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2 Abstract 

The innate immune system, orchestrated by interferons (IFNs), is the host’s first line of defence against 

intruding viruses. Therefore, pathogenic viruses have evolved a wide variety of IFN-antagonistic 

strategies. The sensitivity of viruses to IFNs as well as the quality and strength of IFN evasion can be 

an important determinant of virulence. This work aims to characterize this so-called innate immunity 

phenotype of newly emerging viruses with zoonotic potential. For this, the novel phlebovirus Ntepes 

virus (NTPV) of unknown implications for human health was analyzed, as well as the causative agent 

of the current COVID-19 pandemic, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).  

NTPV is a novel phlebovirus of unknown pathogenicity that was recently found to infect humans. This 

work provides the first comprehensive characterization of its innate immunity profile in human cells, 

compared to the related Rift Valley fever virus (RVFV) and an attenuated RVFV (clone 13), which lacks 

a functional virulence factor NSs. Thereby, transcriptional IFN and IFN-stimulated gene (ISG) induction 

upon NTPV infection and its sensitivity to exogenously added type I and type III IFNs were comparable 

to responses to the avirulent clone 13. Nonetheless, NTPV encoded an NSs which counteracted the 

promoter transactivation of several innate immune genes, as did three out of four other novel 

phleboviruses. However, each of the tested NSs proteins exhibited a distinct antagonistic profile, 

suggesting virus-specific pathways of IFN antagonism. Further, mass spectrometry analyses identifying 

host cell interaction partners of NSs proteins revealed a considerable overlap of interactors between 

viruses. Still, distinct host binding partners were identified for each NSs, again implying different ways 

to manipulate the host cell environment. In summary, NTPV exhibited a lower capability for IFN 

evasion than the pathogenic RVFV. However, the general ability of NTPV NSs to counteract IFN 

induction and signalling and its ability to infect humans emphasize the zoonotic potential of NTPV.  

The recently emerged SARS-CoV-2 is the causative agent of the devastating COVID-19 lung disease 

pandemic. Here, its innate immunity phenotype was evaluated in comparison to the 2003-emerged 

SARS-CoV-1. Thereby, SARS-CoV-2 was inhibited by both IFNs of type I and type III in a dose-

dependent manner, and generally exhibited a greater IFN sensitivity than SARS-CoV-1. Moreover, 

SARS-CoV-2 replication was boosted by proposed drug candidate Ruxolitinib, an inhibitor of IFN 

signalling. Further, only SARS-CoV-2 robustly induced an early antiviral response characterized by the 

transcriptional upregulation of IFNs, cytokines, and ISGs, which also translates to the protein level. 

However, this potent antiviral response was limited to the human lung cell line Calu-3, as it was absent 

or severely diminished in human lung cell lines H1299 and A549-ACE2, respectively. Comparison of 

the transcriptomic profiles of the three cell lines suggests that Calu-3 cells exhibit a “pre-stimulated” 

state which could account for the observed imperfect inhibition of innate immune induction in these 

cells. To conclude, this work showed that SARS-CoV-2 is sensitive to type I and III IFNs and unable to 

counteract IFN induction in all settings, differentiating it from the highly pathogenic SARS-CoV-1.   
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3 Zusammenfassung 

Das von Interferonen (IFNs) gesteuerte angeborene Immunsystem ist die erste Abwehrlinie des Wirts 

gegen eindringende Erreger, z.B. Viren. Pathogene Viren entwickelten daher eine große Bandbreite an 

Anti-IFN-Strategien. Die IFN-Sensitivität eines Virus sowie die Qualität und Stärke seiner IFN-Evasion 

stellen wichtige Virulenzkriterien dar. Das Ziel dieser Arbeit ist es, diesen sogenannten Phänotyp der 

angeborenen Immunität neu auftretender Viren mit zoonotischem Potential zu bestimmen. Es wurden 

das neu gefundene Phlebovirus Ntepes Virus (NTPV), dessen Implikationen für die menschliche 

Gesundheit unbekannt sind, sowie das pandemische Virus Severe Acute Respiratory Syndrome 

Coronavirus 2 (SARS-CoV-2), welches die COVID-19-Pandemie verursacht, untersucht.  

Von NTPV, einem neuen Phlebovirus unbekannter Pathogenität, wurde kürzlich nachgewiesen, dass es 

Menschen infizieren kann. Hier wird die erste Charakterisierung seines Phänotyps der angeborenen 

Immunität präsentiert, im Vergleich mit dem verwandten Rift Valley Fieber Virus (RVFV) und einem 

avirulenten RVFV (Clone 13), dem der Virulenzfaktor NSs fehlt. Die transkriptionelle Induktion von 

IFN und IFN-stimulierten Genen (ISGs) nach NTPV-Infektion, sowie dessen Sensitivität gegenüber 

Typ I und III IFN waren vergleichbar mit Reaktionen auf Clone 13-Infektion. Dennoch kodierte NTPV 

für ein NSs-Protein, das der Promotoraktivierung einiger antiviraler Gene entgegenwirkt. Gleicher-

maßen taten dies die NSs-Proteine von drei von vier weiteren neuen Phleboviren. Jedoch wies hierbei 

jedes der untersuchten NSs-Proteine ein eigenes Profil auf, was auf virusspezifische IFN-Anta-

gonisierung hindeutet. Des Weiteren zeigten Massenspektrometrie-Analysen zur Bestimmung zellulärer 

NSs-Interaktionspartner eine ausgeprägte Überschneidung der NSs-Interaktoren. Nichtsdestotrotz 

wurden einzigartige Bindungspartner der einzelnen NSs-Proteine identifiziert, was abermals verschie-

dene Wege der Wirtszellmanipulation impliziert. Zusammenfassend zeigte NTPV ein geringeres IFN-

Evasionspotenzial als das pathogene RVFV. Die IFN-antagonistische Fähigkeit des NTPV NSs und die 

Tatsache, dass NTPV Menschen infizieren kann, unterstreichen jedoch sein zoonotisches Potenzial.  

Das kürzlich aufgetretene SARS-CoV-2 verursacht die verheerende COVID-19-Pandemie. Hier wird 

dessen Phänotyp der angeborenen Immunität bestimmt, im Vergleich mit SARS-CoV-1, das 2003 auf-

getreten war. SARS-CoV-2 wurde sowohl von Typ I als auch von Typ III IFNs auf dosisabhängige 

Weise gehemmt. Generell wies SARS-CoV-2 eine höhere IFN-Sensitivität als SARS-CoV-1 auf. 

Weiterhin aktivierte nur SARS-CoV-2 die antivirale Antwort mit transkriptioneller Induktion von IFN 

und ISGs, was auch auf Protein-Ebene zu beobachten war. Allerdings beschränkte sich diese Immunant-

wort auf die humane Lungenzelllinie Calu-3 und war in anderen Zelllinien nicht nachzuweisen. Verglei-

chende Transkriptom-Analysen der untersuchten Zelllinien legen nahe, dass sich Calu-3-Zellen in einem 

„vorstimulierten“ Zustand befinden, was die beobachtete mangelhafte Hemmung der Immunaktivierung 

erklären könnte. Somit wurde gezeigt, dass das IFN-sensitive SARS-CoV-2 die IFN-Induktion nicht 

konsequent hemmen kann, was es von dem hochpathogenen SARS-CoV-1 unterscheidet.   
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4 Introduction 

4.1 The innate immune system 

The innate immune system is the host’s first line of defence against intruding viruses. In contrast to the 

adaptive immune system, which is highly specific and therefore takes longer to spring into action, it is 

fast-acting through the recognition of conserved structural patterns shared by many viruses and other 

pathogens, the so-called pathogen-associated molecular patterns (PAMPs). The key players of the innate 

immune system in animals are interferons (IFNs), which govern the nature and extent of this first disease 

counteraction. They render the host cells in an alert, antimicrobial state by regulating the expression of 

a vast number of IFN-stimulated genes (ISGs) with a broad range of functions.  

4.1.1 Interferons 

IFNs are a diverse family of cytokines that are secreted upon the detection of viral infection. They are 

crucial for immunity by rendering infected as well as bystander cells in an antiviral state through ISG 

induction, fine-tuning and balancing innate immune responses, as well as impacting adaptive immune 

responses.  

There are three classes of IFNs. Classical type I IFNs in humans comprise the well described IFN-α, of 

which there are 13 subtypes, and a single IFN-β, as well as the more distantly related IFN-ε, IFN-κ and 

IFN-ω (LaFleur et al. 2001; Pestka et al. 2004b; Fung et al. 2013; Negishi et al. 2018). While most cell 

types can produce IFN-β, IFN-α is secreted by haematopoietic cells, predominantly plasmacytoid 

dendritic cells (Ivashkiv and Donlin 2014). Type I IFNs signal through the heterodimeric IFN-α receptor 

(IFNAR), consisting of IFNAR1 and IFNAR2 chains, which is expressed on all nucleated cells.  

Type II IFNs contain IFN-γ as a single member, which is secreted mainly by immune cells. It binds to 

the IFN-γ receptor (IFNGR), which consists of IFNGR1 and IFNGR2 subunits and is expressed on a 

broad tissue range. IFN-γ displays limited antiviral activity, instead its main function is the modulation 

of innate and adaptive immunity (Negishi et al. 2018).  

The family of type III IFNs consists of the four members IFN-λ1 (IL-29), IFN-λ2 (IL-28A), IFN-λ3 

(IL-28B) and IFN-λ4 (Kotenko et al. 2003; Sheppard et al. 2003; Prokunina-Olsson et al. 2013). The 

IFN-λ receptor (IFNLR), consisting of IFNLR1 (IL-28Rα) and IL-10R2 (IL-10Rβ) chains, in contrast 

to the IFNAR, is not ubiquitously expressed but limited to mucosal epithelial surfaces and to a subset of 

immune cells (Stanifer et al. 2019; Odendall and Kagan 2015).  

