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ZUSAMMENFASSUNG 

Influenzavirus (IV)-Infektionen des distalen Respirationstraktes induzieren virale Pneumonien, die 

nicht selten mit akutem Lungenversagen (Acute Respiratory Distress Syndrome (ARDS)) und der 

Notwendigkeit der künstlichen Beatmung einhergehen. Zentrale Ursache des akuten 

Lungenversagens ist eine erhebliche Schädigung der Barrierefunktion des Alveolarepithels, welche 

klinisch zur Bildung proteinreicher Lungenödeme führt.  

Eine wichtige Voraussetzung für die Regenerierung von einem ARDS ist die Rückresorption der 

Ödemflüssigkeit aus den Alveolen. Bei Patienten mit einer IV-induzierten Pneumonie ist jedoch 

eine verringerte Ödemrückresorption zu beobachten. Für die Alveoläre Flüssigkeitsresorption 

(Alveolar Fluid Clearance, AFC) und die Wiederherstellung der alveolären Barrierefunktion gibt es 

im Normalfall ein komplexes System aus Ionenpumpen und -kanälen. In Abhängigkeit eines 

Natriumgradienten, der durch die basolaterale Na,K-ATPase (NKA) und den apikalen epithelialen 

Natriumkanal (ENaC) aufgebaut wird, wird die Ödemflüssigkeit aus dem Alveolarraum entfernt. 

Nach einer IV-Infektion sind allerdings verschiedene Membranionenkanäle dysreguliert. Neben 

der Inhibierung von ENaC konnte in früheren Studien bereits eine Dislokation der basolateral 

lokalisierten NKA zur apikalen Zelloberfläche in IV-infizierten Zellen gezeigt werden. Co-

Immunopräzipitationsstudien identifizierten das virale M2-Protein als Bindungspartner von 

NKAα1.  

In der vorliegenden Arbeit wurde die pathophysiologische Rolle der M2/NKA Virus-Wirt-

Interaktion auf die AFC untersucht. Mit Hilfe einer Mutationsanalyse konnten drei Aminosäuren 

im zytoplasmatischen Teil von M2, der direkt an die Transmembrandomäne angrenzt, als kritisch 

für die NKAα1-Bindung identifiziert werden. Rekombinante IV mit gestörter NKA Bindung zeigten 

im Vergleich zu IV WT in polarisierten Calu 3 Zellen in vitro sowie in Mäusen in vivo einen 

verbesserten Flüssigkeitstransport. Eine durch die Mutation bedingte Glykosylierung des M2 

Proteins führte unerwarteterweise jedoch zu einer verstärkten Immunantwort in vivo, wodurch 

trotz der verbesserten AFC ein schwererer Krankheitsverlauf beobachtet wurde. Ursächlich dafür 

könnte eine Aktivierung der Unfolded Protein Response durch die Glykosylierung sein, da keine 

weiteren Unterschiede zwischen Infektion mit WT und Mutante während der in vitro-

Charakterisierung festgestellt werden konnten.  

Basierend auf der Dysregulation verschiedener Ionenkanäle nach IV-Infektion wurde in der 

vorliegenden Arbeit außerdem unter Verwendung eines SILAC-basierten 
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massenspektrometrischen Ansatzes untersucht, ob weitere Proteine an der Zelloberfläche 

reguliert werden. Dabei konnten auch Proteine an der apikalen Oberfläche identifiziert werden, 

die nicht im Zusammenhang mit der alveolaren Barrierefunktion stehen, sondern unter anderem 

an Zellaktivierung und viralen Abwehrmechanismen beteiligt sind. Eines dieser Proteine ist 

SAMHD1 (sterile alpha motif and histidine aspartate domain containing protein 1), das nach IV-

Infektion verstärkt an der apikalen Zelloberfläche polarisierter Calu 3 Zellen zu finden war. 

SAMHD1 ist bekannt als dNTPase, die als Restriktionsfaktor von Lentiviren und verschiedenen 

DNA-Viren, z.B. Herpesviren, Hepatitis B Viren und Poxviren, fungiert. Im Kontext einer IV Infektion 

erwies sich das Protein jedoch im Rahmen von loss of function-Studien in murinen embryonalen 

Fibroblasten Knockout und A549 Knockdown Zellen als proviraler Faktor.  

Zusammenfassend charakterisierte die vorliegende Arbeit die IV M2/NKA-Interaktion und deren 

Einfluss auf das akute Lungenversagen auf molekularer Ebene. Das akute Lungenversagen ist trotz 

der Möglichkeit intensivmedizinischer Betreuung mit sehr hoher Letalität behaftet und eine 

kausale Therapie steht bisher nicht zur Verfügung. Die Erkenntnis, dass M2 ein wichtiger 

Modulator in der Regulation der alveolären Flüssigkeitshomöostase ist, könnte helfen, neue 

therapeutische Ansätze für IV-induzierte Pneumonien zu definieren. Darüber hinaus unterstreicht 

es die Relevanz der Surfactome-Analyse zur Identifizierung neuer potentieller Angriffspunkte in 

der antiviralen Therapie, die nicht nur an der epithelialen Barrierefunktion, sondern auch an der 

zellulären Aktivierung und viralen Abwehrmechanismen beteiligt sind.  
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SUMMARY 

Influenza virus (IV) infections of the distal respiratory tract induce viral pneumonia which is not 

rarely associated with acute respiratory distress syndrome (ARDS) and the need for artificial 

ventilation. The central cause of acute respiratory failure is significant damage to the barrier 

function of the alveolar epithelium, which clinically leads to the formation of protein-rich 

pulmonary edema.  

An important requirement for regeneration from ARDS is the reabsorption of edema fluid from 

the alveoli and repair of the alveolar epithelial barrier function. However, in patients with ARDS a 

reduced reabsorption of edema is observed. Usually, there is a complex system of ion pumps and 

channels for alveolar fluid clearance (AFC). Depending on a sodium gradient established by the 

basolateral Na,K-ATPase (NKA) and the apical epithelial sodium channel (ENaC), edema fluid is 

removed from the alveolar space. However, after IV infection, several membrane ion channels are 

dysregulated. Apart from inhibition of ENaC, previous studies have shown a rearrangement of 

basolaterally localized NKA to the apical cell surface in IV infected cells. Coimmunoprecipitation 

studies identified the viral M2 protein as a binding partner of NKAα1.  

In the present work, the pathophysiological role of this M2/NKA virus-host interaction on AFC was 

investigated. Mutational analysis identified three amino acids in the cytoplasmic tail of M2 directly 

abutting the transmembrane domain as critical for NKAα1 binding. A recombinant IV mutant with 

disrupted NKA binding showed in comparison to IV WT an increased fluid transport in polarized 

Calu 3 cells in vitro as well as in mice in vivo. However, mutation-induced glycosylation of the M2 

protein unexpectedly led to an enhanced immune response in vivo, resulting in a more severe 

disease course despite improved AFC. The reason for this could be an activation of the unfolded 

protein response by the glycosylation, as there were no further differences observed between 

infection with WT and mutant during in vitro characterization of both viruses. 

Based on the dysregulation of different ion channels after IV infection, the present work also 

investigated whether additional proteins are regulated at the cell surface using a SILAC-based 

mass spectrometric approach. This analysis also identified proteins at the apical surface that are 

not related to alveolar barrier function but are involved in cell activation and viral defense 

mechanisms. One of these proteins is SAMHD1 (sterile alpha motif and histidine aspartate domain 

containing protein 1), which was found to be increased on the apical cell surface of polarized Calu 

3 cells after IV infection. SAMHD1 is known to act as dNTPase and thereby functions as restriction 
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factor of lentiviruses and various DNA viruses such as herpesviruses, hepatitis B viruses, and 

poxviruses. However, it was shown in loss of function studies using murine embryonic fibroblast 

knockout and A549 knockdown cells that the protein seems to be a proviral factor in context of 

an IV infection. 

Conclusively, the present work characterized the IV M2/NKA interaction and its impact on lung 

injury on molecular level. Acute respiratory failure has very high lethality despite the possibility of 

intensive medical care, and causal therapy is not yet available. The finding that M2 appears to be 

an important modulator in the regulation of alveolar fluid homeostasis might provide new 

potential approaches for therapeutics of an IV induced pneumonia. Moreover, it highlights the 

relevance of the surfactome analysis to identify novel targets in antiviral therapy which are 

involved not only in epithelial barrier function but also in cellular activation and viral defense 

mechanisms.  
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1. INTRODUCTION 

 INFLUENZA VIRUSES 

 TAXONOMY 

Influenza viruses (IV) belong beside isaviruses, quaranjaviruses and thogotoviruses to the family 

of Orthomyxoviridae and are classified into the 4 genera Alpha-, Beta-, Gamma- and 

Deltainfluenzaviruses (1, 2). While influenza A, B and C viruses are human respiratory pathogens, 

the most recently discovered influenza D viruses are restricted to pigs, cattles and goats (3-5). 

Influenza B and C viruses show in contrast to Influenza A viruses limited host range and infect 

mainly humans. They were only occasional detected in seals (Influenza B viruses) and pigs 

(Influenza C viruses) (6, 7). Influenza A viruses (IAV) infect a very wide range of host species. They 

circulate in a wild aquatic bird reservoir from which they can cross directly or over intermediate 

hosts to humans or several other mammalian species (Figure 1A). Based on the properties of the 

major surface antigens hemagglutinin (HA) and neuraminidase (NA) influenza A viruses are the 

only of the 4 genera which are further grouped into subtypes. To date 18 HA (H1-18) and 11 NA 

(N1-11) subtypes have been identified, whereby certain subtypes dominate in certain species (8, 

9). In the natural bird reservoir all subtypes are circulating, with exception of the subtypes H17N10 

and H18N11, only isolated from bats (9-11). The currently circulating subtypes in humans are 

H1N1 and H3N2, but also H2N2, H5N1, H5N6, H6N1, H7N2, H7N3, H7N4, H7N7, H7N9, H9N2, 

H10N7 and H10N8 have been reported to infect humans (12-14). Influenza B viruses, which were 

first isolated in 1940, are sub-classified into the two antigenically distinct lineages B/Yamagata and 

B/Victoria co-circulating in the human population since the 1980s (15, 16). 

Influenza A and B viruses are able to develop continually over time for evading host immune 

response by introducing slight changes in the antigenic surface proteins HA and NA. This process, 

known as “antigenic drift”, is the main reason why the IV vaccine composition has to be evaluated 

and updated frequently. In addition to antigenic drift, influenza A viruses have the potential for 

antigenic shift due to their wide host range. If different IAV subtypes infect the same host, 

reassortment of the segmented genome can occur, leading to pandemic IAV strains with a 

completely new antigen profile, when the surface glycoprotein genes are affected (Figure 1B). Due 

to the naive population regarding this antigen such newly emerged viruses can spread efficiently 

as well as increase morbidity and mortality. Pandemic outbreaks occur in non-predictable and 

irregular intervals mostly associated with such reassortment events. Last century IAV caused four 
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pandemics: the H1N1 “Spanish flu” in 1918, the H2N2 “Asian flu” in 1957, the H3N2 “Hong Kong 

flu” in 1968 and the most recent H1N1 “Swine flu” in 2009. Of these, the first 1918 H1N1 pandemic 

was the most devastating with nearly 50 million deaths (9, 17, 18).     

According to guidelines of the World Health Organization (WHO) each IV isolate receives a unique 

identifier. The nomenclature initially includes the type of IV, followed by the host species, the 

geographical place of virus isolation, isolate number, year of isolation and in case of IAV the 

subtype (e.g. A/duck/Ukraine/1/1963 (H3N8)). If there is no species mentioned, the virus was 

isolated from humans (e.g. A/Puerto Rico/8/1934 (H1N1)) (18). 

 

Figure 1: Schematic presentation of (A) broad IAV host range (adapted from (9)) and (B) Antigenic Shift 
(modified from (18)).  
A) The natural reservoir of IAV are wild aquatic birds in which all subtypes are circulating, with exception of 
H17N10 and H18N11 (circulating in bats). From there, they cross to other wild and domestic species as well as 
to humans, with certain subtypes circulating in certain species (highlighted by dark blue circles). B) If different 
subtypes co-infect the same species, viral segments can recombine due to the segmented genome. This is 
termed as antigenic shift and results frequently in pandemic viruses.  

 MORPHOLOGY 

Influenza A viruses are enveloped viruses with generally spherical shape ranging from 80-120 nm 

in diameter. Due to pleiomorphism of the virions especially clinical isolates often show 

filamentous structures up to 20 µm in length (19). Independent of shape the viral envelope is a 

Pandemic human H3N2 

Seasonal human H2N2 

Avian H3Nx A B 
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host-derived lipid membrane which is covered with the viral surface proteins HA, NA and matrix 

protein 2 (M2) (20). The glycoproteins HA and NA are visible as small spikes in electron 

micrographs, whereby HA is the most abundant protein (80%), followed by NA (17%) and M2 (with 

only 14 to 68 molecules per virion) (Figure 2B)(21-23).  

 

Figure 2: Schematic (A) and electron microscopic (B) depiction of influenza A virus particles  
A) The viral envelope contains the surface proteins hemagglutinin (HA), neuraminidase (NA) and matrix protein 
2 (M2) and is lined on the inner side by matrix protein 1 (M1). The eight single stranded RNA genomes are 
associated with the nucleoprotein (NP) and the polymerase subunits PA, PB1, PB2 forming together the vRNP 
complexes. Furthermore, the viral core comprises the non-structural proteins NS1 and NEP/NS2. Adapted from 
(18). B) A Zernike phase-contrast (ZPC) transmission electron micrograph (TEM) of influenza A virus (300 kV cryo 
TEM). Scale bar represents 100 nm length (24). 

The viral core contains the negative sense, single-stranded viral RNA (vRNA) genome, consisting 

of eight segments in case of IAV. Each of the eight segments is coding for one major protein with 

exception of segment 7 and 8 which additionally encode matrix protein 2 (M2) and nuclear export 

protein/nonstructural protein 2 (NEP/NS2) by alternative splicing. The separate vRNA segments 

form a ribonucleoprotein complex (RNP) with multiple copies of the nucleoprotein (NP) and one 

copy of each of the three viral RNA-dependent-RNA-polymerase (RdRp) complex subunits (the 

viral polymerase proteins polymerase acidic protein (PA), polymerase basic protein 1 (PB1) and 

polymerase basic protein 2 (PB2)) (25). The coding-sequences of each segment are flanked both 

at 3’ and 5’ end by conserved segment-specific non-coding regions (NCRs) (26). These NCRs form 

approximately 15-base-pair-long double stranded panhandle structures due to their partial 

complementarity and contain all transcription and replication relevant regulatory sequences (26-

30).   

A B 
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The vRNP complexes are associated with the matrix protein 1 (M1), which is lining the inner 

surface of the envelope, and are therefore located near the viral membrane. Furthermore, the 

nonstructural protein 1 (NS1) and NEP/NS2 are part of the virion (22). 

These ten proteins mentioned above represent the minimal amount of proteins expressed by all 

IAV. By several molecular mechanisms IAV can increase their coding capacity and express strain-

dependent up to nine additional proteins by alternative splicing or non-canonical translations (e.g. 

ribosomal frame shift or leaky ribosomal scanning (cf. Table 1, (31-39)).    

Table 1: vRNA segments and their encoded proteins (adapted from (38)) 

 

 

 IAV REPLICATION 

IAVs are intracellular pathogens using the host cell machinery for an efficient replication within 

the host cell nucleus. To enter the cell IAVs binds with their HA surface protein to sialylated 

glycoconjugates on the host cell surface. HA of human IAVs preferentially binds α2,6‐linked sialic 

segment protein expression mechanism function

1 PB2 non-spliced mRNA  replication/transcription (RdRp subunit)

PB2-S1 alternative splicing antagonist of antiviral host response

2 PB1 non-spliced mRNA  replication/transcription (RdRp subunit)

PB1-N40 leaky ribosomal scanning maintains balance between PB1 and PB1-F2

PB1-F2 leaky ribosomal scanning virulence factor

3 PA non-spliced mRNA  replication/transcription (RdRp subunit)

PA-X ribosomal frame shift modulates host response and viral virulence

PA-N155 leaky ribosomal scanning unknown

PA-N182 leaky ribosomal scanning unknown

4 HA non-spliced mRNA Attachment/Fusion

5 NP non-spliced mRNA nuclear cytoplasmic RNA transport

6 NA non-spliced mRNA cleaves sialic acids for virus release

7 M1 non-spliced mRNA
main component of virus membrane; 

role in virion assembly

M2 alternative splicing role in uncoating and budding

M42 alternative splicing can functionally replace M2

8 NS1 non-spliced mRNA antagonist of antiviral host response

NS2 alternative splicing
mediates vRNP export from nucleus to 

cytoplasm

NS3 alternative splicing adaptation to mouse host



 
Introduction 

 

5 
 

acids dominant in the human upper respiratory tract, whereas avian IAVs show higher preference 

to α2,3‐linked sialic acids mainly expressed in the avian intestine (40-42). However, as α2,3‐linked 

sialic acids are also expressed in the human lower respiratory tract, avian IVs are capable of 

infecting humans with low efficiency, but with high pathogenicity (43, 44).   

Following attachment of HA to the host receptor, virions were endocytosed in a clathrin-

dependent manner or by macropinocytosis and trafficked to the endosome (45). The acidification 

of endosomes leads to a conformational change of HA resulting in exposure of the fusion peptide 

HA2 which mediates fusion of viral and endosomal membranes (46). At the same time the acidic 

environment in the endosomes activates the M2 proton channel which also leads to an 

acidification of viral interior. Therefore, the interaction between vRNPs and M1 is destabilized 

resulting in the release of vRNPs into the host cell cytosol only 10 minutes after infection (47). The 

trafficking of vRNPs from cytosol to the nucleus is dependent from host cell machinery. The 

cellular importin α recognizes the Nuclear Localization Signal (NLS) of the vRNP bound NP and 

recruits importin β which facilitates the transport through the Nuclear Pore Complex (NPC) into 

the nucleus (48). 

In the nucleus the RdRp transcribes vRNA into mRNA initiated by 5’capped RNA primers (49-51). 

These are cleaved from cellular pre-mRNAs by the cap-snatching endonuclease function of PA (52, 

53). In contrast to the cellular mRNAs, the resulting viral mRNAs contain a 3’ polyadenylated tail 

caused by the uridine-rich sequence at the 5’end of the vRNA (54, 55). The viral mRNAs were 

exported from the nucleus and translated from cytosolic (PB1, PB2, PA, NP, NS1, NS2 and M1) or 

Endoplasmic Reticulum (ER)-associated ribosomes (membrane proteins HA, NA and M2). Newly 

synthesized proteins containing an NLS (NP, the polymerase subunits PA, PB1 and PB2, NS2 and 

M1) are imported into the nucleus by the importin α- importin β-pathway again (56, 57). The 

surface proteins HA, NA and M2 are trafficked via Golgi-Apparatus and trans-Golgi network to 

cholesterol-rich regions in the apical membrane designated as “lipid rafts”. During this process 

they were post-translational modified by glycosylation and palmitoylation as well as assembled to 

oligomers – forming trimers (HA) or tetramers (NA and M2) (56, 58).  

Later during course of infection, the viral polymerase switches from mRNA transcription to 

replication of the viral RNA (vRNA) genome which is regulated by an increase of NP and NEP levels 

in the nucleus (59). First, the (-) vRNA is transcribed into (+) complementary RNA (cRNA) without 

5’-cap and 3’-poly-A-tail which in turn serves as template for the (-) vRNA synthesis (60, 61). In 

contrast to mRNA, newly synthesized cRNA and vRNA molecules are fully encapsidated by 



 
Introduction 

 

6 
 

nucleoproteins. Together with the polymerase subunit PB1, PB2 and PA, the encapsidated vRNAs 

form new vRNPs that are transported out of the nucleus by interaction with M1 and NEP (62-64). 

 

Figure 3: IAV replication cycle (18) 
IAV enters the cell by binding to sialic acids and following endocytosis. After uncoating of viral genome due to 
acidification it is trafficked into the nucleus where transcription into mRNA and replication through cRNP 
intermediates take place. Translation of viral mRNA occurs in the cytoplasm and Endoplasmic Reticulum (ER). 
Virus assembly and budding proceeds at the apical plasma membrane. For a more detailed description see in 
the text.   

Virus assembly and budding occur at the apical plasma membrane in lipid rafts where the 

membrane protein HA and NA accumulate (58). The vRNP complexes are also trafficked towards 

the plasma membrane by binding recycling endosomes via Rab11 and migrating along the 

microtubule network (65). M1 is thought to organize viral assembly by binding not only vRNP 

complexes but also HA and NA which mediates localization of M1 to the plasma membrane (66). 

Further it interacts with M2 which is located at the periphery of lipid rafts and mediates scission 

of viral particles (67, 68). By a selective packaging mechanism is ensured that budding virions 

contain all eight vRNP complexes (65). Because HA would also bind to sialic acids on the cell 

surface during the budding process it is necessary to remove local sialic acids by NA’s sialidase 

activity (69). This prevents HA proteins from binding to the sialic acids and facilitates the 

release of virus particles. Since HA is initially synthesized in its inactive form HA0, it has to be 

cleaved into the active subunits HA1 and HA2 by proteases, such as HAT and TMPRSS2, 

expressed in the human respiratory tract (70, 71). Due to the cleavage, HA becomes fusogenic 

and is able to expose its fusion peptide after infection (72-74). In cell culture, cleavage of the 
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HA protein can be induced by addition of trypsin, allowing multicyclic infection to occur. In 

case of highly pathogenic viruses of subtypes H5 and H7, the HA protein is already cleaved in 

the trans-Golgi network by the ubiquitously expressed protease furin at its multibasic 

cleavage site. However, the two subunits remain connected to each other by disulfide bridges 

(75). 

 PATHOGENESIS AND EPIDEMIOLOGY 

IV cause the respiratory disease Influenza or colloquially “the flu” characterized by a sudden onset 

of symptoms including fever, cough, headache, muscle and joint pain, sore throat, runny nose and 

severe malaise (76).  

They are distributed globally and lead to seasonal influenza waves in which up to 20 % of the 

population is infected (77). According to estimates by the Influenza Working Group (AGI) at the 

Robert Koch Institute, there are in average around 5 million influenza-related medical 

consultations in Germany alone every year (78). The severity of an influenza wave can vary greatly 

and depends on the circulating virus types or subtypes. Seasonal epidemics are mainly caused by 

influenza A and B, while influenza C virus infection is usually endured in childhood with only mild 

symptoms (79).     

The transmission of IV occurs from person to person by droplets or direct contact as well as from 

contact with contaminated surfaces. Seasonal IV infections occur especially during cold seasons in 

temperate climes, when lower levels of humidity facilitate transmission of the virus (80-82). After 

an incubation period of one to three days first symptoms appear from which most people recover 

within one week (83, 84). Seasonal influenza induces generally only low severity because it tends 

to affect the upper respiratory tract of the human lung (78, 85). In addition, annual vaccination 

protects against severe courses of the disease (13). However, vaccination efficiency is strongly 

dependent on the degree of virus alteration by antigenic drift and can also fail in some seasons 

due to the early decision of vaccine composition. Further especially in people with a compromised 

immune system, e.g. pregnant women, children or elderly persons, severe courses of the disease 

can occur. Infections with pandemic viruses caused by antigenic shift change the degree of 

Influenza severity and mortality additionally, particularly in younger people who have never been 

exposed to similar circulating strains in their previous lifetime (86). According to the WHO 3-5 

million severe cases are recorded worldwide per year, from which 290.000 – 650.000 become fatal 

annually (76). Severe courses are usually associated with infections of the lower respiratory tract 

and induce viral pneumonia (85).  



 
Introduction 

 

8 
 

 IV INDUCED PNEUMONIA 

 THE HUMAN RESPIRATORY TRACT 

According to its function the human respiratory tract can be divided into two parts: the conducting 

airways and the respiratory airways (Figure 4).  

The conducting or also termed proximal airways include nose, trachea and bronchi and depict the 

upper respiratory tract. As indicated by name the conducting airways transport the inhaled air to 

the lower parts of the lung. In this context, they additionally have the function to clean the air 

from particles and pathogens. Therefore, the upper airways are composed mainly of ciliated and 

secretory cells, the second being further subdivided into club, goblet and serous cells based on 

their structural and functional appearance (87).  

 

Figure 4:The human lung structure 
A) Schematic representation of the human lung, adapted from (88). The human lung can be divided in the 
proximal/upper and the distal/lower airways. The airway epithelium of the proximal airways comprises ciliated 
cells, secretory club cells, undifferentiated basal cells, mucus-producing goblet cells and neuroendocrine cells. 
The alveoli of the distal airways are composed of Alveolar epithelial type I and II cells (AEC I and II). Further the 
human lung harbours tissue-resident alveolar macrophages (AM) closely located to the alveolar epithelium as 
well as dendritic cells (DCs). Vascular capillaries are in close proximity to the airway epithelium enabling gas 
exchange in the alveoli.  B) The AECs are connected by tight junctions and adherens junctions to form a tight 
barrier which is a precondition for a polarized epithelium. Destruction of this barrier function enables apical 
cytokines and growth factors present in the epithelial lining fluid to bind to basolateral located signaling 
receptors (modified from (89)). 

Due to the permanent contact to the outside environment the airway epithelium is covered by a 

thin and motile mucus layer mainly consisting of polymeric mucins MUC5AC and MUC5B (87, 90).  

A B 



 
Introduction 

 

9 
 

This mucus is secreted by the secretory cells and facilitates the clearance by ciliary transport or 

cough (91). Ciliated cells beat 12 to 15 times per second whereby the mucus layer is moved 

approximately 1 mm per minute in proximal direction to remove particles and pathogens from 

inhaled air (92). Therefore the mucus layer becomes thicker from distal to proximal airways and 

accumulate in the most proximal airways up to 50 µm thickness (87).  The mucociliary clearance 

can be increased by enhanced level of hydration (91, 92). 

For IAV it was reported that heavily glycosylated mucins are able to interact with IAV resulting in 

limited cell binding. On the other side movement and infectivity of IAV is enhanced by NA 

mediated cleavage of sialic acids from mucins leading also to infections of the lower airways (56).  

The branching anatomy of the human lung enables surface enlargement of the lower respiratory 

tract (known as distal/respiratory airways) resulting finally in approximately 480 million alveoli 

with a total surface area of 100 to 150 m2 (91, 93, 94). The alveoli are composed of two 

morphological different epithelial cell types termed as Alveolar Epithelial Cells (AEC) type I or type 

II. AEC II cells are small cuboidal cells producing the surface lining fluid in the alveolar space which 

is also known as surfactant. Unlike the mucus layer in the upper airways, the surfactant consists 

mainly of phospholipids and not mucins (95). It is important to reduce surface tension for 

prevention of alveolar collapse during respiratory cycle (95, 96). In contrast AEC I are flat, 

elongated squamous cells which cover 95 % of the alveolar surface (94). This flat shape is based 

on the function of enabling gas exchange of inhaled oxygen and bloodstream derived carbon 

dioxide. The endothelial capillaries are located directly on the basolateral side of AEC I and form 

together the 0.3 µm thin gas diffusion barrier (97, 98). However, the slim and large appearance of 

AEC I also makes the cells very vulnerable to mechanical damage. To compensate loss of AEC I 

cells and repair lung injury, AEC II cells serve as progenitor cells which are able to proliferate and 

differentiate into AEC I cells (95).  

Neighboring AEC I and II cells are connected by apical junctional complexes to enable an apical–

basal epithelial cell polarity and to form a structural and functional barrier which is of particular 

importance to maintain the alveolar fluid homeostasis (99, 100). The junctional complexes are 

composed of apical tight junctions and underlying adherens junctions (cf. Figure 4B) which interact 

with different proteins of the cellular cytoskeleton (89). They regulate the paracellular transport 

of ions and other molecules and are therefore involved in different cellular signaling pathways 

(101, 102). It has been shown that various environmental agents such as air pollution components, 

respiratory viruses, allergens, and cigarette smoke increase permeability of airway epithelium due 
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to dysfunction of junctional complexes which finally contributes to pulmonary edema and lung 

injury (89).  

