A549 complete medium 

DMEM 

10% FCS  

2 mM GlutaMAX 

A549 freezing medium 

DMEM 

20% FCS 

2 mM GlutaMAX 

10% DMSO 

BL-0 medium for PM-M assays (without nutrients) 

Biolog IF-M1 

5% dFCS 

0.3 mM GlutaMAX 

BL-C medium for PM-M assays (complete medium 

with glucose) 

Biolog IF-M1 

5% dFCS 

0.3 mM GlutaMAX 

11 mM D-Glucose 

BL infection medium Biolog IF-M1 

BBL Stacker Plates Columbia agar, 5% sheep blood BD Bioscience 

CRYOBANK™ Bacterial Culture Freezing Systems 
 Copan Diagnostics 

(Murrieta, US) 

THP-1 complete medium 

RPMI 1640 

10% FCS  

2 mM GlutaMAX 

THP-1 freezing medium 

RPMI 1640 

20% FCS 

2 mM GlutaMAX 

10% DMSO 
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THY-medium (for S. pneumoniae) 

1L milliQ water 

36.4 g Todd-Hewitt-Broth 

5 g Yeast extract 

Trypsin/EDTA (detaching solution) 
1 mM EDTA 

0.25% Trypsin 

IAV infection-medium for A549 DMEM 

IAV infection-medium for THP-1 RPMI 1640 

 

2.1.4 Kits 

Table 6: Overview of used kits 

Name Company (City, Coutnry) Cat. no 

NucleoSpin
®
 RNA Kit Macherey-Nagel (Düren, DE) 740955.250 

PrimeScript™ RT Master Mix  TaKaRa Bio Inc. (Kusatsu, JP) RR036A 

QuantiTect
®
 SYBR

®
 Green PCR Kit Qiagen (Hilden, DE) 204143 

 

2.1.5 Assays 

Table 7: Overview of used assays 

Name Company Cat. no 

PM-M1 mammalian metabolite utilization assays Biolog Inc. 13101 

PM-M2 mammalian metabolite utilization assays Biolog Inc. 13102 

PM-M3 mammalian metabolite utilization assays Biolog Inc. 13103 

PM-M4 mammalian metabolite utilization assays Biolog Inc. 13104 

PM-M TOX1 assays Biolog Inc. 14101 
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2.1.6 Cell lines 

Table 8: Overview of used cell lines 

Name Origin Source 

A549 Lung carcinoma type II epithelial cells DSMZ* (No: ACC 107) 

THP-1 Acute monocytic leukemia cells DSMZ* (No: ACC 16) 

 

*Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), German 

Collection of Microorganisms and Cell Cultures 

 

2.1.7 Bacteria and viruses 

Table 9: Overview of used bacterial and viral strains 

Name Strain Source 

WT-IAV A/Gießen/6/09, H1N1 
Justus-Liebig Universität Gießen, Institute for 

Medical Virology, Prof. Stephan Pleschka 

RA-IAV 
pH1N1/Gießen09/NS-

segment PR8 

Justus-Liebig Universätit Gießen, Institute for 

Medical Virology, Prof. Stephan Pleschka 

S. pneumoniae  TIGR4, Serotype 4 
Twincore, Department Infection 

Immunology, Prof. Tim Sparwasser 

S. pneumoniae D39, Serotype 2 
Twincore, Department Infection 

Immunology, Prof. Tim Sparwasser 

 

2.1.7.1 Software for data analysis 

Table 10: Overview of software used 

Software  Company (City, Country) 

GraphPad Prism, version 5.0 GraphPad Software, Inc. (La Jolla, US-CA) 

Light Cycler480 Software 1.5.0 SP4 Roche (Basel, CH) 

Excel 2013 Microsoft Corporation (Redmond, US-WA) 

Kinetic Analysis, version 1.6 Biolog, Inc. 

R, version 3.2.1 (2015-06-18)
95

 
R Foundation for Statistical Computing  

(Vienna, Austria)  
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URL: https://www.R-project.org 

R-package ‘opm’96
 (Functions: 

boosting
97

, comparison and visualization 

of main parameters, functionality
98

) 

 

Vaas et al. 2013
96

 

Word 2013 Microsoft Corporation 

Power Point 2013 Microsoft Corporation 

 

2.2 Methods 

2.2.1 Methods of cell biology 

2.2.1.1 General cell culture handling 

All cell culture work was performed under sterile conditions using a laminar flow hood 

(Hera Safe KS, Thermo Scientific). Prior to cell culture work the appropriate medium was 

pre-warmed to 37°C in a water bath. 

For thawing of frozen cell stocks, cryotubes were placed in a water bath at 37°C for 2 

minutes. The cell suspension was then transferred into 9 ml pre-warmed, complete medium 

in a 15 ml reaction tube. Cells were centrifuged (Megafuge 40, Thermo Scientific) for 6 

minutes (min) at 1200 rounds per minute (rpm), old medium was aspirated with a vacuum 

pump and cell pellets were resuspended in 10 ml fresh medium. The cell suspension was 

transferred into a suitable cell culture flask (Greiner cell culture flask, Sigma Aldrich). 

Unless differently described, cell lines were maintained at 37°C in an environment of 5% 

CO2 and 95% relative humidity (Cytoperm 2, Heraeus). 

For the storage of frozen stocks, cells were harvested, in case of adherent cells by 

detaching with Trypsin/EDTA, and centrifuged for 6 min at 1200 rpm. Cells were 

resuspended in 1 ml freezing medium containing DMSO per approximately 1 to 2×10
6
 

cells/ml. Cells were stored for two days at ‐80°C (U725, New Brunswick Scientific) and 

then transferred to ‐150°C (Ultra low, Sanyo) in liquid nitrogen for long-term storage. 

Cell morphology was assessed and documented using a photo-microscope (ECLIPSE TS 

100, Nikon). 

  

https://www/
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2.2.1.2 Cultivation of A549 cells 

A549 cells were obtained from the German Collection of Microorganism and Cell Cultures 

(DSMZ Braunschweig). Cells were grown in DMEM supplemented with 10% heat- 

inactivated FCS and 2 mM L-glutamine. At a confluence of 80-90%, cells were passaged 

for two days in a ratio of 1:3. For passaging, cells were washed with PBS prior to 

incubation with 3 ml trypsin/EDTA for 3-5 minutes at 37°C. Trypsination was stopped by 

adding 15 mL of complete medium containing FCS. Cells were centrifuged for 6 min at 

1200 rpm, old medium was aspirated and pellets were resuspended in fresh complete 

medium in the above mentioned ratio. 

2.2.1.3 Cultivation of THP-1 

THP-1 cells were obtained from the DSMZ. Cells were grown in RPMI 1640 

supplemented with 10% heat inactivated FCS and 2 mM L-glutamine. At a density of 1 to 

2×10
6
 cells/ml, cells were passaged in a ratio of 1:3 for three days. Cells were centrifuged 

for 6 min at 1200 rpm and resuspended in fresh complete medium in the above mentioned 

ratio. 

2.2.1.4 Differentiation of THP-1 cells 

THP-1 cells were differentiated into macrophages, i.e. differentiated THP-1 (dTHP-1), at a 

density of 1×10
6
 cells/ml in complete RPMI 1640 medium containing 100 nM phorbol-12-

myristat-13-acetat (PMA). After 48 h cells were washed in PBS and maintained in PMA-

free medium for at least 24 h. 

For PM-M assays dTHP-1 cells were washed in PBS, incubated with 3 ml trypsin/EDTA 

for 10-15 min at 37°C. Trypsination was stopped by adding 15 mL of complete medium 

containing FCS. Cells were centrifuged for 6 min at 1200 rpm and washed again in PBS. 

After another centrifugation of 6 min at 1200 rpm, the PBS was aspirated and the pellets 

were resuspended in BL-0 medium. Subsequently, the PM-M assays were performed as 

described in section 2.2.4.1. 

2.2.1.5 Determination of cell count  

A Neubauer hemocytometer was used for cell counting. 20 µl of a single cell suspension 

were taken and diluted stepwise in a 96-well plate with 0.4% trypan blue solution. An 

adequate volume of the stained cell suspension was pipetted into the counting chamber. 

Vital cells, characterized by white colour, were counted manually with a microscope 
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(Axiostar plus, Carl Zeiss AG) in the four large squares of the chamber grid. Cell numbers 

were calculated using the following formula:  𝑪 = 𝑵 × 𝑽 × 𝟏𝟎𝟒 

C = cell number per ml 

N = average of counted cells in large squares 

V = dilution factor 
 

Total cell numbers were then calculated by multiplying the cell number per ml with the 

total volume of the cell suspension. 

2.2.1.6 Determination of cell viability with the MTT assay 

The MTT assay is a colorimetric assay for determination cell viability based on the 

reduction of water soluble yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) to the insoluble purple compound (E,Z)-5-(4,5-dimethylthiazol-2-yl)-1,3-

diphenylformazan (formazan). The generated formazan can be dissolved by treatment with 

certain solubilizing agents, e.g. DMSO. The absorbance of the coloured solution can be 

quantified with a spectrophotometer at a wavelength of 490 – 570 nm. The reduction of 

MTT depends on cellular metabolic activity, more precisely the generation of nicotinamide 

adenine dinucleotide (NADH) during cell respiration. Viable cells with active metabolism 

convert more MTT and lead to higher colour formation than dying cells. Thus, the quantity 

of formazan is proportional to the number of viable cells
99

. 

The MTT assay was performed according to the manufacturer’s recommendations 

(Thermo Fisher Scientific, “Quick protocol option”). Briefly, cells were seeded in 96-well 

plates at a density of 1×10
4
 cells/well and incubated at 37°C for approximately 24 h in 100 

µl phenol red free medium (BL-C medium). Medium was then removed and replaced with 

100µl fresh BL-C medium containing 12 mM MTT. After 1-4 h of incubation at 37°C, 75 

µl of media were removed and 50µl of DMSO were added to each well, followed by 

another incubation of 10 minutes at 37°C. Each well was mixed by pipetting up and down, 

and the absorbance at 540 nm was read with a plate reader (Synergy 2, BioTek). 
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2.2.2 Methods of bacteriology and virology 

2.2.2.1 Cultivation of S. pneumoniae 

All bacterial work was done under sterile conditions using a laminar flow hood licensed for 

work with pathogens of biosafety level 2. S. pneumoniae strains were generously provided 

by Prof. Tim Sparwasser (Twincore, Department Infection Immunology, Hanover, 

Germany). TIGR4 is a highly virulent capsular strain of S. pneumoniae serotype 4, isolated 

from the blood of a 30 year old male patient in Kongsvinger, Norway
100

. D39 is a less 

virulent, capsulated strain of serotype 2, which was isolated in 1916. It became famous for 

its use in experiments by O. T. Avery et al., who demonstrated that DNA is the genetic 

material
101

. In the presented study a green fluorescent protein (GFP)-labeled D39 strain 

was used
102

. Bacteria were cultured at 37°C in 5% CO2 environment (Hera cell 240, 

Thermo Scientific) on Columbia agar plates containing 5% sheep blood (BBL Stacker 

Plates, BD). Liquid working stocks were made by transferring a single colony of S. 

pneumoniae to Todd-Hewitt broth supplemented with 0.5% yeast extract (THY medium) 

and were grown to an optical density (OD) between 0.3 and 0.4, corresponding to 2×10
8
 

colony forming units (CFU)/ml. OD was measured with a spectrophotometer at a 

wavelength of 600 nm (BioPhotometer, Eppendorf). 

2.2.2.2 Cryopreservation and thawing of S. pneumoniae 

For long-term storage of S. pneumoniae the freezing system for bacterial cultures, 

CRYOBANK
TM

, was used. The system is based on a cryo vial system, where each cryo 

vial contains 25 coloured ceramic beads suspended in a special preserving solution 

(containing sucrose, glycerol and peptone). The ceramic beads are chemically treated and 

have a porous surface allowing bacterial adhesion. CRYOBANK
TM

 tubes were inoculated 

with fresh pure bacterial colonies from an agar plate or 100 µl of liquid bacterial culture 

suspension. After mixing carefully, all fluid in the tubes was removed with a pipette and 

tubes, along with any adhering bacteria, were stored in -80°C. To start a fresh bacterial 

culture, one single bead was removed from the cryo vial, streaked on the surface of an agar 

plate, and discarded afterwards. 

2.2.2.3 Bacterial growth curves 

A single colony of S. pneumoniae was transferred to 10 ml of THY medium in a 15 ml 

reaction tube and incubated at 37°C. For both strains liquid cultures were prepared in 
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triplicates. Every hour 1 ml of bacterial suspension was filled into a plastic cuvette, and the 

OD was measured. Afterwards, 100 µl of this suspension was diluted serially and plated 

onto agar plates. After an overnight incubation at 37°C, colonies were counted manually 

and calculated as CFU/ml for the corresponding ODs. 