IFN gene expression involves different sequence-specific transcription factors which are activated 

through intricate signalling cascades (chapter 4.1.2). IFN-α gene expression mainly engages members 

of the IFN regulatory factor (IRF) transcription factor family, with IRF3 and IRF7 playing the most 

important roles. As distinct IRFs display varying promoter affinities, this might function as a regulatory 
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mechanism for the different members of the IFN-α family (Levy et al. 2011). IFN-β gene expression 

involves a more complex promoter structure, with four positive regulatory domains (PRDI-IV) serving 

as overlapping binding sites for IRF3 (PRDI), NF-κB (nuclear factor kappa B; PRDII), IRF7 (PRDIII) 

and AP-1 (Activator protein 1; PRDIV) (Goodbourn 1990; Levy et al. 2011). Concerted action of all 

transcription factors, i.e. the engagement of the so-called enhanceosome, is needed for efficient IFN-β 

induction (Iversen and Paludan 2010). IFN-λ gene expression is mediated by IRF and NF-κB promoter 

binding sites: IFN-λ1 depends on IRF3 and NF-κB, while IFN-λ2/3 relies on IRF7 binding. Because 

IRFs and NF-κB can act independently on the IFN-λ promoters, type III IFN induction is said to be more 

flexible than that of type I IFN (Iversen and Paludan 2010). 

As IFNs are such potent modulators of cell physiology, their unchecked expression can lead to a variety 

of diseases including autoimmune disease. Thus, their expression is tightly regulated and fine-tuned by 

diverse feed-forward and feedback loops. In the absence of stimulus, IFN gene expression is kept at very 

low levels through the engagement of a repressive machinery.  

4.1.2 Type I/III interferon induction 

Type I and type III IFNs can be produced by almost all cell types upon viral infection. For this, virus 

infection must first be detected by the host. A diverse group of germline-encoded pattern recognition 

receptors (PRRs), located in various compartments of the cell, is activated by the recognition of 

conserved viral PAMPs and this activation induces IFNs through complex signalling cascades.  

4.1.2.1 Toll-like receptor signalling 

Toll-like receptors (TLRs), expressed in various immune cells, can sense extracellular viruses and virus-

infected cells. TLRs involved in virus recognition include TLR3, TLR7, TLR8 and TLR9 which sense 

nucleic acids in the endosome, and TLR2, TLR4 and TLR6 which detect viral surface proteins in the 

extracellular space (reviewed in Carty et al. 2021; Hartmann 2017; Fitzgerald and Kagan 2020). 

Specifically, TLR3 detects double-stranded RNA (dsRNA), TLR7 and 8 bind viral single-stranded RNA 

(ssRNA) and TLR9 is responsible for the sensing of hypomethylated CpG DNA (Carty et al. 2021). 

Upon ligand binding, TLRs dimerize and signal through either the adapter protein MyD88 (myeloid 

differentiation primary response 88) or TRIF (TIR-domain containing adapter inducing IFN-β) 

(Fitzgerald and Kagan 2020). MyD88 recruits IRAK (interleukin-1 receptor-associated kinase) proteins 

which in turn are autophosphorylated to recruit the E3 ubiquitin ligase TRAF6 (TNF receptor-associated 

factor 6). Next, TRAF6 activates TAK1 (transforming growth factor beta-activated kinase 1) which 

leads to the stimulation of transcription factors NF-κB and AP-1 through IKK (inhibitor of κB kinases) 

and MAPK (mitogen-activated protein kinase) proteins, respectively. This pathway is employed by all 

TLRs except for TLR3 and TLR4. Those signal in a MyD88-independent manner by association with 

TRIF. This adapter recruits TRAF6 to induce NF-κB signalling as described above, and TRAF3 to 

induce IRF3 and IRF7 signalling. For this, TRAF3 recruits TBK1 (TANK-binding kinase 1), IKKε and 
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NEMO (NF-κB essential modifier), which form the TANK (TRAF family member associated NF-κB 

activator) complex. This leads to the activation of transcription factors IRF3 and IRF7 by 

phosphorylation. Activated transcription factors translocate to the nucleus and induce expression of their 

respective target genes (Figure 1; Fitzgerald and Kagan 2020; Carty et al. 2021).  

 

 

Figure 1: Interferon (IFN) induction through Toll-like receptor (TLR) and RIG-I-like receptor (RLR) 

signalling. Upon RNA virus infection, pattern recognition receptors (PRRs) located in the host cellular 

endosome and cytoplasm become activated by the sensing of viral genomes as pathogen-associated 

molecular patterns. PRR activation triggers signalling cascades culminating in transcription factor 

activation leading to IFN and IFN-stimulated gene induction. TLR, Toll-like receptor; RIG-I, Retinoic-

acid inducible gene I; MDA5, Melanoma differentiation-associated protein 5; MAVS, Mitochondrial 

antiviral signalling protein; IRF, IFN regulatory factor; NF-κB, Nuclear factor kappa B; AP-1, Activator 

protein 1; IFN, Interferon; ISG, IFN-stimulated gene. Adapted from Levy et al. 2011 and Goubau et al. 

2013. 
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4.1.2.2 RIG-I-like receptor signalling 

Cytosolic sensing of RNA virus infection engages RIG-I-like receptors (RLRs). This family of DExD/H 

box-containing RNA helicases consists of structurally related sensors RIG-I (retinoic acid-inducible 

gene I), MDA5 (melanoma differentiation-associated protein 5) and LGP2 (laboratory of genetics and 

physiology 2). RIG-I is able to recognize as its main ligand uncapped, blunt-ended dsRNA containing a 

triphosphate (ppp) moiety at its 5’ end, but is also activated by uncapped RNA with 5’ diphosphate or a 

5’ nucleotide unmethylated at its 2’O position (Rehwinkel and Gack 2020; Hornung et al. 2006; 

Pichlmair et al. 2006; Schlee et al. 2009; Schmidt et al. 2009). MDA5 agonists are less well 

characterized but have been shown to include long dsRNAs of a higher order structure (Pichlmair et al. 

2009; Rehwinkel and Gack 2020; Kato et al. 2008). RNA virus infection can be sensed by either RIG-I 

or MDA5, or by both PRRs, depending on the virus group (Goubau et al. 2013).  

Both RIG-I and MDA5 are composed of N-terminal tandem caspase activation and recruitment domains 

(CARD), a helicase domain, and a C-terminal domain. In its inactive state, RIG-I is present in an auto-

repressed conformation where the CARD domains are sterically unavailable for signalling. Upon ligand 

binding, RIG-I undergoes a conformational change from the resting state to an open conformation with 

exposed CARD domains (Kowalinski et al. 2011). The subsequent ubiquitination at CARD2 position 

K172 by E3 ligase TRIM25 (tripartite motif 25) serves as a prerequisite for RIG-I oligomerization (Gack 

et al. 2007; Jiang et al. 2012). This leads to the transport of RIG-I to the mitochondrial membrane with 

the help of the 14-3-3ε protein. There, RIG-I associates with MAVS (mitochondrial antiviral signalling 

protein) via CARD-CARD interactions, which leads to large prion-like MAVS aggregates on the 

mitochondrial membrane to amplify antiviral signalling (Takeuchi and Akira 2010; Hou et al. 2011). 

RIG-I-MAVS interaction is the basis for the recruitment and activation of TBK1, MAP and IKK family 

kinases through ubiquitin ligases TRAF2, TRAF3 and TRAF6. TBK1 and IKKε phosphorylate and 

thereby activate IRF3 and IRF7, while MAPKs cause the activation of AP-1, and IKKα and IKKβ lead 

to phosphorylation and activation of NF-κB inhibitor IκB. This causes its dissociation from NF-κB 

leaving NF-κB unrestricted. In their activated state, the transcription factors translocate into the nucleus 

and cause the expression of their target genes. Amongst those are type I and type III interferons, pro-

inflammatory cytokines and a subset of ISGs (Figure 1; reviewed in Goubau et al. 2013; Levy et al. 

2011). 

In contrast to RIG-I, MDA5 activation is less well described. It seems not to follow a strict 

conformational change upon activation, but rather flexibly exists in an equilibrium of open and closed 

conformations in the resting state. Ligand binding might favour the form which supports multimerization 

by causing filamentous aggregation of MDA5 along dsRNA (Berke and Modis 2012; Fan and Jin 2019; 

Brisse and Ly 2019). The involvement of K63-linked ubiquitination of MDA5 has long been 

controversial; however, the E3 ubiquitinase TRIM65 has recently been shown to interact with MDA5 

to deliver K63-linked ubiquitination at K473, which catalyzes oligomerization (Lang et al. 2017). Like 
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RIG-I, MDA5 triggers IRF3/7 and NF-κB induction via the CARD-CARD association with adapter 

molecule MAVS, as described above (Figure 1).  

LGP2 differs from the structure of RIG-I and MDA5 in that it lacks the CARD domains. Consequently, 

it is unable to signal through MAVS. Different positive and negative regulatory roles for RIG-I and 

MDA5 have been described for LGP2, among those are the inhibition of RIG-I through prevention of 

binding to MAVS or ubiquitination by TRIM25 (Quicke et al. 2019; Rehwinkel and Gack 2020), and 

on the other hand support of MDA5-mediated antiviral responses (Bruns et al. 2014).  

4.1.3 Interferon signalling 

IFNs exert their manifold functions in an autocrine (on infected IFN-producing cells) as well as in a 

paracrine (on uninfected neighbouring cells) manner. IFN binding to their respective receptors (chapter 

4.1.1) triggers a signalling cascade culminating in the induction of a large number of ISGs. Some ISGs 

have direct antiviral activity, while others are involved in, for example, host cell metabolism or 

regulation of IFN signalling. 