 IMMUNITY OF THE LUNG 

In the healthy lung, the basic defense is provided by the airway epithelium which, through the 

junctional complexes, forms a tight barrier that prevents the penetration of inhaled 

microorganisms or other particles. As additional protective mechanism these epithelial cells are 

lined by the mucus layer. Beside supporting of mucociliary clearance it integrates antimicrobial, 

immunomodulatory and protective molecules which were released by the secretory cells 

constitutively or after induction (87). In the alveolus such antimicrobial and anti-inflammatory 

substances including collectins, lysozymes, lactoferrins, β-defensins, cathelicidins or antioxidants 

are produced by the AEC II cells and incorporated into the surfactant subsequently (95, 103). Apart 

from the permanently expressed antimicrobials, the human lung harbours tissue-resident alveolar 

macrophages (AM) closely located to the alveolar epithelium as well as dendritic cells (DCs) to 

induce an immune response immediately after detection of foreign microorganisms (cf. Figure 4A) 

(104). In order to recognize the so-called pathogen-associated molecular patterns (PAMPs) the 

airway epithelium expresses various innate immune receptors such as Toll Like Receptors (TLRs), 

RIG-I-like Receptors (RLRs) or Nucleotide Oligomerization Domain (NOD)-Like Receptors (103, 

105). 

In response to viral infections airway epithelial cells as well as resident AM release inflammatory 

cytokines and chemokines as attractant for further immune cells such as neutrophils, monocytes 

and leukocytes (103, 106). Additionally, resident AM maintain high phagocytic activity by which 

they initiate viral clearance. Under normal conditions, AM produce only low levels of inflammatory 

cytokines and generally suppress inflammation (107). 

The recruitment of other immune cells often leads to an exuberant immune response that results 

in diffuse damage to the alveolar epithelium and thus also to the barrier function (108). The 

damage is mainly caused by the activation of apoptosis and necrosis. On the one side the intrinsic 

apoptotic pathway is induced by viral proteins. On the other side extrinsic apoptosis and necrosis 

are initiated by inflammatory cytokines (86, 109). Inflammatory cytokines also stimulate the 

resident CD103+ DC’s to migrate to the lymph nodes. There they present the viral antigens to naïve 

CD8+ and CD4+ T-cells as well as memory T-cells, which are activated as part of the adaptive 

immune response (86).  
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The late phase of infection is characterized by resolution of infiltrates and repair of the alveolar 

damage. Production of anti-inflammatory cytokines by e.g. CD8+ T-cells or M2 macrophages 

induce attenuation and resolving of inflammation (86, 110). Besides the classical pro-

inflammatory M1 phenotype, macrophages can also differentiate into the anti-inflammatory 

regenerative M2 phenotype associated with phagocytosis of apoptotic cells and termination of 

recruiting inflammatory cells. Further they initiate repair of airway epithelium and their own 

maturation to resident AM (106). Due to a variety of growth factors, such as hepatocyte growth 

factor (HGF), the proliferation of type II AEC is stimulated which subsequently differentiate into 

AEC I cells (95). 

 INFLUENZA VIRUS INDUCED LUNG INJURY/PNEUMONIA 

IV infections of the lower respiratory tract often lead to severe pneumonia, which can progress to 

acute respiratory distress and reduced blood oxygen levels. IV infections are one of the main 

causes of hospitalized pneumonia in both adults and children (111). The main complication of this 

severe disease is the acute respiratory distress syndrome (ARDS) requiring artificial respiration. 

Despite the possibility of intensive medical care, acute lung failure is associated with a very high 

mortality rate and a causal treatment is not yet available (108). Furthermore, complications 

through secondary bacterial infections, in common with Streptococcus pneumoniae and 

Staphylococcus aureus, are often observed (112).  

The central causation of ARDS is substantial damage to the epithelial and endothelial barrier cells 

of the alveoli, which clinically leads to the formation of pulmonary edema. Edema is an 

accumulation of protein-rich fluid in the alveoli that prevents gas exchange in the lungs and 

therefore leading to markedly reduced oxygen saturation of the blood (hypoxaemia) resulting in 

multi-organ failure (84, 108, 113-115). Damage of the alveolar epithelium is predominantly 

triggered by the exaggerated immune response and only partly due to IV infection itself. Post 

mortem lung examinations present diffuse alveolar damages, while viral RNA could no longer be 

detected in all patients (112).  

A requirement for regeneration from ARDS is the reabsorption of edema fluid from the alveoli and 

repair of the alveolar epithelial barrier function (116, 117). However, in patients with ARDS a 

reduced reabsorption of edema is observed (118). 

 ALVEOLAR FLUID CLEARANCE (AFC) 

Under physiological conditions, there is a complex system of ion pumps and channels for the 

reabsorption of edema and the restoration of alveolar barrier function. The edema resorption is 
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driven by a sodium ion gradient mainly established by the apical amiloride-sensitive epithelial 

sodium channel (ENaC) and the basolateral located Na,K-ATPase (NKA) (cf. Figure 5A). The ions 

passively enter the cell on the apical side via ENaC or in part by other non-selective or selective 

cation channels due to the low level of intracellular Na+ concentration (119-121). This process is 

accompanied by transport of chloride ions (Cl-) through the apical located cystic fibrosis 

transmembrane conductance regulator (CFTR) and the basolateral Na+/K+/2Cl- symporter (NKCC) 

or by paracellular route to maintain electroneutrality (122-124). The uptaken Na+ ions are pumped 

out of the cell basolaterally by NKA with ATP consumption, resulting in an accumulation of Na+ 

ions in the underlying interstitium. By the vectorial ion transport an osmotic and electrochemical 

gradient is created that causes passive fluid clearance from the lumen of the alveoli, which is 

referred to as alveolar fluid clearance (AFC) (121, 122, 125, 126). The expression of different 

aquaporins (AQP) in the alveolus facilitates fluid movement. AQP3 was identified in AEC II cells 

while AQP 4 and 5 were detected in AEC I cells (127). However, AQP are not absolutely necessary, 

as fluid transport can also proceed via an intracellular route (123, 128).  

 

Figure 5:Schematic representation of Alveolar Fluid Clearance (AFC) in healthy (A) and IV-infected lungs (B) 
A) In the healthy lung AFC is driven by the apical amiloride-sensitive epithelial sodium channel (ENaC) and the 
basolateral located Na,K-ATPase (NKA). Na+ ions passively enter the cell via apical located ENaC and are pumped 
out basolaterally by NKA, resulting in an accumulation of Na+ ions in the underlying interstitium. Thus, an 
osmotic and electrochemical gradient is created that causes passive fluid clearance from the lumen of the 
alveoli. B) In the IAV infected lung the apical ion channels ENaC and CFTR are downregulated. The basolateral 
located NKA is internalized in the non-infected bystander cells by paracrine cellular cross talks. In the infected 
alveolar epithelial cells (AECs) the NKA is redistributed to the apical cell surface. Together, this results in 
impaired AFC because the transepithelial Na+ transport is interrupted or even reversed. 
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In IV infected lungs different ion channels are dysregulated contributing to edema formation and 

reduced AFC which is observed in patients suffering from acute lung injury (cf. Figure 5B) (117, 

118). At one side the apical ion channels ENaC and CFTR are altered in their function and 

expression (124). Already one hour post infection of respiratory epithelial cells a reduced function 

of ENaC could be observed (129). Due to the binding of IV to sialic acids a non-receptor tyrosine 

kinase Src mediated signaling cascade is activated in which Src activates Phospholipase C (PLC), 

which in turn activates protein kinase C (PKC). Further the expression of IV M2 protein increases 

intracellular reactive oxygen species (ROS) also activating PKC. PKC finally leads to a 

downregulation of ENaC expression and function by mediating ubiquitination and proteasomal 

degradation (129-131). Similar to ENaC, CFTR activity is also inhibited by the IV M2 protein. While 

the immature CFTR present in the ER is even more strongly expressed upon M2 expression, the 

maturely glycosylated form is reduced at the cell surface. This is caused by the channel activity of 

M2 which initiates an increase of pH in the secretory organelles generally resulting in altered 

glycosylation patterns, slow protein trafficking, and decrease of plasma membrane protein 

recycling (132, 133). Modifications of cell surface CFTR result in ubiquitination and subsequently 

targeting to lysosomal degradation. By inhibiting ubiquitination or M2 channel activity, CFTR 

maturation and activity can be rescued (133, 134).  

In contrast to ENaC and CFTR which are influenced directly by a viral protein and therefore 

dysregulated in infected cells, the most prominent impact on NKA occurs in the non-infected 

bystander cells. After IV infection a decreased NKA expression both in total and plasma membrane 

has been observed resulting in reduced AFC in vivo. Inhibition of NKA by the specific inhibitor 

ouabain is sufficient to decrease AFC. The NKA expression is only reduced in neighboring non-

infected cells and can be restored by NKA overexpression. The impact on expression only in 

bystander cells indicates a cellular crosstalk between infected and non-infected cells which occurs 

by type I interferon and AM-released TNF-related apoptosis inducing ligand (TRAIL)(135). Due to 

the following activation of the stress kinase AMPK (AMP-activated kinase), NKA expression is 

decreased and surface NKA endocytosed (135-137). TRAIL is also well known to induce intrinsic 

apoptosis and thereby contribute to lung damage (138, 139). However, this process is 

independent of AMPK-mediated decrease of NKA abundance (135). Considering the IV infected 

cells themselves, NKA redistribution to the apical side has been noticed instead of a reduced 

expression. However, the localization of junctional complexes remained unaffected. This 

rearrangement could be observed for NKAα1 and β1 in polarized cells suggesting an active form 

of the NKA in the apical cell membrane. Sufficient for this redistribution was the transfection of 
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the IV M-segment coding for the viral proteins M1 and M2. Further a direct interaction between 

NKAα1 and M2 is assumed based on Coimmunoprecipitation results  (140).  

In summary, all these alterations observed with respect to ion channels after IV infection are 

consistent with an impaired AFC because the transepithelial Na+ transport is interrupted or even 

reversed. It seems that the IV M2 protein as well as the cellular NKA as driving force of AFC, are of 

particular importance to regulate the fluid homeostasis in the lung.   

 SODIUM POTASSIUM ATPASE 

 STRUCTURE 

The Sodium Potassium ATPase (Na+,K+-ATPase, NKA) is ubiquitously expressed in mammalian cells 

and is part of the P-type ATPase superfamily first described by Skou in 1957 (141). P-type ATPases 

actively transport cations driven by ATP hydrolysis. In case of NKA three Na+ ions were exported 

from the cell in exchange for two K+ ions using the energy of one ATP. During this process the NKA 

undergoes like most P-type ATPases large conformational changes resulting in two different 

enzymatic states termed as E1 and E2 (142, 143). Known as Albers-Post reaction three Na+ ions 

and ATP bind initially to E1. Following hydrolysis of ATP to ADP, the E1 state is autophosphorylated 

resulting in a conformational change to E2. Subsequently Na+ ions are released while K+ ions are 

bound. Dephosphorylation of E2 induces reconversion to E1 which leads to release of K+ ions in 

intracellular space (cf. Figure 6A) (143).  

 

Figure 6: Sodium Potassium ATPase (Na+,K+-ATPase, NKA) 
(A) Schematic illustration of the Albers-Post reaction (144). (B) Representation of the NKA subunits embedded 
in a lipid bilyer (145). The β-subunit is shown in red–brown and the γ-subunit in orange. The α-subunit contains 
the actuator (A-; yellow), nucleotide binding (N), red), phosphorylation (P-; blue) domain and the 
transmembrane region (TM; gray).  
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The NKA is a heterodimeric protein consisting of a catalytic α- and a regulatory β-subunit present 

in 1:1 stoichiometry (cf. Figure 6B)(146). The 110 kDa α-subunit contains the P2C subclass ATPase 

characteristic 10 transmembrane helices (M1-M10) and the conserved cytoplasmic 

phosphorylation (P), nucleotide binding (N) and actuator (A) domains with which all functional 

properties are feasible. The A-domain includes the N-terminus and the cytoplasmic loop between 

helices M2 and M3 while the N- and P-domains are both located in the cytoplasmic insertion 

between M4 and M5 (147). The β-subunit is a 55 kDa type II membrane protein comprised of one 

transmembrane helix and a heavily glycosylated extracellular domain. Stabilization as well as 

membrane trafficking and insertion of the α-subunit are known functions of the β-subunit (148). 

Both subunits are synthesized independently in the ER from which they are transported following 

assembly toward the plasma membrane (149). In absence of the β-subunit a rapid degradation of 

the α-subunit could be observed (145, 150, 151) Apart from this the already functional αβ complex 

is usually associated with a FXYD protein, also designated as γ-subunit, which serves as further 

regulatory subunit in a tissue and isoform specific manner. FXYD proteins are small type I 

membrane proteins with one TM helix and an extracellular N-terminus (152). 

In a tissue and cell specific manner different isoforms of the NKA are expressed. In total there 

were four isoforms of the α- (α1-α4), three of the β- (β1-β3) and seven of the γ-subunit (FXYD 1-

7) identified (153, 154). The most common combination of isoforms is α1β1 which is also 

expressed basolaterally in the human lung. While in ATII cells only the α1 isoform is expressed, in 

ATI cells the α2 isoform was detected additionally (155, 156).  

 FUNCTION AND REGULATION 

Maintaining the electrochemical gradient across the cell membrane of mammalian cells is the 

central function of the NKA. This process is of physiological importance to maintain cell volume 

and intracellular pH as well as to induce secondary transports of other ions, nutrients or 

neurotransmitters (145). Especially the paracellular water transport driven by osmotic gradients 

is of great significance for the body fluid homeostasis e.g. to ensure gas exchange in alveolar space 

(121, 157). 

Cell polarity and integrity of epithelial junctions are crucial for such directed transport processes. 

In most epithelial cells the NKA is targeted to the basolateral plasma membrane but is excluded 

from the apical side which facilitates vectorial transepithelial transports (158). Only low levels are 

stored in intracellular compartments as inactive molecules to react rapidly on cellular or external 

stimuli and stress signals (159, 160). Apart from the pumping activity in the plasma membrane it 
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was shown that the NKA acts as cell adherens molecule by linking the α1-subunit to the 

cytoplasmic domain of E-cadherin and by intercellular trans-interactions between neighbouring 

β-subunits. The N-glycans of the β-subunit are of particular relevance regarding initiation, 

maintenance and regulation of epithelial junction complexes (161, 162).  

Further the NKA is known to be an important signal transducer (144). It can regulate signaling 

pathways by changing cellular ion concentrations due to the pump activity or by direct interactions 

with signaling proteins (145). The NKA can regulate those interactions in a conformation 

dependent manner. On the other side appropriate conformations can be stabilized by interaction 

partners which in turn thereby regulate NKA pumping activity. The signal transduction function 

can be triggered by cardiotonic steroids (CTS) for which the NKA functions as conventional 

receptor. These molecules can specifically inhibit the NKA in high quantities, but at nanomolar 

levels they induce hormone-like effects. A very well investigated signal transduction is the 

interaction of the NKAα1 subunit with the non-receptor tyrosine kinase Src. The NKA binds to Src 

and thereby keeps the molecule in an inactive form. After ouabain binding which belongs to the 

CTS family, the interaction is resolved, Src phosphorylated and thereby activated resulting in 

activation of different downstream pathways. Extracellular signal-regulated kinases (ERK)1/2, 

MAP-Kinase, epidermal growth factor receptor (EGFR), phosphatidylinositol 3-kinase (PI3K), RhoA, 

Akt – protein kinase and phospholipase C (PLC) are known examples involved in signaling cascades 

influenced by the NKA (144).  

Summarized NKA pumping and signaling functions are strongly related and affect processes such 

as apoptosis, cell survival or cell adhesion and play a particular role in cell metabolism.   

 THE VIRAL MATRIX PROTEIN 2 (M2) 

 STRUCTURE 

The IAV Matrix protein 2 (M2) is encoded together with the Matrix Protein 1 (M1) by segment 

seven of the viral genome, whereby the M2 mRNA is formed by alternative splicing (Figure 7A). 

While the first eight amino acids (aa) are identical for M1 and M2, there is a one nucleotide reading 

frame shift thereafter (163-165). M2 is a 15 kDA single-pass, type III integral membrane protein 

which forms a tetrameric proton channel (166). Each M2 monomer comprises 97 residues and is 

subdivided into a N-terminal ectodomain (24 aa), followed by an α-helical TMD (19 aa) and a long 

cytoplasmic tail (54 aa) (Figure 7B) (166, 167). The cytoplasmic domain contains an amphipathic 

helix oriented parallel to the membrane with a characteristic polar and hydrophobic side, the 

latter partially embedded into the membrane.  
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The M2 protein is expressed in large numbers at the cell surface of infected cells and is also 

packaged into the membrane of virions. Compared to the other viral surface proteins HA and NA 

M2 is incorporated into the envelope only in very low quantities (5-15 tetramers per virion) (23, 

166). This is caused by the peripheral localization of M2 in the lipid rafts where HA and NA 

accumulate and IV budding occurs (58).  

 

Figure 7: Influenza A virus matrix protein 2 (M2) 
A) Schematic depiction of the unspliced mRNA 1 (green) and spliced mRNA2 (blue) isoforms of segment 7 of the 
IV genome, adpapted from (33, 168). Small numbers indicate nucleotide positions of appropriate start/stop 
codons and splicing sites.  Total sizes of encoded proteins are given on the right. B) Schematic representation of 
the IAV M2 domain structure embedded in a lipid bilayer. M2 consists of a short N-terminal ectodomain, a 
central transmembrane domain (TMD) and long cytoplasmig C-terminal domaining containing an amphipathic 
helix. The binding motifs of known interactions are marked in grey (adapted from (169)). C) 3D-structure of the 
IAV M2 transmembrane domain (PDB: 2RLF, strain IV A/Udorn/307/1972 H3N2 (170)). In green Val27, in purple 
the pH sensor His37 and in cyan the pore gate Trp41 are accentuated. The amphipathic helices are highlighted 
in blue. 

Oligomerization to a functional tetramer occurs stepwise in the lipid membrane. First, two 

monomers assemble into a dimer by intermolecular disulfide bridges at Cys17 and Cys19. 

Subsequently, two disulfide-linked dimers form the functional tetramer (171-173). It is assumed 

that the high surface expression can facilitate the non-covalent assembly of tetramers. Further 

the composition is additionally stabilized by the insertion of the corresponding amphipathic 

helices into the membrane (169). Apart from disulfide bonds between neighboring monomers, 

the M2 protein undergoes further post-translational modifications: a palmitoylation at position 

Cys50 and a phosphorylation mostly at position Ser64 (172). Although it was found a potential 

glycosylation site in the ectodomain, there was no addition of N-linked oligosaccharides 

detectable. It is assumed that due to the proximity of the glycosylation site to the membrane, the 
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glycosylation enzymes are hindered in access (166, 167). However, none of these modifications 

play a significant role for the channel activity (172).   

The proton channel is formed by the four TMDs of a tetramer (Figure 7C). The four helices are 

tightly packaged at the N-terminal side where they are constricted by the hydrophobic side chain 

of Val27. Towards the C-terminus, the channel widens and is occluded by Trp41 which acts as gate 

of the channel. Together with His37, Trp41 forms the functional core of the channel, which is 

characterized by the highly conserved sequence motif HxxxW. His37 functions as a pH sensor and 

initiates the opening of the channel when it becomes positively charged by protonation. When 

the channel is opened, the quaternary structure, which is rigid in the closed state, is lost and 

becomes more dynamic.  However, since the structure of the amphipathic helix is unaffected by 

pH, it is of particular importance for stable tetramer formation (169, 170, 174, 175). 

The M2 protein evolves in comparison to the other surface proteins HA and NA very slowly (176, 

177). The sequence is highly conserved and contains binding motifs for interactions with various 

cellular proteins as well as the viral M1 protein indicating several interventions on cellular 

pathways but also in viral replication cycle (Figure 7B) (169, 176). 

 FUNCTIONS 

In the viral replication cycle, M2 plays an important role at various points. Using the proton 

channel activity, the virus is acidified after endocytosis which is important for uncoating of the 

viral genome. In addition, channel activity is of particular importance during the secretory 

transport of viral HA protein. The HA conformation is dependent on M2, because M2 stabilizes 

the pH in the Golgi and thus avoids a precocious conversion of HA into the functionally competent 

low pH conformation (178, 179). However, this pH change in the secretory organelles is 

responsible for the dysregulation of cellular CFTR which also affect AFC (133).  

The M2 amphipathic helix is reported to be crucial for virus assembly and scission which occurs in 

the so-called lipid rafts. Lipid rafts are dynamic areas in the plasma membrane which are rich in 

sphingolipids and cholesterol. The amphipathic helix features two characteristic properties of a 

raft protein: the palmitoylation at position Cys50 and a cholesterol binding motif designated as 

CRAC (cholesterol recognition/interaction amino acid consensus)-motif (L/V-X1–5-Y-X1–5-R/K) 

which is present up to four times in the amphipathic helix depending on the virus strain (180, 181). 

However, because M2 can only be detected at the edge of lipid rafts, it is hypothesized that 

although these two motifs direct M2 to rafts, the relatively short TMD of only 19 aa prevents 

complete raft association, resulting in the accumulation of M2 at the raft periphery (182). This is 
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consistent with the observation that despite strong M2 expression at the cell surface, only few 

proteins are packaged into the virions (23). Since there are also natural influenza virus strains that 

lack both motifs, other factors must also be involved in targeting M2 to the edge of lipid rafts 

(181). M2 contains a binding motif between residues 71-73 for M1 which could compensate 

missing targeting signals and localize M2 to the edge of the budding zone (67, 68). M1 is thought 

to organize viral assembly by binding various viral components such as NA, HA and the vRNP 

complex, whereby binding to HA and NA mediates localization to the plasma membrane (66, 68). 

Disruption of the M1-M2 interaction leads to a lack of M2-HA association in infected cells (68).  

Further, it is suggested that the amphipathic helix structure rather than individual residues is 

important for induction of its deep insertion into the membrane (181, 183). Mutation of the 5 

hydrophobic residues F47, F48, I51, Y52 and F55 to alanine results in a reduction of the 

hydrophobic moment and leads to a more widely dispersed localization in the cellular membrane 

which could explain the higher amounts of M2 observed in mutant-infected cells. The reduced 

replication capacity of this mutant and the knowledge of membrane curvature induction by 

amphipathic helices indicate that the M2 amphipathic helix facilitates scission of IV particles (184, 

185). Moreover, mutations in the amphipathic helix region without destroying the amphipathic 

character have no impact on oligomerization, channel activity and membrane curvature (183, 184, 

186).  

The transport of M2 to the plasma membrane is induced by a signal sequence in the TMD, but is 

also modulated by different host proteins (169, 187). A direct interaction was reported for the 

transport protein particle complex 6A (TRAPPC6AΔ) which seems to reduce M2 surface expression 

(188). In contrast, Rab11 and UBR4 (Ubiquitin protein ligase E3 component N-recognin 4) appear 

to increase M2 surface expression, although specific interaction motifs have not yet been 

identified (189, 190). At this point, it has only been shown that the TMD is involved in binding 

UBR4 and that absence of UBR4 leads to targeting of M2 to autophagosomes resulting in its 

degradation (190). 

Caveolin-1 (Cav-1) and Annexin-A6 (AnxA6) were identified as additional M2 interaction partners 

(191-193). Annexins are Ca2+-regulated membrane binding proteins with immunomodulatory 

roles in viral infection, lung injury and inflammation. It is reported that AnxA6 inhibits IAV 

replication by accumulation of cholesterol in late endosomes resulting in a decrease of cellular 

cholesterol in the plasma membrane (194). Cav-1 is a membrane scaffolding protein and main 

structural ingredient of caveolaes which are involutions of the plasma membrane forming 
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specialized forms of lipid rafts. It can directly bind to cholesterol, which means that both proteins 

are involved in the regulation of cholesterol homeostasis, which is known to be a critical factor for 

IAV assembly and budding. By interacting directly with M2, both proteins could be assumed to 

facilitate targeting of M2 to the raft periphery (194). However, precise molecular mechanisms and 

direct impact of M2 have not yet been fully elucidated, as Cav-1 and Anx6 also act as scaffold 

proteins for various signaling proteins interacting e.g. with PKC or EGFR (195, 196).  

Beside the impact on the viral replication process itself, the M2 protein interacts with different 

cellular proteins to regulate host cell machinery. One of these proteins is the autophagy protein 

LC3 (Microtubule-associated protein 1A/1B-light chain 3) which is recruited to the plasma 

membrane after binding to the LC3-interacting region (LIR)-motif FFIV (aa 91-94) in the M2 

cytoplasmic tail. Interaction with M2 induces accumulation of autophagosomes by blocking their 

fusion with lysosomes. Due to the inhibition of this antiapoptotic macroautophagy, M2 is able to 

regulate apoptosis of infected cells. Further, this process is important for budding of filamentous 

particles and enhance virion stability (197, 198).  

 AIM OF STUDY 

Despite the well-known dysregulation of various ion channels during IV infection (124, 131, 133, 

134), the whole process of reduced edema reabsorption in IV infected lungs is not yet fully 

understood. The AFC which is crucial for survival of ARDS patients is mainly driven by the 

basolateral located NKA. But after IV infection an internalization of NKA could be observed in the 

non-infected neighboring cells which is induced by cellular cross talk (135). Further, the NKA is 

redistributed to the apical membrane in infected cells which is probably caused by the IV M2 

protein. The sole expression of the viral M segment was sufficient to cause this relocalization. 

Moreover, M2 was identified as a direct viral interaction partner by Co-immunoprecipitation 

(140). Thus, IV infection appears to target the localization and function of NKA through both direct 

contact and paracrine mechanisms, which interfere with edema reabsorption in IV pneumonia.  

Currently, no causal therapy is available to treat the disease. By defining the molecular 

mechanisms, new strategies for the treatment of IV induced pneumonia could be found that can 

effectively support antiviral therapy. Since the viral M2 protein appears to play a crucial role in 

fluid regulation of IV infected lungs, the aim of this thesis was to characterize the M2/NKA 

interaction at a molecular level in more detail. Investigating the importance of the M2/NKA 

interaction for the impaired edema clearance could help to better understand this outcome of an 

IV infection in the future.  
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Defining the M2/NKA interaction domain by mutational analysis should facilitate the construction 

of recombinant IV viruses with disturbed NKA binding by reverse genetic systems. By using such 

recombinant viruses, the impact of the impaired M2/NKA interaction on viral replication and AFC 

could be assessed in more detail, first in vitro and ex vivo using polarized Air Liquid Interface (ALI) 

cultures and finally in vivo in IV infected mice. IV infection in mice using a mouse-adapted isolate 

induces the clinical picture of an influenza pneumonia, which is almost identical to human 

influenza pneumonia (199-202). The model was therefore ideal to investigate the AFC and 

evaluate the mechanisms of the immune response in a severe IV infection in vivo.  

Based on the knowledge that various ion channels on the cell surface are regulated upon IV 

infection, this work further investigated alterations in the composition of cellular surface proteins 

using a Stable isotopic labelling by amino acids in cell culture (SILAC)-based mass spectrometry 

approach. Regulated surface proteins could subsequently be evaluated with regard to their 

influence on viral replication, lung injury or immune response by loss-of-function analyses.  
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2. MATERIALS 

 CELL LINES 

Cell line  Source  

HEK293T cells Human embryonic kidney cells 

A549 cells Human alveolar epithelial cells 

A549 NKAα1-GFP cells 
Human alveolar epithelial cells, overexpressing rat NKAα1-GFP, 
kindly provided by J.I. Sznajder, Northwestern University Feinberg 
School of Medicine, Chicago (USA) (203)  

Calu 3 cells Human bronchial airway epithelial cells 

Calu 3 cells “heavy” Human bronchial airway epithelial cells, labeled with isotopes K8R10 

MDCKII cells Madin-Darby Canine Kidney cells 

MEF  Murine Embryonic Fibroblasts 

kindly provided by T. Gramberg, 
Friedrich-Alexander University 
Erlangen-Nürnberg (204) 

MEF SAMHD1+/- 
Murine Embryonic Fibroblasts,  
SAMHD1 Knockout heterozygote 

MEF SAMHD1 -/- 
Murine Embryonic Fibroblasts,  
SAMHD1 Knockout homozygote 

 

 ANIMALS 

C57BL/6J mice for in vivo studies of this work were 8 – 10 weeks old and were obtained from 

Charles River Laboratories (Sulzfeld). 