2.2.2.4 Bacterial heat inactivation 

Liquid stocks of S. pneumoniae were grown in THY medium to an OD of 0.3. The bacteria 

were then centrifuged for 10 min at 12,000 rpm (Microcentrifuge 5417R, Eppendorf) and 

pellets were resuspended in PBS. 500µl of this suspension were transferred into a 1.5 ml 

microtube for heat inactivation in a thermomixer (Thermomixer Comfort, Eppendorf). For 

heat inactivation, different temperatures (56°C, 60°C, 65°C, 75°C, 90°C) and incubation 

times (5, 10, 15, 30, 45 and 60 min) were tested. Serial dilutions were made and plated 

onto agar plates for incubation overnight at 37°C. The next day, plates were inspected for 

bacterial growth and CFU were calculated as indicated. 

2.2.2.5 Bacterial stimulation of cells 

Stimulation with heat inactivated S. pneumoniae of A549 and dTHP-1 were performed in 

PM-M MicroPlates™. Cells were seeded as described in chapter 2.2.1.5 and treated with 

10 µl heat inactivated S. pneumoniae at multiplicities of infection (MOI) of 0.1, 1 and 10 

using a 12-channel pipette. Dilutions for the respective MOI were made in BL-infection-

medium (IF-M1 without any supplements). Uninfected controls (mock infection) were 

accomplished by adding 10 µl of BL-infection-medium to the cells. 

2.2.2.6 Stimulation of cells with LPS and IFNγ 

Stimulation of A549 and dTHP-1 cells with LPS and IFNγ were performed in PM-M 

MicroPlates™. Cells were stimulated with LPS from Salmonella typhimurium alone or in 

combination with IFNγ. The different concentrations were adjusted in 10 µl of BL 

infection medium. A549 cells were stimulated in concentrations of 10 µg/ml and 50 µg/ml 

LPS, and 50 µg/ml LPS in combination with 250 U IFNγ. dTHP-1 cells were stimulated 

with 100 ng/ml and 1 µg/ml LPS, and 1 µg/ml LPS in combination with 250 U IFNγ. 

Uninfected controls (mock infection) were accomplished by adding 10 µl of BL infection 

medium to the cells. 
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2.2.2.7 Infection of cells with IAV 

Both viral strains were obtained from the Justus-Liebig University in Gießen (Institute for 

Medical Virology, Prof. Stephan Pleschka). For IAV infection a wild-type IAV isolate 

(A/Gießen/6/09, H1N1) from the 2009 pandemic (WT-IAV) was compared to a reassortant 

strain (RA-IAV), which contains the NS segment from the more virulent strain PR8 

(A/Puerto Rico/8/34, H1N1), but is otherwise identical to the WT-IAV. 

RA-IAV has proven to be more virulent in mice and cell lines (A. Mostafa [Justus-Liebig 

University Gießen] M. Tantawy [TWINCORE, Hanover], unpublished data)
103

. The virus 

titre was determined on MDCK cells by foci assays on focus forming units (FFU) by A. 

Mostafa. 

For infection, cells were seeded in 96-well plates in a density of 4×10
5
 cells/ml (2×10

4
 

cells/well, A549) or 2×10
5
 cells/ml (1×10

4
 cells/well, dTHP-1). Virus was transferred in a 

volume of 10 µl of DMEM (for A549), RPMI 1640 (THP-1) or IF-M1 media in the 

absence of FCS at MOI of 0.1, 0.5 and 1. After one hour of incubation at 37°C cells were 

washed in PBS and further incubated in complete cell medium for distinct time points post 

infection (pi) (4 h, 8 h, 12 h or 24 h). For PM-M assays an adapted IAV infection was 

performed: virus was transferred in a volume of 10 µl of BL infection medium and then 

incubated for distinct time points pi without washing (see section 2.2.3.4 for details). For 

control purposes, a mock infection was accomplished by adding 10 µl of the corresponding 

medium to the cells. 

2.2.3 Molecular techniques  

Molecular techniques described below were used for determination of HA mRNA 

expression levels in IAV-infected cells. 

2.2.3.1 RNA extraction 

For quantification of mRNA expression, RNA was extracted from A549 cells using the 

NucleoSpin® RNA Kit (Macherey-Nagel) following the manufacturer’s instructions. 

Therefore, cells were lysed in 350 µl RA1 buffer (1% -mercaptoethanol) for 60 s. RNA 

was eluted with nuclease-free water. RNA concentration was measured by optical density 

(OD) at a wave length of 260 nm using a spectrophotometer (NanoDrop 1000, Thermo 

Scientific). 
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2.2.3.2 Generation of complementary DNA (cDNA) 

100 ng of total RNA was used for cDNA synthesis using PrimeScript™ RT Master Mix 

according to the manufacturer’s instructions. Therefore, a reaction mix was prepared 

containing 3 µL RNAse-free water, 5 µL of RNA sample, and 2 µL master mix 

(PrimeScript™ RT Master Mix) and incubated for 15 min at 37°C. Afterwards, the 

samples were heated to 85°C for 10 s. cDNA concentration was measured by OD at a wave 

length of 260 nm with the NanoDrop 1000 spectrophotometer. cDNA was diluted to a 

concentration of 100 ng/µL. 

2.2.3.3 Quantitative real time PCR (RT-qPCR) 

The QuantiTect
®
 SYBR

®
 Green PCR Kit was used to perform qPCR. The following qPCR 

primers were used, forward primer (F) and reverse primer (R): 

HA pH1N1 (F: CTCGTGCTATGGGGCATTCA, R: TTGCAATCGTGGACTGGTGT) 

HPRT1 (F: GAACGTCTTGCTCGAGATGTG, R: CCAGCAGGTCAGCAAAGAATT) 

HA pH1N1 primers (GenBank: KC620386.1) were kindly provided by A. Mostafa (Justus-

Liebig University, Gießen). Primers of the housekeeping gene hypoxanthin-

phosphoribosyl-transferase 1 (HPRT1; GenBank: KR817914.1) primers were kindly 

provided by M. Nooruzzaman (TWINCORE, Hanover). 

The reaction mix was pipetted into 96-well Lightcycler plates according to the scheme in 

Table 2.1 and 2 µL of the prepared cDNA (200 ng) were added. Afterwards, the plate was 

sealed with foil and centrifuged for 10 s at 300 g. qPCR was run in a LightCycler480 using 

the program described in Table 2.2. 

 

Table 2.1: Components of RT-qPCR reaction mix. 

Reagent 1x 

QuantiTect SYBR Green PCR Master Mix (2x) 5 µL 

H2O (RNAse-free) 1 µL 

PCR Primer (200 µM; forward + reverse) each 1 µL 
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Table 2.2: Protocol for RT-qPCR. 

Program Cycles Temperature (°C) Time (mm:ss) 

Activation 1 95 15:00 

Amplification 45 95 00:15 

  55 00:30 

  72 00:30 

Melting curve 1 94 00:15 

  72 00:15 

Cooling 1 4 00:30 

 

2.2.4 Biolog Phenotype MicroArray
TM

 for mammalian cells (PM-M) 

The Phenotype MicroArray
TM

 for mammalian cells (PM-M) facilitates screening of the 

energy metabolism of cells. The technique’s principle is based on a redox dye reduction 

resulting in a colour formation when cells consume a given substrate.  

The array comprises multiple 96-well plates pre-coated with various lyophilized substrates, 

namely carbon and nitrogen sources, ions, hormones, cytokines, and anti-cancer reagents. 

The MicroArray
TM

 consists of 14 different micro plates
82

. Four plates, type PM-M1, PM-

M2, PM-M3 and PM-M4, provide a range of carbon and nitrogen sources, resulting in 367 

different energy-supplying substrates. These four plates were chosen in this study for the 

global screening of cell energy metabolism in the IAV-infected cells. PM-M1 contains 

diverse carbon source, e.g. simple sugars, polysaccharides, nucleosides, organic acids, 

carboxylic acids, ketone bodies and short chain fatty acids (Appendix A.1). PM-M2 to PM-

M4 are pre-coated with protein derived nutrients, mainly amino acids and dipeptides 

(Appendix A.2-A.4). Each plate includes three negative controls and at least one positive 

control containing D-glucose. Another plate, termed TOX1 (Appendix A.5), was designed 

to test different concentration of chemicals and in this study it facilitated the testing of 

different MOI (see description in section 2.2.4.6). 

Cells are seeded into the different plates in glucose-free culture medium (IF-M1). In the 

absence of energy sources from culture medium, the cells have to rely on metabolizing the 

substrates provided in each well. Respiration is then measured by adding the colorimetric 

redox dye. A detailed experimental protocol is given in section 2.2.4.1. 

The redox dye is a special tetrazolium dye which is reduced to a purple formazan by 

electronic flux evolved from NADH production during cell respiration in the mitochondria 

(see as well section 1.6.1). The rate of formazan production in cells increases with time and 

can be measured directly in the assay plates by measuring absorbance at 590 nm with a 
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2.2.5 Statistical analysis 

Data from the multi plate reader were visualized using the Graph pad prism 5 software. 

RT-qPCR data were normalized to the housekeeping gene HPRT1 by calculating the 

difference of cycle thresholds (ΔCt). Then fold change (FC) of gene expression values 

were determined as follows: 𝐹𝐶 = 2𝛥𝐶𝑡. Differences between comparison groups were 

analysed by calculating t- and p-values by multiple contrast tests with an alpha level (α) of 

5%. 

Original output files from the OmniLog® reader were converted into .csv files using the 

proprietary software “Kinetic Analysis”. Metadata were organized using a commercially 

available spreadsheet program (Microsoft Excel 2013). The data were analysed with 

functionality provided by the R package “opm”96
. Visualization of kinetic curves was done 

with the function xy_plot() (xy-plot). Maximal heights of kinetic curves were further 

charted in radial plots, using the function radial_plot(). Means of maxima were 

calculated and plotted with their 95% confidence intervals (CI) using the function 

ci_plot() (CI-plot). Prior to generating CI-plots, means of negative controls (A01, A02 

and A03 on plate PM-M1) were subtracted from the respiration levels of substrates on 

appropriate plates with the function extract(). Differences of group means for curve 

maxima were calculated in user defined sets of simultaneous multiple contrast (α = 5%, see 

function opm_mcp()in the package manual, section 2.9
107

). For evaluating significances, 

calculated differences were plotted as CI-plots and existing differences in negative controls 

were factored in as a threshold interval (see section 3.2.1, Fig. 34, Fig. 35). Afterwards, 

initial CI-plots of means of curve maxima for substrates with apparently significant 

differences between comparison groups were reviewed. Differences of substrates showing 

intensely broad confidence intervals were considered as biologically irrelevant. In order to 

get metabolic pathway analysis based on the Kyoto Encyclopaedia of Genes and Genomes 

(KEGG, www.kegg.jp), respiratory data were integrated and visualized in a suitable 

existing pathway map by functionality provided by package pathview()
108

. 
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3. Results 

The first part of chapter 3 (sections 3.1 – 3.1.4.3) shows the results of the PM-M protocol 

optimization. These results are summarized and discussed in section 3.1.5, leading to the 

final experimental set up (see section 3.1.5.3), used for the global analysis on plates PM-

M1 to PM-M4. The second part of chapter 3 then presents the results of the global analysis 

of energy metabolism during IAV infection in A549 cells (section 3.2) and dTHP-1 cells 

(section 3.3). 

 

3.1 Optimization of the PM-M protocol 

3.1.1 Optimization of the standard parameters 

First, the standard parameters (i) cell number, (ii) length of incubation time and (iii) 

preference of dye type were optimized for A549 and dTHP-1 cells as described in section 

2.2.4.3. 

According to specification from the manual
82

, the smallest cell number per well that gives 

a clear and reasonably intense colour signal should be chosen. Similarly, PM-M assays 

should be performed with the type of redox dye, that generates the most intense colour 

signal. The suitable length of incubation time has to be identified allowing cells to 

metabolize all remaining intracellular energy sources. If energy stores within the cells 

remain, a background dye reduction can be detected in the negative control wells. 

Incubation time should not be too long either, to avoid metabolizing the provided 

substrates
109

. 

For A549 cells, a cell number of 20×10
3 

cells/well resulted in clear colour formation 

(shown in Fig. 15 A and B). An incubation time of 20 h led to an adequately low 

background dye reduction, i.e. less than 100 OmniLog units (OU; see Fig. 15 C, 17 A), and 

dye type MA generally responded with more intense signals (Fig. 15 A and B). 

For dTHP-1 cells, the optimal cell number was first calculated as 20×10
3 

cells/well (Fig. 16 

B), but using this cell number, background dye reduction was too high (Fig. 17 B). 