4.1.3.1 Type I interferon signalling 

Interferons of type I (IFN-α/β, chapter 4.1.1) are the ligands of the IFN-α receptor (IFNAR), a 

heterodimeric complex consisting of IFNAR1 and IFNAR2 chains which is present on all nucleated 

cells. Across type I IFNs, IFN-β displays the strongest receptor affinity (Mesev et al. 2019). Concerning 

IFNAR receptor subunits, IFNAR2 displays a high affinity for its ligands, whereas IFNAR1 shows lower 

affinity but rather is responsible for distinguishing different IFN subtypes (de Weerd et al. 2007; Jaks et 

al. 2007). The binding of type I IFN to IFNAR2 and the subsequent formation of a ternary receptor 

complex with IFNAR1 activates the JAK/STAT pathway (reviewed in Ivashkiv and Donlin 2014; 

Mesev et al. 2019; Stanifer et al. 2019). Thereby, first, protein tyrosine kinases located on the 

cytoplasmic tails of receptor subunits are activated by structural receptor rearrangements that render 

cytoplasmic receptor chains in close proximity: JAK1 (Janus kinase 1, associated with IFNAR2) and 

TYK2 (tyrosine kinase 2, associated with IFNAR1) cross-phosphorylate as well as phosphorylate 

receptor chains to create binding sites for STAT (signal transducer and activator of transcription) 

proteins. In a second step, recruited STATs are thus activated by phosphorylation. In humans, there are 

seven STAT proteins, namely STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B and STAT6. Upon 

phosphorylation, STAT proteins form various homo- and heterodimeric complexes (Levy and Darnell 

2002). IFNAR signalling mainly induces STAT1:STAT2 heterodimers that associate with IRF9 to form 

the IFN-stimulated gene factor 3 (ISGF3) complex. ISGF3 acts as a transcription factor that binds so-

called IFN-stimulated response elements (ISRE) upstream of ISG loci, thus inducing the transcription 

of ISGs (Figure 2). In some cases, STAT1 homodimers are formed, which act on gamma-activated 

sequences (GAS) of ISGs in the nucleus. Of note, ISGs promoter regions can contain an ISRE or GAS 

alone, or a combination of both. Importantly, STAT1 homodimers induced upon type I (and type II) IFN 
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signalling are responsible for IRF1 induction, which leads to a strong pro-inflammatory signature 

(Figure 2; Forero et al. 2019). 

 

Figure 2: Type I and type III interferon signalling. Type I and type III interferon binding to their 

cognate receptors, consisting of IFNAR1/IFNAR2 or IFNLR1/IL-10β chains, respectively, triggers a 

signalling cascade leading to the induction of transcription factor IFN-stimulated gene factor 3 (ISGF3, 

complex of STAT1:STAT2 heterodimer associated with IRF9) acting on IFN-stimulated response 

elements (ISRE) for IFN-stimulated gene (ISG) induction. Additionally, upon type I IFN signalling, 

STAT1 homodimers can be formed, which act on gamma-activated sequences (GAS) for ISG induction. 

IFN, Interferon; IFNAR, IFN alpha receptor; IFNLR, IFN lambda receptor; IL, Interleukin; IRF, IFN 

regulatory factor; JAK, Janus kinase; Mx, Myxovirus resistance protein; OAS, 2’,5’-Oligoadenylate 

synthase; RIG-I, Retinoic acid-inducible gene I; STAT, Signalling transducer and activator of 

transcription; TYK, Tyrosine kinase. Adapted from Ivashkiv and Donlin 2014 and Schneider et al. 2014. 

4.1.3.2 Type III interferon signalling 

Type III IFNs (IFN-λ1–4, chapter 4.1.1) bind to the IFN-λ receptor (IFNLR). Like IFNAR, this receptor 

is a heterodimeric complex formed by the IFNLR1 (IL-28Rα) and the IL-10R2 (IL-10Rβ) chains, where 

receptor engagement also triggers a JAK/STAT signalling cascade (reviewed in Wack et al. 2015; 

Stanifer et al. 2019). Notably, the IL-10R2 chain is shared by members of the IL-10 family (Sheppard 

et al. 2003; Pestka et al. 2004a). Type III and type I IFN responses induce overlapping ISG signatures. 

While early work after the discovery of the type III IFN family primarily focused on its similarity with 
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the type I IFN response, recent work has elucidated several important differences between the two 

cytokine families. 

The most fundamental disparity lies in the places of action: in contrast to ubiquitous IFNAR expression, 

IFNLR expression is limited through IFNLR1 subunit expression to epithelial cells including 

hepatocytes, and to specific immune cells (Sommereyns et al. 2008; Mordstein et al. 2010). Thus, 

type III IFNs confer protection at mucosal anatomic barriers. Further, type I and type III IFN signatures 

differ substantially with respect to their kinetics. While the transcriptional response upon type I IFN 

stimulation is quick, strong and transient, that of type III is delayed and weaker, but displays a much 

more prolonged activation (Pervolaraki et al. 2018). Lower levels of IFNLR cannot account for these 

profound kinetic differences between the two IFN classes; while IFNLR overexpression increased the 

magnitude of ISG expression, the delayed but sustained ISG induction is intrinsic to the signalling 

pathway and not associated with receptor abundance (Pervolaraki et al. 2018). However, these 

differences could in part be explained by the different induction kinetics of IFN signalling regulators. 

Suppressor of cytokine signalling 1 (SOCS1) leads to IFNAR1 downregulation through ubiquitination-

induced TYK2 destabilization. It is itself an ISG but is induced much earlier following type I (Pestka et 

al. 2004b) than type III IFN stimulus (Pervolaraki et al. 2018; Stanifer et al. 2019). While SOCS1 acts 

on both type I and type III IFN signalling, ubiquitin-specific protease USP18 is a negative regulator of 

IFN-α signalling by inhibiting IFNAR2-JAK1 interaction that has no effect on type III IFN signalling 

(Blumer et al. 2017). Another key difference between type I and type III IFNs is the fact that in contrast 

to type I IFNs, IFN-λ signalling does not induce a pro-inflammatory response. This is due to the low 

IFNLR abundance which is insufficient to induce STAT1 homodimers that lead to IRF1 expression. In 

the absence of the IRF1-driven expression of pro-inflammatory cytokines, type III IFNs rather induce a 

transcriptional programme which is directed at tissue repair and maintenance of barrier integrity (Forero 

et al. 2019). Further, signalling pathways engaged upon type I or type III IFN stimulation can differ. For 

instance, the IFN-λ signalling pathway is still able to function in the absence of TYK2 (Fuchs et al. 

2016).  

Therefore, although type I and type III IFNs induce a similar ISG signature, their actions are not 

redundant. It is believed that type III IFNs act as a frontline defence against intruding viruses at mucosal 

surfaces by inducing a local antiviral state without causing profound inflammation. However, when 

barrier integrity is breached by intruding pathogens, a type I IFN response is mounted for systemic 

actions. Since this type I IFN response is accompanied by a strong pro-inflammatory response, its fast 

termination is crucial to prevent tissue damage. In contrast, type III IFN action is prolonged.  

4.1.4 Interferon-stimulated genes 

IFN-stimulated genes (ISGs) are transcripts whose expression is induced upon IFN signalling due to 

ISRE or GAS elements in their promoter or enhancer regions. The vast repertoire of ISGs comprises on 
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the one hand effectors with direct antiviral functions and sensors of viral infection, but on the other hand 

also cytokines, chemokines, and their receptors to mediate cell-cell communication, positive and 

negative regulators of IFN signalling, or proapoptotic proteins. “Classic ISGs” with profound antiviral 

functions have been known for a long time. However, the family of ISGs is an ever-growing class of 

proteins. Since the first large-scale ISG-screen describing novel antiviral factors was performed 

(Schoggins et al. 2011), identification of additional ISGs is constitutively reported. For example, a recent 

interferome study described a set of approx. 60 “core ISGs”, some of previously unknown association 

with IFN, which are shared between several vertebrate species (Shaw et al. 2017). 

4.1.4.1 ISGs with direct antiviral activity 

ISGs can directly combat virus infection by interfering with every step of the viral life cycle from virus 

entry, followed by translation and replication, to virus egress from the host cell.  

Viral entry can be affected for example by IFITM and Mx proteins or CH25H. IFN-induced 

transmembrane (IFITM) proteins, located in endosomal and lysosomal cellular compartments, impede 

fusion of viral and endolysosomal membranes following virus endocytosis. IFITMs exert their antiviral 

functions for example on influenza viruses, members of the flavivirus family, Rift Valley fever virus 

(RVFV) or severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1) (Perreira et al. 2013; Zhao 

et al. 2018) and SARS-CoV-2 (Zang et al. 2020). Human myxovirus resistance protein 1 (Mx1 or MxA), 

encoded by the Mx1 gene, belongs to the family of dynamin-like GTPases. It is a cytosolic protein which 

traps viral nucleocapsids to prevent transcription. MxA expression strictly relies on IFN signalling and 

is not induced in direct response to virus infection (Haller and Kochs 2011). Viruses targeted by MxA 

include influenza virus (Matzinger et al. 2013) or RVFV and other phleboviruses (Frese et al. 1996; 

Habjan et al. 2009a), but not SARS-CoV-1 (Spiegel et al. 2004). However, single nucleotide 

polymorphisms in MxA promoter regions were demonstrated to alter susceptibility to SARS-CoV-1 (He 

et al. 2006; Ching et al. 2010). Cholesterol-25-hydroxylase (CH25H) depletes membrane cholesterol by 

converting it to 25-hydroxycholesterol (25HC), thereby inhibiting membrane fusion-mediated cell entry 

of enveloped viruses like vesicular stomatitis virus (VSV), RVFV (Liu et al. 2013) or SARS-CoV-2 

(Wang et al. 2020d; Zang et al. 2020).  