 VIRUS STRAINS 

Virus  Subtype Source 

IV A/Puerto Rico/8/1934 

H1N1 
recombinant; J.Schulze, FG17, RKI, Berlin 

IV A/Puerto Rico/8/1934 M2A1 

IV A/Puerto Rico/8/1934 N20S 

IV A/Puerto Rico/8/1934 N20S M2A1 

IV A/Puerto Rico/8/1934 (WIV) 
inactivated and purified (charge 
BII/19/14); NIBSC 

IV A/Victoria/361/2011 

H3N2 

recombinant; A. S. Pekosz, Johns Hopkins 
University, Baltimore (USA) (205) IV A/Victoria/361/2011 M2-Baso 

IV A/Panama/2007/1999 
recombinant; FG17, RKI, Berlin 

IV A/Panama/2007/1999 ΔNS1 

 

 BACTERIAL STRAINS 

Escherichia coli XL1-blue (recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F’pro AB laclqZΔM15 

Tn10 (Tetr)]) from Bioline were used for all experiments of the present work. 
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 PLASMIDS 

Identifier Source 

pCAGGS M2-Strep mCherry Dr. Christin Peteranderl, University of Giessen 

pEGFPNN1 M2 A/duck/Ukraine/1/1963  PD Dr. Michael Veit, Freie Universität Berlin 

pCAGGS M2 PR/8 WT-Strep 

J. Schulze, FG17, RKI, Berlin 

pCAGGS M2 PR/8 Stop90-Strep 

pCAGGS M2 PR/8 Stop82-Strep 

pCAGGS M2 PR/8 Stop70-Strep 

pCAGGS M2 PR/8 Stop63-Strep 

pCAGGS M2 PR/8 Stop55-Strep 

pCAGGS M2 Duck-Strep 

pCAGGS BM2-Strep (B/Lee 40) 

pCAGGS M2 PR/8 del N-Term-Strep 

pCAGGS M2 PR/8 TM-HA-Strep 

pCAGGS M2 PR/8 TM-NA-Strep 

pCAGGS M2 PR/8 KRKK4A-Strep 

pCAGGS M2 PR/8 FFIYF5A-Strep 

pCAGGS M2 PR/8 Ala44-46-Strep 

pCAGGS M2 PR/8 Ala47-49-Strep 

pCAGGS M2 PR/8 Ala50-52-Strep 

pCAGGS M2 PR/8 Ala53-55-Strep 

pPolI M PR/8 M2 Ala44-46 

pPolI M PR/8 M2 N20S 

pPolI M PR/9 M2 N20S Ala44-46 

pPolI M PR/8 

FG17, RKI, Berlin 

pPolI HA PR/8 

pPolI PA PR/8 

pPolI PB1 PR/8 

pPolI PB2 PR/8 

pPolI NP PR/8 

pPolI NS PR/8 

pPolI NA PR/8 

pCAGGS-PA PR/8 

pCAGGS-PB1 PR/8 

pCAGGS-PB2 PR/8 

pCAGGS-NP PR/8 
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 PRIMER 

Identifier Sequenz 5‘ -> 3‘ 

AM2 fwd CGTAGAATTCGCGGCCGCACCATGAGTCTTCTAACCGAGGTCG 

M2 rev CGTACCCGGGCTCCAGCTCTATGCTGAC 

M2 Stop90 rev CGTACCCGGGACCATCGTCAGCATCCACAG 

M2 Stop82 rev CGTACCCGGGCTGCTGTTCCTTTCGATATTCTTCC 

M2 Stop70 rev CGTACCCGGGTGGCACTCCTTCCGTAGAAG 

M2 Stop63 rev CGTACCCGGGCCCTCCTTTCAGTCCGTATT 

M2 Stop55 rev CGTACCCGGG GCGACGGTAAATGCATTT 

M2 Duck rev CGTACCCGGGCTCCAGCTCTATGTTGACAAAATG 

M2 Δ N-Term fwd 
CGTAGAATTCGCGGCCGCACCATGCCTCTCGCTATTGCCGCAA
ATATCATTG 

BM2 fwd CGTAGAATTCGCGGCCGCACCATGCTCGAACCACTTCAGATTC 

BM2 rev CGTACCCGGGTTGCAATTCTTCCACCTCCAAAACTG 

M2 TM-HA fwd 
GTCGCCAGTTCACTGGTGCTTTTGGTCTCCCTGGGGGCAATCT
TTTTCAAATGCATTTACCGTCGC 

M2 TM-HA rev 
CAAAAGCACCAGTGAACTGGCGACAGTTGAGTAGATCGCCAG
AATATCACTTGAACCGTTGCATCTG 

M2 TM-NA fwd 
CGGACTAATTAGCCTAATATTGCAAATAGGGAATATAATCTCA
ATATGGATTAGCTTTTTCAAATGCATTTACCGTCGC 

M2 TM-NA rev 
CAATATTAGGCTAATTAGTCCGACTACCAGACAGATTGATCCA
ATGGTTATTATATCACTTGAACCGTTGCATCTG 

M2 FFIYF5A fwd 
GCTGCCAAATGCGCTGCCCGTCGCGCTAAATACGGACTGAAA
GGAGGGCCTTCTAC 

M2 FFIYF5A rev 
GCGCGACGGGCAGCGCATTTGGCAGCAAGACGATCAAGAATC
CACAATATCAAGTGC 

M2 KRKK4A fwd 
CATTTACGCTCGCTTTGCATACGGACTGGCAGGAGGGCCTTCT
ACGGAAGGAGT 

M2 KRKK4A rev 
GTATGCAAAGCGAGCGTAAATGCATGCGAAAAAAAGACGATC
AAGAATCCACAATATCAAG 

M2 Ala 44-46 fwd GATTCTTGCTGCTGCTTTTTTCAAATGCATTTACCGTC 

M2 Ala 44-46 rev GAAAAAAGCAGCAGCAAGAATCCACAATATCAAGTGC 

M2 Ala 47-49 fwd CGTCTTGCTGCCGCATGCATTTACCGTCGCTTTAAATACGG 

M2 Ala 47-49 rev 
GTAAATGCATGCGGCAGCAAGACGATCAAGAATCCACAATAT
CAAGTG 

M2 Ala 50-52 fwd CAAAGCCGCTGCCCGTCGCTTTAAATACGGACTGAAAG    

M2 Ala 50-52 rev GCGACGGGCAGCGGCTTTGAAAAAAAGACGATCAAGAATCC 

M2 Ala 53-55 fwd CATTTACGCTGCCGCTAAATACGGACTGAAAGGAGGG 

M2 Ala 53-55 rev GTATTTAGCGGCAGCGTAAATGCATTTGAAAAAAAGACG 

pPolI M PR/8 M2 Ala 44-46 fwd GTGGATTCTTGCTGCTGCTTTTTTCAAATGCATTTACCG 

pPolI M PR/8 M2 Ala 44-46 rev CGGTAAATGCATTTGAAAAAAGCAGCAGCAAGAATCCAC 

pPolI M PR/8 M2 N20S fwd GGGTGCAGATGCAGCGGTTCAAGTGATCC 

pPolI M PR/8 M2 N20S rev GGATCACTTGAACCGCTGCATCTGCACCC 

Seg 7 Uni for AGCGAAAGCAGGTAGATATTG 

Seg 7 Uni rev AGTAGAAACAAGGTAGTTTTTTAC 

All primers were ordered from Eurofins Genomics Germany GmbH. 
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 SIRNA 

Identifier Source Target Sequence 5’ -> 3’ 

AllStars Negative Control siRNA Qiagen FlexiTube  

SAMHD1 siRNA mix: 
SAMHD1 siRNA #4 
SAMHD1 siRNA #5 
SAMHD1 siRNA #6 
SAMHD1 siRNA #7 

 
 
Qiagen FlexiTube 

 
CCGCAGGATGGCGATGTTATA 
AAGGAACAAATTGTAGGACCA 
CAACGTCTTCGATACATCAAA 
CTCGTCCGAATCATTGATACA 

 

 ENZYMES 

Enzyme Source 

Phusion Green High-Fidelity DNA Polymerase 
T4 DNA Ligase 5 U/µl 
FastDigest® EcoRI  
FastDigest® BglII 
FastDigest® DpnI 

Thermo Fisher Scientific Inc.  

XmaI 
PNGase F 

New England Biolabs GmbH 

RNAsin 
Trypsin/Lys-C mix, Mass spec grade 

Promega GmbH 

Dispase Corning Life Sciences 

DNAse SERVA Electrophoresis GmbH 

Trypsin-TPCK Merck KGaA 

 

 KITS 

Kit Source 

QIAamp MinElute Virus Spin Kit 
QIAfilter Plasmid Maxi Kit 
QIAquick PCR Purification Kit 
QIAGEN OneStep RT-PCR Kit 

Qiagen 

Invisorb® Spin DNA Extraction Kit 
Invisorb® Spin Plasmid Mini Two 

Stratec Molecular GmbH 

Pierce® BCA protein assay kit 
BigDye® Terminator 3.1 Kit 
ProcartaPlex murine 12 plex assay (customized) 

Thermo Fisher Scientific Inc. 

mouse CXCL1/KC DuoSet ELISA 
mouse CXCL2/MIP-2 DuoSet ELISA 
mouse IL-17 DuoSet ELISA 

R&D Systems, Inc. 

Cell Proliferation Kit I (MTT) Roche 

QuickChange mutagenesis Kit II Agilent Technologies, Inc. 
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 ANTIBODIES 

Primary antibodies 

Identifier Species/Feature Source Application 

α-IV A/M2[14C2] mouse/monoclonal Abcam 
WB 1:5000 
IF 1:500 

α-IV A/M2 rabbit/polyclonal 
Thermo Fisher Scientific 
Inc. 

WB 1:5000 
IF 1:500 

α-IV A/M1[GA2B] mouse/monoclonal AbD Serotec (Bio-Rad) WB 1:1000 

α-IV A/HA[C102] mouse/monoclonal Abcam WB 1:1000 

α-IV A/NS1 [#9102] 
rabbit 
serum/polyclonal 

BioGenes WB 1:1000 

α-IV A/NP [1331] mouse/monoclonal AbD Serotec (Bio-Rad) WB 1:1000 

α-Strep mouse/monoclonal IBA Lifesciences WB 1:1000 

α-β-actin mouse/monoclonal Sigma-Aldrich WB 1:10000 

α-NKAα1[C464.6] mouse/monoclonal Millipore WB 1:5000 

α-NKAα1[C464.6]-
Alexa555 

mouse/monoclonal Millipore IF 1:50 

α-syntaxin 3 [EPR8543] rabbit/monoclonal Abcam IF 1:100 

α-ZO-1 goat/polyclonal Abcam IF 1:100 

α-CFTR rabbit/polyclonal St. John’s Laboratory WB 1:500 

α-KHSRP rabbit/polyclonal Abcam WB 1:2000 

α-PERK[C33E10] rabbit/monoclonal Cell Signaling Technology WB 1:1000 

α-phosphoPERK 
(Thr980)[16F8] 

rabbit/monoclonal Cell Signaling Technology WB 1:1000 

α-SAMHD1[1A1] mouse/monoclonal Abcam IF 1:100 

α-SAMHD1 rabbit/polyclonal Sigma-Aldrich WB 1:500 

α-Stat2 rabbit/polyclonal Santa Cruz Biotechnology 1:100 

α-ISG15[#9461] 
rabbit 
serum/polyclonal 

BioGenes 1:250 

α-mouse CD16/32 
[24G2](biotinylated) 

rat/monoclonal BD Biosciences mAEC Iso 
α-mouse CD31 
[MEC13.3](biotinylated) 

α-mouse CD45  
[30-F11](biotinylated) 

Secondary antibodies 

Identifier Species Source Application 

α-mouse IgG-HRP rabbit 

Agilent Technologies Inc.  
WB 1:20000 
ELISA 1:1000 

α-rabbit IgG-HRP goat 

α-goat IgG-HRP rabbit 

α-rabbit IgG-HRP goat Cell Signaling Technology WB 1:5000 

α-rabbit Alexa 647 donkey 

Thermo Fisher Scientific Inc. IF 1:1000 
α-goat Alexa647 donkey 

α-goat Alexa594 donkey 

α-mouse Alexa594 goat 
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 PHARMACEUTICALS 

Substance Source 

Isofluran 
CP-Pharma Handels GmbH 

Acepromazine (Tranquisol® P 10 mg/ml) 

Ketamine WDT Das Tierarztunternehmen 

Xylazine aniMedica GmbH, a LIVISTO company 

Pancuronium Inresa Arzneimittel GmbH 

Heparin-Natrium B. Braun Melsungen AG 

 

 CELL CULTURE MEDIA 

Cell line  

A549 
10 % (v/v) FBS 
2 mM L-glutamine 
100 mg/l penicillin/streptomycin 
in DMEM 

HEK293T 

A549α1-GFP 

10 % (v/v) FBS 
2 mM L-glutamine 
100 mg/l penicillin/streptomycin 
3 µM Ouabain 
in DMEM 

MEF 10 % (v/v) FBS 
2 mM L-glutamine 
100 mg/l penicillin/streptomycin 
50 µM β-Mercaptoethanol 
in DMEM 

MEF SAMHD1+/- 

MEF SAMHD1-/- 

Calu 3 

15 % (v/v) dialyzed FBS 
2 mM L-glutamine 
100 mg/l penicillin/streptomycin 
1x NEAA 
1 mM Na-pyruvate 
L-Lysine (non labelled or 13C6, 15N2) 
L-Arginine (non labelled or 13C6, 15N4), 
in SILAC-DMEM 

MDCKII 

10 % (v/v) FBS 
2 mM L-glutamine 
100 mg/l penicillin/streptomycin 
in DMEM 

Calu 3 cells labeled with lysine and arginine isotopes were frozen in freezing medium consisting of 

20 % dialyzed FBS and 10 % DMSO in SILAC DMEM. 

For transfection experiments, the culture medium for the appropriate cell line was used without 

the addition of antibiotics.  
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For IV infections the FBS in the appropriate culture medium was replaced by BSA. For Calu 3 cells 

0.3 % BSA, for other cell lines 0.2 % BSA were used. Infection media were further supplemented 

with cell line specific concentrations of TPCK-Trypsin for multicyclic infections (cf. Table 2). 

For titration by plaque assay, overlay medium was prepared as follows: 

Plaque Assay Overlay medium 

0.2 % (w/v) BSA 
0.05 % (w/v) NaHCO3 

0.01 % (w/v) DEAE-dextran 
1.25 % (w/v) Avicell 
1-2 µg/ml TPCK-treated Trypsin 
in 2x MEM 

 

 MEDIA FOR BACTERIA 

2xYT medium, pH=7.2 

1.6 % (w/v) tryptone 
1.0 % (w/v) yeast extract 
171 mM NaCl 
100 mg/l ampicillin 

SOC medium 

2.0 % (w/v) tryptone 
5 % (w/v) yeast extract 
10 mM NaCl 
2.5 mM KCl 
20 mM MgCl2 

2xYT agar plates 
1.5 % (w/v) bacto-agar 
100 mg/l ampicillin 
in 2xYT medium 

 

 BUFFER 

PBS 

137 mM NaCl 
2.7 mM KCl 
80.9 mM Na2HPO4 

1.5 mM KH2PO4 

D-PBS 
1 mM MgCl2 
1 mM CaCl2 
in PBS 

HBSS 

8.0 g/l NaCl 
0.4 g/l KCl 
0.048 g/l Na2HPO4 
0.06 g/l KH2PO4 
0.2 g/l MgSO4 x 7H2O  
0.14 g/l CaCl2 
0.35 g/l NaHCO3 
1.0 g/l glucose 

PBST0.05%-0.1% 
0.05 – 0.1 % (v/v) Tween-20 
in PBS 
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SDS-PAGE running buffer, 10x 
250 mM Tris 
1.92 M glycine 
34 mM SDS 

SDS-PAGE sample buffer, 2x 

1.2 ml H2O 
8.3 ml 0.5 M Tris/HCl, pH=6.8 
6 ml 10 % SDS (w/v) 
1.5 ml glycerol 
9 g/l Bromphenolblue 
5 % β-Mercaptoethanol 

SDS-PAGE sample buffer, 6x 

1.2 ml H2O 
9.8 ml 0.5 M Tris/HCl, pH=6.8 
1.7 g SDS 
5 ml glycerol 
0.5 ml 0.5 mM EDTA, pH=8 
9 g/l Bromphenolblue 
5 % β-Mercaptoethanol 

Semidry blotting buffer 

40 mM Tris 
30 mM glycine 
1.3 mM SDS 
20 % (v/v) ethanol 

TBE buffer, 10x 
0.89 M Tris 
0.89 M boric acid 
10 mM EDTA (pH=8.0) 

TBST0.05% 
100 mM Tris/HCl (pH=8.0) 
1.5 M NaCl 
0.05 % (v/v) Tween-20 

Chicken red blood cells, 1% (v/v) in PBS 

Crystal violet solution, 1x 
10 % (v/v) formaldehyde 
10% (v/v) crystal violet stock solution, 10x 
in ddH2O 

Crystal violet stock solution, 10x 
20 % (v/v) ethanol 
1 % (w/v) crystal violet  
in ddH2O 

CHAPS cell lysis buffer 

30 mM Tris/HCl (pH=7.5) 
150 mM NaCl 
1 % CHAPS 
2 mM Na3VO4 
1 mM Pefablock® 

NP-40 cell lysis buffer 

50 mM Tris/HCl (pH=8) 
150 mM NaCl 
1 % NP-40 
2 mM Na3VO4 
1 mM Pefablock® 

Co-IP elution buffer, pH 2.5 0.2 M glycine 

Crosslinking solution 
1 mM DSP 
in PBS 

Crosslinking Quenching solution 20 mM Tris/HCl (pH=7.5) 

Biotinylation buffer, pH=9 
10 mM Triethanolamin,  
2 mM CaCl2,  
150 mM Sucrose 
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Biotinylation Quenching solution 
100 mM glycine 
in D-PBS 

Solution B 

50 mM Tris/HCl (pH=7.5) 
500 mM NaCl 
5 mM EDTA 
in Rotisolv® Ultra LC-MS (MS grade water) 

Solution C 
10 mM Tris/HCl (pH=7.5) 
in Rotisolv® Ultra LC-MS (MS grade water) 

ELISA coating buffer, pH=9.6 
71.4 mM NaHCO3 

28.6 mM Na2CO3
  

clinic fixans 
1 % PFA 
2.5 % GA 
in HEPES 0.05 M 

digestion buffer I 

8 M Urea 
50 mM Tris/HCl (pH=8) 
5 mM DTT 
in Rotisolv® Ultra LC-MS (MS grade water) 

digestion buffer II 
50 mM Tris/HCl (pH=8) 
in Rotisolv® Ultra LC-MS (MS grade water) 

 

 CHEMICALS AND CONSUMABLES 

Chemical Source 

Bacto-agar 
Tryptone 
Yeast extract 

BD Biosciences 

Bovine serum albumin (BSA), 30% 
BIOZOL Diagnostics Vertrieb 
GmbH 

Midori green advanced DNA stain Nippon Genetics Europe 

Chicken red blood cells Preclinics GmbH 

Sodium Dodecyl Sulfate (SDS) 
TEMED 
Triton X-100 

SERVA Electrophoresis GmbH 

Avicel microcrystalline cellulose FMC Corporation 

Acetic acid 
Acetonitrile 
Agarose NEEO Ultra Quality 
Ammoniumchloride 
Ammoniumpersulfat (APS) 
Boric acid 
Bovine albumin fraction V 
CHAPS  
Sodium citrate 
Dithiothreitol (DTT) 
Dimethylsulfoxid (DMSO) 
Ethanol, ≥99.9 % 
Formaldehyde, 37 % 
Glycerole 
Glycine 

Carl Roth GmbH + Co. KG  
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Hepes 
Isopropanol 
Sulfuric acid, 2.5 M  
Kanamycin 
L-Gluatmine 
Methanol, ≥99.9 % 
Magnesium chloride 
Sodium acetate 
Sodium carbonate 
Sodium chloride 
Pefabloc® SC-protease-inhibitor 
Paraformaldehyde (PFA) 
Roti®-Blue 5x concentrate 
Rotisolv® Ultra LC-MS (MS grade water) 
Rotiphorese® Gel 30 (37.5:1) 
Skimmed milk powder 
Trifluoroacetic acid (TFA), ≥99.9 % for peptide synthesis 
TRIS 
Tween-20 
Urea 
β-Mercaptoethanol 

Carl Roth GmbH + Co. KG 

1 Kb Plus DNA Ladder 
1-Step™ Ultra TMB-ELISA Substrate Solution 
6x DNA Loading Dye 
Cell dissociation buffer  
Disodium phosphate 
Dithiobis[succinimidylpropionate] (DSP) 
DMEM 
Dynabeads™ Biotin Binder 
EZ-Link™ Sulfo-NHS-SS-Biotin 
Lipofectamine™2000 
Lipofectamine™LTX 
Lipofectamine™RNAiMax 
MEM 
Opti®-MEM 
PBS 
Penicillin/Streptomycin, 10 000 U/ml 
Pierce® Streptavidin Agarose Resins 
Potassium dihydrogenphosphate 
PageRuler™ Prestained Protein Ladder, 10 to 180 kDa 
SuperSignal™ West Dura Extended Duration Substrate 

Thermo Fisher Scientific Inc. 
 

Acetone 
Agarose, low gelling temperature 
Ampicillin 
Calcium chloride 
Crystal Violet 
DAPI 
DEAE-dextran 
Dimethylsulfoxid (DMSO) cell culture 
EDTA 

Merck KGaA 
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Empore™ Octadecyl C18 47mm extraction disc 
Evans Blue 
Fetal bovine serum (FBS) 
Fluoresceinisothiocyanat (FITC)-Dextran 70 kDa 
Formic acid 
IGEPAL® CA-630 
Iodoacetamide (IAA) 
Ouabain octahydrate 
Phenol red 
Ponceau S 
Potassium chloride 
Sodium bicarbonate (NaHCO3) 
Sodium deoxycholat 
Sodium orthovanadate 
Sodiumpyruvate, 100 mM 
Succrose 
Triethanolamine 
Trypsin 
Trypan Blue 

Merck KGaA 
 

Dialyzed Fetal bovine serum (FBS) 
L-Lysine (13C6, 15N2) 
L-Lysine (non-labeled) 
L-Arginine (13C6, 15N4) 
L-Arginine (non-labeled) 

Silantes GmbH 

Penicillin/Streptomycin PAA Laboratories Inc. 

Universal Type I Interferon PBL Interferon Source 

GFP-Trap® matrix ChromoTek GmbH 

Isotonic NaCl solution 0.9 % Eifelfango GmbH & Co. KG 

 

Consumable Source 

Cell culture plastic consumables 

Sarstedt AG & Co. KG 
Carl Roth GmbH + Co. KG GE Healthcare  
TPP Techno Plastic Products AG 
Greiner Bio-One International GmbH 
Brand GmbH + Co. KG  
Thermo Fisher Scientific Inc.  

ThinCert® cell culture inserts Greiner Bio-One International GmbH 

Clear view™ Snap-Cap microtubes, low 
retention 

Merck KGaA 

Parafilm American National Can 

ELISA Plates Nunc Maxisorb™ 
CL-XPosure film 

Thermo Fisher Scientific Inc.  

BiopsyPunches 6mm Stiefel Laboratorium GmbH 

40 µm cell strainer 
100 µm cell strainer 
gentleMACS™ C Tubes 

BD Biosciences 

Syringe 1 ml, 2 ml, 5 ml, 10 ml and 20 ml 
Single-use cannula 
Ecoflo®Safety 

B. Braun Melsungen AG 

https://www.sigmaaldrich.com/DE/de/substance/fluoresceinisothiocyanatedextran1234560842468?context=product
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1702 Plunger Assembly Hamilton 

Amersham™ Protran® Premium Western 
blotting nitrocellulose membranes 
Filter paper 

Whatman 

 

 TECHNICAL EQUIPMENT  

Bio-Plex Protein Array System 
Agarose gel system Mini-Sub® Mini-Protean® system 
PowerPac™ 300W HC / Basic 
Trans-Blot® SD semi-dry Transfer cell 

Bio-Rad Laboratories, Inc. 

Cell culture incubator Binder GmbH 

Confocal laser scan microscope LSM 780 Zeiss Deutschland 

Curix60 processor Agfa-Gevaert Group 

EASY-nanoLC 1200 
Q ExactiveTM Plus mass spectrometer 
DynaMag™-5 Magnet 
Heraeus™ Pico™ 17 microcentrifuge 
Heraeus™ Multifuge 1S-R  
NanoDrop™ 8000 UV/Vis Spectrophotometer 
Sterile work bench Herasafe™ KS12 

Thermo Fisher Scientific Inc. 

FLUOstar® Omega Plate Reader BMG Labtech 

gentleMACS™ Dissociator BD Biosciences 

Intas UV transilluminator system Intas 

Maus Physiosuite/MouseSTAT Kent Scientific Corporation 

Micropipettes Research® plus 
Thermomixer compact 
5417R cooling centrifuge 

Eppendorf 

Orbital shaker Certomat® H Sartorius Stedim Biotech  

Shaker Vortex Genie® 2 
Shaker Roto-Shake Genie® 

Scientific Industries Inc. 

SpeedVac Univapo 150 H 
UniEquip Laborgerätebau und 
Vertriebs GmbH 

Uno Thermoblock Analytik Jena GmbH 

Volt ohmmeter Millicell® ERS Merck KGaA 
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 SOFTWARE AND TOOLS 

Software Source 

Microsoft Office 2010 Microsoft Corporation 

Adobe Illustrator CS6 Adobe Illustrator CS6 Adobe Systems Inc. 

Endnote X7.4 Thomson Reuters 

Geneious 10.0.5 Biomatters Ltd. 

GraphPad Prism 9.1.0 GraphPad Software, Inc. 

PyMol 1.7.2.1 Schrödinger, LLC 

ZEN 2012 (black and blue) Carl Zeiss Microscopy GmbH 

MaxQuant and Perseus 1.5.1.2 Max-Planck-Institute of Biochemistry 

Proteome Discoverer 1.4 Thermo Fisher Scientific 

Reader Control Software 
BMG Labtech 

MARS Data Analysis Software 

Bio-Plex Manager 4.0 Bio-Rad Laboratories, Inc. 

ImageJ 1.52a open source https://imagej.net/  

 

Webtool Source 

Functional Enrichment Analysis Tool (FunRich) http://www.funrich.org 

HeliQuest https://heliquest.ipmc.cnrs.fr/ 

 

 

 

https://imagej.net/
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3. METHODS 

 CELL CULTURE 

All cell culture experiments were performed in a sterile setting at room temperature. Cells were 

maintained at 5 % CO2 and 37°C under humidified conditions with cell type specific culture media.  

 CULTIVATION OF PERMANENT CELL LINES 

Calu 3, A549, 293T and MEF cells were cultivated in D-MEM and MDCKII cells in MEM (see 2.11. 

for exact medium compositions). When cells achieved 90 – 95 % confluency, usually every 3 to 4 

days, they were sub-cultivated to maintain optimal growth behavior. For sub-cultivation medium 

was aspirated and cells washed with PBS once. After detaching of cells with trypsin-versene or cell 

dissociation buffer at 37°C cells were resuspended in fresh medium and part of cell suspension 

transferred into new T75 flasks. 