Diminishing the cell number to 10×10
3 

cells/well could minimize background to 

approximately 100 OU (Fig. 17 B). The cells showed a sufficiently low background after 

an incubation time of 30 h (Fig. 16 C). Like the A549 cells, dTHP-1 cells gave a stronger 

colour formation with dye type MA (Fig. 16 A). Using dye type MB a general decrease 

was observed 120 min post dye addition, which was most likely due to a technical error. 
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Figure 18: Comparison of cell viability of A549 cells infected by either the normal infection 

procedure (N) or the Biolog infection procedure (BL) with the MTT assay. Graphs show the 

results of the MTT assays with A549 cells infected with WT-IAV at MOI 0.1 (left), MOI 1 

(middle) and MOI 0.5 (right) over the time post infection. Mock infected cells were used as a 

control (N C and BL C, in green). Both infection procedures N (bright red) and BL (dark red) 

resulted in similar cell viability. 

 

 

Figure 19 depicts the results of the determination of viral HA transcription levels in A549 

cells. Differences between group means were calculated using the multiple contrast test 

(procedure described in section 2.2.5), numeric details are provided in Appendix B.4 and 

B.5. As suspected from previous work (pers. comm. A. Mustafa, S. Pleschka, Justus-Liebig 

Universität Gießen, unpublished data) the RA-IAV strain developed significantly higher 

viral HA transcription compared to the WT-IAV when MOI 0.5 or 1 was used (Fig. 19 A, 

19 B). Interestingly, the differences in viral HA transcription were more apparent when 

A549 cells were infected according to the BL procedure (see Fig. 19 B). 

The comparison of the two infection procedures resulted in the same replication behaviour 

over time, and the same kinetic curve shape. WT-IAV infection reached similarly high HA 

transcription independent of the infection procedure (Fig. 19 C). RA-IAV infection reached 

significantly higher HA transcription when the BL infection was performed at MOI 0.5 at 

24 h pi and MOI 1 at 12 h and 24 h pi (Fig. 19 D). 

Total cell count showed a clear decrease 24 h pi using the MOI of 1 independent of the 

infection procedure (Fig. 20). 
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3.1.4 Optimization of MOI for PM-M assays 

Different MOI were compared against a mock control on TOX1 plates by infecting A549 

and dTHP-1 with both IAV strains at MOI of 0.1, 0.5 and 1 (for a detailed description see 

section 2.2.4.3, part 4, Fig. 14). Readouts were obtained 4 h, 8 h, 12 h and 24 h pi using the 

OmniLog® reader. For control purposes, cells were stimulated with heat inactivated S. 

pneumoniae according to MOI of 0.1, 1 and 10 and with different concentrations of LPS 

alone or in combination with IFNγ (A549 cells: 10 µg/ml and 50 µg/ml LPS, and 50 µg/ml 

LPS in combination with 250 U IFNγ; dTHP-1 cells: 100 ng/ml and 1 µg/ml LPS, and 1 

µg/ml LPS in combination with 250 U IFNγ). 

3.1.4.1 Influence of MOI on host cell metabolism in A549 cells 

An overview on the respiration kinetics of A549 cells for all 8 substrates of the TOX1 

plate, at all time points pi and for all comparison groups (WT-IAV, RA-IAV, TIGR4, D39, 

LPS/IFNg), is shown in Appendix. C.1 to C.5 depict xy-plots over time and C.6 to C.10 

radial plots of the reached maxima of the kinetic curves. 

The most prominent differences between the IAV and mock infected cells were seen 24 h 

pi. At earlier time points, IAV-infected A549 cells showed a minor general unspecific 

upregulation, particularly at 4 h pi (see radial plots C.6 and C.7 and selection of CI-plots 

C.11 and C.12 in the Appendix). All substrates showed this upregulation in the infected 

cells, except those showing respiration levels already near the detection limit in the mock 

control (glucose, inosine). 

Concerning the prominent results 24 h pi, some substrates did not show differences in host 

cell respiration between IAV infection and mock infection, while other substrates showed a 

clear dose related response during IAV infection (Fig. 22, Fig. 23). Infection with both 

viral strains led to an increase in the metabolism of xylitol and pyruvate. Effects were 

enhanced with increased MOI, but MOI of 0.1 did not yet show an effect (Fig. 22 C, Fig. 

23 C). Minor differences were seen with both strains in the metabolism of β-hydroxy-

butyric acid (see selection of ci plots C.11 and C.12 in the Appendix). The strains differed 

in their metabolic changes on α-D-glucose-phosphate, which were slightly increased 

during RA-IAV infection, whereas the WT-IAV showed enhanced metabolism of -

ketoglutarate.  
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3.1.4.2 Influence of MOI on host metabolism in dTHP-1 cells 

An overview on the respiration kinetics of dTHP-1 cells for all 8 substrates on the TOX1 

plate, at all time points pi and for all comparison groups (WT-IAV, RA-IAV, TIGR4, D39, 

LPS/IFNγ), are shown in the Appendix: D.1 to D.5 depict xy-plots over time and D.6 to 

D.10 radial plots of the reached maxima of the kinetic curves. 

Comparable to the A549 cells, the WT-IAV induced a general unspecific upregulation in 

the metabolism of all tested substrates in dTHP-1 cells 4 h pi (Appendix D.11). Here, this 

upregulation was prominent in the respiration on α-ketoglutarate, β-hydroxy-butyric acid 

and pyruvic acid (Appendix D.11 and Fig. 24 A, B). At 24 h pi, a general decreasing 

tendency in metabolism was detected. The most prominent downregulation was observed 

in respiration when pyruvic acid and D-galactose were offered as substrates (Fig. 25). Only 

small differences were detected during infection with the RA-IAV strain. The respiration 

on α-ketoglutarate, β-hydroxy-butyric acid and pyruvic acid showed a slight increase 12 h 

pi. (Fig. 26 A). The respiration on pyruvic acid and D-galactose tended to be decreased 24 

h pi (Fig. 26 B). The extent of detected changes in IAV-infected cells correlated positively 

with MOI. 
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3.1.4.1 Stimulation with S. pneumoniae and LPS/IFNγ  
Stimulation of A549 cells with heat inactivated S. pneumoniae and LPS/IFNγ showed 

respiration levels similar to the mock infected cells at all time points pi with all the 8 

substrates tested (see xy-plots C.3 to C.5 and radial plots C.8 to C.10 in the Appendix). 

Only stimulation with the TIGR4 strain showed an unspecific decreasing tendency in all 

substrates at the early time points 4 h and 8 h pi (see selected CI-plots C.13 in the 

Appendix). 

In contrast to the A549 cells, the dTHP-1 cells showed clear metabolic changes upon 

stimulation with heat inactivated S. pneumoniae and LPS/IFNγ. Both bacterial strains led 

to an increase in the respiration in the presence of α-ketoglutarate or β-hydroxy butyrate. 

Pyruvate showed a minor increasing tendency. The heat inactivated D39 strain showed this 

increase at 24 h pi, and the more virulent TIGR4 showed the same tendency at 12 h pi (see 

Fig 27 A, B, C, D). Again the effect was dose related and was enhanced with the MOI. No 

increasing effects were detected using an MOI of 0.1. 

LPS alone or in combination with IFNγ induced an unspecific decrease in all tested 

substrates beginning at 8 h pi with the exception of glucose (see radial plots D.10 in the 

Appendix). 
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compared to regular infection. Therefore, IAV infection could be conducted according to 

the BL procedure, as the likelihood of any confounding effects due to the procedure was 

extremely low. 

Independent of the infection procedure, signs of apoptosis and a clear decrease in cell 

number were detected when infecting A549 cells at MOI 1 (Appendix B.1, B2). These 

findings support the conclusion that MOI 0.5 should be used for IAV infection (see section 

3.1.5.5). 

3.1.5.3 Optimization of bacterial infection for PM-M assays 

The optimization of bacterial infection revealed that both dyes available for mammalian 

cells were reduced by viable S. pneumoniae (Fig. 21). Thus, dye reduction due to host cell 

metabolism or bacterial metabolism cannot be distinguished. It would be technically 

feasible to perform each PM-M plate in duplicates, one with the bacterially infected cells, 

and one plate with bacteria as a control. Afterwards bacterial dye reduction could be 

subtracted from the values of infected cells. However, this option was dismissed because 

bacterial metabolism likely differs depending on the absence or presence of host cells. In 

conclusion, the assays were performed using heat-inactivated bacteria, being aware of the 

fact that heat inactivated and viable S. pneumoniae differ in being recognized by PRRs. 

While viable bacteria activates TLR2, TLR4 and TLR9, activation of TLR9 is severely 

attenuated when heat inactivated S. pneumonia is used to stimulate cells
111

. The limitation 

of the method in using viable bacteria is discussed further in section 4.3. 

3.1.5.4 Optimization of MOI for PM-M assays 

The aim of the TOX1 assays was to find the optimal MOI for IAV infection for 

performance of the global analysis on PM-M plates. Here, the MOI should be sufficient to 

induce metabolic changes, but not as high as to provoke major cell death. Potential changes 

in host cell energy metabolism induced by apoptosis could interfere with virus induced 

metabolic changes and should therefore be minimized. Three different MOI as well as a 

mock control could be tested on one plate in triplicates. TOX1 plates contain 8 different 

substrates, covering different key energy metabolism pathways, but a negative control is 

not included on TOX1 plates (Appendix A.5). 

At early time points of IAV infection, especially 4 h pi, a general upregulation in cell 

respiration was seen with both cell lines tested. The global analysis revealed a background 

dye reduction in the negative controls of IAV-infected cells (see section 3.2.1 and E.13 in 
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the Appendix for A549 cells, and section 3.3.1 and G.10 in the Appendix for dTHP-1 

cells). One possible reason for this background reduction could be a general substrate-

unspecific dye reduction by ROS generated during IAV infection. This point is discussed 

in detail in section 4.3. In the absence of an internal negative control in the TOX1 plates, 

background reduction in the infected cells could not be considered. Thus, definitive 

conclusions about detected substrate specific metabolic changes during IAV infection on 

TOX1 plates cannot be made, and the results of the TOX1 assays are interpreted only with 

respect to differences between the tested MOI. Additionally, TOX1 assays were performed 

with heat inactivated S. pneumoniae and LPS/IFNγ, to test whether these stimuli could 

serve as controls for bacterial or general immune stimulation in the global analysis. 

1. A549 cells 

A549 cells showed prominent changes in respiration at 24 h pi, whereas earlier time points 

only showed a general unspecific background in all tested substrates. Thus, for analysis of 

MOI dependencies, changes at 24 h pi only were considered. Both viral strains showed a 

similar picture, with an MOI related upregulation of respiration on pyruvic acid and xylitol. 

An MOI of 0.1 barely changed respiration, whereas at MOI 0.5 it showed a clear increase, 

which was enhanced further at MOI 1 (Fig. 22 and 23). These results suggest that MOI 0.5 

is sufficient to detect metabolic changes during IAV infection with the PM-M assay. 
  

2. dTHP-1 cells 

Like the A549 cells, the IAV-infected dTHP-1 cells showed a general upregulation of 

respiration 4 h pi in the presence of all substrates, but with a particularly prominent 

increase in the presence of α-ketoglutaric acid, β-hydroxy butyric acid and pyruvic acid. 

During infection with WT-IAV, these changes were clear (Fig. 24), whereas during RA-

IAV infection, only a small increase in respiration was detected (Fig. 25). At 24 h pi, a 

general decrease in metabolism was detected, with the exception of glucose. The decrease 

in respiration was prominent in the presence of pyruvic acid and D-galactose (Fig. 25, Fig. 

26). A possible reason for this general decrease could be induction of cell death. For 

analysis of MOI dependent changes, only the clear changes induced by infection with WT-

IAV 4 h pi were considered. Similar to the observation from the infected A549 cells, 

changes increased with MOI: MOI 0.1 did not cause detectable changes, MOI 0.5 showed 

a clear increase, and this effect was enhanced further by MOI 1. Consistent with the results 

of the infected A549 cells, the results of the infected dTHP-1 cells identified an MOI of 0.5 

as adequate for the aims of the study. 
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3. Stimulation with heat inactivated S. pneumoniae and LPS/IFNγ 

A549 cells did not show distinct metabolic changes upon stimulation with heat inactivated 

S. pneumoniae or LPS/IFNγ (Appendix C.3 to C.5 and C.8 to C.10). The unspecific 

decreasing tendency observed during stimulation with TIGR4 might be induced by cell 

death, which is characterized by a decrease of cell respiration in the presence of all 

substrates. As mentioned above, heat inactivated bacteria show an attenuated stimulation of 

TLRs, which is limited to TLR2 and TLR4. LPS also stimulates cells through TLR2 and 

TLR4. Here, TLR4 plays a central role in recognition and signal transduction in interaction 

with a cell surface molecule, cluster of differentiation 14 (CD14). A549 cells were reported 

to be hypo-responsive to LPS stimulation
112

, a high dose of LPS (50µg/ml) was therefore 

chosen to stimulate cells. From 100 µg/ml upwards, Hattori et al. (2015) found a 

significant decrease in cell viability
113

. One recent report from Tsutsumi-Ishii et al. (2014), 

found expression of functional CD14 upon stimulations with LPS, but no expression of 

TLR4 in A549 cells
114

. In this study, neither of the stimuli induced changes in A549 cells. 