Viral translation and replication are complex processes antagonized by many different ISGs, either by 

targeting translation in general or by virus-specific effects. Members of the IFN-induced protein with 

tetratricopeptide repeats (IFIT) family are highly induced upon IFN stimulation but are also upregulated 

through IRF3 following virus infection (Fensterl and Sen 2011). They are able to inhibit host and viral 

gene translation via eukaryotic translation initiation factor 3 (eIF3) binding. It has also been shown that 

several IFIT proteins form a multimeric complex where IFIT1 sequesters viral 5’ppp RNAs (Pichlmair 

et al. 2011). Antiviral activity of IFIT proteins has been demonstrated for example against VSV and 

influenza viruses (Sadler and Williams 2008). Protein kinase R (PKR) is another ISG which interferes 
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with general translation. Before its upregulation following IFN stimulation, it is constitutively expressed 

at basal levels in an inactive form. Upon activation through recognition of dsRNA, it phosphorylates 

eukaryotic translation initiation factor 2α (eIF2α), thereby halting host and viral mRNA translation 

(Pindel and Sadler 2011). PKR displays profound activity against members of the phlebovirus family 

and is therefore targeted by viral evasion strategies (Kainulainen et al. 2016; Wuerth et al. 2020). 

Foreign RNAs are further sensed by 2’,5’-oligoadenylate synthase (OAS) proteins to mediate the 

activation of ribonuclease L (RNaseL) which in turn degrades host and viral RNA, thereby interfering 

with viral replication while at the same time producing more PAMPs for IFN activation (Schneider et 

al. 2014). Since PKR and OAS are activated by similar ligands, viral inhibition or evasion of one 

pathway will likely also target the other. In addition to enzymatically active OAS1–3, humans also 

express an OAS-like (OASL) protein without catalytic function. Beside its regulatory role in the OAS-

RNaseL pathway, OASL also possesses antiviral activity by augmenting RIG-I signalling (Drappier and 

Michiels 2015; Ibsen et al. 2015).  

Viral egress is mainly opposed by viperin, encoded by the Rsad2 gene, and tetherin, encoded by BST2. 

Viperin, which is also induced directly following virus infection, interferes with viral release from host 

cells by altering membrane structures through the disturbance of lipid rafts. This confers antiviral 

activity, among others, against influenza virus (Wang et al. 2007). Additionally, Viperin interferes with 

viral replication in tick-borne encephalitis virus (TBEV) infection (Upadhyay et al. 2014). Tetherin on 

the host membrane physically retains budding virions and thus prevents viral spread. Further, it is 

involved in NF-κB induction and assumes various immunomodulatory roles (Tiwari et al. 2019). 

4.1.4.2 Other antiviral effectors 

ISGs are a heterologous group of effectors that antagonize viral infection through manifold functions 

that cannot always be stringently grouped. For example, IFN-stimulated gene 15 (ISG15) is a relatively 

small protein (~15 kDa) structurally related to ubiquitin. Like this relative, ISG15 can be covalently 

attached to proteins in a process called ISGylation. Unlike ubiquitination, however, that can target 

proteins for degradation, ISGylation rather acts in an activating manner, for example by stabilizing IRF3 

(Shi et al. 2010). In addition, ISGylation of viral proteins can interfere with their respective functions 

(Dzimianski et al. 2019). The family of poly(ADP-ribose) polymerases (PARPs) has also gained 

attention as antiviral effectors. For example, PARP9 and PARP14 are involved in macrophage activation 

through opposing roles with PARP9 promoting pro-inflammatory genes and STAT1 phosphorylation 

(Iwata et al. 2016); further, PARP12 was identified as potent antagonist of Zika virus infection through 

ADP-ribosylation and subsequent degradation of viral proteins (Li et al. 2018). 
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4.1.4.3 Regulators of interferon signalling 

Early in infection, multiple feed-forward mechanisms amplify pathogen sensing and signalling. 

However, just as crucial as the fast innate immune response is its timely termination to prevent harmful 

effects by an overshooting IFN response and to return to cellular homeostasis.  

Zinc-finger antiviral protein (ZAP), encoded by the ZC3HAV1 gene, has multiple splice variant isoforms 

with distinct antiviral functions (Li et al. 2019a). The best described isoforms are termed ZAPL, for 

long, and ZAPS, for short. In a directly antiviral mode of action, they bind to and cause the degradation 

of viral RNA (Schwerk et al. 2019). ZAPS, which is more potently induced upon IFN stimulation, 

further binds to RIG-I to enhance antiviral signalling (Hayakawa et al. 2011). It has recently been shown 

that both ZAPL and ZAPS restrict SARS-CoV-2 infection, in addition to its known inhibition of e.g. 

Alphaviruses or Filoviruses (Nchioua et al. 2020). DExD/H box helicase 60 (DDX60) belongs to the 

same family as PRRs RIG-I and MDA5, however is devoid of a CARD domain for signalling. Beside 

its ability to induce viral RNA degradation, it was shown to facilitate RIG-I activation by direct 

interaction (Miyashita et al. 2011; Oshiumi et al. 2015). However, another study was unable to 

reproduce RIG-I signalling potentiation upon DDX60 overexpression and also showed no effect on virus 

replication upon of DDX60 knockout in mice (Goubau et al. 2015). This might be attributed to a more 

complex manner of signalling mediation and/or species-specific differences.  

Negative regulators of the IFN response are also upregulated with IFN signalling. Among those ISGs 

are for example the suppressor of cytokine signalling (SOCS) proteins or ubiquitin-specific peptidase 18 

(USP18). SOCS proteins are induced early in the IFN response and mediate receptor degradation 

(Schneider et al. 2014). USP18 on the one hand binds to the IFNAR receptor to inhibit IFN-α but not 

IFN-β signalling, and on the other hand facilitates deISGylation. Notably, type III IFN signalling is 

insensitive to USP18 and SOCS3, but is negatively affected by SOCS1 (Blumer et al. 2017).  

4.1.5 Pro-inflammatory cytokines and signalling 

In addition to ISG induction, PRR and IFN signalling also leads to the secretion of cytokines, a group 

of small proteins that govern cell-cell communication, initiation of an adaptive immune response, and a 

pro-inflammatory reaction (Goubau et al. 2013). Consequently, cytokines are involved in the regulation 

of many biological and immune processes. According to structure and function, cytokines can be 

grouped into different classes, e.g. interleukins (IL), chemokines, growth factors, and IFNs themselves 

(Bixler and Goff 2015). The main source of cytokine secretion are immune cells such as monocytes, 

macrophages or dendritic cells, but other cell types like endothelial and epithelial cells or fibroblasts are 

involved in cytokine production as well (Betakova et al. 2017). Cytokines take on versatile functions 

and their dysregulation can result in the exacerbation of disease. In fact, an overshooting pro-

inflammatory cytokine response (so-called “cytokine storm”) is involved in severe disease manifestation 
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caused by filo- and influenza viruses, as well as SARS-CoV-2 (Wack et al. 2011; Bixler and Goff 2015; 

Betakova et al. 2017; Fraser et al. 2020).  

Chemokines exhibit chemotactic functions to attract various immune cells to the site of infection. 

Members of this sub-family include e.g. CCL5 (alternative name: RANTES), CCL4 (MIP-1β), IL-8 

(CXCL8) and CXCL10 (IP-10). CCL4 and CCL5 are upregulated following virus infection but not 

type I IFN stimulation (Hölzer et al. 2019), and both signal through the receptor CCR5 (Wack et al. 

2011). CCL5 seems to play a dual role in virus infection: while mice deficient in CCR5 (with CCL5 as 

dominant ligand) are more susceptible to influenza virus infection, blocking of CCL5 during respiratory 

syncytial virus (RSV) infection reduces inflammation to alleviate infection (Wack et al. 2011). 

CXCL10, which facilitates chemotaxis of T cells, dendritic cells or macrophages, has been implicated 

in disease severity of SARS-CoV-2 (Yang et al. 2020a; Daamen et al. 2021).  

The interleukin IL-6, produced primarily by macrophages, endothelial cells, and T or B cells, has been 

shown to be elevated in severe disease following SARS-CoV-2 (Han et al. 2020; Lagunas-Rangel and 

Chávez-Valencia 2020) and influenza virus infection (Betakova et al. 2017). In addition to its 

involvement in B and T effector cell regulation, IL-6 also aids in STAT1 and IRF9 gene expression 

(Betakova et al. 2017; Ivashkiv and Donlin 2014). 

Other pro-inflammatory cytokines are members of the tumour necrosis factor (TNF) family, with TNF-α 

being the key player. Mainly produced by activated macrophages and other immune cells, it is involved 

in inflammatory processes such as fever development, immune cell attraction and regulation, 

coagulation, or apoptosis (Bixler and Goff 2015; Betakova et al. 2017). TNF-α signals through 

TNF-receptor (TNFR) 1 and 2, with the former being ubiquitously expressed while the latter is restricted 

to immune cells, neurons, and endothelial cells (Holbrook et al. 2019). TNF-α binding to TNFR1 causes 

a conformational change in the receptor-associated death domain, which leads to the recruitment of 

TRADD (TNFR1-associated death domain) and RIPK1 (receptor-interacting serine/threonine protein 

kinase 1). The ubiquitination status of RIPK1 determines further signalling towards cell survival or cell 

death. Cell survival is mediated by complex I formation consisting of TRADD, RIPK1, TRAF2/5, cIAP 

(cellular inhibitor of apoptosis protein) 1/2 and LUBAC (linear ubiquitin chain assembly complex). 