 POLARIZATION OF CALU 3 CELLS 

Calu 3 cells were washed once with PBS and detached with cell dissociation buffer at 37°C. After 

pelleting for removal of dissociation buffer (125x g, 3 min, RT) cells were resuspended in 5 ml 

medium per T75 flask. Afterwards 1.5 *106 cells were seeded per ThinCert tissue culture inserts 

(pore size 0.4 µm) with 1.5 ml medium in the apical and 2.5 ml in the basolateral chamber. Three 

days after seeding apical medium was aspirated. This allows growing of cells on the one side with 

medium and on the other side with air (Air-Liquid-Interface/ALI) which more closely mimics the 

conditions in the lung. Every 2 to 3 days medium in basolateral chamber was changed. After 14 

days ALI culture Calu 3 cells were polarized completely validated by Transepithelial electrical 

resistance (TEER) measurement, Immunofluorescence staining of apical and basolateral marker 

proteins as well as by electron microscopy. 

 TRANSFECTION OF EUCARYOTIC CELLS 

Lipofectamine LTX was used to transfect A549 cells for the Coimmunoprecipitation studies in this 

thesis. A549 cells were seeded the day before transfection into 10 cm dishes with a desired density 

of 90 % on the day of transfection. For each dish 7,5 µg of appropriate DNA was diluted in 750 µl 

Opti-MEM and mixed gently with 7,5 µg PLUS reagent. After an incubation time of 10 min at RT 

22,5 µl Lipofectamine LTX reagent was added and mixed gently again. To enable the formation of 

DNA-Lipofectamine LTX complexes the solution was incubated for 25 min at RT. Meanwhile the 

growth medium of the seeded A549 cells was replaced by transfection DMEM. After expiration of 

incubation time the DNA-Lipofectamine LTX complexes were added directly into the medium. 
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Dishes were shaked gently for homogeneous distribution before cells were incubated at 37 °C for 

24 hours.    

The transfection of 293T cells was performed using Lipofectamine 2000 according to the 

manufacturer’s protocol, whereas 1,5 µl Lipofectamine 2000 reagent per µg DNA were applied. 

 SIRNA TRANSFECTION IN EUCARYOTIC CELLS 

Transfection of small interfering RNAs (siRNA) can be used to induce a transient knock down of a 

special target gene by degradation of the mRNA transcripts.  

In this thesis A549 cells were transfected with SAMHD1 FlexiTube siRNA mix consisting of four 

different preselected siRNAs to enhance knock down efficiency. In total 100 pmol SAMHD1 siRNA 

mix or non-target (NT) control siRNA were transfected using Lipofectamine RNAiMax according to 

the manufacturer’s instructions. For each well of a 12 well plate siRNA and 5 µl Lipofectamine 

RNAiMax were diluted in 50 µl Opti-MEM each. Both solutions were mixed and siRNA-lipid 

complexes added to cells after incubation of 5 min at RT. 5 h post transfection medium was 

replaced by fresh transfection DMEM. Knock down efficiency was evaluated by immunoblotting 

48 h post transfection. 

 INFECTIOUS WORK 

 INFECTION OF EUCARYOTIC CELLS WITH INFLUENZA A VIRUSES 

For infection of non-polarized eucaryotic cells with IAV, cells were seeded previously with a 

desired density of 80-90 % on day of infection. Cells were washed once with PBS before they were 

infected with virus diluted in D-PBS/0.2 % BSA. Infection always occurred with a specific amount 

of infectious virus particles per cell (multiplicity of infection (MOI). An MOI of 0.1 was used for 

replication analyses and an MOI of 1 to 5 was used for biological and biochemical assays. After an 

incubation time of 45 min at RT with shaking every 15 min virus suspension was aspirated, cells 

washed with PBS and cell type specific infection medium added.  

For infection of polarized Calu 3 cells, cells were washed on apical side three times for at least 5 

min at 37°C with D-PBS to remove the mucus layer as well as possible. In basolateral chamber cells 

were washed once. Afterwards D-PBS was aspirated and cells infected on apical side with desired 

virus amount diluted in D-PBS/0.3% BSA. Incubation was performed at 37°C with shaking every 15 

min.  Subsequently, virus suspension was aspirated from apical side and cells washed with D-PBS 

once. 2.5 ml Calu 3 infection medium was added on basolateral chamber. For replication analysis 

1 ml infection medium was also added to the apical chamber, but for biochemical and cell 

biological assays polarized cells were further maintained under ALI conditions.  
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For multicyclic replications the infection medium has to be supplemented for most cell lines with 

TPCK-trypsin that cleaves the HA of newly synthesized virus particles. Otherwise released viruses 

are not able to infect neighboring cells because most cell lines lack a suitable protease. Depending 

on compatibility of cell lines different amounts of TPCK-trypsin were added to the appropriate 

infection medium (Table 2). 

Table 2: Cell type specific TPCK-trypsin concentration for multicyclic infections 

Cell line A549 Calu 3 MEF MDCKII 

TPCK-Trypsin (µg/ml) 0.25 0 0.5 1 
 

Replication analyses were performed by removing 10 % of the supernatant at indicated time 

points and refilling with appropriate infection medium. Afterwards supernatants were stored at -

80°C until they were titrated by Plaque Assay (see 3.2.3). 

 HEMAGGLUTINATION ASSAY 

The hemagglutination capacity of the IV HA protein can be used to evaluate the amount of viral 

particles in a solution. However, it cannot be distinguished between infectious and non-infectious 

particles. Virus containing solution was serial diluted twofold in 50 µl PBS in V-bottom 96 well 

plates. 50 µl 1% chicken erythrocytes diluted in PBS were added in each well and plate was 

incubated at 4°C for 30 min. The hemagglutination titer is the reciprocal value of the last dilution 

at which hemagglutination can still be observed. 

 TITRATION BY PLAQUE ASSAY 

The amount of infectious virus particles was determined by titration on MDCKII cells seeded in 12 

well plates the day before titration. Virus stocks or supernatant of infected cells were serially 

diluted tenfold in 200 µl D-PBS containing 0.2 % BSA. Cells were washed once with PBS before 

they were infected with 125 µl virus dilution. After 45 min incubation at RT with gently agitation 

virus suspension was aspirated and cells washed with PBS. To prevent virus spread in medium cells 

were incubated with Avicel overlay medium for 48 h at 37°C and 5% CO2. Overlay medium was 

removed and cells washed again with PBS before they were fixed and stained simultaneously with 

0.1% crystal violet in 10% formaldehyde for at least 30 min at RT. By washing twice with H2O 

staining solution was removed and subsequently plates air-dried. To calculate the viral titers in 

Plaque Forming Units per ml (PFU/ml) the virus plaques per dilution were counted and multiplied 

with the reciprocal value of dilution times 10 (with respect to the volume used for inoculation).   
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 GENERATION OF RECOMBINANT INFLUENZA VIRUSES 

Recombinant IAV PR/8 viruses were generated using the 12 plasmid reverse genetics system (206). 

It consists of eight plasmids each encoding the viral RNA of one genome segment in combination 

with four expression plasmids encoding the viral polymerase proteins PB1, PB2, PA and the viral 

nucleoprotein (NP). To introduce the desired M2 mutation in the viral genome the pPolI M plasmid 

was mutated by inverse PCR with sequence specific mutagenesis primers using the Agilent Quick 

Change Mutagenesis Kit II according the manufacturer’s instructions. After transformation in 

E.coli, plasmid DNA isolation and confirmation by sequencing the mutated pPolI M was used for 

generation of recombinant PR/8 M2 mutant viruses. Briefly, 293T cells were transfected with 0.5 

μg of each of the plasmids pCAGGS-PA, PB1, PB2, NP, pPolI-PA, PB1, PB2, NP, NS, NA, HA and the 

according wild type or mutant pPolI-M using 9 μl Lipofectamine® 2000 (cf. 3.1.3). 6 hours post 

transfection the transfection DMEM was changed to infection DMEM containing 1 µg/ml TPCK-

treated Trypsin and cells were incubated for 48 hours. Afterwards, supernatants were collected, 

clarified from cell debris by centrifugation at 3000 rpm and 4°C for 5 min. 250 µl supernatant were 

used for infection of 1*106 MDCKII cells to propagate rescued viruses. 48 hours post infection 

(h p.i.) viral hemaglutination titers were determined (cf. 3.2.2). If no hemaglutination titer was 

measurable the supernatant was cleared and used again to infect 1*106 MDCKII cells. For the 

generation of final virus stocks a T75 flask MDCKII cells was infected with the last passage without 

measurable hemaglutination titer. 48 h p.i. supernatant was harvested, cleared from cell debris 

and stored aliquotated at -80°C. Viral titer was assessed by plaque assay (see Chapter 3.2.3). 

 MOLECUALAR BIOLOGY 

 POLYMERASE CHAIN REACTION (PCR) 

Amplification of specific DNA fragments occurred using the Phusion High Fidelity polymerase 

under following conditions:  

Table 3: PCR composition and conditions 

Component Volume  PCR conditions    

Template DNA 
5x Phusion HF buffer 

50-100 ng 
10 µl 

 
Initial 
Denaturation 

98°C 30 sec 

  3
0

 c
yc

le
s dNTPs (10 mM) 1 µl  Denaturation 98°C 10 sec 

Primer fwd (10 µM) 1 µl  Annealing 60°C 30 sec 
Primer rev (10 µM) 1µl  Elongation 72°C 15 sec 
DMSO 1.5 µl  Final Elongation 72°C 5 min 
Phusion High Fidelity Polymerase 0.5 µl  Cooling 4°C hold  

ddH2O ad 50 µl      
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 AGAROSE GEL ELECTROPHORSIS 

The negatively charged DNA can be separated according to its molecular weight by agarose gel 

electrophoresis. Depending on the size of the expected DNA fragments, 0.6-1.5 % agarose was 

boiled in 1x TBE. After cooling to room temperature, Midori Green (6 µl/100 ml) was applied to 

visualize the DNA under UV light. Prior to loading the gel, 6x loading buffer was added to the DNA 

samples. To estimate the size of the separated DNA fragments, one pocket was loaded with the 

commercial GeneRuler 1 kb Plus DNA Ladder (Fermentas). Agarose gels were run at constant 

voltage (90 V) for 20-30 min. Detection of separated DNA fragments occurred under UV light using 

a transilluminator.  

 PCR PURIFICATION  

Purification of DNA fragments from solutions was performed using the QIAquick® PCR Purification 

Kit.  For the isolation of DNA from agarose gels the Invisorb® Spin DNA Extraction Kit was used. 

Both were carried out according to the manufacturer’s instructions. DNA was eluted in 30 µl 

ddH2O purifying from solutions or in 20 µl ddH2O using agarose gels. 

 RESTRICTION DIGESTION AND LIGATION 

For the restriction of plasmid DNA or PCR products, 1 U of the respective restriction endonuclease 

per µg DNA was used according to the manufacturer's instructions. The incubation time at 37°C 

was 20 min in case of FastDigest enzymes from Fermentas and 1 h for conventional restriction 

enzymes from NEB.  

For cloning purposes, restricted DNA fragments were purified and ligated using T4 DNA Ligase 

according to the manufacturer's instructions. A standard molar vector:insert ratio of 1:3 was 

chosen. Ligation was performed at 16°C overnight. 5 µl of the ligation mixture was subsequently 

used directly for transformation into chemically competent E. coli (see 3.3.6.). Analysis of the 

clones grown on selection plates was performed by restriction digestion and by sequencing. 

 SEQUENCING 

All sequencings were carried out in the in-house sequencing laboratory of the Robert Koch 

Institute using Sanger's dideoxy method, also known as chain termination synthesis. The 

sequencing reactions were performed with the BigDye® Terminator v3.1 Cycle Sequencing Kit as 

follows:  
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Table 4: Sequencing composition and conditions 

Component Volume  PCR conditions    

Template DNA 50-100 ng  Initial Denaturation 96°C 2 min 

   
2

5
 c

yc
le

s 

5x ABI reaction buffer 2 µl  Denaturation 96°C 10 sec 
Sequencing Primer (10 µM) 0.5 µl  Annealing 45°C 5 sec 
BigDye 3.1 Mix 0.5 µl  Elongation 60°C 4 min 
ddH2O ad 10 µl  Cooling 4°C hold 

 

Sequencing results were evaluated using the Geneious Software. 

 TRANSFORMATION IN E.COLI 

Transformation is defined as uptake of circular DNA into competent bacteria. 50 µl of chemically 

competent E.coli XL 1-blue thawed on ice were mixed with 1 µl plasmid DNA or 5 µl ligation 

reaction. During a 30 min incubation period on ice, the plasmid DNA first attached to the bacterial 

cells before being transformed into the bacteria by the so-called "heat shock" for 90 s at 42°C. 

After an incubation period of 2 min on ice, the bacterial suspension was mixed with 500 µl of 

prewarmed SOC medium and incubated for 1 h at 37°C and 200 rpm to allow regeneration of cells. 

50 – 100 µl of the suspension was subsequently plated out on 2xYT agar plates with the 

appropriate antibiotic allowing selective growth of bacteria. After pelleting at 3000 rpm for 5 min, 

the remaining suspension was also plated out on selection plates. Cultivation was performed at 

37°C overnight. 

 ISOLATION OF PLASMID DNA 

For the isolation of plasmid DNA single colonies of transformed bacteria were picked and 

inoculated in 2xYT medium with the appropriate antibiotic. 5 ml (“mini”) or 200 ml (“maxi”) 

overnight cultures grown at 37°C and 200 rpm were pelleted and plasmid DNA isolated using the 

Invisorb® Spin PlasmidMini Two Kit for mini cultures or the QIAfilter PlasmidMaxi Kit for maxi 

cultures according to the manufacturer’s protocol. The elution was performed with 50 µl (“mini”) 

or 400 µl (“maxi”) ddH2O, respectively. DNA concentration was determined using a NonaDrop 

8000 and adjusted to 1 µg/µl. 

 ISOLATION OF VIRAL RNA 

Isolation of viral RNA (vRNA) was performed from 200 µl cell culture supernatant using the 

QIAamp® MinElute® Virus Spin Kit from Qiagen following the manufacturer’s protocol. vRNA was 

eluted in 50 µl RNase-free H2O. 
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 REVERSE TRANSCRIPTION PCR 

Reverse transcription is the process of transcribing complementary DNA (cDNA) using RNA as 

template. For transcription of vRNA and subsequent PCR the OneStep RT-PCR Kit from Qiagen was 

used according to the manufacturer’s instructions. 15 µl vRNA were applied to amplify M 

segments of recombinant viruses for following sequencing reaction.  

 BIOCHEMICAL METHODS 

 PREPARATION OF CELL LYSATES 

Cell lysates for Western blot analysis were mainly prepared from 6 wells. Cells were washed once 

with ice-cold PBS and scraped in PBS into a tube. Cells were pelleted for 5 min at 3000 rpm and 

4°C before they were resuspended in 100 µl NP-40 lysis buffer. After at least 30 min incubation on 

ice, cell lysates were centrifuged at 15000 xg and 4°C for 10 min. Supernatants were transferred 

into new tubes and supplemented with 20 µl 6x SDS sample buffer. Depending on proteins to be 

detected, samples were incubated for 10 min at 95°C or for detection of the NKA for 30 min at 

37°C and 800 rpm. 

 COIMMUNOPRECIPITATION 

The interaction of the NKA with the viral M2 protein was investigated in coimmunoprecipitation 

(Co-IP) studies. A549 cells expressing a GFP-tagged rat NKAα1 were seeded in 10 cm dishes the 

day before transfection (cf. chapter 3.1.3.) or infection (cf. chapter 3.2.1.). 24 h p.i. or p.t. cells 

were washed twice with ice-cold PBS and scraped into tubes. After pelleting of cells at 3000 rpm 

and 4°C for 5 min, cell pellets were resuspended in 200 µl CHAPS lysis buffer and incubated at 

least 30 min on ice. Afterwards, lysates were centrifuged at 15000 x g and 4°C for 10 min. 

Supernatants were transferred into new tubes and diluted with further 300 µl lysis buffer. 50 µl 

were used as “input” and incubated with 6x SDS sample buffer at 37°C and 800 rpm for 30 min. 

For Co-IP 25 µl GFP-Trap bead slurry were washed three times with 500 µl lysis buffer. After 

rotating incubation overnight at 4°C, the beads were washed three times with 500 µl lysis buffer 

to remove unbound proteins. For all washing steps beads were centrifuged at 3000 rpm for 5 min 

at 4°C. Finally, beads were resuspended in 50 μl elution buffer and incubated for 2 min at RT and 

1000 rpm. Supernatants were incubated with 6x SDS sample buffer at 37°C and 800 rpm for 30 

min before they were loaded on SDS-Page and analyzed in immunoblots (cf. chapters 3.4.6. and 

3.4.7.).   

 CROSSLINKING 

To investigate whether NKA/M2 interaction was completely disrupted upon infection with IAV M2 

A1 mutant virus Coimmunoprecipitation (cf. 3.4.2) was repeated with previous crosslinking with 



 
Methods 

 

44 
 

dithiobis[succinimidylpropionate] (DSP). DSP is a cleavable crosslinker containing an amine-

reactive N-hydroxysuccinimide (NHS) ester at each end of spacer arm. 

Before scraping of cells, they were washed twice with ice-cold PBS and incubated for 20 min at RT 

with 1 mM DSP in PBS. After removal of crosslinking solution and 15 min incubation time with 

quenching solution at RT cells were washed once with ice-cold PBS and lysed directly in plate with 

500 µl CHAPS lysis buffer. During the 30 min incubation on ice cell lysates were scraped into tubes 

for centrifugation at 15000 xg and 4°C for 10 min. Supernatant was transferred into new tubes 

and 50 µl collected as “input”. Following steps are performed analogously to 3.4.2. with the 

exception that 6x SDS sample buffer contained 50 mM DTT instead of ß-mercaptoethanol. 

 SURFACE BIOTINYLATION 

The expression of plasma membrane proteins was analyzed by surface biotinylation. Polarized 

Calu 3 cells were incubated on apical or basolateral side with non-permeable EZ-link Sulfo-NHS-

SS-Biotin which binds unspecifically to amine-residues on the cell surface. To prevent 

internalization of proteins, all steps were processed with prechilled buffers on ice. 

First, the cells were washed three times with D-PBS before they were incubated twice for 25 min 

with biotinylation buffer containing 1.5 mg/ml biotin under shaking conditions. This was followed 

by two washing steps and a 20 min incubation with quenching solution to remove unbound biotin. 

After two further washing steps with D-PBS cells were lysed in 300 µl NP-40 lysis buffer. Cell lysates 

were kept on ice for 1 h before they were centrifuged at 13000 xg for 10 min to pellet cellular 

debris. Protein concentration in the supernatant was determined using BCA assay according to 

the manufacturer’s protocol. Up to 300 μg protein in a total volume of 300 μl lysis buffer were 

added to 70 μl streptavidin-coupled beads which were prepared by washing three times with lysis 

buffer. After rotating incubation overnight at 4°C, the beads were washed successively three times 

with lysis buffer, twice with solution B and once with solution C to remove unbound proteins. For 

all washing steps 300 µl volume were used and beads centrifuged at 3000 rpm for 3 min at 4°C. 

Finally, biotin-labeld surface proteins specifically bound to the beads were eluted for following 

analysis by immunoblot or mass spectrometry, respectively. 

For immunoblot analysis beads were resuspended in 50 μl 2x SDS sample buffer and heated up to 

37°C for 30 min with shaking at 800 rpm. Beads were centrifuged and the supernatant loaded on 

SDS-PAGE. 

For mass spectrometric analysis proteins were directly digested on the beads and prepared for 

nLC-MS/MS (see chapter 3.7.2.). 
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 DEGLYCOSYLATION OF PROTEINS 

Deglycosylation of proteins was carried out by digestion with PNGase F. 45 µl lysate was mixed 

with 5 µl 10x denaturation buffer and incubated for 5 min at 95°C. Afterwards the solution was 

supplemented with 10 µl 10x G7 Reaction Buffer, 10 µl 10 % NP40, 10 µl PNGase F and 20 µl H2O 

to obtain a total reaction volume of 100 µl and incubated for 2 h at 37°C. In preparation for SDS-

Page sample was mixed with 20 µl 6x SDS sample buffer and incubated further 5 min at 95°C. 

 SODIUM DODECYL SULPHATE POLYACRYAMIDE GEL ELEKTROPHORESIS (SDS-PAGE) 

SDS Page was used to separate proteins in the electric field according to their molecular weight. 

SDS containing polyacrylamide gels were generated in-house using the Mini-PROTEAN® 3 gel 

casting equipment (Biorad) according to Table 5. First, the separating gel was prepared and poured 

between two glass plates with a distance of 1.5 mm.  Depending on the molecular size of the 

proteins of interest, 10 % or 12.5 % separation gels were used. The detection of M2 occurred by 

default with 12.5 % separation gels. After polymerization of the separating gel, the stacking gel 

was prepared and layered on top. By insertion of a plastic comb into the stacking gel the desired 

number of lanes was generated, in which protein samples were loaded after polymerization. 

Protein samples for SDS-PAGE were mixed with SDS sample buffer and incubated at 95°C for 5 min 

or in case of NKA at 37°C and 800 rpm for 30 min. After sample loading proteins are separated by 

applying a constant current of 25 mA per gel in a vertical gel chamber containing SDS running 

buffer.  

Table 5: Composition of 1.5 mm SDS polyacrylamide gels 

component 
      seperation gel 
 10 %                  12.5 % 

stacking gel 
5 % 

30 % acrylamide/0.8 % bisacrylamide 3.3 ml 4.1 ml 0.83 ml 
ddH2O 4.0 ml 3.2 ml 2.8 ml 
1.5 M Tris-HCl pH 8.8 2.5 ml 2.5 ml - 
0.5 M Tris-HCl pH 6.8 - - 1.25 ml 
10 % SDS 100 µl 100 µl 50 µl 
10 % APS 100 µl 100 µl 50 µl 
TEMED 6 µl 6 µl 6 µl 

 

 WESTERN TRANSFER AND IMMUNOBLOT ANALYSIS 

In order to detect specific proteins, they were transferred from the polyacrylamide gel to a 

hydrophobic nitrocellulose membrane by semi-dry western blotting. Subsequently, proteins of 

interest were detected using antibodies specifically directed against these proteins.  

For protein transfer the Trans-Blot® SD Semi-Dry Transfer Cell was used by stacking three layers 

Whatman paper, one nitrocellulose membrane, the acrylamide gel and further three layers 
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Whatman paper between anode and cathode. Per 1.5 mm gel a constant electric current of 75 mA 

was applied for 90 min. Afterwards, nitrocellulose membranes were blocked for at least 30 min at 

RT with 3 % skimmed milk in TBST or 5 % BSA in TBST for the detection of phospho proteins. 

Primary antibodies were diluted in 0.5 % skimmed milk in TBST or 1 % BSA in TBST, respectively. 

After overnight incubation at 4°C, the membranes were washed thrice for at least 10 min with 

TBST, before secondary horseradish-peroxidase (HRP)-conjugated antibody, diluted in 0.5 % 

skimmed milk or 1 % BSA in TBST, was added for 45 min at RT. Membranes were washed six times 

for at least 5 min with TBST before the SuperSignal™WestDura Extended Duration Substrate was 

added according to the manufacturer’s instructions. HRP catalyzes the oxidation of luminol in the 

substrate solution. The resulting chemiluminescence was detected by CL-XPosure™ x-ray films 

developed with a Curix 60 processor (Agfa).  

 CELL BIOLOGY METHODS 

 IMMUNOFLUORESCENCE 

The subcellular localization of proteins in polarized ALI cultures was detected by z-stack 

immunofluorescence analysis. Cells grown on transwell culture inserts were washed once with 

PBS++ and fixed with 3.7 % formaldehyde in D-PBS for 15 min at RT. Afterwards, they were 

incubated for 10 min at RT with 10 mM ammonium chloride/D-PBS to bind free aldehyde groups 

that could otherwise trap antibodies. A subsequent 7 min incubation with 0.5 % TritonX-100/D-

PBS at RT is followed by blocking of cells with 3 % BSA/D-PBS for at least 1 h at RT. Between each 

of these steps, the samples were washed twice with D-PBS.  

To stain specific proteins in the cell monolayer, filter inserts were stamped out with 6 mm biopsy 

punches. These filter pieces were incubated at 4°C overnight in 50 µl drops containing primary 

antibodies diluted in 3 % BSA/D-PBS. After washing three times with D-PBS for at least 5 min, cells 

were incubated with secondary fluorescence conjucated antibodies for 1 h at RT in the dark. Cells 

were subsequently washed twice with D-PBS and nucleus stained by incubating cells with DAPI for 

10 min. Two further washing steps with D-PBS and one with desalted H2O were followed by 

mounting of the samples with Mowiol on glass plates under appropriate cover slides. Fluorescence 

laser-scanning microscopy was performed using a Zeiss LSM 780 confocal microscope with 

corresponding ZEN software and a 63x ocular. ZEN software was also used for reconstruction of z-

stacks.  

 PREPERATION OF CELLS FOR ELECTRON MICROSCOPY 

For validation of Calu 3 cell polarization or morphological comparison of recombinant WT and 

mutant viruses, cells were prepared for electron microscopy. 
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Infected A549 cells or polarized Calu 3 cells were washed twice with PBS or D-PBS, respectively 

before fixation with clinic fixans for 2 h at RT. Fixed cells were further prepared for transmission 

electron microscopy by Gudrun Holland at the RKI in cooperation with the Centre for Biological 

Threats and Special Pathogens 4 (ZBS4): Advanced Light and Electron Microscopy. Briefly, cells 

were embedded in epon and ultrathin sections were examined on the transmission electron 

microscope Tecnai Spirit (Thermo Fisher Scientific Inc.) operated at 120 kV acceleration voltage. 

Images were recorded with the digital CCD camera Megaview (Olympus Soft Imaging Solutions 

(OSIS)). 

 CELL VIABILITY ASSAY 

The evaluation of cell viability is important to exclude cell cytotoxic effects after siRNA KD of 

certain genes. This was performed using the Cell Proliferation Kit I (MTT) assay from Roche which 

is based on the cleavage of the yellow tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) to purple insoluble formazan crystals. This occurs only in 

metabolic active cells and can be determined by photometric measurement at 570 nm. 

A549 cells seeded in 96 well plates were transfected with SAMHD1- or NT-siRNA (3.1.4). In addition, 

control wells were included, which were non-treated or treated with DMSO. At 0 h, 24 h, 48 h, 72 h, 

96 h and 120 h post transfection, cell viability was measured by performing the MTT assay according 

to the manufacturer’s instructions.  

 TRANSEPITHELIAL ELECTRICAL RESISTANCE (TEER) 

For validation of Calu 3 cell polarization Transepithelial electrical resistance (TEER) was measured 

over a period of 21 days. TEER of a cellular monolayer is a widely accepted quantitative measure 

of the barrier integrity. The measurement was performed with a volt ohmmeter (Millicell® ERS 

(electrical resistance system), Millipore/Merck KGaA) in ohm using the range of 2000 Ω. For that, 

one electrode was placed in the basolateral and the other in the apical compartment of the 

transwell. Both were separated by the cellular monolayer. To obtain the reported ohms*cm2, the 

measured electrical resistance was multiplied by the cell area. Finally, the electrical resistance of 

an empty transwell was subtracted.  