This lack of sensitivity of the cells to the latter stimuli led to the decision to exclude them 

from the global analysis of the A549 cells (see Fig. 29). Likely, stimulation of A549 cells 

with heat inactivated S. pneumoniae or LPS/IFNγ is not an adequate model for bacterial or 

general immune stimulation. 

In contrast to A549 cells, dTHP-1 cells stimulated with heat inactivated S. pneumoniae 

showed an increase in respiration in the presence of α-ketoglutaric acid, β-hydroxy butyric 

acid and pyruvic acid 12 h and 24 h pi (Fig. 27). Interestingly, the more virulent strain 

TIGR4, having a stronger capsule, induced the changes earlier, at 12 h pi, than the less 

virulent and less capsulated D39, at 24 h pi. As macrophages, dTHP-1 cells express TLRs, 

especially TLR2 and TLR4, in high density and are highly sensitive to TLR stimulation
39

. 

Therefore, stimulation of dTHP-1 with LPS was performed at a low concentration (10 

µg/ml). However, the stimulation of dTHP-1 cells with LPS/IFNγ led to a general decrease 

in respiration on all substrates tested, except glucose. The picture showed signs associated 

with a provoked cell death. 

These results of stimulated dTHP-1 cells led to the decision that stimulation with heat 

inactivated bacteria should be included as a bacterial control in the global analysis and to 

dismiss the LPS stimulation. The following global respiration analysis was done only with 

the more virulent bacterial strain TIGR4. Regarding the dependencies on MOI of changes 

induced by heat inactivated TIGR4, only MOI 10 led to changes in respiration on all three 

substrates (α-ketoglutaric acid, β-hydroxyl butyric acid and pyruvic acid). 
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3.2 Global analysis of metabolic changes in A549 cells 

In the global analysis A549 cells were screened for metabolic changes during IAV 

infection with both WT-IAV and RA-IAV. Assays PM-M1 to PM-M4 were performed at 4 

h, 12 h and 24 h pi, each comparison group in triplicates (see Fig. 29). 

3.2.1 Analysis of carbon source metabolism on PM-M1 MicroPlates™ 

PM-M1 assays containing various carbon sources were performed as described in Fig. 32.  

Similar to the results of the TOX1 plates, substrate specific changes in A549 cells were 

detected only 24 h pi (see overview of xy-plots E.1 – C.3, radial plots E.5 – E.7 and CI-

plots E.9 – E.11 in the Appendix). In order to confirm the results of the first run (run A) the 

24 h time point measurements were repeated in a second experimental run (run B, see 

overview of xy-plots E.4, radial plot E.8 and CI-plot E.12 in the Appendix). Visualization 

of data by xy-plots, radial plots and CI-plots of run A and B was done separately for each 

run. For calculating differences between group means by multiple contrast tests, a linear 

cell-means model was used. Here differences were analysed for both runs together. 

All time points pi showed an unspecific background reduction of dye in the IAV-infected 

cells, as seen in comparison of the negative controls (Appendix E.13). Therefore, means of 

negative controls were subtracted accordingly for each comparison group prior to 

generating of CI-plots. 

In a first analysis differences of means of curve maxima 24 h pi, from WT-IAV-infected 

and RA-IAV-infected cells compared to mock infected cells, were calculated and sorted 

according to their size (see Appendix E.14 and E.16 for the complete list). In Table 11 

substrates showing the most upregulated and the most down regulated metabolism, 

compared to mock infected cells, are summarized. For analysis of statistical significances 

(S) in detected differences, means and confidence intervals were plotted (see Appendix 

E.15 and E.17, and Fig. 30 A and Fig. 31 A). Background reduction in the negative 

controls were factored in as threshold-lines (red solid and yellow dashed lines). For this 

purpose, means and confidence intervals of differences in negative controls of infected 

compared to uninfected cells were calculated for each virus separately using a pooled 

comparison of means (well A1 to A3) in a multiple contrast test (Fig. 30 B and 31 B). Only 

differences with confidence intervals outside of the threshold interval were considered as 

statistically significant changes in respiration (Fig. 30 A and 31 A; marked with * in Table 

11). 
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In the case of α-cyclodextrin (RA-IAV infection, Table 11 B, Fig. 31 A) and D-glucose 

(RA-IAV and WT-IAV infection, Table 11 A and B, Fig. 30 A and 31 A), differences of 

means were calculated as statistically significant. However, considering their extreme 

broad confidence intervals in CI-plots of means of curve maxima (Appendix E.11, E.12), 

their biological relevance is assumed to be doubtful (marked with (*) in Table 11). 

Statistically significant and biologically relevant changes in the metabolism of A549 cells 

during IAV infection 24 h pi were detected for the following substrates: mannitol, dextrin, 

glycogen and maltotriose for both viral strains, maltose for RA-IAV, and sorbitol and 

pectin for WT-IAV. 

Results of the mentioned substrates are described in more detail in the following sections 

(see chapter 3.2.1.1 – 3.2.1.4), where data are shown exemplary for run A. Results of run 

B, showing similar changes 24 h pi, are illustrated in Appendix (E.20 and E.21 for xy-plots 

and radial plots of selected substrates, E.12 for CI-plots). 
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Table 11: List of differences in means of substrate utilisation of A549 cells infected with (A) 

WT-IAV and (B) RA-IAV. Mean values in OmniLog units(OU) of uninfected cells are subtracted 

from corresponding mean values of infected cells. Statistical significance of differences (S) was 

calculated by simultaneous multiple contrast tests (with an alpha level of 5%). * = substrate with 

significant difference in respiration, (*) = substrate with calculated significant difference, but 

presumably without biological relevance.  
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The most highly altered metabolism in IAV-infected cells was seen in respiration on 

mannitol (see Table 11). Therefore, respiratory data (differences in means of curve 

maxima) were integrated and visualized in a suitable pathway map depicting fructose and 

mannose metabolism (Kyoto Encyclopaedia of Genes and Genomes [KEGG] map00051). 

All pre-coated substrates of the PM-M1 plate involved in mentioned pathway are plotted, 

shown in Fig. 35 and Fig. 36. 

 

Figure 35: Pathway analysis of fructose and maltose metabolism in WT-IAV-infected A549 

cells. Plotted are the calculated mean differences of means of curve maxima between WT-IAV and 

mock infected cells in OmniLog units (OU). The colour legend at the top displays the different 

values in OU. Blue colour on mannitol and sorbitol (medium blue) indicates upregulation in 

metabolism during IAV infection compared to mock infected cells. 
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Figure 36: Pathway analysis of fructose and maltose metabolism in RA-IAV-infected A549 

cells. Plotted are the calculated mean differences of means of curve maxima between WT-IAV and 

mock infected cells in OmniLog units (OU). The colour legend at the top displays the different 

values in OU. Blue colour on mannitol indicates upregulation in metabolism during IAV infection 

compared to mock infected cells. 

 

3.2.1.3 Notable minor changes: Substrates related to TCA cycle and PPP 

Both viral strains led to minor, statistically non-significant, changes in substrate utilization 

related to the TCA cycle and the PPP. Increased metabolism of the TCA cycle 

intermediates pyruvic acid and α-ketoglutarate was already detected in IAV-infected A549 

cells 24 h pi with the TOX1 assays (Fig. 22, Fig. 23). Regarding the results of the PM-M1 

assays, metabolism of pyruvic acid and succinamic acid was upregulated (Fig. 37 B, Table 

11, list E.16 in the Appendix), but in case of pyruvic acid broad confidence intervals exist 
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3.2.2 Analysis of nitrogen source metabolism of A549 cells on 

MicroPlate™ PM-M2 to PM-M4 

PM-M assays with plates PM-M2, PM-M3 and PM-M4, containing protein derived 

nutrients, amino acids and dipeptides, were performed as described in Fig. 29. All 

comparison groups were measured in triplicates 4 h, 12 h and 24 h pi. The results are 

presented in the supplementary material, F.1 to F.6 for PM-M2, F.7 to F.12 for PM-M3, 

and F.13 to F.18 for PM-M4. Although no substrate specific changes in the IAV-infected 

cells were detected, a general minor increase in colour formation, comparable with the PM-

M1 assay could be observed. This general upregulation can be seen in the appropriate 

radial plots, especially 24 pi (F.6, PM-M2); F.12, PM-M3; and F.18, PM-M4). 

 

3.3 Global analysis of metabolic changes in dTHP-1 cells 

Based on the results of the global analysis of A549 cells, screening of dTHP-1 cells was 

limited to the carbon energy sources on PM-M1. PM-M1 assays were performed as 

described in Fig. 29. Unlike A549 cells, dTHP-1 cells were stimulated with heat 

inactivated S. pneumoniae TIGR4 as bacterial control, additionally to the mock infection as 

negative control. All time points (4 h, 12 h and 24 h pi) were tested in triplicates of 

comparison groups. 

3.3.1 Analysis of carbon source metabolism with PM-M1 MicroPlates™ 

Overviews of xy-plots and radial plots of PM-M1 assays with dTHP-1 cells are presented 

in Appendix G.1 to G.6. These results did not reveal any distinct differences in respiration 

that could be attributed with IAV infection or stimulated with TIGR4. As in A549 cells, a 

background reduction in the negative controls was detected in the infected or stimulated 

dTHP-1 cells (Appendix G.10). The extent of this background reduction was not 

statistically significant. Nevertheless, the means of negative controls were subtracted prior 

to generating the CI-plots (Appendix G.7 – G.8). These plots did not reveal any treatment-

specific changes in substrate metabolism either. Partially, the CI were so wide that 

detection of differences was not feasible due to the limited sample size (3 replicates).           
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4. Discussion 

The aim of this study was to gain better understanding of metabolic changes in host cells 

during IAV infection. Here, the main focus was to derive an overview about host cells 

energy mobilization and its linkage to viral replication. Therefore, dedicated protocols for 

PM-M measurements in two different cell lines, A549 and dTHP-1, were developed 

enabling monitoring of the influence of IAV infection processes on host cell energy 

metabolism. Results of the respective optimization process have been discussed in section 

3.1.5 and are not repeated here (see explanation in section 3.1.5.4). 

The two mentioned cell lines were infected with two different IAV strains (WT-IAV and 

RA-IAV) differing in virulence and productivity of replication, and screened for their 

phenotypic metabolic profiles on a pre-selected set of PM-M plates (see section 2.2.4). To 

be able to distinguish between virus specific changes and changes due to other types of 

infectious stimulation, dTHP-1 cells were also stimulated with heat inactivated S. 

pneumoniae strain TIGR4 (section 3.3.1). A549 cells were not further considered for 

bacterial stimulation because of their shown lack of response during the optimization 

experiments (see explanation in section 3.1.5.4).  

A549 cells, in which a productive IAV infection occurs, were screened using PM-M plates 

M1 to M4. The infected cells showed a different profile of carbon source utilization (PM-

M1) compared to mock infected cells (see section 3.2.1). Differences were statistically 

significant in polysaccharide metabolism (further discussed in section 4.1.1) and polyol 

metabolism (discussed further in 4.1.2). dTHP-1 cells, which support an abortive IAV 

infection only
18,19

, were screened for carbon source metabolism on PM-M1 plates only. In 

contrast to the A549 cells, the dTHP-1 cells exhibited no clear metabolic changes during 

IAV infection (further discussed in section 4.3.1). Likewise, the PM-M1 assays performed 

with dTHP-1 cells stimulated with TIGR4 did not reveal any metabolic changes compared 

to uninfected cells (further discussed in section 4.4). These contrasting findings about 

A549 and dTHP-1 cells fit to their different replication behaviour during IAV infection. 

Further, they indicate the relation of rearrangement of the energy metabolism in the 

infected host cells to the production of new infectious viral particles. 

An overview of all performed experiments, the major results and sections in which the key 

findings are discussed, is given in Table 12.  
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4.1 Metabolic changes in A549 cells during IAV infection 

A549 cells, as human lung epithelial cells, represent the primary target cells during IAV 

infection. They sustain a productive IAV infection with replication and the generation of 

new viral particles, for which the virus relies on energy resources provided by host cells 

(see section 1.4.1, and 1.4.1.1). For a broad spectrum of viruses essential pathways 

changed during infection and replication have been identified, and to some extent detailed 

mechanisms are knwon by which the viruses rearrange host cell energy metabolism for 

satisfying the additional energy demand (see section 1.5 for details). However, for IAV no 

consistent picture regarding relevant pathways for energy mobilization in infected human 

host cells exists (see section 1.5). The PM-M technique used in this study facilitated the 

first comprehensive record about substrate consumption for energy production over the 

first phase of infection. The application of this novel approach for global analysis of host 

cell energy metabolism enabled the simultaneous detection of consumption alterations on 

up to 367 substrates (carbon sources [PM-M1] and nitrogen sources [PM-M2 to PM-M4]) 

in the IAV-infected A549 cells. These data then allow to comprehensively draw 

conclusions on presumably affected pathways related to energy mobilization. 