RIPK1 ubiquitination by the latter two leads to recruitment of TAB (TAK-binding protein) 2 and 3 and 

the IKK complex. Together these form the TAK1 complex which leads to the activation of transcription 

factors AP-1 and NF-κB (see 4.1.2; Holbrook et al. 2019; Atretkhany et al. 2020). Signalling through 

TNFR2 promotes cell survival and AP-1/NF-κB induction in a similar fashion. In contrast to TNFR1, 

however, TNFR2 does not possess a death domain and instead associates directly with TRAF1/2 for 

cIAP1/2 recruitment and complex I formation. Beside its strong pro-inflammatory capacities, TNF-α 

also influences the antiviral immune response through crosstalk with IFNs. A recent report demonstrated 

the synergistic effect of co-stimulation with IFN-β and TNF-α on a subset of genes including CXCL10, 

ISG20 and IRF1. Notably, this effect was independent of STAT1 in some genes, like CXCL10. Instead, 
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expression relies on STAT2 and IRF9 through the engagement of alternate ISRE promoter sites (Mariani 

et al. 2019). TNF-α is also known to induce low but sustained amounts of IFN-β through IRF1, which 

in an autocrine feed-forward loop leads to the late expression of ISGF3- and STAT1-dependent ISGs 

upon TNF-α signalling (Yarilina et al. 2008). 

4.2 Phleboviruses 

4.2.1 Overview and classification 

Phleboviruses constitute one of 19 genera within the family Phenuiviridae of the order Bunyavirales 

(ICTV 2020; Figure 3A). Bunyaviruses are globally distributed and display a wide host range of 

vertebrates, invertebrates and plants (Léger and Lozach 2015). Most members of this order are 

arthropod-borne viruses (arboviruses), using blood-feeding mosquitoes, sandflies, ticks, and midges as 

vectors. The family Hantaviridae poses an exception, with transmission occurring through rodent 

reservoirs. 

Of the 67 virus species annotated to the genus phlebovirus, many are able to infect humans (ICTV 2020; 

Elliott and Brennan 2014; Calisher and Calzolari 2021). Human pathogenic phleboviruses can cause a 

wide spectrum of illnesses, ranging from asymptomatic or mild disease to severe illness with potentially 

fatal outcomes (Léger and Lozach 2015). Phleboviruses of public health importance include, among 

others, Rift Valley fever virus (RVFV), Sandfly fever Sicilian virus (SFSV), Punta Toro virus (PTV) 

and Toscana virus (TOSV; Wuerth and Weber 2016; Wright et al. 2019).  

 

Figure 3: Phlebovirus taxonomy, genome organization, and virion. (A) Taxonomy of phleboviruses 

within the Bunyavirales order. (B) Phlebovirus genome organization. (C) Schematic representation of 

phlebovirus virion. GC, glycoprotein GC; GN, glycoprotein GN; IGR, intergenic region; L, RNA-

dependent RNA polymerase; N, nucleoprotein; NC, non-coding region; NSm, medium non-structural 

protein; NSs, small non-structural protein; vRNP, viral ribonucleoprotein. Adapted from Wuerth and 

Weber 2016. 
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4.2.2 Phlebovirus genome organisation and morphology 

Phleboviruses carry a tripartite, single-stranded RNA genome in negative orientation (Figure 3B; Elliott 

and Brennan 2014). The large genome segment (L segment) encodes the viral RNA-dependent RNA 

polymerase (RdRp), the medium segment (M segment) encodes the glycoproteins GN and GC, as well 

as the non-structural protein NSm in some species, like RVFV. The small genome segment (S segment) 

encodes the viral nucleoprotein N in negative sense orientation and, in ambisense orientation, the small 

non-structural protein NSs (Walter and Barr 2011).  

Phleboviruses are enveloped, roughly spherical particles of 80 – 140 nm diameter (Figure 3C; Amroun 

et al. 2017). Inserted into their host-derived membrane they carry the two glycoproteins GN and GC 

which facilitate virus entry into the host cell and are the primary targets for neutralizing antibodies 

(Spiegel et al. 2016). Inside the virion lie the three genome segments, which are largely coated with the 

nucleoproteins N and associated with the polymerase L to form ribonucleoprotein (RNP) structures (Guu 

et al. 2012). These RNPs appear pseudo-circularized in electron microscopy studies (Amroun et al. 

2017), a phenomenon that was long attributed to a so-called panhandle structure formation due to the 

strict complementarity of 5’ and 3’ non-coding regions of all segments (Amroun et al. 2017). However, 

this model has been revised as it was found that the polymerases of some Bunyaviruses bind the 5’ and 

3’ genome ends in different binding sites (Amroun et al. 2017). Nonetheless, the near-circular form and 

the close association of the viral genome with N protect the RNPs from degradation.  

4.2.3 Phlebovirus replication cycle 

Before a virus can enter a host cell, it needs to attach to specific receptor molecules on the cellular 

surface (Figure 4–1). The receptors for phleboviruses are largely unidentified, although DC-SIGN 

(dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin) was shown to be 

involved in RVFV, PTV and TOSV attachment, and heparan sulfate was shown to be required for RVFV 

entry (Spiegel et al. 2016). Since these surface molecules are not expressed on the whole target cell 

spectrum of phleboviruses, it is likely that additional receptors and attachment factors are involved.  

The association of virus and receptor triggers internalization mechanisms via receptor-mediated 

endocytosis which vary for different phleboviruses (Figure 4–2; Spiegel et al. 2016; Amroun et al. 

2017). In the endosome, receptor binding or low pH trigger a conformational change in the viral 

glycoprotein GC. This leads to the fusion of viral and endosomal membranes and the subsequent release 

of the viral RNPs into the host cytoplasm (Figure 4–3; Spiegel et al. 2016). 

Because the viral genomic RNA is orientated in negative sense, incoming virions need the RNP-

associated polymerase L for primary mRNA transcription. Beside its function as RNA-dependent RNA 

polymerase, the viral L protein also displays exonuclease activity at its N-terminus, which is employed 

to acquire 5’ cap structures from host mRNAs. In this process called “cap-snatching”, the polymerase 

cleaves host mRNA transcripts 10 – 20 nucleotides downstream of the cap with a strong sequence 
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preference (Ferron et al. 2017; Amroun et al. 2017). Subsequently, viral mRNAs are transcribed by the 

polymerase by elongating the acquired 5’ caps, resulting in viral mRNA containing heterogeneous non-

viral 5’ sequences (Guu et al. 2012). Phleboviral mRNAs do not contain a 3’ poly(A) tail, which during 

host cell translation binds the mRNA 3’ end to the translation machinery to protect it from degradation. 

Instead, viral mRNA are described to form a 3’ stem loop structure for exonuclease protection (Amroun 

et al. 2017).  

Phlebovirus mRNA synthesis is strictly coupled to simultaneous protein translation (Barr 2007). For 

this, phleboviruses employ the host transcriptional machinery by using free ribosomes for N and L 

segment translation, and endoplasmic reticulum (ER)-associated ribosomes for M segment translation 

(Figure 4–4; Amroun et al. 2017). From the M segment mRNA, viral glycoproteins are synthesized as 

a precursor protein from a single open reading frame (ORF), and co-translationally processed into GN 

and GC by the host protease signal peptidase (Spiegel et al. 2016). A signal peptide within the GN 

sequence leads to protein insertion into the ER membrane, where cleavage by the signal peptidase as 

well as glycosylation occurs (Spiegel et al. 2016). Thus resulting non-covalently associated GN/GC 

dimers subsequently migrate to the Golgi apparatus (Spiegel et al. 2016).  

In addition to GN and GC, the M segment also contains the NSm protein ORF upstream of GN. From this 

ORF, NSm-GN (P78), NSm (P14) and NSm’ (P13) can be produced (Spiegel et al. 2016). NSm is a 

virulence factor that is not required for viral replication in mammalian cells. However, the RVFV P78 

protein is necessary for replication in the mosquito vector (Spiegel et al. 2016).  

Replication of the phleboviral genome in the host cell occurs as a two-step process. First, a full-length 

intermediate RNA product in positive sense orientation (cRNA) is synthesized by the viral polymerase, 

which in turn serves as template for viral genomic RNA (vRNA) generation (Ferron et al. 2017). The 

fact that the polymerase is required to recognize the same sequences in these cRNA and vRNA 

transcripts explains the crucial complementarity of 5’ and 3’ non-coding regions (Ferron et al. 2017). 

Newly generated vRNA is immediately encompassed by viral nucleoproteins to from RNPs (Figure 4–

5; Ferron et al. 2017). These RNPs associate with the viral glycoproteins at the Golgi apparatus, which 

leads to virus budding into the Golgi (Figure 4–6; Spiegel et al. 2016). This association between viral 

nucleo- and glycoproteins accounts for the missing matrix protein in phleboviruses in that it gives 

stability to the virions (Amroun et al. 2017). Newly formed virions subsequently exit the host cell 

through the exocytotic pathway (Figure 4–7; Spiegel et al. 2016).  
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Figure 4: Phlebovirus replication cycle. Upon virus attachment to receptors on the cell surface (1), 

virions enter the cell via endocytosis (2). pH-dependent fusion of viral and endosomal membranes leads 

to vRNP release into the cytoplasm (3). Viral polymerase L transcribes negative-sense viral RNA into 

mRNA, which serves as template for protein synthesis at the host cellular ribosomal machinery (4). 

Replication of the viral genome involves the generation of positive-sense replication intermediates by 

the viral polymerase L, which serve as template for novel negative-sense vRNA genomes (5). Virion 

budding takes place into the Golgi apparatus (6) and newly formed virions are released through 

exocytosis (7). Adapted from Amroun et al. 2017 and Spiegel et al. 2016. 