 FITC DEXTRAN ASSAY 

As equivalent for the Alveolar Fluid Clearance measurement in vivo the FITC Dextran Assay was 

used in vitro with polarized Calu 3 cells whereby it is possible to determine the vectorial water 

transport through a Calu 3 cell monolayer. Calu 3 cells were cultivated 14 days under ALI 

conditions and subsequently infected or mock-infected, respectively. Directly after infection the 

cells were supplied with 1 mg/ml 70 kDa FITC-dextran containing infection Medium, 0.9 ml in the 
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apical and 1.8 ml in the basolateral chamber. The 70 kDa FITC dextran cannot pass through the 

electrochemical resistant cell layer for which reason in apical medium the FITC-Dextran 

concentration increases and in basolateral decreases if a vectorial water transport from apical to 

basolateral chamber occurs. After 16 hours of incubation at 37°C FITC dextran concentrations in 

apical and basolateral media were analyzed by measuring the absorbance at 490 nm. Vectorial 

water transport (VWT) was calculated by changes in FITC-dextran concentration between apical 

(Ca) and basolateral (Cb) media in comparison to starting conditions (C0). 

 VWT = [1 - (C0/Ca)] - [1 - (C0/Cb)] 

As experimental control and for normalization of individual experiments medium of a mock-

infected cells was additionally supplied with 25 µM Ouabain which is an inhibitor of the NKA and 

therefore leads to a complete discontinuation of fluid transport. 

 MICE 

A mix of female and male 8-10 week old C57BL/6J mice were purchased from Charles River 

Laboratories. After at least one week acclimatization to housing conditions, the animals should be 

between 10 and 14 weeks old and weigh at minimum 18 g to be used for any experiment. Mice 

were kept in enrichment containing type III cages with a maximum of five animals per cage. They 

were housed in a 12 hours light/dark rhythm at 22 °C with an air exchange 10-12 times a day. All 

experiments were performed according the proposal approved by the Landesamt für Gesundheit 

und Soziales (LAGeSo) Berlin (reference number G0076/19). 

 ISOLATION OF PRIMARY MURINE ALVEOLAR EPITHELIAL CELLS (AEC) 

To investigate rearrangement of the NKA to apical cell surface upon infection with generated 

recombinant mutant viruses also in primary material, murine AECs were isolated and infected ex 

vivo. 

The isolation of murine AECs was performed as described previously (207). Mice were 

anaesthetised with isoflurane and sacrified by incision of the vena cava. After opening the chest 

cavity, the lungs were flushed with HBSS via the right ventricle. Afterwards trachea was cannulated 

with a blunt single-use 21-gauge cannula to insert 1.5 ml sterile dispase into the lung. To ensure 

that the dispase can only act in the alveoli in order to isolate predominantly alveolar epithelial 

cells, 0.3 ml of prewarmed 1 % low-melting agarose were injected subsequently. Lungs and 

trachea were prepared and incubated for further 40 min at RT in dispase. Next, lung lobes were 

roughly dissected and homogenized in 5-6 ml DMEM/2.5 % HEPES/0.1 g/l DNase per lung in C 

tubes using the gentleMACS Dissociator (Milteny Biotec). Single cell suspension was filtered 
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through 100 and 40 μm cell filters. Afterwards cells were resuspended in DMEM/2.5% HEPES and 

living as well as dead cells counted. To remove remaining endothelial and lymphoid cells, cell 

suspension was incubated with biotinylated anti-mouse CD31, CD16/32 and CD45 antibodies for 

30 min at 37°C. Antibody amounts were calculated as follows: 

cell number/1 000 000 *0.9 = μl of CD45 antibody 

cell number/1 000 000 *0.675= μl of CD16/32 antibody 

cell number/1 000 000 *0.4 = μl of CD31 antibody 

Cells were washed and streptavidin-linked dynabeads (washed thrice with 1ml PBS) added. 

Amounts of magnetic beads were calculated as follows: 

ml medium * 50 = μl of dynabeads 

After incubation for 30 min at RT with gentle rocking, magnetic separation was performed for 15 

min. Remaining cells were washed and resuspended in DMEM culture medium. mAEC were 

seeded at a density of 120-150 000 cells/cm2 in ThinCerts and grown for 3 days prior to infection.  

 INFECTION WITH INFLUENZA A VIRUSES 

Mice were anaesthetised with isoflurane and infected intranasally (i.n.) with 750 PFU IAV PR/8 WT 

or M2 A1 in a total volume of 50 µl PBS, equally distributed on both norrils.  Control animals were 

mock-infected with PBS only. After infection animals were monitored daily by experienced animal 

keepers according the approved Score Sheet and euthanized immediately after reaching 20 % 

weight loss or another endpoint criterion.  

 ALVEOLAR FLUID CLEARANCE 

Fluid transport from the alveoli in vivo was determined under the guidance of Dr. Christin 

Peteranderl by measuring changes of Evans Blue-tagged albumin in an iso-osmolar alveolar 

instillate over 30 minutes as described previously (135). Mice were anaesthetised with ketamine 

(65 mg/kg), xylazine (13 mg/kg) and acepromazine (2 mg/kg) applied intraperitonally (i.p.) at 0.2 

ml per 20 g body weight. Acepromazine supplements anesthesia as a strong sedative to achieve a 

sufficiently long narcotic duration (208). Mice were placed in supine position on a heating pad to 

maintain body temperature which is monitored by a thermometer inserted anally. Heart rate 

during the intervention was checked by a non-invasive heart rate sensor placed on the paw. Both 

parameters are monitored digitally using Maus Physiosuite/MouseSTAT (Kent Scientific). 

After the trachea was cannulated, mice were paralyzed with 10 mg/kg pancuronium i.p. to 

suppress spontaneous respiration. Subsequently mice were directly connected via catheter to a 
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mouse ventilator (Harvard Apparatus) and ventilated using a tidal volume of 0.2 ml at a frequency 

of 160 breaths per minute and 100 % of oxygen.  

Iso-osmolar NaCl solution (324 mOsm; 0.3 ml) containing 5 % Evans blue-tagged (0.15 mg/ml) BSA 

were intratracheally applied via the catheter over a time period of 30 s, followed by 0.2 ml air. 

Immediately afterwards, mice were further ventilated for 30 min. After this time, fluid is 

reaspirated and Evans Blue concentrations of the reaspirated (C30) and initial (C0) instillate 

determined by measuring absorbance at 620 nm. AFC was calculated as follows:  

AFC = 1-(C0/C30). 

 TITRATION OF VIRAL LOAD 

The viral load was determined from Bronchoalveolar Lavage Fluid (BALF) by plaque assay (cf. 

3.2.3.). For that mice were anaesthetised with ketamine (100 mg/kg) and xylazine (16 mg/kg) i.p. 

at 0.2 ml per 20 g body weight. Immediately after exsanguination under anaesthesia, BAL fluid 

was obtained by flushing the lower airways three times with 500 µl PBS intratracheally. For this 

purpose, a small incision was made into the trachea to insert a blunt single-use 21-gauge cannula. 

 HISTOLOGICAL ANALYSIS 

For histological evaluation of murine lungs, mice were anaesthetised with ketamine (100 mg/kg) 

and xylazine (16 mg/kg) i.p. at 0.2 ml per 20 g body weight. The abdominal cavity was opened and 

heparin (125 IE in 50 µl PBS) injected into the heart through the closed diaphragm from the 

abdominal side. After waiting for 1-2 min, the mice were sacrificed by bleeding from the vena 

cava. After final breath, a ligature was closed around the trachea to avoid alveolar collapse. 

Subsequently, the chest cavity was opened, lung carefully removed and fixed in 4 % 

paraformaldehyde for 24 -48 h.  

Further preparation and analysis were performed by the veterinary experimental pathologists 

Judith Hoppe and Achim D. Gruber (Freie Universität Berlin, Institute of Veterinary Pathology). 

Briefly, lungs were embedded in paraffin using Tissue-Tek VIP and Modular Tissue Embedding 

Center EC 350, cut in 3-5 µm sections using microtom Leica RM2235 and stained with hematoxylin 

and eosin (HE) by Leica Autostainer XL. The histopathological assessment of character and severity 

of IV induced pneumonia was done using lung specific inflammation score parameters and a 5 

point scoring scheme. Parameters included distribution, degree, localization (interstitial or 

alveolar) and quality (lymphocytic, histiocytic, neutrophilic or necrotizing) of inflammation, 

alveolar edema, bronchitis, pleuritis, perivascular edema, perivascular Cuffs, steatitis and 

hemorrhage. Further a digital quantification of total lung cells was performed. Pictures were taken 
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with the Olympus BX 41 microscope using the cellSens imaging software (Olympus Corporation 

ver. 1.18).  

 SERUM AND PLASMA PREPERATION 

The collected blood samples were centrifuged at 2500 xg for 30 min, supernatant was harvested 

and stored at -80°C. Supernatant of coagulated blood is defined as serum and of heparinized blood 

as plasma. 

 CYTOKINE DETECTION 

Cytokine levels were determined from BAL fluid and Plasma samples. This was performed using a 

customized ProcartaPlex murine 12 plex assay including TNFα, IFNα, IFNβ, IFNγ, IL-1β, IP-10 

(CXCL10), IL-6 , MIP-1α (CCL3), MCP-1 (CCL2), IL-10, G-CSF (CSF-3), GM-CSF. The Assay was carried 

out following the specifications of the manufacturers and measured with a BioRad Multiplex 

instrument. Additionally, murine CXCL1, CXCL2 and IL-17 were analyzed using the R&D DuoSet 

ELISA Kits according to the manufacturer’s instructions. 

 ELISA 

To evaluate immune response after IAV infections an additional ELISA for IAV specific antibody 

detection was performed. 5 µg/ml purified and inactivated IAV PR/8 WT virus (NIBSC) was coated 

on 96-well high-binding ELISA plates in 50 µl coating buffer. After coating at 4°C overnight coating 

buffer was aspirated and plates blocked with 100 µl 3 % skimmed milk in PBST for 1 h at RT. 

Blocking buffer was replaced by 50 µl/well plasma which was serially diluted in blocking solution 

and incubated for 90 min at RT. Subsequently plates were washed with PBST three times before 

wells were incubated with 50 µl secondary HRP-conjugated antibody in blocking buffer for 1 h at 

RT. Plates were washed again three times with PBST and 50 µl/well ELISA substrate added. By 

addition of 50 µl 1M sulfuric acid per well the color reaction was stopped and OD measured at 450 

nm.  

 MASS SPECTROMETRIC SILAC ANALYSIS 

 SILAC LABELING OF CALU 3 CELLS 

Stable isotopic labelling by amino acids in cell culture (SILAC) is a quantitative mass spectrometry 

method based on a defined mass difference of amino acids in two cell populations (209). For this 

purpose Calu 3 cells were labeled with non-radioactive “light” (L-lysine (K0) and L-arginine (R0)) 

and “heavy” ((L-[13C6, 15N2] lysine (K8) and L-[13C6, 15N4] arginine (R10)) amino acid isotopes 

by passaging Calu 3 cells 6 times in cell culture flasks to ensure incorporation of the labeled amino 

acids into the cellular proteins. Lysine was added at a concentration of 146 mg/l and arginine at a 
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concentration of 84 mg/l in SILAC DMEM containing 15 % dialyzed FBS (cf. chapter 2.1.2.). To avoid 

the incorporation of unlabeled amino acids, cells were detached with cell dissociation buffer 

instead of trypsin. Labeled Calu 3 cells were slowly frozen at -80°C in SILAC DMEM containing 20 

% dialyzed FBS and 10 % DMSO. Long-term, the cells were stored at -150°C. 

The efficient labelling of the “light” and “heavy” cell population was confirmed by mass 

spectrometric analysis at peptide level by using the Proteome Discoverer 1.4 software.  

 PREPERATION OF SILAC SAMPLES FOR NANOLC-MS/MS 

For the identification of proteins regulated on apical cell surface upon IV infection one cell 

population was mock-infected and the other one infected with IV A/PR/8. The detailed workflow 

of the performed SILAC experiment is presented in Figure 23A. Briefly, apical cell surface proteins 

were biotinylated as described in section 3.4.4. 20 h p.i. Afterwards, cells were lysed, mixed and 

biotinylated proteins pulled down by on-bead digest for LC-MS analysis.  During the last washing 

step prior to elution, beads were transferred into low retention reaction tubes. The streptavidin 

beads containing the bound biotinylated proteins were incubated in 150 µl digestion buffer I for 

1 h at 37°C to reduce disulfide bonds by Dithiothreitol (DTT). Subsequently, 15 mM Iodacetamide 

(IAA) were added to alkylate free thiol groups and thereby prevent refolding of proteins. After an 

incubation period of 30 min at RT in the dark, 2.5 µg Trypsin/Lys-C-Mix was supplemented for an 

efficient digestion shaking at 37°C for 4 h. Afterwards, the mixture was replenished with 8 volumes 

of digestion buffer II and incubated further overnight shaking at 37°C. Finally, the supernatant was 

transferred to a new low retention reaction tube, dried in a vacuum concentrator and frozen at -

20°C until further processing.  

After all six replicates were collected, samples were desalted using C18-Stage tips which were 

prepared by stamping out round pieces of an EmporeTM Octadecyl C18 47 mm extraction disc. 

These were packed into 200 µl pipette tips by using a 1702 Plunger Assembly followed by 

activation and equilibration. Dried peptides were resolved in around 350 µl 0.5 % TFA for 

acidification to a pH of approximately 2. Afterwards, desalting was performed stepwise according 

to Table 6 with in-between centrifugation at 2000 xg for 1 min. Finally, eluted desalted peptides 

were dried in a vacuum concentrator and frozen at -20 °C until nLC-MS/MS analysis.  
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Table 6: Desalting of peptides using C18-Stage tips 

Step Solution 

Activation 100 µl MeOH 

Equilibration 
1. 100 µl 0.1 % FA, 80 % ACN 
2. 100 µl 0.2 % TFA 

Loading Samples dissolved in 0.5 % TFA 
Washing 100 µl 0.2 % TFA 
Elution 100 µl 0.1 % FA, 80 % ACN 

 

 NANOLC AND MS ANALYSIS 

LC and MS analysis was performed by Dr. Jörg Döllinger at the RKI in cooperation with the Centre 

for Biological Threats and Special Pathogens 6 (ZBS6): Proteomic and Spectroscopy. Briefly, 

peptides were analyzed on an EASY-nanoLC 1200 (Thermo Fisher Scientific Inc.) coupled online to 

a Q Exactive™ Plus mass spectrometer (Thermo Fisher Scientific Inc.). Peptides were dissolved in 

20 μL 0.1 % FA and separated on a 50 cm Acclaim™ PepMap™ column (75 μm i.d., 100 Å C18, 2 

μm; Thermo Fisher Scientific Inc.) using a linear 240 min gradient of 4 to 35 % solvent B (80% ACN, 

0.1% FA in water) in solvent A (0.1 % FA in water) at 200 nL/min flow rate. Column temperature 

was kept at 60°C using a butterfly heater (Phoenix S&T). The Q Exactive™ Plus was operated in a 

data-dependent manner in the m/z range of 300 – 1650 with a resolution of 70 000 using an 

automatic gain control (AGC) target value of 3 × 106 with a maximum injection time of 20 ms. Up 

to the 10 most intense 2+ - 5+ charged ions were selected for higher-energy c-trap dissociation 

(HCD) with a normalized collision energy (NCE) of 25%. Fragment spectra were recorded at an 

isolation width of 2 Th and a resolution of 17500 at 200 m/z using an AGC target value of 1 × 105 

with a maximum injection time of 50 ms. The minimum MS² target value was set to 1 × 104. Once 

fragmented, peaks were dynamically excluded from precursor selection for 30 s within a 10 ppm 

window. Peptides were ionized using electrospray with a stainless steel emitter, I.D. 30 µm, 

(Proxeon) at a spray voltage of 2.1 kV and a heated capillary temperature of 275°C. 

 DATA PROCESSING AND EVALUATION 

Raw data obtained from the nLC-MS/MS analysis were processed using the quantitative 

proteomics software MaxQuant (version 1.5.1.2) to identify proteins using following parameters: 

Labelling standard; Label multiplicity 2; the SILAC labels K8 and R10; Variable modifications Acetyl 

(Protein N-term), Oxidation (M) and Deamidation (NQ); Digestion mode specific; Enzyme 

Trypsin/P; Max missed cleavages 2; Match type match from and to; Fixed modification 

Carbmidomethyl (C); Re-quantify; Match between runs; Decoy mode revert; Include 

contaminants. The false discovery rate (FDR) was set to 1 % and only protein groups identified by 

at least one unique peptide were kept for further analysis. Searches were performed against the 
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Homo Sapiens data base of National Center for Biotechnology Information (NCBI) from 12.01.2017 

and against the influenza A/PR/8 (P03466; P03468; P06821; P03496; P03485; P03452; P03431; 

P03433; P03428; P03508; P0C0U1). 

Further analysis of the identified proteins was performed using the Perseus software (version 

1.5.1.). All proteins measured in less than 4 replicates were excluded. To evaluate the 

reproducibility of the biological replicates, a scatter plot analysis with calculation of Pearson 

Correlation was initially performed. Identification of statistically significant regulated proteins 

between infected and mock-infected Calu 3 cells was based on t-test and Volcano Plot analyses. 

The resulting list of proteins was filtered for a p-value < 0.05 as well as a t-test difference > 1 or < 

-1 corresponding to at least 2 fold regulation (cf. protein list in appendix). The proteins regulated 

significantly at least 2 fold were analyzed with respect to their affiliation to Biological Process and 

Cellular Component using the open acess Functional Enrichment Tool Funrich. 

 STATISTICS 

All statistical analyses were performed using the GraphPad Prism software (version 9.1.0). Results 

were presented as mean ± standard error (SEM). To compare two unmatched groups, a non-

paired, non-parametric Mann-Whitney-U test was performed. If three or more groups were 

compared, a non-paired, non-parametric Kruskal-Wallis test was used in combination with Dunn’s 

correction. Groups were either compared to mock or to each other. The paired, non-parametric 

Friedman test was used in combination with Dunn’s correction for comparison of matched data. 

Groups were compared to each other.  
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4. RESULTS 

 THE PATHOPHYSIOLOGICAL ROLE OF THE IAV M2 PROTEIN INTERACTION WITH THE CELLULAR SODIUM 

POTASSIUM ATPASE (NA+,K+-ATPASE, NKA) IN IV PNEUMONIA 

This section describes the pathophysiological implications of the IAV M2/NKA virus-host 

interaction in Influenza pneumonia. In patients suffering from ARDS as well as in mice in vivo and 

ex vivo a reduced Alveolar Fluid Clearance (AFC) was observed (118, 135). The main driver of AFC 

is the NKA. By Coimmunoprecipitation (Co-IP) studies the viral M2 protein was identified as a 

binding partner of the NKAα1-subunit (140). Based upon this observation and the knowledge that 

M2 also affects the ion channels ENaC and CFTR (131, 133, 134), it was hypothesized that the IAV 

M2 protein binds the NKA to interfere with the process of AFC which was investigated in this 

thesis. 

 MUTATIONS IN THE IV M2 AMPHIPATHIC HELIX – LOOP REGION REDUCE BINDING TO THE NKA 

 

Figure 8: M2 cytoplasmic tail behind the amphipathic helix, ectodomain and transmembrane domain are 
dispensible for binding to NKAα1 
A and C) A549 cells overexpressing NKAα1-GFP were infected with IV A/Puerto Rico/8/34 at MOI of 1 or 
transfected with IV M2 proteins. 24 h p.i./p.t. cells were lysed. Co-IP assay was performed using GFP-Trap®-
matrix. After rotating at 4°C overnight immunoprecipitated proteins were detected by immunoblotting using 
indicated antibodies (representive Blots of n=3) B) Schematic structure of IAV M2 protein with designation of 
different mutations.  

Former studies showed that the IAV M2 protein can be coimmunoprecipitated with the NKAα1-

subunit 8 hours post infection (h p.i.) with IAV PR/8 in A549 cells (140). However, it is not clear 
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from this study whether other viral proteins are required for NKA binding or whether M2 alone is 

sufficient. To clarify this question and in view of a mutational analysis for identification of the NKA 

binding site in the viral M2 protein, it was first analyzed whether also transfected M2 protein can 

be coprecipitated by NKAα1. Towards this goal A549 cells overexpressing a GFP-tagged NKAa1 

were transfected with an IAV PR/8 M2 expressing plasmid or were infected with IAV PR/8. 24 

hours post infection/transfection (h p.i./p.t.) cells were lysed and proteins precipitated using GFP-

Trap®-matrix. Figure 8A demonstrates a specific coprecipitation of the IAV M2 protein with NKAα1 

from extracts of virus infected as well as of transfected cells. Since M2 could also be 

coimmunoprecipitated after transfection, it was concluded that at least no further viral proteins 

are necessary for interaction with the NKA. As result, the following mutational approach for 

identification of the NKA binding site in the IAV M2 protein was facilitated.  

Since most binding domains in M2 are localized in the long cytoplasmic tail, the NKA binding 

domain was also initially assumed in this region. In a first step of the mutational analysis different 

IAV PR/8 M2 stop mutant expressing constructs were generated similar to a study of McCown and 

Pekosz (67). For this purpose, stop codons were inserted at amino acid positions 90 (Stop1), 82 

(Stop2), 70 (Stop3) and 63 (Stop4) (cf. Figure 8B). Furthermore, binding of influenza BM2 protein 

and avian M2 to NKA was analyzed. In order to exclude the involvement of the N-terminal 

ectodomain as well as the transmembrane domain (TMD), constructs containing an ectodomain 

deletion or a replaced TMD were generated. To preserve the membrane localization, the TMD was 

not deleted but replaced by the TMD of IV HA or NA. However, all these M2 proteins were still 

able to bind the NKAα1 subunit (Figure 8C), which means that the C-Terminal part behind the 

amphipathic helix as well as TMD and N-terminal ectodomain are dispensable for NKA binding. 

For this reason, further M2 mutant constructs were cloned that covered the previously 

unappreciated region of the amphipathic helix. These constructs are shown schematically in Figure 

9A and contain one further Stop mutant (Stop 5 with Stop codon at position 55) as well as different 

triple alanine substitution mutants because shorter stop mutants were not expressable. Three 

sequential residues were substituted by alanines to cover the whole range – M2 A1 (DRL 44-46), 

M2 A2 (FFK 47-49), M2 A3 (CIY 50-52) and M2 A4 (RRF 53-55). Further, the two mutants FFYIF5A 

and KRKK4A were generated in which the character of the amphipathic helix was destroyed. This 

amphipathic helix has a characteristic polar side and a hydrophobic side which incorporates into 

membranes. In the KRKK4A M2 mutant the polar amino acids and in the FFYIF5A mutant the 

hydrophobic ones were replaced by alanine (Figure 9B).  
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In Figure 9C it can be seen that the mutants M2 A1 and M2 KRKK4A showed impaired binding to 

NKAα1. This result suggests that the amphipathic helix/loop region is critical for the M2/NKA 

interaction. 

 

Figure 9: Mutations in M2 amphipathic helix/loop reduce binding to NKA 
A) Schematic structure of IAV M2 protein with designation of different mutations. B) Helical wheel plots 
demonstrating the polar and hydrophobic face of the M2 amphipathic helix. Plots were generated using 
HeliQuest (http://heliquest.ipmc.cnrs.fr/) C) A549 cells overexpressing NKAα1-GFP were transfected with 
different IV M2 mutant proteins. 24 h p.t. cells were lysed and Co-IP assay was performed using GFP-Trap®-
matrix.  After rotating at 4°C overnight immunoprecipitated proteins were detected by immunoblotting using 
indicated antibodies (representive blot of n=3). 

 IAV M2 A1 MUTANT VIRUSES WITH IMPAIRED NKA BINDING BEHAVE COMPARABLE TO IAV WT 

VIRUSES IN VITRO 

Based on the mutational approach recombinant IAV PR/8 mutant virus with the A1 triple alanine 

substitution (M2 DRL3A) was generated using reverse genetics. For this purpose, the mutation 

was inserted into the M-segment coding construct which was transfected along with the other 

IAV PR/8 gene segments into 293T cells, followed by propagation of the rescued viruses on MDCKII 

cells. The same was attempted for the M2 KRKK4A mutation destroying the M2 amphipathic 

character. Probably, because the amphipathic helix plays an important role in the viral budding 

process it was not possible to rescue an IAV PR/8 mutant virus with the M2 KRKK4A mutation (183, 

184).  
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Figure 10A depicts the structure of the M2 TMD and amphipathic helix region of the tetrameric 

M2 ion channel embedded in plasma membrane.  The triple alanine mutation A1 highlighted in 

red is located in the M2 cytoplasmic tail abutting the TMD. In purple the pH sensor His37 and in 

cyan blue the pore gate Trp41 are accentuated.  

 

Figure 10: IAV M2 A1 mutant reveals impaired NKA binding upon infection 
A) Schematic structure of IAV M2 protein with designation of M2 A1 mutation. B) 3D-structure of the IAV M2 
transmembrane domain (PDB: 2RLF, strain IV A/Udorn/307/1972 H3N2 (170)) Mutation is marked in red C) A549 
cells overexpressing NKAα1-GFP were infected with IV A/Puerto Rico/8/1934 WT or M2 A1 at MOI of 1. 24 h p.i. 
cells were lysed and Co-IP assay was performed using GFP-Trap®-matrix.  After rotating at 4°C overnight 
immunoprecipitated proteins were detected by immunoblotting using indicated antibodies (representive blot 
of n=3). 

Identical to the transfection approach in chapter 4.1.1 the M2 A1 protein of the rec IAV PR/8 M2 

A1 mutant virus was not able to bind the NKAα1 domain as shown in Figure 10C.  

In vitro-characterization of the M2 A1 mutant virus by growth curve analyses showed no defects 

in replication compared to the WT virus. Both IAV PR/8 WT and M2 A1 mutant showed similar 

replication kinetics in A549 cells (Figure 11A) as well as in polarized Calu 3 cells (Figure 11B). 

Furthermore, neither morphological changes nor budding defects were detectable by electron 

microscopy which were suspected due to location of the mutation in the amphipathic helix loop 

region. Former studies reported that this region could influence budding process or morphology 

(184). In Figure 11C it can be seen that the spherical virus structure was preserved and both viruses 

budded from the membrane easily. 
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Figure 11: Impairment of M2/NKA interaction does not affect replication phenotype 
A and B) A549 cells and polarized Calu 3 cells were infected with IV A/Puerto Rico/8/1934 WT or M2 A1 mutant 
viruses at an MOI of 0.1. Titers at the indicated time points were determined by plaque titration on MDCKII cells 
(means ± SEM; n=6 (A) or n=3 (B) in duplicates). C) A549 cells were infected with A/Puerto Rico/8/1934 WT or 
M2 A1 viruses with MOI 2. 20 h p.i. cells were fixed and analyzed by electron microscopy (done by G. Holland in 
cooperation with ZBS4). Scale bars represent 100 nm length. 

 CALU 3 CELL ALI CULTURES ARE A SUITABLE IN VITRO MODEL TO INVESTIGATE IAV INDUCED NKA 

MISTARGETING 

Previous studies to NKA mistargeting had been performed in primary human and murine Alveolar 

Epithelial Cells (AECs) (135, 140). Because primary material is rare and valuable it was important 

to find an appropriate in vitro model for systematic mutational studies with respect to NKA 

localization and AFC upon IAV infection.  