4.1.1 Polysaccharide metabolism in A549 cells during IAV infection  

Several similarities between virally induced metabolic changes and pathways altered in 

cancer cells are known: activation of glycolysis, enhanced glutaminolysis, and increased 

biosynthesis of fatty acids and nucleotides
32,115–118

. This study revealed changes in 

polysaccharide metabolism in IAV-infected A549 cells. Interestingly, similar changes have 

been reported in different cancer types as well. The greatest effect among the 

polysaccharides has been seen in the metabolism of homopolysaccharidic derivatives of 

glucose (dextrin, glycogen, maltotriose), which were reduced in IAV-infected A549 cells 

compared to mock infected cells (see section 3.2.1.1 Fig. 32 and Fig. 33). It has been 

shown, that these polysaccharides can be metabolized into glucose and funnelled into 

glycolysis for energy production, when exogenous glucose is limited
119

. Unexpectedly, the 

IAV-infected A549 cells did not use this additional possibility for energy mobilization, but 

showed a reduced respiration on these three polysaccharides. Here, most surprisingly is the 

reduced metabolism of glycogen. Glycogen, usually serving as energy storage within 

hepatocytes and myocytes, was shown to be accumulated in various cancer cells, such as: 

melanomas, glioblastomas, colorectal cancer cells, as well as carcinomas of breast, kidney, 

lung, urinary bladder, and pancreas
120,121

. Cancer cells apparently accumulate glycogen to 
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ensure cell survival and cell growth in situations of temporarily energy starvastion
121,122

. 

Potentially, IAV-infected host cells use similar mechanism to counter the infection: a 

retention of energy stocks for a better cell survival during the stressful IAV infection. To 

confirm this hypothesis of energy source storage in the IAV-infected cells, intracellular 

concentrations of glycogen, dextrin and maltotriose should be measured using targeted MS.  
 

A second interesting finding concern the group of heteropolysaccharidic uronic acid 

derivatives, i.e. chondroitin sulphate and pectin. They revealed increased respiration in the 

infected cells (see section 3.2.1.1, Fig. 33 C). Chondroitin sulphate was shown to be an 

important component of proteoglycans in the extracellular matrix, whereas pectin serves as 

a structural component of the cell wall of plants
119,123

. Interestingly, both substrates were 

reported to have immune modulatory functions
124,125

. Such an immune modulation could 

take place here in the situation of IAV infection as well and lead to higher cell respiration 

if chondroitin sulphate or pectin are available as substrates. Hitherto, induced immune 

modulation could be observed only in limited small number of cell types: macrophages 

(chondroitin sulphate and pectin), chondrocytes (chondroitin sulphate) and hepatocytes 

(chondroitin sulphate)
124,126

. Both above mentioned substrates do not normally serve as 

energy sources in human lung tissues, so the biological relevance of the changes in 

respiration during IAV infection is unclear.  

4.1.2 Polyol metabolism in A549 cells during IAV infection 

Another substrate group revealing clear metabolic changes in IAV-infected cells are the 

polyols comprising mannitol (PM-M1, section 3.2.1.2, Fig. 34), sorbitol (PM-M1, section 

3.2.1.2, Fig. 34) and xylitol (mainly on TOX1-plates section 3.1.4.1, Fig. 22 and Fig. 23). 

Polyols are sugar alcohols and represent derivatives of aldoses or ketoses. They can be 

transformed into the related metabolites aldose or ketose by oxidoreductases, aldose 

reductase (AR; EC 1.1.1.21) and sorbitol dehydrogenase (SD; EC 1.1.1.14) in the so called 

polyol pathway (sorbitol is shown in Fig. 39 as an example).
127–129

 The AR is substrate 

unspecific and can convert a broad range of carbohydrates
129

 comprising simple sugars, 

sugar alcohols and aldehydes
130

. SD is more substrate specific for sorbitol but can also 

convert other polyols, including mannitol and xylitol. SD is more substrate specific for 

sorbitol but can also convert other polyols, including mannitol and xylitol
127,128

. 
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Figure 39: The polyol pathway (exemplarily illustrated for sorbitol). 

 

The polyol pathway was first noted for its role in the pathogenesis of secondary diabetic 

complications, such as cataracts, diabetic nephropathy and neuropathy. Increased activity 

of AR during hyperglycaemia results in accumulation of sorbitol in tissues accompanied by 

osmotic stress and damage.
129,131,132

  

Later studies revealed that AR also shows increased expression in cells under oxidative 

stress induced by inflammatory stimuli
129,133

. There, AR plays a role in sustaining the 

inflammatory signal cascades leading to the activation of a pivotal transcription factor, the 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
133

. NF-κB regulates 

the expression of a variety of genes that trigger innate and adaptive immune response
134

. In 

the beginning of the signal cascade, lipid peroxidation, induced by ROS, generates lipid-

derived aldehydes (LDA). LDA then forms conjugates with cellular glutathione (G). These 

LDA-G conjugates are reduced by AR and can then transduce inflammatory signals
129,133

. 

A schematic overview of the involvement of AR in the signalling of inflammatory stimuli 

is given in Fig. 40. Furthermore, an inhibition of AR was shown to limit the activation of 

NF-κB and inflammatory cytotoxicity in cells
135

.  
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Follow-up experiments should examine the expression levels of AR coding genes in IAV-

infected A549 cells over time. Additionally, the hypothesis should be confirmed by a 

determination of the AR enzyme activity in infected and uninfected cells. If an 

upregulation of the AR during IAV infection could be confirmed, another interesting 

prospective study would be to evaluate whether the upregulation is caused by the virus for 

replication purposes or induced by host cells as a defence mechanism against the virus. 

Interestingly, one study in mice found a protective effect of the polyol xylitol which, when 

administered prior to IAV infection, resulted in better survival and reduced viral titres in 

lung
137

. 

4.1.3 Notable minor changes: Substrates related to TCA cycle and PPP 

As mentioned in section 1.5, several viruses alter the activity of the TCA cycle to provide 

additional energy and precursors for the biosynthesis of amino acids and fatty acids
138

. So 

far, virus induced changes of the TCA cycle have been detected in HCMV and HSV-1 

infection
49,65

. The study at hand indicate that in IAV-infected A549 cells the respiration on 

pyruvic acid and succinamic acid, two TCA cycle intermediates, was increased 24 h pi (see 

section 3.2.1.3, Fig. 37). The results for α-ketoglutarate, however, were ambiguous. While 

TOX1 assays showed increased metabolism, respiration levels of α-ketoglutarate on PM-

M1 plates were comparable to the mock infected cells (see section 4.3 for differences 

between PM-M1 and TOX1 plates). Nevertheless, the overall picture of results does 

suggest that the TCA cycle in host cells is presumably altered during IAV infection. An 

alternative reason for increased respiration on pyruvic acid could be the Warburg effect, 

which is the conversion of pyruvate to lactate under aerobic conditions, which are present 

in the Biolog plates. During viral infection, many host cells use this pyruvate depletion for  

faster ATP synthesis than the TCA
32

, and increased lactate production was detected in 

IAV-infected MDCK cells
74

. Similar to the case of polyol degradation, the PM-M 

technique does not allow to determine the direction of pyruvate depletion. Further studies 

are needed in order to determine if pyruvate enters the TCA cycle or is depleted to lactate 

during IAV infection. Measurement of metabolite concentrations (TCA cycle 

intermediates, lactate concentration) by MS or metabolic flux studies using isotope labelled 

substrates could give information about the direction of pyruvate depletion. 

The PPP provides ribulose-5-phosphate, which is an important substrate for nucleotide 

synthesis. To sustain their replication, many viruses (HSV-1
65

, HCMV
49

, HCV
66

, AV
53

, 

KSHV
60

) enhance the PPP. The results of the PM-M1 assay performed with infected A549 
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cells, suggest that IAV behaves similarly. Respiration on sedoheptolusan was increased 24 

h pi with both viral strains (see section 3.2.1.3, Fig. 37). Sedoheptolusan can enter the PPP 

as sedoheptulose 7-phosphate. To confirm the hypothesis of an activation of the PPP 

metabolic flux studies, tracing pathway passage of substrates would be a useful further 

experiment. 

4.1.4 Analysis of nitrogen source metabolism of A549 cells on 

MicroPlate™ PM-M2 to PM-M4 

No substrate specific metabolic changes were observed on nitrogen sources (see F.1-F18 in 

the Appendix). A general minor increase in colour formation, comparable with the 

background seen on PM-M1 plates, was detected. This unspecific background quite likely 

originated from generated ROS during infection (see section 4.5 and discussion therein). 

Extensive literature research revealed no reports of metabolic changes of nitrogen source 

usage in IAV-infected human host cells. However, it has been shown that during infection 

with various other viruses, including PV
61

, HCMC
62

, VAVC
63

 and KSHV
64

, glutamine is 

used as an additional energy source (see section 1.5). The data presented here did not 

reveal an increased respiration on glutamine, indicating that the IAV-infected A549 cells 

do probably not require glutaminolysis as supplementary energy source during the early 

phase of infection (up to 24 h pi).  

4.1.5 Differences between WT-IAV and RA-IAV during infection of A549 

cells 

To identify a possible relation between metabolic changes in IAV-infected host cells and 

IAV virulence, A549 cells were infected with two viral strain, WT-IAV and RA-IAV. The 

two strains differ in their replication and induction of cytokine expression in host cells. 

RA-IAV replicates more efficiently in A549 cells with significant higher HA mRNA 

expression levels 24 h pi, with the used MOI of 0.5 (see section 3.1.2, Fig. 19). 

Additionally, this strain induces higher cytokine levels in A549 cells, including IFNα, 

IFNβ, IL-6 and IL-8 (unpublished data from A. Mustafa, S. Pleschka, Justus-Liebig 

Universität Gießen). Surprisingly, WT-IAV and RA IAV did not reveal any significant 

differences in substrate utilization on plates PM-M1 to PM-M4 in A549 cells. Presumably, 

the differences in viral titres or cytokine expression were not sufficient to induce detectable 

differences in host cell energy mobilization. Considering the dimension of changes 

detected in the comparison of infected and uninfected A549 cells, resulting in a much 
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higher difference in HA titres, it is not surprising that we could not detect any changes 

here.   

4.2 Metabolic changes in dTHP-1 cells during IAV infection 

The global analysis of metabolic changes in A549 cells during IAV infection revealed 

changes in carbon source energy metabolism on plate PM-M1 (see section 4.1). To 

possibly pinpoint the detected metabolic changes to viral replication and not to immune 

stimulation upon infection, a cell line with abortive IAV infection, dTHP-1 cells
18

 

(unpublished data from M. Samir, TWINCORE, Hanover, Germany), were screened for 

their metabolic changes during IAV infection using plate PM-M1. Macrophages, which 

dTHP-1 cells resemble, represent a second important target for IAV. Resident AMs are 

among the first cells in the lower respiratory tract to detect pathogens and trigger an 

effective innate and adaptive immune response upon infection. They are infected by IAV, 

but they do not sustain a production of new infectious viral particles
18

 (see section 1.4). 

4.2.1 Carbon source metabolism in dTHP-1 cells during IAV infection 

Little is known about metabolic changes in dTHP-1 cells during IAV infection. Relating to 

viral induced changes in THP-1 cells, Gonella et al. (2013) reported upregulation of the 

GLUT1 transporter in the plasma membrane of monocytic THP-1 cells infected with 

KSHV. These results indicate an increased glucose uptake and metabolism and 

additionally suggest that inhibition of glycolysis led to induced cell death
139

. Concerning 

IAV infection, reports of metabolic changes in other immune cells than 

macrophages/dTHP-1 cells exist (see section 1.5): in the early days Fisher et al. (1956) 

reported an inhibition of glycolysis in guinea pig leukocytes
70

, and inhibition of oxygen 

consumption as well as cell respiration in human leukocytes was shown later on 

(Voitsekovsky et al. 1971)
72

. 

Unexpectedly, the study at hand revealed no major metabolic changes during viral 

infection in THP-1 cells. The metabolic phenotype of these cells on PM-M1 plates is 

comparable to uninfected cells at each tested time point pi (see section 3.3 and G.1 to G.6 

in the Appendix). Only a substrate unspecific background was observed in all substrates 

including the neg. control. It was presumable generated by ROS (see section 4.5). 