4.2.4 Sandfly-borne phleboviruses 

Human actions and climate change result in an expanding vector territory, with an ever growing 

phlebovirus infection risk area (Esser et al. 2019; Ciota and Keyel 2019). Sandfly-borne phleboviruses 

are distributed on all continents and are divided into Old World and New World species. Virus 

transmission by different sandfly species dictates this strict discrimination (Alkan et al. 2017). 

Old World sandfly-borne phleboviruses circulate in the Mediterranean, Africa, India, the Middle East, 

and Central Asia. Members of public health importance, which are endemic in the Mediterranean region, 

include for instance Sandfly fever Sicilian virus (SFSV), Sandfly fever Turkey virus (SFTV) and 

Toscana virus (TOSV) (Papa et al. 2011). The first two are associated with self-limiting febrile illness, 

while the latter exhibits a strong neurotropism which can manifest as meningitis and 

meningoencephalitis (Christova et al. 2020). Sandfly-transmitted phleboviruses in the New World 

include Punta Toro virus (PTV) as common cause of febrile illness in Panama (Palacios et al. 2015), as 

well as Candiru, Chilibre, and Frijoles viruses (Marklewitz et al. 2019).  

Detection and isolation of novel phleboviruses occurs frequently but although in some cases 

seroprevalence studies confirm human infection, implications for human disease are mostly unknown. 

Over the past two decades, studies have persistently reported the identification, isolation, and human 

seropositivity of novel sandfly-borne phleboviruses in Portugal, Spain, France, Italy, Albania and Iran 
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(Charrel et al. 2009; Collao et al. 2010; Remoli et al. 2014; Amaro et al. 2015; Amaro et al. 2016; Alkan 

et al. 2017; Bino et al. 2019), Northern Africa (Zhioua et al. 2010; Bichaud et al. 2016), China (Wang 

et al. 2020a) and in Central and South America (Carvalho et al. 2018; Marklewitz et al. 2019). Less 

often can these novel viruses be associated with disease, owing to a short viremic period in phlebovirus 

infection, similar febrile symptoms and lacking molecular diagnostic methods (Anagnostou et al. 2011). 

Recently, a sandfly surveillance study conducted in Kenya in 2014 led to the detection and isolation of 

a previously unknown phlebovirus termed Ntepes virus (NTPV) (Tchouassi et al. 2019). Complete 

genome sequencing and phylogenetic analyses revealed NTPV as a member of the Karimabad species 

complex with its closest genetic relative being Gabek Forest virus (GFV). Seroprevalence studies 

determined 13.9% seropositivity of the Kenyan population at the site of sample collection as well as a 

remote site, thus confirming the potential of NTPV to infect humans (Tchouassi et al. 2019). However, 

no acute NTPV infection has been described to date and symptoms and disease spectrum caused by 

NTPV infections remain unknown.  

A subsequent sandfly screening study conducted in the same area in Kenya in 2015/16 led to the 

discovery of four additional novel phleboviruses, termed Bogoria virus (BGRV), Embossos virus 

(EMBV), Perkerra virus (PERV) and Kiborgoch virus (KBGV) (Marklewitz et al. 2020). Complete 

genome sequencing and phylogenetic analyses showed the first three forming a monophyletic sister 

clade to the SFSV clade, whereas the latter was found to be related to TOSV (Marklewitz et al. 2020). 

Neither of these viruses could be successfully isolated. Notably, the re-discovery of NTPV in this 

follow-up study suggests a continuous circulation in Kenya (Marklewitz et al. 2020).  

4.2.5 Antagonism of the innate immune response by phleboviruses 

Pathogenic viruses can counteract the host innate immune system using manifold strategies to block IFN 

induction and signalling. In phleboviruses, the small non-structural protein termed NSs has been 

demonstrated for several species to exhibit anti-IFN characteristics and dictate pathogenicity (Eifan et 

al. 2013).  

Highly pathogenic RVFV carries a multifunctional, early-acting NSs targeting several host pathways. 

It specifically blocks IFN-β gene transcription through stabilisation of a repressor complex on the IFN-β 

promoter, which inhibits histone acetyltransferase CBP recruitment, histone acetylation and therefore 

transcriptional activation (Le May et al. 2008). In addition, it later establishes a general block of host 

transcription, by sequestration of basal transcription factor TFIIH subunit p44 and proteasomal 

degradation of TFIIH subunit p62 (Le May et al. 2004; Kalveram et al. 2011; Kainulainen et al. 2014), 

and host translation, though an mRNA export block from the nucleus (Copeland et al. 2015). 

Furthermore, RVFV NSs mediates proteasomal degradation of antiviral PKR (Habjan et al. 2009b; 

Ikegami et al. 2009; Mudhasani et al. 2016). The natural RVFV variant clone 13 (Cl13) has a large in-

frame deletion in its NSs gene and consequently expresses a truncated, non-functional NSs (Muller et 
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al. 1995). It is therefore profoundly attenuated and elicits an excellent type I IFN response in the host 

(Billecocq et al. 2004).  

Intermediately virulent phleboviruses like SFSV, TOSV, or PTV express NSs proteins with certain anti-

IFN characteristics, however unable to fully suppress the host innate immune response. SFSV NSs 

inhibits IFN-β gene transcription through obscuring the DNA-binding domain of IRF3 (Wuerth et al. 

2018) and directly associates with translation initiation factor eIF2B to ensure ongoing viral protein 

synthesis in the presence of activated PKR (Wuerth et al. 2020). TOSV NSs was demonstrated to 

suppress IFN-β activation in overexpression experiments but not in an infection context (Gori Savellini 

et al. 2011; Brisbarre et al. 2013; Woelfl et al. 2020). Recently, however, it was demonstrated that 

TOSV NSs possesses E3 ubiquitin ligase activity and promotes the proteasomal degradation of RIG-I 

(Gori Savellini et al. 2019). The NSs of PTV Adames strain (PTV-A) inhibits IFN-β mRNA synthesis 

and was shown, like RVFV NSs, to induce a general host transcription block (Lihoradova et al. 2013; 

Wuerth et al. 2018). In contrast, the NSs protein of related PTV Balliet strain (PTV-B) has no effect on 

IFN-β activation (Perrone et al. 2007; Wuerth et al. 2018). 

Strategies employed by NSs proteins of other phenuiviruses include, for instance, sequestration of key 

molecules for innate immune pathways to inclusion bodies by severe fever with thrombocytopenia 

syndrome virus (SFTSV), thereby inhibiting antiviral signalling (Wu et al. 2014; Ning et al. 2015; Hong 

et al. 2019; Min et al. 2020). The closely related Heartland virus employs a different strategy to block 

IFN induction, namely direct interaction with TBK1 to inhibit IRF3 activation (Ning et al. 2017). 

Of note, not all NSs proteins function as potent IFN antagonists. For instance, non-pathogenic 

Uukuniemi virus (UUKV) expresses a functional NSs protein which acts as a considerably weak IFN 

antagonist, resulting in protective IFN upregulation upon UUKV infection (Rezelj et al. 2015; Rezelj et 

al. 2017). Thus, UUKV is unable to cause disease in humans. 

4.3 Coronaviruses 

4.3.1 Overview and classification 

The Coronaviridae family lies within the order Nidovirales. It is further subcategorized into the 

subfamilies of Letovirinae and Orthocoronavirinae. The latter comprises the four genera 

alphacoronaviruses (alpha-CoVs), beta-CoVs, gamma-CoVs, and delta-CoVs (Figure 5A; Fung and Liu 

2019; ICTV 2020). Alpha- and beta-CoVs solely infect mammals, while gamma- and delta-CoVs exhibit 

a broader host range. To date, seven human CoVs are known, causing respiratory and enteric diseases 

of varying severity. Human coronaviruses (HCoV) 229E, NL63 (alpha-CoVs), OC43, and HKU1 (beta-

CoVs) are endemic in the human population and are associated with seasonal infections with “common 

cold” symptoms (Fehr and Perlman 2015; Fung and Liu 2019). In contrast, highly pathogenic severe 

acute respiratory syndrome CoV (SARS-CoV or SARS-CoV-1), Middle East respiratory syndrome CoV 
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(MERS-CoV) and the recently emerged SARS-CoV-2 can cause severe disease involving pneumonia 

and a variety of other symptoms that can be fatal (Fehr and Perlman 2015; V'kovski et al. 2021b, chapter 

4.3.4). 

 

Figure 5: Coronavirus taxonomy, genome organization, and virion. (A) Taxonomy of coronaviruses 

within the Nidovirales order. (B) SARS-CoV-1 and SARS-CoV-2 genome organization. (C) Schematic 

representation of coronavirus virion. CoV, coronavirus; E, envelope protein; M, matrix protein; N, 

nucleoprotein; ORF, open reading frame; S, spike protein; SARS, severe acute respiratory syndrome. 

Adapted from V'kovski et al. 2021b. 