Calu 3 cells are a well described human epithelial bronchial cell line which is permissive to IAV 

infection and can be polarized as Air Liquid Interface (ALI) culture for which reason these cultures 

had been characterized in more detail with regard to the specific questions of this thesis (210-

212).  
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Figure 12: Validation of Calu 3 cell Air Liquid Interface (ALI) cultures as in vitro model 
Calu 3 cells were seeded on 0,4 µm PET membranes and cultivated under ALI conditions. A) At indicated time 
points cells were fixed and analyzed by electron microscopy (EM). After 14 days ALI cells were apically infected 
with IV A/Panama/2007/1999 MOI 5. 20 h p.i. cells were fixed and infection confirmed by EM. EM was done by 
G. Holland and M. Laue (ZBS4). B) Development of TEER was measured for 21 days. C) After 20 days ALI cells 
were fixed and stained with indicated antibodies for confocal microscopy (green: NKAα1, red ZO-1, yellow: 
Syntaxin-3, blue: Nuclei). xy top view (left panel) with crosshairs representing intersections chosen for xz/yz 
visualization (right panel). Scale bars represent 10 µm length. D) After 14 days ALI culture cells were apically 
infected with IV A/Panama/2007/1999 MOI 0.5. 20 h p.i. cells were fixed and stained with indicated antibodies 
for confocal microscopy (green: NKAα1, red IAV M2, blue: Nuclei). xy top view (left panel) with crosshairs 
representing intersections chosen for xz visualization (right panel). Representive images of n≥3. Scale bars 
represent 10 µm length. 

plump 
polygonal cells

cuboidal
epithelium

high columnar
epithelium

A
ir

 L
iq

u
id

 In
te

rf
ac

e

day 2

day 0

day 14

d 0 d 14

microvilli

d 5

tight
junctions

basal 
labyrinth

desmosomes

apical budding of IAV

x-y-axis

x-y-axis

blue: Nuclei, red: IAV M2, green: NKAα1

x-z-axis

y-z-axis

x-z-axis

y-z-axis

day ALI

TE
ER

 [
O

h
m

*c
m

2
]

0 5 10 15 20
0

200

400

600

800

1000

ZO-1, NKAa1, Dapi ZO-1, Syntaxin3, Dapi

x-y-axis

x-z-axis

y-z-axis

x-y-axis

x-z-axis

y-z-axis

A

B C

D



 
Results 

 

61 
 

To get a polarized cell monolayer, Calu 3 cells were seeded in transwell inserts with a 0.4 µm PET 

membrane and cultivated under ALI conditions up to 21 days. During this period cells were 

analyzed regarding TEER development and morphological changes by electron microscopy. Within 

the first two days Calu 3 cells already differentiated from plump polygonal cells to a cuboidal 

epithelium. ALI cultivation up to day 14 resulted in a well differentiated high columnar epithelium 

which did not change until day 21 (Figure 12A). These observations were in line with the 

development of TEER which occured early in the first 5 days and remained unchanged afterwards 

(Figure 12B). Based on these characteristics following experiments were performed with polarized 

Calu 3 cells cultivated under ALI conditions for 14 – 21 days. Polarization was further validated by 

immunofluorescence z-stack analysis in which the correct localization of the apical marker protein 

Syntaxin-3, the lateral and basolateral NAKα1 as well as the tight junction protein ZO-1 was 

recognizable (Figure 12C). Finally, the typical apical budding of IAV was detected by electron 

microscopy visible in Figure 12A. 

A particularly important aspect for the question of this thesis on the pathophysiological 

significance of the M2-NKA interaction in viral pneumonia was the rearrangement of the NKA from 

basolateral to apical membrane in IAV infected cells. This NKA redistribution can be well 

recognized in Figure 12D. In a z-stack analysis a series of images of the same section were taken 

in different planes, which were then superimposed. This allowed a lateral view on a cross section 

of the polarized cells. The plane which is shown in the x-y-axis is marked by the grey line in the x-

z and y-z axis and the appropriate cross section is indicated by the dashed line in the x-y-axis. In 

Figure 12D two different planes (x-y-axis) of the same z-stack analysis are presented. The upper 

part of Figure 12D shows a middle plane of the z-stack where you can only see the lateral NKA 

staining in green and the nucleus in blue. In contrast in the upper plane of the z-stack, shown in 

the lower part of Figure 12D, the apical localization of the NKA (green) is visible in IAV infected 

cells (red) but not in the non-infected bystander cells. These signals in the x-y-axis of different 

planes were additionally presented by the intensity profiles in the left part of Figure 12D. In the 

lateral view (x-z and y-z-axis) of the z-stack the NKA translocation was clearly observable which 

confirmed the polarized Calu 3 cell model as an useful tool for further in vitro studies with the IAV 

PR/8 M2 A1 mutant virus. 

 IAV M2 A1 MUTANT VIRUS WITH IMPAIRED NKA BINDING IS AFFECTED IN BLOCKING WATER TRANSPORT 

IN VITRO  

One of the central questions of this thesis aimed on the elucidation of the consequences of the 

impaired M2/NKA interaction on the AFC. As surrogate for measuring AFC in vitro the vectorial 
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water transport through the monolayer of polarized Calu 3 cells was defined to get a first 

impression whether M2 A1 mutant virus is able to block the AFC in a similar way than IAV WT 

virus.   

 

Figure 13: IAV M2 A1 mutant is affected in blocking vectorial water transport in polarized Calu 3 cells 
Calu 3 cells cultivated 14-21 days under ALI conditions were apically infected with IV A/Puerto Rico/8/1934 wt 
or M2 A1 MOI 5 and then supplied with 70 kDa FITC-dextran-labeled media. Vectorial water transport was 
calculated by changes in FITC-dextran concentration between apical and basal media compared with starting 
conditions 16 h p.i., statistics: Kruskal-Wallis test, *p<0.05. 

Calu 3 cells cultivated 14 days under ALI conditions were infected with IAV PR/8 WT or M2 A1 virus 

(MOI=5) and then supplied with 70 kDa FITC-dextran-labeled media. Vectorial water transport was 

calculated by changes in FITC-dextran concentration between apical and basal media 16 h p.i. 

compared with starting conditions and is represented in Figure 13. It can be seen that IAV WT 

virus infection reduced vectorial water transport from apical to basolateral side in polarized Calu 

3 cells, whereas this activity was inhibited upon infection with M2 A1 mutant virus.  

Initially it was hypothesized that the NKA mistargeting to apical side of cell is M2-dependent. 

Accordingly, NKA translocation upon IAV M2 A1 infection was not expected. Therefore, NKA 

rearrangement was examined in polarized Calu 3 cells as well as primary murine AECs. The 

polarized cells were infected with IAV PR/8 WT or M A1 mutant virus at an MOI of 5 (Calu 3 cells) 

or MOI of 0.1 (mAECs) and fixed 20 h p.i. for confocal immunofluorescence z-stack analysis. 

Unexpectedly, Figure 14 demonstrates for both cell types a still ongoing mistargeting of the NKA 

to apical side of infected cells indicated by arrow heads in the lateral views of the z-stacks. On the 

one hand this observation could suggest a M2-independent redistribution of NKA to apical plasma 

membrane, on the other hand it could imply that M2/NKA interaction further occurs but is 

attenuated to a level which can be broken due to the cell lysis process during Co-IP. For cell lysis 

a CHAPS containing lysis buffer was used which is particularly effective for solubilizing membrane 

proteins, but can thereby interfere with protein-protein interactions. It was hypothesized that the 

original M2/NKA interaction was strong enough to withstand these lysis conditions. 
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Figure 14: IAV M2 mutant virus is still able to translocate NKAα1 to apical cell surface 
A) Calu 3 cells were seeded on 0,4 µm PET membranes and cultivated under ALI conditions for 14 days. B) murine 
AEC were isolated from C57BL/6J mice and seeded for 3 days on 0,4 µm PET membranes. A,B) Cells were apically 
infected with IV A/Puerto Rico/8/1934 MOI 5 (A) or MOI 0.1 (B). 20 h p.i. cells were fixed and stained with 
indicated antibodies for confocal microscopy (green: NKAα1, red IAV M2, blue: Nuclei). xy top view (left panel) 
with crosshairs representing intersections chosen for xz/yz visualization (right panel). Representive Images of 
n=3. Scale bars represent 10 µm length.  
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Figure 15: NKAα1 translocation occurs IAV M2-dependent 
A) A549 cells overexpressing NKAα1-GFP were infected with IV A/Puerto Rico/8/1934 WT or M2 A1 at MOI of 1. 
24 h p.i. protein interactions were crosslinked with DSP. Subsequently cells were lysed and Co-IP assay was 
performed using GFP-Trap®-matrix.  After rotating at 4°C overnight immunoprecipitated proteins were detected 
by immunoblotting using indicated antibodies (representive blot of n=3). B) Calu 3 cells were cultivated under 
Air-Liquid-Interface (ALI) conditions for 14 days. Cells were apically infected with IV A/Victoria/361/2011(H3N2) 
WT or M2-Baso MOI 2. 20 h p.i. cells were fixed and stained with indicated antibodies for confocal microscopy 
(green: NKAα1, red IAV M2, blue: Nuclei). xy top view (left panel) with crosshairs representing intersections 
chosen for xz/yz visualization (right panel). Representive Images of n=2. Scale bars represent 10 µm length. 
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To follow up with this hypothesis the Co-IP study was extended by a crosslinking step expected to 

preserve weak protein interactions during cell lysis which will otherwise resolve. Before lysis of 

cells, they were incubated with the cell membrane permeable dithiobis[succinimidylpropionate] 

(DSP) crosslinker. Crosslinking occured via amine-reactive N-hydroxysuccinimide (NHS) esters at 

both ends of a cleavable spacer arm. For direct comparison, approaches incubated with and 

without crosslinker were always included. The crosslinking Co-IP shown in Figure 15A illustrates 

that there still was a weak interaction of the NKAα1 and IAV M2 A1-Protein which could explain 

the still ongoing NKA translocation to apical side of polarized cells.  

To further investigate the M2-dependence of NKA translocation, a IAV Victoria/361 M2-Baso virus 

coding for a M2 protein with basolateral targeting motif was kindly provided by Andrew Pekosz 

(205). Since IVs bud from the apical cell membrane, the IAV Victoria/361 M2-Baso viruses can only 

be propagated on a M2 complementing MDCKII cell line. By infecting polarized Calu 3 cells with 

IAV Victoria/361 WT or M2-Baso at an MOI of 2 for 20 h, it could be confirmed by 

immunofluorescence z-stack analysis that the NKA-mistargeting process seems to be M2-

dependent. As it is recognizable in Figure 15B the NKA signal co-localize with the M2 signal which 

was more ubiquitous distributed in IAV Victoria/361 M2-Baso infected cells compared to WT 

infected cells.  

Based on all these observations it seems that the NKA translocation process is regulated by the IV 

M2 protein and that an attenuation of binding strength could be sufficient to receive AFC 

capabilities. 

 IMPAIRING M2/NKA INTERACTION IMPROVES ALVEOLAR FLUID CLEARANCE IN INFLUENZA INDUCED 

PNEUMONIA IN MICE DESPITE A MORE SEVERE COURSE OF INFECTION 

The missing ability of the M2 A1 virus to block the vectorial water transport in vitro suggested that 

disruption of the M2/NKA interaction would also have a positive impact on AFC in vivo which was 

expected to result in a better outcome of IAV induced pneumonia.  

To investigate AFC capacities during influenza pneumonia in vivo, mice were intranasally mock-

infected or infected with 750 PFU IAV PR/8 WT or PR/8 M2 A1 for 5 days to induce a viral 

pneumonia. The AFC in this study was measured on day 5 p.i. and is presented schematically in 

Figure 16A. An Evans Blue-tagged albumin iso-osmolar instillate was injected intratracheally in the 

alveolus and removed after 30 minutes of ventilation. AFC was calculated by changes in the Evans 

blue concentration between initial and final concentration which was comparable to the in vitro 

FITC-Dextran Assay for measuring the vectorial water transport. Figure 16B shows a significant 
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AFC reduction upon IAV PR/8 WT infection (blue dots) compared to mock-infected control mice 

(grey dots). Animals infected with IAV PR/8 M2 A1 revealed also a reduced AFC compared to mock, 

but only half as much in comparison to WT infected mice.  

 

Figure 16: IAV PR/8 M2A1 with impaired NKA binding is affected in blocking vectorial water transport in vivo 
A) Schematic presentation of in vivo measurements of AFC rates over a time interval of 30 minutes. B) In vivo 
AFC measurement 5 days p.i. with PBS (mock-infected), 750 PFU rec IV A/Puerto Rico/8/1934 wt or 750 PFU rec 
IV A/Puerto Rico/8/1934 M2 A1. Bars represent mean ± SEM, n=8-10 mice per group; statistics: Kruskal-Wallis 
test, *p<0.05, **p<0.01. C) Viral titers in BAL fluid at indicated timepoints were determined by Plaque Titration 
on MDCKII cells (means ± SEM, n=4-5 mice). 

To evaluate possible effects of different courses of infection the viral load was determined on day 

2 and 5 p.i. from BAL fluid. IAV PR/8 WT as well as IAV PR/8 M2 A1 replicated to similar titers in 

vivo (Figure 16C) which confirms the result of previous growth curve analyses (Figure 11A). 

Therefore, it can be excluded that enhanced AFC in PR/8 M2 A1 infected mice was caused by lower 

infectivity rate. 

Based on an improved AFC compared to PR/8 WT infected mice it was expected that PR/8 M2 A1 

infected animals show less clinical symptoms. However, in stark contrast the weight loss which is 

the main clinical feature of a viral induced pneumonia in mice occurs earlier and stronger in 

comparison to WT infected animals (Figure 17A). At the endpoint on day 6 or 7 the IAV PR/8 M2 

A1 infected mice showed with 17.5 % a significant higher weight loss in comparison to the WT 

infected one with only 7.1 % (Figure 17B). Usually, the severity of pathogenesis is associated with 

viral loads. However, both infection groups showed comparable virus titers in their lungs (Figure 

16C). A stronger pathogenesis despite comparable virus titers is extremely rare, but could be 

associated with an enhanced immune response in individual studies (213, 214). This indicates that 

the result was unlikely the cause of mutant virus itself rather caused by a stronger induced 

immune response upon infection with IAV PR/8 M2A1. To follow up on this hypothesis, antibody 
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levels against IAV PR/8 WT virus were determined initially. In plasma of IAV M2 A1 infected mice 

higher antibody levels against IAV PR/8 were measured by ELISA on day 6 p.i. (Figure 17C and D) 

supporting the hypothesis of a stronger induced immune response compared to WT infected 

animals.  

  

Figure 17: IAV PR/8 M2 A1 induces enhanced immune response 
Mice were infected intranasally with 750 PFU rec IV A/Puerto Rico/8/1934 wt or M2 A1. Control animals were 
mock-infected with PBS. A) Relative weight loss (mean ± SEM, n=24-29 mice per group) B) Maximum weight loss 
at endpoint day 6 or 7 (Bars represent mean ± SEM, symbols: individual animals; n=13 mice per group). C) ELISA 
plates coated with inactivated and purified IV A/Puerto Rico/8/1934 were incubated with 2-fold serial dilutions 
of plasma from mice day 6 p.i.. Antibodies in plasma bind to the coated virus and were detected with an anti-
mouse secondary antibody (mean ± SEM, n=6 mice per group). D) ELISA titers of plasma antibodies against IV 
A/Puerto Rico/8/1934 expressed as area under the curve (AUC) (symbols: individual animals; bars: mean ± SEM). 
A/C) statistics: Friedman test, *p<0.05, **p<0.01, ***p<0.001 B/D) statistics: Kruskal-Wallis test, *p<0.05, 
**p<0.01, ***p<0.001. 

Moreover, it was expected in case of an improved AFC that edema formation in the alveolus is 

less pronounced. But histological evaluations represented stronger necrosis of the alveolar barrier 

with an increased influx of inflammatory cells in alveolar space as well as a similar or slightly 

increased manifestation of alveolar edema in M2 A1 infected mice (Figure 18D). Comparable 

edema formation was also quantified by measuring protein concentrations in BAL fluid on day 2 

and 5 p.i. (Figure 18B). While in WT infected animals interstitial pneumonia is more likely to occur, 

M2 A1 infected mice show an interstitial and alveolar localization of pneumonia (Figure 18C). This 
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resulted in the observation that due to the recruitment of inflammatory cells WT infected mice 

showed a widened interstitium compared to PR/8 M2 A1 infected animals.  But it was noticeable 

that the total number of recruited inflammatory cells was similar which means that only the 

location of recruitment was different (Figure 18A).  

 

Figure 18: IAV PR/8 M2 A1 mutant induces increased alveolar infiltrations 
Mice were infected intranasally with 750 PFU rec IV A/Puerto Rico/8/1934 wt or M2 A1. Control animals were 
mock-infected with PBS. A) Digital quantification of cells in murine lungs from histological preperations of 
infected mice on day 6 p.i. (n=7-9 mice per group) B) Total protein concentration from BAL on day 2 and day 5 
p.i. determined by BCA Assay of n=4-5 mice per group. C) Scoring of degree of IAV infection regarding localization 
in histological preperations of murine lungs on day 6/7 p.i. of n=7-9 mice per group. D) HE staining of murine 
lungs on day 6 p.i. showing parenchym with interstitial and/or alveolar pneumonia (left), alveolar edema 
(middle) or necrotisizing bronchitis (right) in both infected groups, but more neutrophils in alveolar space upon 
infection with IV PR/8 M2 A1 virus (arrowheads) (representive images of n≥7 mice per group). Scale bars 
represents 50 µm lengths. A,C and D) Sample preparation and analysis (qualitative and quantitative) was done 
by J. Hoppe in cooperation with AG Achim D. Gruber (Freie Universität Berlin, Institute of Veterinary Pathology) 
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The observation of an altered location of immune reaction was also supported by measuring 

cytokines of the innate immune response (Figure 19). In PR/8 WT infected animals the 

proinflammatory and neutrophil recruiting cytokines IP-10, IL-6, IL-17, MIP1α, CXCL1 and CXCL2 

were slightly higher expressed in the BAL fluid (Figure 19A) while the proinflammatory cytokine 

response (measured exemplary by IP-10, IFNγ, IL-6, MCP-1, TNFα and G-CSF) in PR/8 M2 A1 

infected animals was shifted more to the blood capillaries (Figure 19B). Whether this was caused 

by a different course of immune response or by flushing out from the alveoli due to necrosis of 

alveolar barrier or an enhanced AFC has to be further investigated. 

 

Figure 19: IAV PR/8 M2 A1 induces more systemic cytokine response 
Mice were infected intranasally with 750 PFU rec IV A/Puerto Rico/8/1934 wt or M2 A1. Control animals were 
mock-infected with PBS. A) Cytokine concentration in BAL of infected mice on day 2 (n=4-5 mice) and day 5 p.i. 
(n=5 mice) measured by MultiPlex Assay (IP10, IL 6 and MIP1α) or ELISA (IL17, CXCL1 and CXCL2). F) Cytokine 
concentration in Plasma of infected mice on day 6 p.i. measured by MultiPlex Assay (n=5-6 mice). A and B) Bars 
represent means ± SEM; statistics: Kruskal-Wallis test, *p<0.05, **p<0.01. 

 M2 PROTEIN OF THE IAV M2 A1 MUTANT IS GLYCOSYLATED AND INDUCES AN INCREASED IMMUNE 

REACTION IN VIVO AND IN VITRO 

During the in vitro characterization of IAV PR/8 WT and M2 A1 virus it was noticed by immuno blot 

analysis that the M2 protein of the M2 A1 virus was glycosylated as determined by PNGase F 

digest. Figure 20C shows a double band for the M2 protein without PNGase F resulting in one 

distinct band by PNGase F treatment. 
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Figure 20: IAV M2 A1 mutant use a commonly unused glycosylation site  
A) Amino Acid Sequence Alignment of different IAV strains. B) 3D-structure of the IAV M2 transmembrane 
domain (PDB: 2RLF, strain IV A/Udorn/307/1972 H3N2 (170)) Mutation is marked in red. The red circle highlights 
the glycosylation site. C) A549 cells were infected with rec IAV Puerto Rico/8/1934 WT or M2 A1 mutant with 
MOI 1. 24 h p.i. cells were lysed and treated with PNGase F. Indicated proteins were detected by immunoblotting 
(representive Blot of n=3). D) A549 cells were infected with rec IAV Puerto Rico/8/1934 WT, M2 A1, M2N20S or 
M2 N20S A1 with MOI 1. 20 h p.i. cells were lysed and analyzed by immunoblotting using the indicated 
antibodies (representive Blot of n=3). E) A549 cells were infected with rec IAV Puerto Rico/8/1934 WT, M2 A1, 
M2N20S or M2 N20S A1 with MOI 0.1. Titers at the indicated time points were determined by plaque titration 
on MDCKII cells (mean ± SEM, n=3 in duplicates; statistics: Kruskall-Wallis-Test, *p<0.05). 

Sequence comparisons of different IAV M2 proteins showed a single commonly unused 

glycosylation site (N-X-S/T, aa 20-22) in the N-terminal ectodomain of the M2 protein of some IAV 

strains (cf. Figure 20A).  Since not all strains possess this glycosylation site, it does not appear to 

be important for all IAV WT viruses. The glycosylation site in the N-terminal ectodomain seems to 

be used after impairment of the NKA/M2 interaction by alanine substitution on amino acid 

positions 44-46 (DRL) located directly downstream of the transmembrane domain in the 

cytoplasmic part of the protein. This means that the M2 A1 mutation and the glycosylation site 

are located on the opposing side of the membrane (cf. Figure 20B). For this reason, additional 

recombinant IAV PR/8 mutant viruses were generated by reverse genetics. Supplementary to the 
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M2 A1 virus with impaired NKA/M2 interaction a M2 N20S mutant with disrupted glycosylation 

site and a M2 N20S A1 mutant combining both properties were rescued successfully. Replication 

analysis in A549 cells showed that impairment of M2/NKA binding combined with disruption of 

glycosylation site resulted in a significant lower replication compared to PR/8 WT while both single 

mutant viruses showed no reduction in growth (Figure 20E). Aside from that, a reduced viral 

protein expression in A549 cells was recognizable in immunoblot analysis 20 h p.i. Based on these 

observations it might be hypothesized that the mutation M2 A1 (DRL, aa 44-46) in the cytoplasmic 

tail near the plasma membrane leads to conformational changes in the whole M2 protein which 

could destabilize protein folding or membrane anchoring. This destabilization might be balanced 

by glycosylation in the N-terminal M2 ectodomain (NGS, aa 20-22) on the other side of the plasma 

membrane. After additional disruption of this glycosylation site in the ectodomain the possibility 

of compensation after conformational changes would be missing why a significant reduction of 

viral protein expression and virus release was observable for the IAV PR/8 M2 N20S A1 mutant.  

 

Figure 21: IAV PR/8 M2 A1 mutant induces an increased Unfolded Protein Response (UPR) by PERK activation 
A) Calu 3 cells were infected with rec IV A/Puerto Rico/8/1934 WT or M2 A1 mutant at a MOI 0f 5. 24 h p.i. cells 
were lysed and indicated proteins detected by immunoblot analyses (representive experiment of n=3).  PERK 
and pPERK bands were quantified using LabImage1D software and normalized on actin levels. Values represent 
mean x-fold change ± SEM of pPERK to PERK expression with x-fold change of mock set to 1. B) A549 cells were 
infected with rec IV A/Puerto Rico/8/1934 WT or M2 A1 mutant at a MOI 0f 5. 24 h p.i. cells were lysed and 
indicated proteins detected by immunoblot analyses (representive Blot of n=2). 

Based on the enhanced immune pathogenesis upon IAV M2 A1 infection compared to WT 

infection in vivo, the question for the cause of this unexpected more severe disease progression 

arose. The severity of pathogenesis is commonly associated with the viral load, which was, 

however, comparable in both infection groups (Figure 16C). The only difference seen after 

infection with the IAV M2 A1 mutant compared to WT was the glycosylation of the N-terminal 

ectodomain. Therefore, it was investigated whether the additional glycosylation could be 

responsible for the severe course of disease in vivo. In the literature altered glycosylation patterns 
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are often reported in context with ER-stress pathways (213, 214) for which reason the Unfolded 

Protein Response (UPR) was at least partially investigated in this thesis. One hint for activation of 

the UPR due to the M2 glycosylation was the activation of the PERK-mediated pathway. In lysates 

of infected Calu 3 and A549 cells an increased phosphorylation of PERK which is one of the three 

key UPR activator proteins was detectable (Figure 21).  

 CHANGES IN APICAL HOST SURFACE PROTEIN ABUNDANCE UPON INFLUENZA VIRUS INFECTION 

It is well known that several proteins are regulated at the cell surface after IAV infection which are 

also partially incorporated into virions (22). Apart from different ion channels such as ENaC, CFTR 

and NKA (131, 133-135, 140), annexins represent a further exemplary group of regulated factors 

on the cell surface (215). Based on this knowledge, it was hypothesized that there are further 

major rearrangements in the distribution of surface proteins. To provide results from an unbiased 

perspective on host cellular candidates relevant to virus pathology or host cell physiology, we 

performed a SILAC-based mass spectrometric (MS) approach to investigate subcellular localization 

of host cell surface proteins. With regard to the previously demonstrated und in this work 

confirmed relocalization of the classically basolateral located NKA to the apical site of the IV 

infected polarized cells, only alterations in apical surface expression were investigated using IAV 

infected compared to mock-infected polarized Calu 3 cells.  

 EXPERIMENTAL SETUP 

  
Figure 22: Amino Acid labeling of Calu 3 cells has no effect on polarization or infection 
A) Calu 3 cells were cultivated over 6 passages in SILAC DMEM media containing R0K0 (“light”) or R10K8 
(“heavy), respectively. Efficiency of labelling incorporation was measured by LC/MS. B and C) “Light” and 
“Heavy” labelled Calu 3 cells were seeded on 0,4 µm PET membranes and cultivated under ALI conditions for 21 
days. B) TEER was measured at indicated timepoints (mean ± SEM, n=3 in duplicates). C) Calu 3 cells were apically 
infected with IV A/Puerto Rico/8/1934 MOI 0.1. Titers at the indicated time points were determined by plaque 
titration on MDCKII cells (mean ± SEM, n=3 in duplicates). 
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In preparation Calu 3 cells were labelled with “light” and “heavy” arginine (R0 or R10) and lysine 

(K0 or K8) over 6 passages. Subsequently labelling efficiency illustrated in Figure 22A was analyzed 

by LC-MS. In Calu 3 light cells isotope incorporation of 99,37 % was measured, for Calu 3 heavy at 

least 95,45 % which is experiential sufficient for SILAC based proteomics.  

The different labelled Calu 3 cells polarized in the same way which was validated by investigation 

of TEER development shown in Figure 22B and electron microscopy (data not shown). Also the 

infection efficiency was comparable depicted in Figure 22C. 

 

Figure 23: Experimental setup and Validation of SILAC-based Host Surface protein expression analysis 
A) Schematic representation of SILAC based surfactome analysis. Calu 3 cells labeled with R0K0 („light“) or R10K8 
(„heavy“) amino acids were seeded on 0,4 µm PET membranes and cultivated under ALI conditions. After 14 
days polarized Calu 3 cells were mock-infected or infected with IV A/Puerto Rico/8/1934 MOI 5 for 20 hours. 
After washing, cell surface proteins were modified by reaction with biotin ester. Cells were lysed and mixed at 
a 1:1 heavy/light ratio, followed by selection of biotinylated proteins on a streptavidin-agarose resin. 
Precipitated proteins were analysed by high resolution mass spectrometry. Further examination occured by 
using MaxQuant and Perseus Software (Version 1.5.1.2). B) Polarized Calu 3 cells were mock-infected or infected 
with IV A/Puerto Rico/8/1934 MOI 5 for 20 hours. After washing, apical or basolateral cell surface proteins were 
modified by reaction with biotin ester. Cells were lysed, biotinylated proteins precipitated by streptavidin 
agarose resin and afterwards detected by immunoblotting using indicated antibodies. C) Polarized Calu 3 cells 
were mock-infected or infected with IV A/Puerto Rico/8/1934 MOI 5 or MOI 10. TEER was measured every hour 
over a 24 h period. 

To investigate the apical surface expression by SILAC based proteomics, polarized light and heavy 

Calu 3 cells were mock-infected or infected with IAV PR/8, respectively. Subsequently, apical cell 
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pulled down for analysis by LC-MS (Figure 23A). Validation of this method occurred by immunoblot 

presented in Figure 23B. The immunoblot confirmed that for apical biotinylation only CFTR was 

pulled down while for basolateral biotinylation no CFTR but the basolateral located NKA was 

precipitated. KSRP and viral NP as intracellular proteins served as controls for both biotinylation 

conditions. To evaluate the tightness of the cell monolayer after IAV infection, TEER development 

was observed for 24 h p.i. Changes in TEER due to infection could not be observed, not even after 

high infection doses of MOI 10 (Figure 23C), which implies that the tight junctions and thus the 

barrier integrity of the Calu 3 cell monolayer is not disturbed within the first 24 hours. Therefore, 

movement of biotinylation solution to basolateral compartments could be excluded which means 

that all pulled down proteins were indeed located at the indicated membrane.  