Interestingly, findings from the TOX1 plates (section 3.1.4.2) could not be fully confirmed 

on PM-M1 plates. Although the concentration of the pre-coated substrates on TOX1 is 

meant to be equal to PM-M1 plates (pers. comm. B. Bochner, CEO, Biolog Inc., Hayward, 
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US-CA), observation of an increase in the respiration on α-ketoglutarate, β-hydroxy-

butyric acid and pyruvic acid (section 3.1.4.2 Fig. 24) could not be reproduced on the PM-

M1 plates. One reason could be the missing negative controls on TOX1 plates. 

Consequently, background dye reduction in the IAV-infected cells could not be subtracted 

(see section 3.1.5.4). Therefore, the detected changes on TOX1 plates are difficult to 

interpret and are not further considered for conclusions. 

Taken together, in this model of an abortive IAV infection, no metabolic changes were 

observed. In contrast, the A549 cells, with a productive replication and production of new 

infectious viral particles, showed clear changes in energy substrate consumption during 

IAV infection. These results allow a relation of detected changes to the rearrangement of 

energy metabolism for viral replication. Further, the results of this study suggest that the 

immune stimulation upon infection, without complete viral replication, does not lead to 

metabolic changes that can be detected with the PM-M technique. In this study an MOI 

low enough to not induce prominent morphological changes or apoptosis was used. This 

was done in order to minimize any confounding effects of metabolic changes associated 

with cell death (see discussion in section 3.1.5.2. and 3.1.5.4). However, in situations of 

severe IAV infections with high cytokine release, the energy metabolic state of the infected 

cells might be very different than in this study. For further confirmation of our hypothesis 

of the linkage of detected metabolic changes to viral replication and not to immune 

stimulation, a promising next step would be to cytokine levels (particularly IFNγ, IFNα/β, 

TNFα, IL-1 and IL-6) in the infected IAV A549 and dTHP-1 cells. 

Moreover, detection of changes in dTHP-1 cells revealed the above mentioned problems of 

a high background colour formation due to PMA pre-stimulation and with necessary cell 

number reduction (see section 3.1.5.3, part 2)
110

. Therefore, the results from the dTHP-1 

cells are not directly comparable with the results from the A549 cells. Further experiments 

should aim to improve application of the PM-M technique to dTHP-1 cells. Perhaps, the 

differentiation procedure could be improved by using a longer resting time after PMA 

stimulation, or the assay could be performed with monocytic (undifferentiated) THP-1 

cells. 

4.3 Viral specificity of detected changes  
To distinguish if any of the detected metabolic changes are specific for viral infection or if 

bacterial stimulation would provoke similar changes, dTHP-1 cells were stimulated with 

heat inactivated S. pneumoniae strain TIGR4 and PM-M1 assay was performed. As 
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explained above, A549 cells were excluded from this type of stimulation (see section 

3.1.5.2 part 3). Due to technical limitations of the redox dyes in distinguishing cellular and 

bacterial metabolism, it was not possible to infect the cells with viable bacteria (see section 

4.5). To the best of my knowledge, no reports about metabolic changes in dTHP-1 upon 

stimulation with heat inactivated bacteria exist. THP-1 cells stimulated with LPS, 

conducted by Liu et al. (2011), showed increased glucose uptake and enhanced glycolysis 

in the early state of stimulation (8h pi), followed by a later decrease (24 h pi). In contrast, 

uptake of fatty acids and their oxidation increased 24 h post LPS stimulation
140

. In 

dendritic cells, the same phenomenon of an early increase in glycolysis upon stimulation 

with different TLR ligands, including LPS, has be observed.
141

 Against expectations, in the 

global analysis presented here, using heat inactivated TIGR4 as a stimulus, no substrate 

specific metabolic changes in respiration were detected in the stimulated dTHP-1 cells (see 

3.2.1 and G.1-G.6 in the Appendix). Whereas the above mentioned studies used monocytic 

(undifferentiated) THP-1 cells, I used differentiated THP-1. Because of the results by 

Hoeve et al. (2012), which suggest that differentiated macrophages are more susceptible to 

immune stimulation and IAV infection
142

, dTHP-1 cells were chosen to perform the 

presented study. One possible explanation for the lack of enhanced glycolysis could be that 

differentiation of THP-1 cells with PMA provoked already a stress response in the cells. 

This might have led to enhanced glycolysis, which could not increased further by the IAV 

infection. Cell density is another major difference between the setup for PM-M assays used 

here and the above mentioned study (Liu et al. 2013): I used a density of 20×10
3
 cells/ml 

(10×10
3
 cells in 50µl per well), and Liu et al. used a density of 10×10

6
 cells/ml Liu et al. 

(2013) used. The LPS concentration of 1 µg/ml was the same in both studies. Perhaps the 

cell density of 20×10
3
 cells/ml used in this study was not sufficient to detect metabolic 

changes, or the PM-M technique might not be sensitive enough to detect metabolic 

changes originating from such a small number of cell count. 

Concerning the above mentioned limitations and problematics in the usage of viable 

bacteria and dTHP-1 cells (differentiation with PMA, small cell count), a definite 

conclusion about viral specificity of detected changes cannot be drawn. Further 

investigations aiming to improve the use of viable bacteria and in the experimental setup 

for the use of dTHP-1 cells, should be conducted to pursue the objective of viral 

specificity.  
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4.4 Strengths and limitations of the study 

The here presented study was, to the best of my knowledge, the first one to use the PM-M 

technique to detect virus induced metabolic changes in mammalian cells. With the here 

presented novel methodology, the PM-M technique enabled global profiling of host cell 

energy metabolism during IAV infection. The study revealed a major, remarkable feature 

of the technique, which is the capability of a functional metabolic analysis in real time that 

provides quantitative as well as kinetic information (see section 1.5.1).  
 

1. General technical limitations of the study  

In contrast to existing widely accepted methods, such as MS-based metabolomics or flux 

studies, the PM-M technique provides information only about catabolic processes. The 

reports of changes in human host cells during IAV infection in former studies are of 

anabolic nature: increase in the synthesis of fatty acids, cholesterol and sphingolipids 

(extensively described in section 1.5). Therefore, a comparison of the presented novel 

findings to results of former studies is not straightforward. In MDCK cells (canine cells) 

infected with IAV, a metabolomics study detected increased glucose uptake, and enhanced 

glycolysis and lactate production (Warburg effect)
74

. The glucose concentration on plates 

PM-M1 to M4 is in the physiological range of non-fasting normal humans, i.e. 2-10 mM
87

. 

The here tested uninfected cell lines gave respiration signals close to the maximal detection 

limit on these concentrations. Unfortunately, this impedes detection of a potential increase 

in glucose consumption due to treatments like IAV infection. Changes on metabolites 

occurring more downstream of glycolysis, e.g. glucose-6-phosphate, fructose-1-phosphate, 

show, under control conditions, respiration levels low enough to detect a potential increase. 

However, IAV-infected cells exhibited no changes there. It is described in the literature, 

that especially the first step in glycolysis, the conversion of glucose to glucose-6-phospate 

via hexokinase, is upregulated during viral infection. In this manner HCV
51

, KSHV
52

 and 

EBV
69

 upregulate glycolysis. The detection of an upregulation of this first step of 

glycolysis is restricted to the wells containing glucose as a substrate, and thus is 

problematic with the designated glucose concentration. 

The above mentioned “Warburg effect” in virus infected host cells features the conversion 

of pyruvate into lactate.
32

 In agreement with this, the study at hand detected enhanced 

respiration on pyruvic acid in infected A549 cells (see section 4.1.3). As, additionally,  

respiration on succinamic acid, an TCA cycle intermediate, was increased 24 h pi (see 

section 3.2.1.3, Fig. 37), the data could not answer the emerging question whether 
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depletion of pyruvate into lactate is induced in host cells, or whether pyruvate is depleted 

to acetyl-CoA to enter the TCA cycle (see section 4.1.3). Analysis of substrate 

consumption might enable to draw conclusions about related pathways, but if a given 

substrate is involved in several pathways, an exact correlation is problematic. 
 

2. Limitations of the study related to the work with immortalized cell lines 

The most interesting as well as important novel findings obtained in this study by the use 

of the PM-M technique were changes in the IAV-infected host cells in the (i) polyol and 

the (ii) polysaccharide metabolism. These novel findings fit to recent studies about other 

viral infections (e.g. HCV; section 4.1.2)
136

 and to changes seen in various cancer cells 

(reduced polysaccharide depletion; section 4.1.1). Besides the latter finding about reduced 

polysaccharide metabolism, also other changes induced by viral infection might occur in 

cancer cells such as: activation of glycolysis, enhanced glutaminolysis, and increased 

biosynthesis of fatty acids and nucleotides (see section 4.1.1).  The two cell lines used in 

this study are both cancer derived, A549 from a lung carcinoma patient and THP-1 from a 

young leukaemia patient (A549: ACC-No.:107; THP-1: ACC-No.: 16). For a first 

establishment and application of the PM-M technique to study metabolic changes during 

IAV infection, these two cell lines were a suitable model. For further studies, the 

adaptation of the method to the usage of primary cells or cell isolates from patients is one 

important next step to confirm detected results. 
 

3. Limitations of the study related to the work with pathogens 

Another issue in the study at hand is the potential production of ROS during viral 

infections. As mentioned above (section 3.1.5.1), infected A549 and dTHP-1 cells showed 

a general upregulation on all substrates, especially 4 h pi. Upon exposure to infectious 

stimuli or microorganisms, a variety of human cells, i.e. phagocytes and epithelial cells 

(including A549 cells) are known to generate ROS
143

. Generation of ROS involves the 

activation of NADPH oxidase (NOX) a membrane-bound enzyme complex in plasma cell 

membranes or membranes of phagosomes. The catalytic subunit of the NADPH oxidase 

has various different isoforms (NOX1, NOX2, NOX3, NOX4, NOX 5, DUOX1, and 

DUOX2), from which NOX2 plays the key role in host defence and inflammation
144

. The 

NOX-complex transfers electrons from NADPH across the membrane to acceptor 

molecules. In case of an immune activation in cells, molecular oxygen serves as an 

electron acceptor, resulting in superoxide (O2
-
). Superoxide is one important ROS involved 

in the elimination of phagocytosed microorganisms
144

. Of note, generated superoxides are 
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able to reduce tetrazolium dyes as well. This principle forms the basis for measurement of 

superoxide production and granulocytic cell functions in the diagnostics for chronic 

granulomatous disease, the so-called nitro blue tetrazolium (NBT) test. Also, other 

tetrazolium dyes were shown to be reduced by superoxide, including MTT, WST-1 and 

XTT
83

. This reduction by generated superoxide is completely independent of respiration on 

existing substrates and thus, is a conceivable cause of the unspecific background dye 

reduction seen in the infected cells. Investigations aiming to avoid this unwanted reduction 

are necessary. One obvious possibility to use NADPH oxidase inhibitors to avoid ROS-

production would inhibit mitochondrial respiration as well, as inhibitors are not specific 

enough (pers. comm. J. Rösler, University Center Carl Gustav Carus, Dresden). A reliable 

method to eliminate ROS-production would be the knock-out of the NOX genes in host 

cells, but this would intervene with the natural immune response and is thus not an option 

to solve the problem.  

Another limitation of the PM-M technique that manifested in this study is the reduction of 

the redox dyes, which are designated for mammalian cells, by bacterial metabolism. Both 

dyes currently available to be used with mammalian cells, redox dye mix MA and mix MB, 

were reduced by viable S. pneumoniae (section 3.1.3, Fig. 21). Therefore, it was not 

possible to perform PM-M assays with viable bacteria. As viable and heat inactivated 

bacteria differ in their activation of TLRs on host cells (see section 3.1.5.3 for details), the 

possibility of using viable bacteria would be an important and promising advancement of 

the method. Biolog already started to make efforts to develop dyes which can be taken up 

or reduced either by mammalian cells or bacteria (pers. comm. B. Bochner, Biolog Inc., 

Hayward CA, US). The PM technique provides various dyes for bacteria, in total 6 (dye A, 

dye B, dye D, dye E, dye F, dye G, dye H), which differ in the microorganisms’ capacity to 

internalize and reduce them. A first simple experiment would be to evaluate the possibility 

of a selection of these dyes that function well in mammalian cells but could not be reduced 

by S. pneumoniae. 
 

4. Reproducibility and reliability of measurements 

All PM-M assays in this study were performed in triplicates. While the majority of 

substrates showed a minor, acceptable variation of respiration levels within triplicates, 

some substrates revealed high variation, so that interpretation of differences between 

comparison groups were problematic (e.g. cyclodextrin in Fig. 38 C). Errors that could lead 

to high variations are probably of general methodological nature, caused by manual 
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pipetting of cells or dye. Another reason might be individual variations in the pre-coated 

plates due to transportation or an unequal substrate solution within plates after adding of 

cell suspension. However, other metabolomic assays, based on MS, do show comparable 

high value variances of up to 30% (pers. comm. Prof. Volkhard Kaever, Medical School 

Hannover, Hanover). The PM-M1 assays with A549 cells infected with IAV 24 h pi were 

repeated in a second experimental run (Run B) in triplicates. The purpose of this repetition 

was the confirmation of detected changes seen in the first Run (Run A). The results (see 

Appendix E.1-E.3, E.5-E.7 and E.9-E11 for run A and E.4, E.8 and E.12 for run B) of the 

two runs were comparable, and thus indicate a good reproducibility of the PM-M method. 