4.3.2 Coronavirus genome organisation and morphology 

CoVs carry a single-stranded RNA genome of positive polarity (ss(+)RNA). Spanning approx. 30 kb, it 

constitutes the largest known genome of all RNA viruses (Figure 5B). With a 5’ cap structure and a 

3’ poly(A) tail, it resembles cellular messenger RNAs (mRNAs), allowing it to be directly translated by 

the host cell machinery. In addition, 5’ and 3’ untranslated regions confer important regulatory functions 

(Fehr and Perlman 2015). The 5’ two thirds contain open reading frame (ORF) 1a and ORF1b, encoding 

for two polyproteins pp1a and pp1ab. These polyproteins are proteolytically cleaved by viral proteases 

PLpro and Mpro, resulting in the generation of 16 non-structural proteins with functions associated with 

viral replication. Further, on the 3’ third of their genome, CoVs encode the four structural proteins S 

(spike protein), E (envelope protein), M (membrane protein), and N (nucleoprotein) as well as for a 

variable number of accessory proteins with various functions to combat the host immunity (chapter 

4.3.4.2). The SARS-CoV-1 genome harbours eight ORFs coding for accessory proteins: 3a, 3b, 6, 7a, 

7b, 8a, 8b and 9b (Fehr and Perlman 2015). The SARS-CoV-2 genome is still being investigated 

regarding protein-coding accessory ORFs. To date, five canonical ORFs, namely 3a, 6, 7a, 7b, and 8 are 

agreed upon. Downstream of the N gene there is an additional ORF named ORF10, however with 

questionable expression status (Finkel et al. 2021; Parker et al. 2021). Moreover, the SARS-CoV-2 
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genome possesses several non-canonical in-frame and out-of-frame ORFs, overlapping with canonical 

ORFs, with debatable expression profiles: an S gene-overlapping ORF2b, multiple ORF3a-overlapping 

ORFs termed 3c, 3d, 3d-2 and 3b, and two N gene-overlapping ORFs 9b and 9c (Jungreis et al. 2021; 

Finkel et al. 2021; Nelson et al. 2020). Ribosome profiling and subgenomic RNA sequencing studies 

postulate active translation of ORF3c, ORF3d, ORF3d-2, and ORF9b (Finkel et al. 2021; Nelson et al. 

2020; Parker et al. 2021). CoV accessory genes often take up important functions in the natural host, 

but can be dispensable in laboratory cell culture (Forni et al. 2017). 

CoV virions are spherical, enveloped particles of about 125 nm diameter (Figure 5C; Fehr and Perlman 

2015). Inserted into the host-derived lipid bilayer membrane, they carry the S, E, and M proteins. The S 

protein is a heavily glycosylated homotrimeric class I fusion protein. Protruding from the virion body, 

it gives the CoV a crown-like appearance, hence the name coronavirus. The two S subunits mediate 

receptor-binding (S1) and membrane fusion (S2). The small M protein is the most abundant structural 

protein, giving the virus particle its shape. Lastly, the E protein is present in small amounts in the virus 

membrane and is involved in virion assembly and release (Fehr and Perlman 2015). Inside the virion 

lies the helically symmetrical nucleocapsid: the large ss(+)RNA genome coated by N proteins in a beads-

on-a-string fashion (Fehr and Perlman 2015). 

4.3.3 Coronavirus replication cycle 

CoV attachment to the host cell is mediated by the receptor-binding domain (RBD) within the surface 

S protein (Figure 6–1). Different receptor usage has been reported for different CoVs, with angiotensin-

converting enzyme 2 (ACE2) being employed by HCoV-NL63, SARS-CoV-1 and SARS-CoV-2, 

human aminopeptidase N (APN) by HCoV-229E, or dipeptidyl peptidase 4 (DPP4) by MERS-CoV 

(Perlman and Netland 2009; Hoffmann et al. 2020). Receptor tissue distribution and spike-receptor 

affinity thereby dictate coronavirus tropism. Prior to cell entry, acid-dependent proteolytic cleavage by 

host proteases like cell-surface serine protease Transmembrane protease serine 2 (TMPRSS2; 

SARS-CoV-1 and SARS-CoV-2) or endosomal cysteine proteases cathepsin B (CatB) or CatL 

(SARS-CoV-1) is needed to allow fusion of viral and cellular membranes. The first cleavage thereby 

separates the RBD from the fusion domain, the second exposes the fusion peptide within the fusion 

domain. Fusion can either take place directly with the cell membrane, or with endosomal membranes 

following receptor-mediated endocytosis (Figure 6–2; Fehr and Perlman 2015).  

Since the genome structure of CoVs resembles that of cellular mRNA, after the release of the 

nucleocapsid into the cytoplasm (Figure 6–3) it can immediately be translated by the host machinery. 

First, the 5’ ORFs 1a and 1b are translated into two polyproteins pp1a and pp1ab (Figure 6–4). 

Translation of the latter is the result of a programmed –1 ribosomal frameshift at the overlap of ORF1a 

and ORF1b (Perlman and Netland 2009). Viral proteases PLpro (papain-like protease, within nsp3) and 

Mpro (main protease, also referred to as 3C-like protease 3CLpro, within nsp5) co- and post-



Introduction | Ulrike Felgenhauer 

 

 

29 

translationally process pp1a and pp1ab polyproteins into 16 non-structural proteins (pp1a: nsp1 – 11, 

pp1ab: nsp1 – 10 and nsp12 – 16) (Fehr and Perlman 2015; V'kovski et al. 2021b). Fast proteolytic 

release of nsp1 and its host immune evasion capacities (chapter 4.3.4.2) facilitate viral translation. 

Nsp2 – 16 then assemble into the viral replicase-transcriptase complex (RTC; Figure 6–5), consisting 

of endoplasmic reticulum (ER)-derived double-membrane vesicles (DMVs), convoluted membranes 

and small double-membrane spherules. In this protective microenvironment, structurally supported by 

nsp2 – 11, viral genomic RNA replication and subgenomic RNA (sgRNA) transcription are mediated 

by nsp12 – 16 (Fehr and Perlman 2015; V'kovski et al. 2021b). Thereby, the nsp12 RNA-dependent 

RNA polymerase (RdRp) performs RNA synthesis, together with cofactors nsp7 and nsp8, whereas 

nsp13 – 16 assume RNA-modifying functions (V'kovski et al. 2021b): nsp14 harbours a 

3’-5’ exonuclease activity necessary for proofreading, RNA capping is mediated by 5’ triphosphatase 

function of nsp13, and N7-methyltransferase and 2’-O-methyltransferase activities are conferred by 

nsp14 and nsp16, respectively. Nsp15 encodes an endonuclease, a feature unique to Nidovirales. Initially 

synthesized full-length negative-sense RNAs serve as templates for the production of new genomic 

RNAs (Fehr and Perlman 2015; V'kovski et al. 2021b). Additionally, a nested set of sgRNAs for the 

translation of structural and accessory proteins is produced by discontinuous transcription from 

negative-sense intermediates (Figure 6–6; Sola et al. 2015).  

 

Figure 6: Coronavirus replication cycle. Upon virus attachment to cell surface receptors (1), virions 

enter the cell via endocytosis (2). pH-dependent fusion of viral and endosomal membranes leads to 

vRNP release into the cytoplasm (3). Viral pp1a and pp1ab ORFs are translated by the host cell 

machinery and processed by viral proteases into 16 nsps (4). Replication of the viral genome takes place 

in endoplasmic reticulum-associated RTCs (5). Translation of accessory proteins occurs through a 

nested set of subgenomic RNAs (6). Virion budding takes place into the ERGIC compartment (7) and 

newly formed virions are released through exocytosis (8). ACE2, angiotensin-converting enzyme 2; 

ERGIC, ER-Golgi intermediate compartment; nsp, non-structural protein; pp, polyprotein; RTC, 

replicase-transcriptase complex; TMPRSS2, Transmembrane protease serine 2. Adapted from V'kovski 

et al. 2021b. 
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Newly synthesised structural proteins are subsequently inserted into the ER. Budding of new virions 

takes place in the ER-Golgi intermediate compartment (ERGIC) by binding of N protein, which 

encompasses the newly synthetized genomic RNA, to the M protein (Figure 6–7). Mature virions transit 

through the exocytotic pathway until their release at the cell surface (Figure 6–8). Alternatively, it was 

recently postulated for mouse hepatitis virus (MHV) and SARS-CoV-2, as representatives of beta-CoVs, 

to exit the host cell via the lysosomal pathway (Ghosh et al. 2020). Of note, the CoV S protein can also 

migrate to the cell surface to mediate cell-cell fusion which allows for virus spread through syncytia 

formation (Fehr and Perlman 2015). 

4.3.4 Highly pathogenic human coronaviruses 

4.3.4.1 Epidemiology 

SARS-CoV-1 emerged in 2002/2003 in Guangdong, China, and caused an outbreak with more than 

8,000 infections and a fatality rate of approx. 10% (Zhong et al. 2003; Ksiazek et al. 2003; WHO 2003). 

Due to the virus mainly targeting the lower respiratory tract, resulting in a relatively poor human-to-

human transmissibility, the SARS-CoV-1 outbreak was contained in 2003. SARS-CoV-1 likely 

originated from bats, where a large number of related viruses can be found, and was transferred to 

humans via civet cats (Corman et al. 2018). In 2012, another novel CoV, MERS-CoV, led to a series of 

severe respiratory infections in the Middle East. Since then, more than 2,500 human cases have been 

reported with a fatality rate of 36% (Zaki et al. 2012; V'kovski et al. 2021b). Like for SARS-CoV-1, a 

bat origin was found for MERS-CoV, and dromedary camels were identified as an intermediate host 

(Corman et al. 2018). The outbreak of SARS-CoV-2 in late 2019/early 2020 led to an ongoing, in 

modern times unprecedented, global pandemic (Zhu et al. 2020). SARS-CoV-2 infections can be 

asymptomatic or associated with mild disease; however, severe progression of the disease called 

COVID-19 (coronavirus disease 2019) with pronounced lung and other organ damage and potentially 

fatal immune activation also occurs (Harrison et al. 2020). At the time of writing, more than 222 million 

infections and approx. 4.5 million deaths have been reported (COVID-19 Dashboard, Johns Hopkins 

University, accessed on 08 September 2021).  