 APICAL SURFACTOME ANALYSIS ON POLARIZED CALU 3 CELLS  

To detect changes in host surface protein abundance six replicates were analyzed in total. In three 

of those replicates heavy labeled cells were infected with IAV PR/8 („PR8 heavy“), in the other 

three replicates states were changed („PR8 light“) to avoid false positives by cell labeling. The 

scatter plot analysis in Figure 24A revealed good reproducibility between replicates evaluated by 

Pearsson correlations of 0.634 - 0.888. The Pearson correlation is a statistic value that indicates 

how strongly two variables are linearly related, whereby 0 represents no linear correlation and 1 

represents total positive linear correlation. 

The surfactome analysis of all 6 replicates identified in total 1303 cellular proteins presented in 

the Volcano Plot in Figure 24B. 91 proteins of them were significantly and at least 2 fold 

upregulated on apical cell surface 20 h p.i. and only four proteins were significantly at least 2 fold 

downregulated (shown in red, protein list in appendix). The 2 fold significantly regulated host 

proteins were included in enrichment analyses according to Cellular Component (Figure 24C) and 

Biological Process (Figure 24D). The Cellular Component related analysis showed that more than 

50% of the proteins were associated with the plasma membrane which support the functionality 

of the experimental approach. Further, many proteins were affiliated with the Endoplasmic 

Reticulum (ER, 52.8%) or Golgi apparatus (47.2%) which are cellular components involved in 

membrane trafficking of proteins. The Biological Process linked analysis revealed a strong type I 

interferon related response on apical surface of infected cultures (50.3%) as well as processing 

and presentation of antigens indicating a common immune response of the Calu 3 cells in reply to 

infection with IAV PR/8. All at least 2 fold regulated proteins are listed in the appendix.  
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Figure 24: SILAC-based apical surfactome analysis on polarized Calu 3 cells 
A) Correlation of protein ratios between replicates. In total six replicates were anylayzed. In three of those, 
replicates heavy labeled cells were infected with IV A/Puerto Rico/8/1934 („PR8 heavy“), in the other three 
replicates states were changed („PR8 light“) to avoid false positives by cell labeling. Single dots represent protein 
groups, in blue the Pearsson correlation is shown. B) Volcano Plot analysis of apical surface proteins after 
infection with IV A/Puerto Rico/8/1934 of six biological replicates. t-test-Difference between H/L ratio was 
plotted against -log(p-value); blue: p-value < 0.05; red: log2 (fold change) >1 or <-1. In total 1303 cellular proteins 
were identified, 91 proteins of them were significantly 2 fold upregulated on apical cell surface 20 h after IV 
infection and only four proteins were significant 2 fold downregulated. C) Functional enrichment analysis (using 
the Functional Enrichment Analysis Tool with Uniprot database) of host proteins from surfactome analysis 
regulated significantly by 2 fold according to Cellular Component and Biological Process. 

 SAMHD1 IS UPREGULATED ON APICAL SURFACE OF POLARIZED CALU 3 CELLS UPON IAV INFECTION  

The sterile alpha motif and histidine aspartate domain containing protein 1 (SAMHD1) belonged 

to the group of the 95 significantly 2 fold regulated proteins identified in the surfactome analysis 

and was exemplary chosen for an initial validation of the MS-based apical surfactome screen. 

SAMHD1 is a nucleic acid binding protein expressed in human lung. It is known to restrict 

lentiviruses as well as DNA viruses such as herpesviruses, hepatitis B viruses and pox viruses (216). 
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In addition to its well known dNTPase function, RNase activity is also controversially reported 

(217-219). Further, SAMHD1 was identified in a high-throughput analysis to interact with the 10 

IV proteins PB1, PB2, PA, NP, M1, M2, HA, NA, PB1-F2, NS2 (220). Therefore, it was hypothesized 

that SAMHD1 plays an important role in IV pathogenesis. 

The SAMHD1 expression was on average 2.3 times increased on the apical surface of IAV infected 

polarized Calu 3 cell cultures compared to mock infected ones (Figure 25A) which could be 

confirmed by immunofluorescence z-stack analysis (Figure 25B). This 3D reconstruction of z-stacks 

showed a distinct increase in SAMHD1 apical surface expression in IAV infected Calu 3 cells 20 

h p.i. 

To evaluate the role of SAMHD1 during course of IAV infection the protein expression was knocked 

down in A549 cells using siRNA mediated gene silencing which was confirmed by immunoblot. 

Replication analyses on these cells showed a significantly reduced viral replication in SAMHD1 KD 

cells compared to control cells in which non-target siRNA was transfected (Figure 25C). Cell 

viability of A549 SAMHD1 KD cells was not impaired which means that the reduced viral replication 

was not due to decreased fitness of cells (Figure 25D). A reduced viral replication was similarly 

observed in SAMHD1 Knock Out Murine Embryonic Fibroblasts (MEFs) kindly provided by Thomas 

Gramberg (Institute of Virology, Friedrich-Alexander University Erlangen-Nürnberg) (Figure 25E). 

As control cells served the MEFs of isogenic SAMHD1+/+ and SAMHD1+/- mice. Because it was 

already reported that the SAMHD1-/- mice show an increased IFN signature on transcription level 

(204), IFNβ concentrations were measured exemplary by ELISA after mock-, IAV WT and IAV ΔNS1 

infection (Figure 25F). However, there was no discernible difference in IFNβ levels in any of these 

conditions between WT and KO cells that would explain the reduced viral proliferation. Even after 

IFN stimulation of cells the expression of interferon stimulated genes (ISG) was not obviously 

increased which is shown exemplarily for STAT2 and ISG15 in SAMHD1+/+, SAMHD1+/- and 

SAMHD1-/- MEF by immunoblot (Figure 25G). Based on these results a reduced viral replication 

due to higher IFN response can be excluded for the moment. Thus, SAMHD1 seems to play a 

proviral role during IAV infection which has to be clarified more in detail in future. 

Finally, it can be concluded that the surfactome analysis revealed not only alterations in factors 

connected with barrier function, but apparently also major changes in surface related to cell 

activation and defense. 
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Figure 25: Role of SAMHD1 in IAV infection 
A) H/L ratios of individual replicates from surfactome analysis. B) Polarized Calu 3 cells were apically infected 
with IV A/Panama/2007/1999 MOI 5. 20 h p.i. cells were fixed and stained with indicated antibodies. Z-stacks of 
confocal microscopy were 3D-reconstructed by the ZEN software. C) A549 cells were transfected with 100 pmol 
SAMHD1 siRNA Mix or scrambled siRNA (NT) as negative control for 48 h. Afterwards cells were infected with 
IV A/Panama/2007/1999 MOI 0.1. Titers at the indicated time points were determined by plaque titration on 
MDCKII cells (mean ± SEM; n=3 in duplicates; statistics: Mann-Whitney-U test, *p<0.05, **p<0.01). Knockdown 
of endogenous SAMHD1 was analyzed by immunoblotting. D) A549 cells were transfected with 100 pmol 
SAMHD1 siRNA Mix or scrambled siRNA (NT) as control or treated with DMSO in different concentrations. Cell 
viability was measured by MTT test at indicated time points (mean ± SEM; n=3 in duplicates). E) Murine 
embryonic fibroblasts (MEF) SAMHD1 -/-, +/- and +/+ cells (kind gift from Thomas Gramberg, Erlangen) were 
infected with IV IV A/Panama/2007/1999 MOI 0.1. Titers at the indicated time points were determined by 
plaque titration on MDCKII cells (mean ± SEM; n=2-4 in duplicates; 3 donors of MEF SAMHD1 -/-). Knockout of 
endogenous SAMHD1 was analyzed by immunoblotting. F) MEF SAMHD1 -/-, +/- and +/+ cells were mock-
infected or infected with IV IV A/Panama/2007/1999 WT or ΔNS1 MOI 1. 24 h p.i. supernatants were analyzed 
for interferon (IFN) β concentrations by ELISA. G) MEF SAMHD1 -/-, +/- and +/+ cells were mock-treated or 
treated with 500 U/ml IFNα for 24 h. Cells lysates were analyzed for expression of indicated proteins by 
immunoblotting. 
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5. DISCUSSION 

Influenza viruses (IV) infect 5-20 % of the human population annually and can lead to severe 

respiratory infections, which are not uncommonly accompanied by lower respiratory tract 

infection (pneumonia) that can progress to acute lung injury (ALI/ARDS) with the need for artificial 

respiration. Since treatment with approved antivirals such as oseltamivir or zanamivir is supposed 

to be given in early phase of infection, no causal therapy is currently available to treat this clinical 

picture. Seasonal IAV infections induce ARDS with an estimated incidence of 2.7 per 100000 

persons per year and represent approximately 4 % of all hospitalizations for respiratory failure 

during an influenza season (221). Defining the molecular mechanisms by which IV infection 

impairs epithelial barrier function might therefore provide insights that can used to develop new 

strategies for the treatment of IV induced pneumonia. 

Characteristics of an IV induced pneumonia are alveolar epithelial cell (AEC) damage and 

accumulation of protein-rich edema fluid in the alveolar compartment, which impairs gas 

exchange (84, 113). Resolution of ALI requires removal of alveolar edema fluid and repair of the 

injured alveolar epithelium.  For edema reabsorption and restoration of alveolar barrier function, 

there is usually a complex system of ion pumps and channels in plan. Depending on a sodium 

gradient established by the basolateral NKA and the apical ENaC, edema fluid is removed from the 

alveolar space. However, after IV infection several membrane ion channels are dysregulated and 

a reduced AFC can be noticed (118, 124, 135). 

IV has been shown to decrease the expression and function of apical ENaC and CFTR channels 

mediated by its M2 protein (131, 133, 134). However, also the expression of NKA, on which this 

thesis focusses, is altered upon IV infection which was shown ex vivo as well as in vivo in mice 

(135, 140). Murine IV infections with pneumotropic strains such as the mouse adapted IV A/PR/8 

induce the clinical picture of an influenza pneumonia, which is in many aspects similar to human 

influenza pneumonia regarding innate and adaptive immunological response, pattern of lung 

damage and hypoxia (135, 199-202). The damage to the alveolar epithelium becomes evident 

seven days after infection and is associated with decreased fluid reabsorption. In this context, 

murine alveolar epithelial cells (mAEC) regulate NKA expression in a differential manner after 

infection. NKA downregulation occurs on one hand via paracrine mechanisms in the non-infected 

neighboring cells, whereas in the infected cells themselves, NKA expression remains unchanged 

(135). Instead, a local redistribution of the NKA to the apical cell surface could be observed in the 
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infected cells (140). Thus, IV infection appears to affect NKA localization and function through both 

direct interaction and paracrine mechanisms. Therefore, it seems likely that impaired edema 

reabsorption after IV infection is the consequence of a multifactorial interplay between effects on 

NKA, ENaC and CFTR. 

 THE IAV M2/NKA INTERACTION IN IV PNEUMONIA 

The viral protein M2 was identified as a direct interaction partner of the NKAα1 subunit upon IV 

infection (140). This finding was confirmed for IAV M2 and extended for IBV M2 in my own 

analyses (cf. Figure 8C). Further, a previous study has mapped out the NKAβ1-subunit as an 

interaction partner of IAV M2 as well as IBV M2 in a yeast-two hybrid system (222). However, 

these analyses were based on transfection and not evaluated in context of an IV infection. 

Moreover, each of the two studies focused on only one of the structurally and functionally distinct 

NKA subunits (cf. Figure 6B chapter 1.3.). Therefore, it has not yet been fully elucidated whether 

IV M2 interacts with NKAα1, NKAβ1 or the NKAα1β1 complex. In my own interaction assays, the 

NKAβ1 subunit could not be detected as an interaction partner of IV M2 protein in immunoblots 

so far (data not shown). Therefore, the own data pointed more towards NKAα1 as interaction 

partner, which was focused on in the following analyses. Identification of the NKA binding domain 

in the viral M2 protein should help to investigate the importance of the virus-host interaction in 

IV pathogenesis and possibly identify novel targets for therapeutic intervention. Based upon the 

observed M2/NKA interaction we hypothesized that M2 translocates the NKA via complex 

formation to the apical cell surface as this is the site of M2 surface expression. Further, the NKA is 

the main driver of the AFC, which might in turn be disturbed by this NKA redistribution. 

 IMPAIRING M2/NKA INTERACTION IMPROVES AFC IN VITRO AND IN VIVO  

Domain mapping of the NKA binding motif in IAV M2 

To study the pathophysiological role of the M2/NKA virus-host interaction in IV pneumonia, the 

NKA binding site in the viral M2 protein was characterized. In a mutational approach, 14 different 

M2 mutants were generated that covered the whole viral protein (Figure 26). These modified 

proteins included mutants in which entire domains were deleted (e.g. cytoplasmic tail stop 

mutants 1-5 or Δecto), but also mutants in which entire domains or only individual amino acids 

were substituted (e.g. TM-HA, TM-NA and A1-A4) to preserve the M2 protein structure and 

function. The structure of the amphipathic helix was also included in the analyses by generating 

mutants in which the polar (K49, R53, K56, K60) or hydrophobic (F47, F48, I51, Y52, F55) amino 

acids were replaced by alanine.  
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Figure 26: Schematic representation of M2 mutants generated in this study 
A) Schematic structure of IAV M2 protein with designation of all mutants of the present study. B) 3D-structure 
of the IAV M2 transmembrane domain with designation of M2 A1 and N20S mutation (PDB: 2RLF, strain IV 
A/Udorn/307/1972 H3N2 (170)). M2 A1 mutation is marked in red in the M2 cytoplasmic tail. The red circle 
highlights the N20S mutation disrupting the glycosylation site in the N-terminal ectodomain. 

Finally, three amino acids (aa 44-46, DRL) in the cytoplasmic tail abutting the transmembrane 

domain were identified as critical for NKAα1 binding whereas changes in the ecto- and 

transmembrane domains had only little impact (Figure 9). Using reverse genetic systems an IV 

A/PR/8 M2 mutant virus (referred to as PR/8 M2 A1) was generated in which these three residues 

were substituted by alanine. This IV PR/8 M2 A1 protein was similarly no longer able to bind to 

NKAα1 in basic Co-IP studies (Figure 10). Due to the proximity of the mutation to the amphipathic 

helix and its influence on the viral budding process, the mutant was examined with respect to 

replication and budding defects. No impact on replication or budding process was detected in vitro 

(Figure 11). Apart from M2 A1 another mutant protein, termed as KRKK4A, was identified in the 

interaction analysis showing reduced binding to NKAα1. In this mutant, the polar residues K49, 

R53, K56 and K60 of the M2 amphipathic helix were substituted by alanine. However, rescue of a 

virus containing these substitutions was not possible probably by directly interfering with the 

structure of the amphipathic helix. It was already shown by other groups that substitution of the 

five hydrophobic residues F47, F48, I51, Y52 and F55 to alanine, which disturbs the amphipathic 

character of the amphipathic helix, results in a reduction of the hydrophobic moment and leads 

to reduced replication capacity, presumably due to impaired membrane curvature and scission 

(184, 185). Calculation of the hydrophobic moment using M2 amino acids 46-63 (using 

https://heliquest.ipmc.cnrs.fr/) resulted in a reduction from 0.36 µH to 0.159 µH for the KRKK4A 

mutant. This was comparable to the low hydrophobic moment of the FFIYF5A mutant (0.107 µH) 

considering the same amino acids. Therefore, it can be assumed that removal of the polar amino 

acids similarly resulted in the loss of amphipathic character, which is expected to disturb 
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membrane curvature and scission. Replacement of the M2 amphipathic helices without 

destroying the amphipathic character is known to have only little impact on viral replication, 

membrane curvature and budding (186). Further, such mutants as IV A/WSN/33 M2 ALPS, Epsin 

or RW16 from the study of Hu et al. were kindly provided by PD Dr. Michael Veit (Freie Universität 

Berlin) (186) and were still able to bind the NKAα1 in own Co-IP studies (data not shown). 

However, this finding would also imply that the exact protein sequence of the amphipathic helix 

does not play a role in NKA binding and that the reduced binding of the KRKK4A mutant in the 

transfection Co-IP approaches was likely due to an inaccessible binding site as a result of 

conformational changes.  

Functional analysis of the M2/NKA interaction with respect to AFC 

To examine the impact of the M2/NKA interaction on edema clearance, polarized Calu 3 cells were 

used in which we confirmed mistargeting of the NKAα1 to the apical surface after IV WT infection 

(Figure 12D) (140). IV PR/8 WT infection reduced vectorial water transport from apical to 

basolateral side in polarized Calu 3 cells, whereas this activity was not observed upon infection 

with IV PR/8 M2 A1 (Figure 13). A similar observation was also made in vivo in mice upon infections 

with IV PR/8 WT or M2 A1, respectively. Figure 16B shows a significant AFC reduction upon IV PR/8 

WT infection compared to mock-infected control mice. Animals infected with IV PR/8 M2 A1 

revealed also a reduced AFC compared to mock, but only half as much in comparison to WT 

infected mice. Compared to Peteranderl et al., the reduction in AFC upon infection with IV A/PR/8 

WT was not as pronounced in the present work (135). While in my own study the AFC was reduced 

from about 30 to 20 % after WT infection on day 5 p.i., this level was already reached on day 2 p.i. 

in Peteranderl et al. On day 7, they already showed an AFC rate of only 10 %, which means a 

reduction of about 20 - 25 %. Peteranderl et al. infected with 500 PFU intratracheally rather than 

intranasally, which presumably allows the viruses to reach the lower respiratory tract more quickly 

and in greater numbers to cause pneumonia. In contrast, 750 PFU were required to cause severe 

pneumonia after intranasal infection in the present study. Therefore, the more rapid progression 

of AFC reduction observed by Peteranderl et al. might be due to the route of infection. 

Nevertheless, the higher doses of infection also induced severe courses, balancing the different 

routes of infection. This made it possible to study AFC in vivo following the same conditions as 

Peteranderl et al. Since alveolar cell damage is evident seven days p.i. (135), AFC was measured 

already on day 5 instead of day 7 p.i. in the current study to avoid an impact on measurement.  
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NKA translocation is M2-dependent 

The finding, that IV PR/8 M2 A1 is impaired in blocking AFC, led to the hypothesis that M2 

translocates the NKA to the apical cell surface, thereby disrupting the sodium gradient responsible 

for the passive fluid transport from the alveoli. Unexpectedly, IF z-stack analyses in polarized Calu 

3 cells as well as primary mAEC still showed rearrangement of NKAα1 after infection with IV PR/8 

M2 A1 indicating a M2-independent translocation process or a not fully disrupted M2/NKA 

interaction. By infecting polarized Calu 3 cells with a IAV M2-Baso mutant, coding for a M2 protein 

with basolateral targeting motif (205), it was demonstrated that the NKA translocation process is 

M2-dependent because NKAα1 was no longer detectable at the apical membrane of infected cells. 

As in Figure 15B recognizable, the NKA signal co-localized with M2 which was more ubiquitously 

distributed in IAV M2-Baso infected cells compared to WT infected cells. To substantiate this 

observation, it was investigated whether the M2/NKA interaction could be preserved by 

introducing a chemical crosslinking step before Co-IP. It was hypothesized, that the M2/NKA 

interaction was not fully disrupted by substitution of the three amino acids 44-46 (DRL), but was 

at least attenuated to such an extent that it was destroyed even by the mild lysis buffer conditions 

during the Co-IP procedure and was therefore no longer detectable in the immuno blot. Figure 

15A confirmes that there still was a weak but detectable interaction of the NKAα1 and IV M2 A1 

protein after crosslinking, which could explain the still ongoing NKA translocation to apical side of 

polarized cells.  

Impaired NKA binding due to conformational changes in IV M2  

Regarding the preserved M2/NKA interaction by crosslinking, the still ongoing NKA translocation 

to the apical cell surface upon infection with IV PR/8 M2 A1 and the loss of NKA binding by 

disrupting the amphipathic character of the amphipathic helix (KRKK4A mutant protein), the M2 

A1 mutation (DRL, aa 44-46) is supposedly not the direct NKA binding site but rather induces 

conformational changes leading to an inaccessible NKA binding domain. This hypothesis might be 

supported by a recently reported study showing that Asp44 forms an interhelical salt bridge with 

Arg45 to stabilize the closed state of the M2 ion channel (223, 224). Similar to His37, Asp44 is 

protonated at low pH which induces disruption of these salt bridges resulting in an increased tilt 

angle of the C-terminal part of the TMD. Due to the substitution of Asp44 and Arg45 to alanine in 

the M2 A1 mutant, the salt bridge was most likely lost, which was expected to induce 

conformational changes. Depending on the state of TM-helix packaging, the amphipathic helix can 

adjust its orientation in the membrane due to higher dynamics (224). Further it is reported that 
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M2 residue Leu46 interacts with Phe54 in the amphipathic helix (225), and thus stabilizing 

anchoring in the lipid layer. L46A substitution in M2 A1 is likely to destroy this interaction. In case 

of removal of this interaction, it might be assumed that angles regarding the incorporation of TMD 

and amphipathic helix might change. This in turn could slightly reduce the tight packaging of the 

TMD at the N-terminal pore adjacent to the M2 ectodomain. Since all three substituted residues 

in M2 are described to form intermolecular interactions, conformational changes are most likely 

to occur. 

Conformational changes throughout the M2 protein could also explain the activation of the 

glycosylation site in the N-terminal ectodomain, which is usually unavailable for glycosylation 

enzymes (166, 167). By PNGase F digest and following immuno blot analysis it was noticed that 

the M2 A1 protein is glycosylated in contrast to M2 WT (Figure 20C). But since not all IV strains 

possess the glycosylation site (N-X-S/T) in their N-terminal ectodomain, it may not be important 

for all WT viruses. Interestingly, recombinant IV PR/8 mutant viruses with disrupted glycosylation 

site (M2 N20S) and a combination of disrupted glycosylation and NKA binding site (M2 N20S A1) 

were successfully generated by reverse genetics during this study (cf. Figure 26A/B). While 

impairment of M2/NKA binding combined with disruption of glycosylation site resulted in a 

significant lower replication and protein expression compared to PR/8 WT, both single mutant 

viruses did not exhibit any growth phenotype in A549 cells (Figure 20D/E). This might provide 

further evidence that the alterations near the plasma membrane in the M2 A1 protein induced a 

conformational change destabilizing overall protein folding or membrane anchoring of M2 which 

might be compensated by glycosylation on the other side of the plasma membrane. N-linked 

glycosylations are known to be important for protein folding and stability, quality control, as well 

as sorting processes in the secretory pathway in eukaryotic organisms (226). In previous studies, 

glycosylation at M2 has only been observed, when residue alanine at position 30 in the M2 TMD 

was changed to threonine (227). This position is located near the N-terminal side of the channel 

(Val27) and the phenotype of the mutant could support the hypothesis of a slight relaxing of the 

otherwise tightly packaged helices. However, the M2 A30T mutation did not compromise the 

channel activity (227). If in combination with the M2 A1 mutation, the glycosylation site was 

disrupted in the IV A/PR/8  N20S M2 A1 mutant virus, it could be supposed that the capability of 

compensating the M2 protein structure by activation of the glycosylation site was missing and 

therefore a significant reduction of viral protein expression and virus release was observable 

(Figure 26, Figure 20D/E). To clarify the reasons for that in more detail it could be interesting to 

investigate the IV M2 N20S A1 double mutant regarding oligomerization and/or budding defects.  
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In summary, it appears that the direct NKA binding domain in M2 has not yet been identified, 

although all domains of the M2 protein were considered in our mutational approach. However, 

the binding could at least be disturbed by conformational changes, by which we could 

demonstrate that the M2/NKA interaction influences the AFC. Thus, beside established roles in 

genome release and budding, the IV M2 protein appears to have implication in the 

pathophysiological outcome of IV pneumonia. Investigating the molecular mechanisms 

responsible for this pathophysiological effect could help to better understand this outcome of an 

IV infection and may lead to a new therapeutic approach in IV pneumonia.   

 ELEVATED IMMUNE RESPONSE AS RESULT OF GLYCOSYLATION 

The impact of IAV induced pneumonia on AFC is a very complex process which is not completely 

understood so far. Nevertheless, it would be expected that the clinical course of infection is 

improved, if AFC is less impaired as shown upon infection with IV PR/8 M2 A1 in comparison to 

WT.  

Unexpectedly, outcomes observed in in vivo infections in the present study revealed that mice 

infected with IV PR/8 M2 A1 had a more severe disease course than IV PR/8 WT infected ones. 

The M2 A1 infected animals showed a more rapidly progressing weight loss which is the main 

clinical feature of an IV induced pneumonia in mice (Figure 17), while viral loads were comparable 

in both infection groups (Figure 16C). At the endpoint on day 6 or 7 the weight loss was significant 

higher in the IV PR/8 M2 A1 infected group (Figure 17B). A stronger pathogenesis despite 

comparable virus titers has been extremely rarely observed in murine influenza, but could be 

associated with an enhanced immune response in individual studies (213, 214). Therefore, IV PR/8 

M2 A1 was hypothesized to induce a stronger immune response in comparison to IV PR/8 WT. 

Measurement of antibody levels against IV PR/8 by ELISA in plasma on day 6 p.i. (Figure 17C and 

D) showed higher antibody titers in IV PR/8 M2 A1 infected mice and provided initial evidence of 

an exaggerated immune response to the mutant virus infection. Moreover, there was a shift in 

the immune response to a more alveolar localization for IV PR/8 M2 A1 mutant infection. While 

interstitial pneumonia was more likely to be present in WT-infected mice, infiltrations of immune 

cells additionally extended into the alveolar space in M2 A1 infected animals. This was 

accompanied by more severe necrosis of the alveolar barrier observed by histological evaluations 

of infected lungs analyzed microscopically by the board-certified veterinary pathologists Judith 

Hoppe and Achim D. Gruber. However, it was also demonstrated by digital total lung cell 

quantification from histological preparations that the number of recruited immune cells was 

comparably high in both infection groups with respect to mock-infected animals. The 
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proinflammatory cytokine levels which were slightly higher in the alveoli of WT-infected mice, 

were in contrast modestly increased in plasma upon M2 A1 infection. Different studies correlated 

lethality and pathogenesis with an excessive innate immune response resulting in enhanced 

accumulation of neutrophils and monocytes following IV infection with lethal doses (228, 229). 

These recruited immune cells produce TNFα and IL-6 among other cytokines and chemokines to 

amplify their own recruitment (228). Additionally, infection with lethal doses increased in lung 

tissue homogenates e.g. IFNγ, IP10, MCP-1, MIP1α or MIP1β (229), which were also partially 

increased in plasma of M2 A1 infected mice. However, some of these cytokines and chemokines 

(e.g. IP10 or MIP1α) were also slightly increased in BAL fluid of WT infected animals. Summarizing 

the stronger alveolar infiltrations and higher antibody as well as cytokine levels in plasma of IV 

PR/8 M2 A1 infected animals in comparison to WT infected mice, the IV M2 A1 infection appears 

to be more shifted into the alveoli and blood capillaries in comparison to the WT infection. But 

whether the enhancement in blood capillaries was caused by a different course of immune 

response or by flushing out from the alveoli due to necrosis of alveolar barrier or an enhanced AFC 

has to be investigated in further analyses. 