Additionally, variations between substrates represented on different plate types, PM-M1 

and TOX1 plates, were detected, although the concentration of the pre-coated substrates on 

both plates is meant to be equal (pers. comm. B. Bochner). The reason might be due to the 

different plate layout. On PM-M1 plates, containing negative control wells, mean values of 

negative control were subtracted from respiration values of all other substrates. On TOX1 

plates, which lack a negative control, respiration values had to be analysed without this 

background reduction. 
 

Altogether, the PM-M technique is a promising to tool a get an overview about host cell 

energy metabolism during viral infection. Not all of the substrates are naturally available as 

energy sources in human tissue, but the technique provides a selection of interesting 

substrates and possibly altered pathways for further investigations. In this study we 

established protocols for the usage of two different cell lines and for infection with IAV. 

These protocols can be easily adapted to infections with other viruses and their target cells.  
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4.5 Outlook 

Collectively, with the new approach of using the PM-M technique for a global analysis of 

host cell energy metabolism during IAV infection, we could select substrates and pathways 

of interest with altered respiration in the IAV-infected A549 cells. Further studies are 

required to address increased respiration on distinct substrates to specific reactions or 

enzymes. Here, metabolic flux studies using isotope labelled substrates, which facilitates 

tracking of further depletion, is a promising state-of-the-art approach. Another 

straightforward approach would be to measure the concentrations of up- and downstream 

intermediates by targeted MS, based on the pre-selection of substrates by the PM-M 

technique. In the presented study, identified substrates worth conducting follow-up 

experiments are: glycogen, dextrin, maltotriose, mannitol, sorbitol, pyruvate, 

sedoheptolusan, and chondroitin sulphate as well as pectin. 

Moreover, the study at hand revealed methodological challenges, namely the interaction of 

the redox dye with bacterial metabolism and possible interactions with ROS. A promising 

future work would be to develop specific redox dyes for mammalian cells that cannot be 

taken up or reduced by bacteria. Countering the interaction of redox dyes with ROS is 

problematic, as the generation of ROS represents an important defence mechanism of host 

cells, and interventions would alter the natural immune response and presumably also viral 

replication (see section 4.4). Additionally, the stimulation of THP-1 cells with PMA 

revealed high background reduction in negative controls, possibly related to ROS induction 

as well (see section 3.1.5.3, part 2). Here, we solved the problem by reducing the cell 

number until background was acceptably low. Follow-up experiments should improve the 

differentiation procedure or evaluate facilities in the usage of undifferentiated THP-1 cells. 

Concerning the similarities between pathways activated in cancer cell lines, and virus 

induced metabolic changes in host cells (see section 4.2.1), the use of immortalized cell 

lines, among both cell lines used in this study, has limitations. Therefore, future studies 

should also focus on establishing PM-M protocols for primary cells. 

Additionally, the experimental design with the availability of only one distinct energy 

substrate does not allow conclusions about an in vivo situation of an IAV infection in lung 

tissues, therefore future experiments should include animal models. 
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5. List of abbreviations 

Character Meaning 

A549  Lung carcinoma epithelial cell line 

ACC1 Acetyl-CoA carboxylase 1 

APCs Antigen presenting cells 

AM Alveolar macrophages 

AR Aldose reductase 

ATP Adenosine triphosphate 

AV Adenovirus 

α Alpha level 

BL Adapted Biolog IAV infection 

CAMMK Calmodulin-dependent protein kinase family 

CCH Chicken chondrocytes 

CI 95% confidence interval 

CI-plot 95% confidence interval plot 

CFU Colony forming units 

CH Switzerland 

CTL Cytotoxic T lymphocyte 

ΔCt Difference of cycle thresholds 

DE Germany 

DENV Dengue virus 

dFCS Dialyzed fetal calf serum 

DMEM Dulbecco’s Modified Eagle’s Medium 

DNA Deoxyribonucleic acid 

DMSO Dimethyl sulfoxide 

dTHP-1 Differentiated THP-1 

DSMZ Deutsche Sammlung von Mikroorganismen und Zellkulturen 

EBV Epstein-Barr virus 

EDTA Ethylenediaminetetraacetic acid 

ER Endoplasmic reticulum 

F Forward primer 
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FASN Fatty acid synthase 

FC Fold change 

FCS Fetal calf serum 

FFU Focus forming units 

G Glutathione 

GFP Green fluorescent protein 

glut Glucose transporter 

HA Hemagglutinin 

HIV Human immunodeficiency virus 

HCV Hepatitis c virus 

HCMV Human cytomegalovirus 

HPRT1 Hypoxanthin-Phosphoribosyl-Transferase 1 

HSV-1 Herpes simplex virus 1 

h Hours 

IAV Influenza A virus 

IBV Influenza B virus 

ICV Influenza C virus 

IFN Interferon 

IL Interleukine 

JP Japan 

KEGG Kyoto Encyclopaedia of Genes and Genomes 

KSHV Karposi sarcoma virus 

LDA Lipid-derived aldehydes 

LDA-G Lipid-derived aldehydes glutathione conjugate 

LEC Lung epithelial cell 

LPS Lipopolysaccharide 

MDCK Madin-Darby canine kidney epithelial cells 

min Minutes 

MOF Multi organ failure 

MOI Multiplicity of infection 

MHC Major histocompability complex 

MS Mass spectrometry 
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MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium 

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide 

N Normal IAV infection 

NA Neuraminidase 

NBT Nitro blue tetrazolium 

NADH Nicotinamide adenine dinucleotide 

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 

NMR Magnetic resonance 

NOD Nucleotide oligomerization domain 

OD Optical densitiy 

OU OmniLog units 

PAMPs Pathogen-associated molecular patterns 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PFU Plaque forming units 

pi Post infection 

PM  Phenotype MicorArray™ 

PMA Phorbol-12-myristat-13-acetat 

PM-M Phenotype MicorArray™ for mammalian cells 

S. pneumoniae Streptococcus pneumoniae 

PPP Pentose phosphate pathway 

PRRs Pattern recognition receptors 

PV Poliovirus 

RT-qPCR Quantitative real time PCR 

R Reverse primer 

ROS Reactive oxygen species 

RA-IAV Reassortant IAV (pH1N1/Gißen09/NS-segment PR8) 

RIG-1 Retinoic acid-inducible gene 1 

RNA Ribonucleic acid 

mRNA Messenger ribonucleic acid 

RNP Ribonucleoprotein 
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rpm Rounds per minute 

s Seconds 

S Significance 

SD Sorbitol dehydrogenase 

TCA Tricarboxylic acid 

Th T helper cell 

THP-1 Human acute monocytic leukemia cell line 

TLRs Toll-like receptors 

TTC 2,3,5-Triphenyl-2H-tetrazolium chloride 

US United States 

VACV Vaccinia virus 

WST-1 5-(2,4-Disulfophenol)-2-(4-iodophenyl)-3-(4-nitrophenyl)-2H-

tetrazolium inner salt 

WT-IAV Wildtype IAV (A/Gießen/6/09, H1N1) 

XTT 2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-

carboxanilide 
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F.11 PM-M3 assay of A549 cells infected with WT-IAV and RA-IAV 12 h pi - radial plot 

F.12 PM-M3 assay of A549 cells infected with WT-IAV and RA-IAV 24 h pi - radial plot 

F.13 PM-M4 assay of A549 cells infected with WT-IAV and RA-IAV 4 h pi - xy-plots 

F.14 PM-M4 assay of A549 cells infected with WT-IAV and RA-IAV 12 h pi – xy-plots  

F.15 PM-M4 assay of A549 cells infected with WT-IAV and RA-IAV 24 h pi – xy-plots 



 

 

F.16 PM-M4 assay of A549 cells infected with WT-IAV and RA-IAV 4 h pi – radial plot 

F.17 PM-M4 assay of A549 cells infected with WT-IAV and RA-IAV 12 h pi – radial plot 

F.18 PM-M4 assay of A549 cells infected with WT-IAV and RA-IAV 24 h pi – radial plot 
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G.1 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 4 h pi – xy-plots 

G.2 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 12 h pi – xy-plots 

G.3 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 24 h pi – xy-plots 

G.4 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 4 h pi – radial plot 

G.5 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 12 h pi – radial plot 

G.6 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 24 h pi – radial plot  

G.7 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 4 h pi – CI-plots 

G.8 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 12 h pi – CI-plots 

G.9 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 24 h pi – CI-plots 

G.10 Comparison of negative controls of PM-M1 assay with dTHP-1 cells – infected / 

stimulated cells vs. control 

 



 

 

A.1 Layout of the Biolog PM-M1 MicroPlate™ 

 



 

 

A.2 Layout of the Biolog PM-M2 MicroPlate ™  

 



 

 

A.3 Layout of the Biolog PM-M3 MicroPlate ™ 

 



 

 

A.4 Layout of the Biolog PM-M4 MicroPlate™ 

 



 

 

A.5 Layout of the Biolog PM-M TOX1 MicroPlate ™ 

 

 







 

 

B.3 Heat inactivation of S. pneumoniae 

Table 1:  Results of heat activation of S. pneumoniae strain D39. For optimization of 

heat inactivation, different temperatures (vertical) using a thermomixer and different 

incubation times (horizontal) were tested. For strain D39 heat inactivation of 5 min at 60°C 

was sufficient. 

 

 

 

 

 

 

 

Table 2: Results of heat activation of S. pneumoniae strain TIGR4. For optimization of 

heat inactivation, different temperatures (vertical) using a thermomixer and different 

incubation times (horizontal) were tested. For strain TIGR4 heat inactivation of 10 min. at 

60°C was necessary. 

 

 

  

Temperature [C°]         

 

        Time [min.] 

5 10 15 30 45 60 

90 /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ 

70 /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ 

65 /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ 

60 /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ 

56 2-5-1 1-/-/ 2-1-/ /-/-/ /-/-/ /-/-/ 

Temperature [C°]         

 

        Time [min.] 

5 10 15 30 45 60 

90 /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ 

70 /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ 

65 /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ 

60 1-/-1 /-/-/ /-/-/ /-/-/ /-/-/ /-/-/ 

56 9-4-5 1-/-2 1-1-/ /-/-/ /-/-/ /-/-/ 



 

 

B.4 Calculation of significances in HA mRNA expression in 

A549 cells – WT-IAV vs. RA-IAV 

During IAV infection in A549 cells HA mRNA expression was determined in by RT-

qPCR as described in the Methods, section 2.2.3. RT-qPCR data were normalized to the 

housekeeping gene HPRT1 by calculating the difference of cycle thresholds (ΔCt). Then 

fold change (FC) of gene expression values were determined as followed: FC=2^ΔCt. Here 

in B.4 differences in FC of HA mRNA expression in A549 cells infected with WT-IAV 

compared to RA-IAV are analysed by calculating t- and p-values by user defined sets of 

simultaneous multiple contrast test (see section 2.2.5 of Methods for details). 

 

  



 

 

 B.5 Calculation of significances in HA mRNA expression in 

A549 cells – infection N vs. infection BL 

During IAV infection in A549 cells HA mRNA expression was determined in by RT-

qPCR as described in Methods, section 2.2.3. RT-qPCR data were normalized to the 

housekeeping gene HPRT1 by calculating the difference of cycle thresholds (ΔCt). Then 

fold change (FC) of gene expression values were determined as followed: FC=2^ΔCt. Here 

in B.5 differences in FC of HA mRNA expression in A549 cells infected with IAV 

according the standard infection procedure (N) compared to the “Biolog” procedure (BL) 

are analysed by calculating t- and p-values by user defined sets of simultaneous multiple 

contrast test (see section 2.2.5 of Methods for details). 

 

 

  



 

 

C.1 – C.13 TOX1 assays with A549 cells 

 

A549 cells were seeded into PM-M TOX1 plates at a density of 2×10
4
 cells/well and 

infected with WT-IAV and RA-IAV (at MOI 0.1, 0.5 and 1), stimulated with heat 

inactivated S. pneumoniae D39 and TIGR4 (at corresponding MOI 0.1, 1 and 10), or 

stimulated with LPS/ IFNγ (10 µg/ml and 50 µg/ml LPS and 50 µg/ml LPS plus 250 U 

IFNγ), in triplicates. Mock infected cells served as negative controls. 4 h pi, 8 h pi, 12 h pi 

and 24 h pi dye MA was added and colour formation was measured for 24 h with the 

Omnilog® Reader (see section 2.2.4.3 part 3 of Methods for details).  