In vitro characterization of IV PR/8 M2 A1 infection compared to WT revealed no changes in viral 

replication, protein expression or budding, with exception of a glycosylation in the M2 

ectodomain. Since this glycosylation of the M2 A1 protein was the only observed difference, it was 

the primary subject of further examinations to explain increased pathogenesis. In the context of 

other viral membrane proteins, alterations of N-linked glycosylations have previously been 

described to be associated with ER stress, apoptosis, and pathogenesis (213, 214). Although the 

potential glycosylation site in the M2 protein of some IAV strains has long been known, it is usually 

inaccessible to glycosylation enzymes (166, 167). To date, glycosylation of IV M2 protein has rarely 

been described in individual in vitro mutational analyses. Examinations concerning the impact of 

this glycosylation on channel activity showed that it is not affected (227). However, it is reported 

that various substitutions of residue Asp44 (D44C, D44A and D44N), which was also replaced by 

alanine in the M2 A1 protein, leads to an enhanced conductance of the M2 ion channel because 

the closed state of the channel is destabilized (223, 224). It is conceivable that this change would 

accelerate the acidification of the golgi apparatus which in turn activates the inflammasome 

pathway (cf. section 5.1.3.) (230). Inflammasome activation could additionally contribute to a 

faster and enhanced immune response. However, the impact of the M2 A1 mutation on channel 

activity could not be investigated during this thesis.  
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Viral infections are well known to activate ER-stress as response to an overwhelming viral protein 

load in the ER which can exceed ER capacities and disturb its homeostasis. ER-stress leads to an 

accumulation of misfolded proteins in the ER lumen triggering the Unfolded Protein Response 

(UPR). UPR can be initiated by the activation of the ER resident sensor proteins: PKR-like ER kinase 

(PERK), activating transcription factor 6 (ATF6), and inositol-requiring protein-1 (IRE1) (cf. Figure 

27). These factors are usually restrained by binding to the ER chaperone BiP (immunoglobulin 

heavy chain-binding protein) which has high affinity for misfolded proteins and is displaced by ER-

stress. Activation of one of these branch pathways results in translation arrest and degradation of 

misfolded proteins or finally in apoptosis (231, 232).  

 

Figure 27: Unfolded Protein Response (UPR) (233) 
In response to ER stress the ER chaperone BiP (immunoglobulin heavy chain-binding protein) dissociates from 
the stress sensors located in the ER membrane and binds to the misfolded proteins in the lumen of the ER. Due 
to the dissociation the sensor proteins become activated. Three different stress sensor pathways can be 
induced: PKR-like ER kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring protein-1 
(IRE1). Its activation results in translation arrest and degradation of misfolded proteins or finally in apoptosis. 

The UPR is connected with inflammatory response, but also with mucosal homeostasis (232). 

Mucosal homeostasis is strongly dependent on secretory cells producing large amounts of 

proteins to maintain mucus barrier and antimicrobial environment. Reduced secretion of barrier 

proteins can affect epithelial barrier function and integrity.   

For IVs it is reported that different glycosylation patterns of the HA surface protein can affect the 

UPR (213). While HA of seasonal strains is heavily glycosylated, pandemic strains show only poor 
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glycosylation patterns. This glycosylation status correlates with enhanced induction of ER-stress 

associated genes as well as with levels of inflammation, acute lung injury and mortality. Since 

pandemic strains are less glycosylated but cause stronger immunopathogenesis, it is assumed that 

viruses adapt to their host by accumulation of glycosylation for avoidance of ER-stress which 

would result in stronger airway inflammation and pathology. Further, glycosylation of the HA head 

domain serves to escape from recognition of neutralizing antibodies. 

Changes in the ER-stress response were also observed for the coronavirus infectious bronchitis 

virus (CoV IBV) of chickens when the glycosylation status of the membrane (M) protein was altered 

(214). The CoV IBV M protein is similar as the IAV M2 important for virus assembly and budding 

and contains two glycosylation sites in the ectodomain. Disruption of these N-linked glycosylation 

sites resulted in comparable replication, but lower ER-stress, apoptosis and pathogenesis in vitro. 

This finding of reduced pathogenicity associated with less glycosylation correlates with the 

observations of this study. 

In the present study, amino acid changes introduced into M2 A1 apparently activated an 

additional N-linked glycosylation in a separate domain of the protein (cf. Figure 26, Figure 20A/B), 

which led to higher inflammation and lung pathogenesis. Interestingly, changes in glycosylation 

patterns are not only known in viral infections but appear to be connected with human diseases 

more generally (234, 235). A prominent example is the genetic disease cystic fibrosis with the most 

common mutation ΔF508. This gene defect leads to mislocalization and altered glycosylation of 

CFTR resulting in thick and sticky mucus in the respiratory and digestive systems (234). Initial UPR 

examinations indicated enhanced activation of the PERK pathway after infection with the M2 A1 

mutant (Figure 21). Calu 3 cells infected with IV PR/8 M2 A1 showed stronger PERK 

phosphorylation compared to IV PR/8 WT infection. PERK activation is associated with overall 

translation inhibition and activation of cellular death pathways (232). Based on this finding, it 

could be assumed that the in vivo observed more severe necrotic or apoptotic epithelial cell 

barrier, recognized by histological evaluations of infected lungs, was induced by the activation of 

PERK-associated UPR. But this hypothesis has to be further validated by analysis of the 

downstream pathways as well as apoptosis and necrosis cascades. In other studies, alterations in 

the glycosylation pattern of IV HA as well as CoV IBV M protein also led to the activation of IRE1 

(213, 214). Therefore, the other UPR pathways have to be investigated more in detail as well, 

which was not possible during this study. Overall, activation of UPR resulted in different studies in 

increased levels of IL-6, IL-8, MCP-1, TNFα, CXCL1 and IFNβ in vivo and in vitro, although viral titers 

remained unchanged by addition of two glycans to HA or disruption of glycosylation sites in CoV 
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IBV M (213, 214). Because Liang et al. and Hrincius et al. measured mRNA and partly also protein 

amounts of mentioned cytokines and chemokines from whole lung homogenates, it is difficult to 

directly compare these cytokine amounts with data of the present study in which levels were 

determined from BAL fluid and/or plasma separately. At least, for IV PR/8 M2 A1 infected mice 

slightly increased levels of IL-6, TNFα, MCP-1 and CXCL2 were observed in plasma on day 6 p.i., 

but these were marginally reduced or at least similar in BAL. These contrasting observations in 

investigated BAL and plasma samples of the present study complicates the overall conclusion 

regarding these cytokines and chemokines. Furthermore, the expression on RNA and protein level 

might differ from each other which complicates the comparison to the other studies additionally. 

Moreover, it was shown, that pandemic strains induce stronger infiltrations of neutrophils and 

macrophages into the alveoli (213), which is consistent with the increased influx of inflammatory 

cells in alveolar space as well as a similar or slightly increased manifestation of alveolar edema in 

M2 A1 infected mice.  

Based on these indications, activation of UPR by the additional glycosylation of M2 A1 may be 

responsible for the more severe infection outcome. This effect could in fact interfere with the 

finding that M2 A1 infected animals showed increased AFC. Therefore, it would be interesting to 

investigate IV PR/8 N20S M2 A1 double mutant for its effect on AFC in vivo. It could be expected 

that this IV mutant virus could have the capacity to influence AFC, but will not induce a 

strengthened immune response due to inactivation of glycosylation site. On the other side the 

double mutant showed reduced viral replication in vitro which would affect the AFC analysis in 

another way. However, both sites seem to play together an important role since disruption of one 

alone had no impact on viral fitness, while the double mutation had.  

 HYPOTHESES TO BE CONCEIVABLE FOR A M2/NKA INTERACTION. 

Since both NKA and IV M2 function independently as ion channels, the factors driving this M2/NKA 

complex formation and the resulting rearrangement of the NKA can only be speculated. Even 

whether the interaction is beneficial for the virus or for the host cell is not well understood. 

Therefore, several conceivable explanations for this virus-host interaction are presented in more 

detail in the following section. 

IV induced M2/NKA interaction 

The simplest explanation for the occurrence of M2/NKA binding would be an interaction 

originating from M2 because M2 could rely on the NKA as an ion channel. This is supported by 

observations of incorporated NKA into the envelope of IVs (22). Possibly, IVs can additionally take 
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advantage of the channel activity of NKA. Stauffer et al. showed that uncoating of the viral genome 

is a stepwise process which is dependent on H+ but also on K+ conductance (236). During the 

endocytic pathways K+ concentration increases. In the early endosomes, pH 6.0 – 6.5 activates the 

M2 ion channel and induces acidification of the virus core which only weakens the interaction 

between M1 and vRNPs. In the late endosomes a pH < 6.0 as well as high K+ concentrations lead 

to additional influx of K+ ions into the viral interior resulting in complete dissociation of the M1-

vRNP complexes. How the K+ influx in the already protonated virus core occurs, is not yet fully 

understood. Therefore, it could be hypothesized that in the viral envelope incorporated NKA could 

be responsible for this transport. Especially with regard to the low K+ conductivity of M2 (236). 

Stabilizing functions of the M2/NKA interaction 

Another suggestion for the biological significance of the M2/NKA interaction would be a stabilizing 

function of the NKA on M2 in the plasma membrane. Impairment of the M2/NKA interaction by 

M2 A1 mutation resulted in hyperglycosylation of the M2 protein probably by conformational 

changes enabeling the access of glycosylating enzymes. Since N-glycosylations are known to be 

important for protein folding and stability in general (226), the acquired glycosylation could be a 

mechanism to support stable incorporation into the plasma membrane after disruption of NKA 

binding. N-glycosylations are further required for protein transport to cell surface which could 

indicate that M2 binds to the NKA for cell surface trafficking (237). However, since M2 actually 

localizes only apically into the membrane and NKA is originally targeted to the basolateral 

membrane, this hypothesis is somehow contradictory. It might equally be possible that NKA binds 

M2 to pass the apical membrane. The NKAα1β1 is the most common combination of isoforms, 

localizing in the basolateral plasma membrane of most epithelia. Although it is anticipated that 

the α1 subunit contains an unidentified basolateral signal, the β1 subunit plays a crucial role in 

basolateral localization (148, 151, 238). The NKA is in all epithelial cells expressed on the 

basolateral site with exception of retinal epithelium. In retinal cells a apical localization could be 

observed which was induced by the increased expression of the NKA β2-isoform (239). It might be 

possible that M2 occupies a role similar to that of the β2 subunit. 

M2/NKA interaction as consequence of complex formation with other cellular proteins 

A further driving force for the M2/NKA complex formation could be a coincidental interaction 

mediated by Cav-1. Both M2 and NKA are known to interact with Cav-1 located in the special lipid 

raft regions termed as caveolae. The mutational analysis in the present study covered the entire 

M2 protein. M2 A1 and KRKK4A were the only mutations that caused attenuation of NKA binding 
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(Figure 8 and Figure 9). Since both are located in or adjacent to the amphipathic helix, 

conformational changes in M2 could be the reason for loss of binding which would indicate no 

direct NKA interaction motif in M2. The Cav-1 binding domain is also located in the amphipathic 

helix of M2 which implies close proximity of both interaction domains and could explain disruption 

of interaction by mutations near the amphipathic helix region (192). The NKAα1 subunit contains 

two Cav-1 binding motifs: one in the cytoplasmic A-domain near the TMD M1 and the other in the 

TMD M10 on the extracellular side (240). Cav-1 interacts similar to the NKA with various cellular 

signaling molecules such as EGFR, Scr and PKC, but is also involved in apoptotic pathways during 

lung injury (195, 241). Based on this, the hypothesized M2/Cav-1/NKA interaction could also be a 

targeted way to affect cellular signaling pathways which could be induced by both IV or host cell.  

Specific induced edema formation by Influenza and corona viruses 

Whether the observed edema formation during IV infections of the lower respiratory tract is only 

a side effect of various virus-host interactions or specifically induced by IVs can be a matter of 

debate. Since the ion channels ENaC, CFTR and NKA, which are all important for AFC, are affected 

by M2, the latter possibility seems almost the more likely at first impression. The envelope (E) 

protein of SARS CoV, which functions as ion channel similar to IV M2, was also found to play an 

important role in edema formation. Identical to IAV M2, the E proteins of SARS-CoV and SARS-CoV 

2 consists of three domains: a short N-terminal domain, a hydrophobic TMD and a long 

cytoplasmic C-terminal domain. They also contain an amphipathic helix, but localized in the TMD, 

and an additional α-helix in the C-terminal domain. As pentamer the E protein functions as ion 

channel and transports mainly Na+ and K+, but is also permeable to Ca2+ and H+ ions (242). Unlike 

for the IV M2 proton channel, no virus acidification in the endosomes has been reported so far, 

but M2 as well as E proteins are involved in virus assembly and budding. In the study of Nieto-

Torres et al. the E protein ion channel activity has no impact on viral growth in infected mice but 

contributes to edema formation caused by inflammasome activation which is characterized by IL-

1β production. The IL-1β levels in turn correlate with increased amounts of IL-6 and TNFα (243). 

The IAV M2 ion channel protein is also known to stimulate inflammasome activation via the Nod-

like receptor NLRP3 (230). The inflammasome pathway belongs to the early host responses and 

needs two signals for its activation (105). The first signal comprises the recognition of pathogens 

by the Pattern Recognition Receptors (PRRs) such as TLRs, RLRs or NLRPs which stimulate the 

production of pro-forms of IL-1β, IL-18 and caspase 1 via the NF-κB cascade. This is followed by 

activation of intracellular PRRs such as NLRP3. Since inflammasome activation correlates with M2 

Golgi localization it is assumed that activation is induced by M2 which creates disturbances in the 
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intracellular ionic concentration due to the acidification of the Golgi compartment (230). These 

imbalances in the acidic environment are sensed by the intracellular PRR NLRP3 and result in IL-

1β and IL-18 release and in the induction of pyroptosis which is apart from apoptosis and necrosis 

an additional form of programmed cell death. Pyroptosis is characterized by pore formation in the 

cell membrane resulting in K+ efflux, but also by mitochondrial reactive oxygen species (ROS) 

generation (105). As a result of ROS, ENaC is mediated to proteasomal degradation, which 

negatively affects the rate of AFC (131). Further, the edema formation in SARS-CoV infected 

murine lungs is favored by mislocalized NKA which is detected in cell debris as a result of damaged 

epithelial barrier (243). This implies that both IV and SARS-CoV activate the inflammasome 

pathway through their E or M2 ion channels, respectively. Although the exact pathways differ 

slightly, both viral proteins lead to impaired epithelial barrier integrity and edema formation and 

for both viruses mislocalized NKA could be observed. These observations could indicate, that 

edema formation is only a side effect of inflammasome activation and follows epithelial injury. 

Conversely, this inflammasome pathway could be used specifically to induce edema formation 

which could increase IV motility and spread throughout the alveoli. Significantly reduced 

expression of mucins on the apical cell surface (cf. section 5.2. and appendix) could reduce the 

sticky properties of the alveolar lining fluid and would support such hypothesis.  

 HOST CELL PROTEINS REGULATED ON APICAL CELL SURFACE UPON IAV INFECTION 

To identify additional surface regulated proteins in IV infected cells, a SILAC-based mass 

spectrometry surfactome analysis with polarized Calu 3 cells was performed in the present study. 

The data revealed 91 proteins that were significantly upregulated by 2 fold and four proteins that 

were significantly downregulated by 2 fold on apical cell surface 20 h p.i. (cf. Figure 24).  Most of 

the upregulated proteins, such as IFIT1, IFIT2, IFIT3, Mx1, Mx2, STAT1 or STAT2 (cf. appendix), are 

involved in host innate immune response to induce an antiviral state which indicate an ongoing 

infection in the cell monolayer (cf. Biological Processes, Figure 24C) (244). Further, they are 

associated with the secretory organelles like ER (52.8 %), Golgi apparatus (47.2 %), the appropriate 

transport vesicles (43.6 %) and the plasma membrane (54 %) (cf. Cellular Component, Figure 24C) 

which supports their possible role at the cell surface and thus support the credibility of the 

analysis. Among the upregulated proteins at the surface were also annexins for which enhanced 

expression at the surface is already known and which are also partially incorporated into virions 

(22, 215). The downregulated proteins primarily affected the protective mucus layer by 

downregulation of its major components mucin MUC5AC and MUC5B.  
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Both, NKAα1 and NKAβ1 showed a moderate but significant upregulation of about 1.2 fold in this 

experimental setup. However, this might be related to the low primary infection rate commonly 

observed in polarized Calu 3 cells. This was also evident in the immunofluorescence microscopic 

analyses, as viral signal could usually only be detected in a few cells at 20 h p.i., even when infected 

with high infection doses (cf. Figure 12D and Figure 14A).  For that reason, a minority of highly 

productive cells rather than a fully infected cell layer probably caused viral replication titers of at 

least 106 PFU/ml from 24 h p.i. with an MOI of 0.1 on polarized Calu 3 cells (cf.Figure 11B). In 

summary, surfactome analysis appears to primarily provide information about paracrine effects 

occurring at the apical cell surface. 

One interesting regulated host protein was SAMHD1 (sterile alpha motif and histidine aspartate 

domain containing protein 1), which was upregulated on average 2.3 times in expression on the 

apical surface. This observation could be confirmed by initial z-stack immunofluorescence 

analyses (Figure 25B). SAMHD1 is the only deoxynucleotide triphosphate (dNTP) hydrolase in 

eukaryotic organisms and is involved in various cellular processes such as maintaining dNTP 

homeostasis, regulating innate immunity, resolving stalled replication forks or DNA damage 

response (cf. Figure 28B) (245). Originally, the protein was described as dNTPase that reduces 

intracellular dNTP levels and thereby restricts human immunodeficiency virus type 1 (HIV-1) in 

resting cells by interfering with the reverse transcription process (217).  

SAMHD1 is a 65 kDa protein consisting of an N-terminal SAM domain, a central HD-domain and a 

C-terminal regulatory domain (Figure 28A) (218).  SAM domains are described to mediate 

interactions with other proteins as well as nucleic acids and act as transcription activators or 

repressors (246). The HD-domain contains the conserved histidine and aspartic acid residues 

which are essential for the dNTPase function and thus represents the catalytic domain. Its function 

is regulated by the C-terminal domain including the phosphorylation site T592, two cyclin binding 

motifs as well as a Vpx interaction domain. SAMHD1 can perform the dNTPase function only as a 

tetramer. The ubiquitous expressed protein contains a nuclear localization signal (NLS) in the N-

terminal domain but dependent from cell type it is also partially expressed in the cytosol (218). In 

the human lung different SAMHD1 expression was detected: in AEC I and alveolar macrophages 

strong expression in the nucleus and in AEC II slight expression in the cytoplasm (data not shown).  

As already mentioned the most prominent function is the restriction of HIV-1 by depleting 

intracellular dNTP levels. However, some lentiviruses like HIV-2 are able to evade this restriction 

by expressing an accessory protein designated as viral protein X (Vpx). This targets SAMHD1 via 
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VprBP/DCAF-1 to proteasomal degradation. In addition to restricting lentiviruses, SAMHD1 is also 

known to have antiviral activity on DNA viruses such as herpesviruses, hepatitis B viruses or pox 

viruses (216).  

 

Figure 28: SAMHD1 structure and functions 
A) Schematic representation of the SAMHD1 domains (adapted from (247)). SAMHD1 comprises a N-terminal 
SAM domain, a central catalytic HD domain and a C-terminal regulatory domain. The Nuclear Localization Signal 
(NLS) is located before SAM domain. B) Overview of the various SAMHD1 functions (modified from (216)). 

Validation experiments following surfactome screen revealed attenuated replication of IVs in 

A549 siRNA-mediated KD or MEF KO cells which indicates, contrary to the restrictive role in 

lentivirus and DNA virus infections, a supportive role in IV replication (Figure 25C,E). Since 

SAMHD1 KO cells are reported to express enhanced basic levels of interferon stimulated genes 

(ISGs) which could restrict viral growth, these were further investigated. However, in the cells used 

in this study neither IFNβ ELISA nor immuno blot analyses of exemplary ISGs could verify such 

observations ruling out that low viral growth on SAMHD1 KO cells can be explained by an 

overactivated IFN response (Figure 25F,G).  Also, IFNα induced expression of ISGs did not differ 

between MEF WT and KO cells (Figure 25G). To date, a slight supportive impact of SAMHD1 is 

known only for ZIKA and Chikungunya viruses which are RNA viruses  (248). In high-throughput 

analyses SAMHD1 was already identified as interaction partner of ten IV proteins supporting an 

involvement of SAMHD1 in IV infections. In the study by Watanabe et al, reduced virus titers were 

A
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also observed in siRNA-mediated validation experiments (220). Further, SAMHD1 is known to be 

inducible by TNFα and type I IFN which are produced in IV patients (249, 250). Since it is connected 

with cell cycle and apoptosis it could be hypothesized that its increased expression contributes to 

structural and functional damage (251).  

Conclusively, this work characterized the M2/NKA interaction and its impact on lung injury on 

molecular levels. The finding that M2 appears to be an important modulator in the regulation of 

alveolar fluid homeostasis - even if not yet fully understood - could provide new potential 

approaches for therapeutics of an IV induced pneumonia. Further, it highlights the relevance of 

the surfactome analysis to identify novel targets in antiviral therapy which are not only involved 

in epithelial cell integrity but also in cellular activation and defense mechanism. 
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APPENDIX 

Table 7: host cell proteins significantly at least 2 fold downregulated on apical surface in surfactome analysis 

Gene name Protein name x-fold regulation 

OLFM4 Olfactomedin-4 2.3 
MUC5B Mucin-5B 2.6 
SERPINE2 Glia-derived nexin 3.0 
MUC5AC Mucin-5AC 4.5 

 

Table 8: host cell proteins significantly at least 2 fold upregulated on apical surface in surfactome analysis 

Gene name Protein name x-fold regulation 

IFIT2 Interferon-induced protein with tetratricopeptide repeats 2 9.34 
ISG20 Interferon-stimulated gene 20 kDa protein 8.42 
OAS1 2-5-oligoadenylate synthase 1 8.41 
IFIH1 Interferon-induced helicase C domain-containing protein 1 7.00 
TNFSF10 Tumor necrosis factor ligand superfamily member 10 6.07 
RSAD2 Radical S-adenosyl methionine domain-containing protein 2 5.90 
WARS Tryptophan--tRNA ligase, cytoplasmic 5.88 
ISG15 Ubiquitin-like protein ISG15 5.87 
MX1 Interferon-induced GTP-binding protein Mx1 5.84 
USP18 Ubl carboxyl-terminal hydrolase 18 5.55 
IFIT1 Interferon-induced protein with tetratricopeptide repeats 1 4.68 
UBE2L6 Ubiquitin/ISG15-conjugating enzyme E2 L6 4.63 
DDX58 Probable ATP-dependent RNA helicase DDX58 4.42 
HLA-B HLA class I histocompatibility antigen, B alpha chain 4.03 
OAS2 2-5-oligoadenylate synthase 2 4.01 
MDH2 Malate dehydrogenase, mitochondrial 3.96 
SOD2 Superoxide dismutase [Mn], mitochondrial 3.94 
FAHD1 Acylpyruvase FAHD1, mitochondrial 3.92 
BCAT2 Branched-chain-amino-acid aminotransferase 3.87 
HIBADH 3-hydroxyisobutyrate dehydrogenase, mitochondrial 3.64 
CS Citrate synthase 3.48 
ECH1 Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, mitochondrial 3.45 
HIBCH 3-hydroxyisobutyryl-CoA hydrolase, mitochondrial 3.42 
HINT2 Histidine triad nucleotide-binding protein 2, mitochondrial 3.32 
ANXA5 Annexin A5 3.31 
ACAA2 3-ketoacyl-CoA thiolase, mitochondrial 3.31 
IFIT3 Interferon-induced protein with tetratricopeptide repeats 3 3.28 
IFI44L Interferon-induced protein 44-like 3.28 
HLA-C HLA class I histocompatibility antigen, C alpha chain 3.28 
STAT1 Signal transducer and activator of transcription 1-alpha/beta 3.22 
ANXA3 Annexin A3 3.19 
SPRYD4 SPRY domain-containing protein 4 3.15 
TAP1 Antigen peptide transporter 1 3.04 
ANXA4 Annexin A4 3.01 
GOT2 Aspartate aminotransferase, mitochondrial 3.00 
HSPE1 10 kDa heat shock protein, mitochondrial 2.95 
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CNPY2 Protein canopy homolog 2 2.91 
COX4I1 Cytochrome c oxidase subunit 4 isoform 1, mitochondrial 2.89 
COX5A Cytochrome c oxidase subunit 5A, mitochondrial 2.82 
FH Fumarate hydratase, mitochondrial 2.74 
APOL2 Apolipoprotein L2 2.69 
TAP2 Antigen peptide transporter 2 2.69 
ECI1 Enoyl-CoA delta isomerase 1, mitochondrial 2.68 
ACO2 Aconitate hydratase, mitochondrial 2.62 
PPIB Peptidyl-prolyl cis-trans isomerase B 2.61 
MX2 Interferon-induced GTP-binding protein Mx2 2.61 
STAT2 Signal transducer and activator of transcription 2 2.61 
CALR Calreticulin 2.56 
ANXA6 Annexin A6 2.54 
POFUT1 GDP-fucose protein O-fucosyltransferase 1 2.48 
IFIT5 Interferon-induced protein with tetratricopeptide repeats 5 2.47 
ANXA1 Annexin A1 2.47 
RCN1 Reticulocalbin-1 2.46 
SLFN5 Schlafen family member 5 2.44 
PDIA3 Protein disulfide-isomerase A3 2.43 
CALU Calumenin 2.43 
ANXA7 Annexin A7 2.42 
PDIA4 Protein disulfide-isomerase A4 2.41 
TMED7 Transmembrane emp24 domain-containing protein 7 2.41 
MANF Mesencephalic astrocyte-derived neurotrophic factor 2.39 
P4HB Protein disulfide-isomerase 2.39 
SHMT2 Serine hydroxymethyltransferase 2.37 
GSDMB Gasdermin-B 2.34 
TRAP1 Heat shock protein 75 kDa, mitochondrial 2.33 
NUCB1 Nucleobindin-1 2.31 
C19orf10 UPF0556 protein C19orf10 2.31 
UQCRC1 Cytochrome b-c1 complex subunit 1, mitochondrial 2.28 
DCXR L-xylulose reductase 2.28 
GLUD1/2 Glutamate dehydrogenase 1/2 2.27 
SAMHD1 Deoxynucleoside triphosphate triphosphohydrolase 

SAMHD1 
2.26 

NCEH1 Neutral cholesterol ester hydrolase 1 2.24 
IFI44 Interferon-induced protein 44 2.24 
CYB5R3 NADH-cytochrome b5 reductase 3 2.22 
ACOT13 Acyl-coenzyme A thioesterase 13 2.21 
PSAP Prosaposin 2.20 
CRYZ Quinone oxidoreductase 2.20 
ALDH2 Aldehyde dehydrogenase, mitochondrial 2.19 
UQCRFS1 Cytochrome b-c1 complex subunit Rieske, mitochondrial 2.18 
EIF2AK2 Interferon-induced, double-stranded RNA-activated protein 

kinase 
2.18 

TXNDC12 Thioredoxin domain-containing protein 12 2.15 
HDHD3 Haloacid dehalogenase-like hydrolase domain-containing 

protein 3 
2.13 

B2M Beta-2-microglobulin 2.13 
HLA-A HLA class I histocompatibility antigen, A alpha chain 2.11 



 
Appendix 

 

106 
 

ALDOB Fructose-bisphosphate aldolase B 2.10 
ACADVL Very long-chain specific acyl-CoA dehydrogenase, 

mitochondrial 
2.10 

ETHE1 Persulfide dioxygenase ETHE1, mitochondrial 2.09 
MLKL Mixed lineage kinase domain-like protein 2.09 
HSP90B1 Endoplasmin 2.07 
PRDX3 Thioredoxin-dependent peroxide reductase, mitochondrial 2.04 
RHOA;RHOc Transforming protein RhoA;Rho-related GTP-binding protein 

RhoC 
2.03 

PLSCR1 Phospholipid scramblase 1 2.03 
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