Xy-plots (C.1 – C.5), radial plots (C.6 – C.10) and CI-plots (C.11 – C.13) were generated 

by functionality provided by the R package “opm” (see section 2.2.5 of Methods for 

details). The different tested MOI are represented in different colours (see appropriate 

legends provided within plots). Prominent findings are illustrated and described in detail in 

Results, section 3.1.4.1 and section 3.1.4.3, and discussed in section 3.1.5.4 part 1 and part 

3. 

 

 

  























 

 

C.11 TOX1 assay of A549 cells infected with RA-IAV - Selection of CI-plots 4 h pi and 24 h pi

 



 

 

C.12 TOX1 assay of A549 cells infected with WT-IAV - Selection of CI-plots 4 h pi and 24 h pi 

 





 

 

D.1 – D.11 

 

dTHP-1 cells were seeded into PM-M TOX1 plates at a density of 1×10
4
 cells/well and 

infected with WT-IAV and RA-IAV (at MOI 0.1, 0.5 and 1), stimulated with heat 

inactivated S. pneumoniae D39 and TIGR4 (at corresponding MOI 0.1, 1 and 10), or 

stimulated with LPS/ IFNγ (100 ng/ml and 1 µg/ml LPS and 1 µg/ml LPS plus 250 U 

IFNγ), in triplicates. Mock infected cells served as negative controls. 4 h pi, 8 h pi, 12 h pi 

and 24 h pi dye MA was added and colour formation was measured for 24 h with the 

Omnilog® Reader (see section 2.2.4.3 part 3 of Methods for details).  

Xy-plots (D.1 – D.5), radial plots (D.6 – D.10) and CI-plots (D.11) were generated by 

functionality provided by the R package “opm” (see section 2.2.5 of Methods for details). 

The different tested MOI are represented in different colours (see appropriate legends 

provided within plots). Prominent findings are illustrated and described in detail in Results, 

section 3.1.4.2 and section 3.1.4.3, and discussed in section 3.1.5.4 part 2 and part 3. 

  























 

 

D.11  TOX1 assay of dTHP-1 cells infected with WT-IAV - 

Selection of CI-plots 4 h pi 

 

 

 

 



 

 

E.1 – E.21 Global analysis on PM-M1 plates with A459 cells 

 

PM-M1 assays were performed as described in section 2.2.4.1 of Methods and the final 

experimental set up Fig. 29 in section 3.1.5.5. A549 cells were seeded into PM-M1 plates 

at a density of 2×10
4
 cells/well. After an incubation of 20 h, cells were infected with WT-

IAV and RA-IAV at MOI 0.1, 0.5 and 1. Mock infected cells served as negative controls. 4 

h pi, 12 h pi and 24 h pi dye MA was added and colour formation was measured for 24 h 

with the Omnilog® reader. In order to confirm the results of the first run (run A) the 24 h 

time point measurements were repeated in a second experimental run (run B, see overview 

of xy-plots E.4, radial plot E.8 and CI-plot E.12). 

Xy-plots (E.1 – E.4), radial plots (E.5 – E.8) and CI-plots (E.9 – E.12) were generated by 

functionality provided by the R package “opm” (see section 2.2.5 of Methods for details). 

The different tested MOI are represented in different colours (see appropriate legends 

provided within plots).  

All time points pi showed an unspecific background reduction of the dye, which were 

analysed by comparing the respiration levels in the negative controls of IAV-infected and 

mock infected cells (E.13).  

Differences of comparison groups 24 h pi were calculated for run A and run B together by 

multiple contrast tests. For analysis of significance in detected differences, means and 

confidence intervals were plotted and  background reduction in the negative controls were 

factored in as threshold-lines (red solid and yellow dashed lines, for details see section 

2.2.5 and 3.2.1). Analysis of differences and their significance are depicted for the 

following comparison groups: WT-IAV vs. control - E.14 and E.15, RA-IAV vs. control – 

E.16 and E.17, WT-IAV vs. RA-IAV – E.18 and E.19. 

Prominent findings are illustrated and described in detail in Results, section 3.2.1, and are 

discussed in section 4.1, 4.1.1 to 4.1.3. For run B prominent findings are illustrated in 

detail in E.20 and E.21. 

 

 

 

 

  



 

 

E.1 PM-M1 assay of A549 cells infected with WT-IAV and RA-IAV 4 h pi – xy-plots run A

 



 

 

E.2 PM-M1 assay of A549 cells infected with WT-IAV and RA-IAV 12 h pi – xy-plots run A

 



 

 

E.3  PM-M1 assay of A549 cells infected with WT-IAV and RA-IAV 24 h pi – xy-plots run A 

 



 

 

E.4 PM-M1 assay of A549 cells infected with WT-IAV and RA-IAV 24 h pi – xy-plots run B

 



 

 

E.5 PM-M1 assay of A549 cells infected with WT-IAV and RA-IAV 4 h pi – radial plots run A 

  



 

 

E.6 PM-M1 assay of A549 cells infected with WT-IAV and RA-IAV 12 h pi – radial plot run A 

  



 

 

E.7 PM-M1 assay of A549 cells infected with WT-IAV and RA-IAV 24 h pi – radial plots run A 

  



 

 

E.8  PM-M1 assay of A549 cells infected with WT-IAV and RA-IAV 24 h pi – radial plots run B



 

 

E.9 PM-M1 assay of A549 cells infected with WT- and RA-IAV 

ci-plots 4 h pi run A 

 

A 4h pi – Norm mean A01:A03 

   



 

 

E.10 PM-M1 assay of A549 cells infected with WT- and RA-IAV 

ci-plots 12 h pi run A 

 

A 12h pi – Norm mean A01:A03 

 

  



 

 

E.11 PM-M1 assay of A549 cells infected with WT- and RA-IAV 

ci-plots 24 h pi run A 

 

A 24h pi – Norm mean A01:A03 

 

  



 

 

E.12 PM-M1 assay of A549 cells infected with WT- and RA-IAV 

ci-plots 24 h pi run B 

 

A 24h pi – Norm mean A01:A03 

 

  



 

 

E.13 Comparison of negative controls of PM-M1 assay with 

A459 cells – infected cells vs. control 

 

 

 

 
 



 

 

E.14 Differences of means of curve maxima A549 cells - WT-

IAV-infected cells vs. control 24 h pi 

 

 
  



 

 

 
 



 

 

E.15 Ci-plot of differences of means of A549 cells - WT-IAV-infected cells vs. control 24 h pi



 

 

E.16 Differences of means of curve maxima A549 cells –  

RA-IAV-infected cells vs. control 24 h pi 

  

 
 

 



 

 

 
  



 

 

E.17 Ci-plot of differences of means of A549 cells - RA-IAV-infected cells vs. control 24 h pi 

 

  



 

 

E.18 Differences of means of curve maxima A549 cells - WT-

IAV infection vs. RA-IAV infection 24 h pi 

 

 
  



 

 

  



 

 

E.19 Ci-plot of differences of means of A549 cells - WT-IAV infection vs. RA-IAV infection 24 h pi 
 

  







 

 

F.1 – F.18 Global analysis on plates PM-M2 to PM-M4 with 

A459 cells  
 

PM-M assays were performed as described in section 2.2.4.1 of Methods and the final 

experimental set up Fig. 29 in section 3.1.5.5. A549 cells were seeded into the plates PM-

M2 to PM-M4 at a density of 2×10
4
 cells/well. After an incubation of 20 h, cells were 

infected with WT-IAV and RA-IAV at MOI 0.1, 0.5 and 1. Mock infected cells served as 

negative controls. 4 h pi, 12 h pi and 24 h pi dye MA was added and colour formation was 

measured for 24 h with the Omnilog® reader.  

Xy-plots and radial plots were generated by functionality provided by the R package 

“opm” (see section 2.2.5 of the methods for details). The different tested MOI are 

represented in different colours (see appropriate legends provided within plots). E.1 – E.6 

depict results of PM-M2 plates, E.7 – E.12 depict results of PM-M3 plates, and E.13 – 

E.18 depict results of PM-M4 plates. 

Findings are described in detail in Results, section 3.2.2, and discussed in section 4.1.4. 

 

 



 

 

F.1 PM-M2 assay of A549 cells infected with WT-IAV and RA-IAV 4 h pi – xy-plots

 



 

 

F.2 PM-M2 assay of A549 cells infected with WT-IAV and RA-IAV 12 h pi – xy-plots



 

 

F.3 PM-M2 assay of A549 cells infected with WT-IAV and RA-IAV 24 h pi – xy-plots

 



 

 

F.4 PM-M2 assay of A549 cells infected with WT-IAV and RA-IAV 4 h pi – radial plot

  



 

 

F.5 PM-M2 assay of A549 cells infected with WT-IAV and RA-IAV 12 h pi – radial plot

 



 

 

F.6 PM-M2 assay of A549 cells infected with WT-IAV and RA-IAV 24 h pi – radial plot

 



 

 

F.7 PM-M3 assay of A549 cells infected with WT-IAV and RA-IAV 4 h pi – xy-plots

 



 

 

F.8 PM-M3 assay of A549 cells infected with WT-IAV and RA-IAV 12 h pi – xy-plots

 



 

 

F.9 PM-M3 assay of A549 cells infected with WT-IAV and RA-IAV 24 h pi – xy-plots

 



 

 

F.10 PM-M3 assay of A549 cells infected with WT-IAV and RA-IAV 4 h pi – radial plot 

 



 

 

F.11 PM-M3 assay of A549 cells infected with WT-IAV and RA-IAV 12 h pi – radial plot

 



 

 

F.12 PM-M3 assay of A549 cells infected with WT-IAV and RA-IAV 24 h pi – radial plot

 



 

 

F.13 PM-M4 assay of A549 cells infected with WT-IAV and RA-IAV 4 h pi – xy-plots 

 



 

 

F.14 PM-M4 assay of A549 cells infected with WT-IAV and RA-IAV 12 h pi – xy-plots 

 



 

 

F.15 PM-M4 assay of A549 cells infected with WT-IAV and RA-IAV 24 h pi – xy-plots 

 



 

 

F.16 PM-M4 assay of A549 cells infected with WT-IAV and RA-IAV 4 h pi – radial plot

  



 

 

F.17 PM-M4 assay of A549 cells infected with WT-IAV and RA-IAV 12 h pi – radial plot

 



 

 

F.18 PM-M4 assay of A549 cells infected with WT-IAV and RA-IAV 24 h pi – radial plot

  



 

 

G.1 – G.10 Global analysis on plate PM-M1 with dTHP-1 cells 

 

PM-M1 assays were performed as described in section 2.2.4.1 of Methods and the final 

experimental set up Fig. 29 in section 3.1.5.5. dTHP-1 cells were seeded into PM-M1 

plates at a density of 1×10
4
 cells/well. After an incubation of 30 h, cells were infected with 

WT-IAV and RA-IAV at MOI 0.1, 0.5 and 1, or stimulated with heat inactivated S. 

pneumoniae TIGR4 at corresponding MOI 10. Mock infected cells served as negative 

controls. 4 h pi, 12 h pi and 24 h pi dye MA was added and colour formation was measured 

for 24 h with the Omnilog® reader.  

Xy-plots (G.1 – G.3), radial plots (G.4 – G.6) and CI-plots (G.7 – G.9) were generated by 

functionality provided by the R package “opm” (see section 2.2.5 of the methods for 

details). The different tested MOI are represented in different colours (see appropriate 

legends provided within plots).  

All time points pi showed an unspecific background reduction of the dye, which was 

detected by comparing the respiration levels in the negative controls of IAV-infected and 

mock infected cells (G.10).  

Prominent findings are described in detail in Results, section 3.3, and discussed in section 

4.2. 

 

 



 

 

G.1 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 4 h pi – xy-plots

 



 

 

G.2 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 12 h pi – xy-plots

  



 

 

G.3 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 24 h pi – xy-plots

 



 

 

G.4 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 4 h pi – radial plot

  



 

 

G.5 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 12 h pi – radial plot 

  



 

 

G.6 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated with TIGR4 24 h pi – radial plot

 



 

 

G.7  PM-M1 assay of dTHP-1 cells IAV-infected / stimulated 

with TIGR4 4 h pi – ci-plots 

 

A 4h pi – Norm mean A01:A03 

 

  



 

 

G.8  PM-M1 assay of dTHP-1 cells IAV-infected / stimulated 

with TIGR4 12 h pi – ci-plots 

 

A 12h pi – Norm mean A01:A03 

 

  



 

 

G.9 PM-M1 assay of dTHP-1 cells IAV-infected / stimulated 

with TIGR4 24 h pi – ci-plots 

 

A 24h pi – Norm mean A01:A03 

 

   



 

 

G.10  Comparison of negative controls of PM-M1 assay with 

dTHP-1 cells – infected / stimulated cells vs. control 
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