Although SARS-CoV-2 and SARS-CoV-1 are closely related, their epidemiology and implications for 

global health are markedly different. While SARS-CoV-1 caused a relatively short epidemic with most 

patients experiencing severe symptoms with acute lung pathology, SARS-CoV-2 quickly spread to 

become a global pandemic that, at the time of writing, has been ongoing for 18 months and causes a 

wide symptomatic spectrum from asymptomatic to lethal (Huang et al. 2020). Both SARS coronaviruses 

use the same receptor and similar proteases for cell entry, however their receptor affinity and tissue 

infection ability differs (Chu et al. 2020; V'kovski et al. 2021b). This might explain the different tropism 

(upper respiratory tract for SARS-CoV-2 and lower respiratory tract for SARS-CoV-1) and the resulting 

different transmissibility. In addition, mutations in SARS coronavirus accessory proteins can account 

for the observed different pathogenicity (chapter 4.3.4.2).  
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4.3.4.2 SARS coronaviruses and the innate immune response  

During the course of CoV infection, dsRNA replication intermediates are produced by the viral RdRp, 

that act as PAMPs for innate immune PRR sensors (Birra et al. 2020; see 4.1.2). Employment of 

particular sensors for these CoV dsRNA PAMPs has been shown to be cell-type dependent (Frieman et 

al. 2007a). Thereby, MDA5 acts as predominant RLR sensor for newly synthesized viral RNAs during 

CoV infection (Kasuga et al. 2021; Yin et al. 2021). In addition, RIG-I was recently reported to combat 

SARS-CoV-2 infection in an IFN signalling-independent manner, through binding to 3’UTRs of viral 

genomes and thereby inhibiting RdRp-dependent replication (Yamada et al. 2021). TLRs involved in 

SARS-CoV-1 sensing include TLR2, TLR3, TLR7 and TLR4, of which the first three have so far been 

shown to sense SARS-CoV-2 infection as well (Kasuga et al. 2021). Notably, aside from PRRs, CoV 

infection can also be sensed by other innate immune actors, like IFIT proteins (for SARS-CoV-1; 

Menachery et al. 2014) or PKR (for MERS-CoV; Rabouw et al. 2016). For SARS-CoV-2 infection, cell 

type-dependent activation of PKR and the OAS/RNaseL pathway has been reported (Li et al. 2021). 

Although viral PAMPs are generated in the course of CoV infection, innate immune activation including 

type I and type III IFN production are often prevented or interrupted by viral evasion mechanisms 

directly targeting viral sensors or impeding downstream antiviral signalling (Kindler et al. 2016; Kasuga 

et al. 2021). SARS-CoV-1 induces little IFN in cell culture (Spiegel et al. 2005; Zielecki et al. 2013) 

and so far, SARS-CoV-2 IFN induction seems to be cell-type dependent (Wyler et al. 2021; Lowery et 

al. 2021). However, poor IFN induction has been observed in some COVID-19 patients (Cao et al. 

2021). 

Quickly after initial vRNA translation, nsp1 is proteolytically released from the pp1a/pp1ab polyproteins 

to fulfil several roles in the modulation of host cell pathways. It creates a favourable environment for 

virus replication through the inhibition of host cell protein synthesis by impeding mRNA nuclear export, 

inducing host mRNA degradation, and directly blocking host translation through binding to ribosomal 

subunits (Huang et al. 2011; Kindler et al. 2016; Thoms et al. 2020; Vazquez et al. 2021; Kasuga et al. 

2021).  

SARS coronaviruses further counteract the induction of IFN though a plethora of mechanisms. First, 

compartmentalisation of viral replication in DMVs and viral RNA association with the nucleoprotein N 

shield dsRNA PAMPs from exposure to host sensors (V'kovski et al. 2021b). Second, viral non-

structural and accessory proteins directly inhibit innate immune signalling. For this, nsp3 can suppress 

IFN induction by binding the transcription factor IRF3 to prevent its phosphorylation, dimerization, and 

nuclear translocation (Devaraj et al. 2007). Further, nsp3 deubiquitination activity also impairs host IFN 

induction pathways. Interestingly, SARS-CoV-1 nsp3 mainly targets ubiquitin chains, while 

SARS-CoV-2 nsp3 processes ISGylated proteins (Klemm et al. 2020; Shin et al. 2020). PRR signalling 

is further hampered by SARS-CoV-2 nsp6 and nsp13 binding to TBK1 and proposed nsp8 binding to 



Introduction | Ulrike Felgenhauer 

 

 

32 

the MDA5 CARD domains to impede its ubiquitination and subsequent signalling (Xia et al. 2020; 

Vazquez et al. 2021; Yang et al. 2020b). SARS-CoV-1 ORF3b is located at the outer mitochondrial 

membrane where it blocks the MAVS-mediated IFN induction pathways (Freundt et al. 2009). 

Importantly, SARS-CoV-2 expresses a considerably shorter 22 aa ORF3b protein and harbours three 

additional 3a-overlapping putative ORFs (ORF3c, ORF3d, ORF3d-2) within the ORF3a gene (Jungreis 

et al. 2021). Reports on SARS-CoV-2 ORF3b have been confounded by inconsistent terminology and 

interchangeable use of the name ORF3b for different transcripts. However, the truncated 22 aa protein 

has been shown to be a potent antagonist of type I IFN induction (Konno et al. 2020). SARS-CoV-1 

ORF9b mediates the degradation of adapter molecules MAVS, TRAF3 and TRAF6 (Shi et al. 2014). A 

recent report attributes SARS-CoV-2 ORF9b with a different function, namely the binding to 

mitochondrial import receptor subunit TOM70, to block IFN induction (Jiang et al. 2020). For 

overexpressed SARS-CoV-2 ORF9c (former ORF14) an interaction with peroxisomal membrane 

protein PEX14 has been shown, potentially impacting matrix protein import and peroxisomal immune 

signalling (Knoblach et al. 2021) but the expression status of ORF9c during infection is still questionable 

(Nelson et al. 2020; Finkel et al. 2021). Finally, SARS coronavirus structural proteins N and M also 

possess anti-IFN induction capacities through interactions with various members of the PRR signalling 

cascades (Hu et al. 2017; Siu et al. 2014; Zheng et al. 2020b). 

Moreover, SARS coronaviruses employ several vRNA modification strategies carried out by 

nsp13 – 16. For this, nsp13 mediates 5’ppp removal which could otherwise function as RIG-I ligand 

(Ivanov et al. 2004; Shu et al. 2020). Viral RNA capping, mediated by N7-methyltransferase activity of 

nsp14 and 2’O-methyltransferase activity of nsp16, is another mechanism by which CoVs prevent 

recognition (Chen et al. 2009; Chen et al. 2011; Krafcikova et al. 2020). In addition, the endonuclease 

activity of nsp15 suppresses dsRNA-activated early host responses by viral RNA 5’polyuridine cleavage 

(Kindler et al. 2017; Hackbart et al. 2020). 

In addition to abrogating IFN induction, SARS coronaviruses also interfere with IFN signalling and ISG 

induction in multiple ways. For instance, the SARS-CoV-1 ORF3a protein mediates the degradation of 

the IFNAR1 IFN receptor chain (Minakshi et al. 2009). Further, although SARS-CoV-1 and 

SARS-CoV-2 ORF6 proteins show the highest amino acid sequence divergence (Lokugamage et al. 

2020), both are potent IFN antagonists (Schroeder et al. 2021), thereby interfering with the host nuclear 

import and export machinery to block translocation of STAT proteins (Frieman et al. 2007b; Kopecky-

Bromberg et al. 2007; Xia et al. 2020; Miorin et al. 2020). Phosphorylation and nuclear translocation of 

STAT1 and STAT2 has further been shown to be counteracted by the multifunctional nsp1, by nsp6 and 

by SARS-CoV-2 N protein (Wathelet et al. 2007; Mu et al. 2020; Xia et al. 2020). Nonetheless, despite 

these IFN antagonistic functions, both SARS-CoV-1 and SARS-CoV-2 are sensitive to exogenous IFN, 

with SARS-CoV-2 displaying a greater sensitivity (Zielecki et al. 2013; Felgenhauer et al. 2020). 
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Lastly, SARS coronaviruses are also known to directly antagonize host antiviral functions. For instance, 

ORF7a associates with Tetherin to block its activity (Taylor et al. 2015). Further, while SARS-CoV-1 

infection leads to the activation of PKR, it is insensitive to its antiviral action (Krähling et al. 2009).  

Overall, highly pathogenic SARS coronaviruses interfere with the host antiviral innate immune response 

in a multitude of ways, targeting almost all steps of IFN induction and signalling.  

Nonetheless, dysregulated or overshooting immune responses also contribute to SARS coronavirus 

pathology. Thereby, immune responses mainly display an exuberant predominantly pro-inflammatory 

signature, termed hypercytokinemia or “cytokine storm” (Kasuga et al. 2021). In that, overexpression 

of pro-inflammatory cytokines and chemokines, such as TNF-α, IL-1, IL-6, IL-12, CXCL10 or also 

type I and type II IFNs, may lead to pathophysiological changes that can result in fatal multi-organ 

failure (Fajgenbaum and June 2020).  

  



Introduction | Ulrike Felgenhauer 

 

 

34 

4.4 Objective of this work 

The innate immune system acts as the host’s first-line defence against intruding pathogens. It is governed 

by interferons (IFNs), of which mainly type I (IFN-α/β) and type III (IFN-λ) orchestrate the antiviral 

response. They are secreted upon the cellular recognition of pathogen-associated molecular patterns by 

pattern recognition receptors. IFNs induce an antiviral state in the host cells, combating infection and 

preventing its spread. Consequently, pathogenic viruses have evolved manifold strategies to counteract 

the innate immune response. The inhibition of IFN induction poses an efficient way to antagonize host 

cell responses, as this prevents both the establishment of an antiviral state in the surrounding cells and 

the attraction of immune cells. The interplay between the virus and the host cell’s innate immune 

response, i.e. the quality and strength of IFN evasion, can be an important determinant of virulence. 

Therefore, the objective of this work was to describe this so-called innate immunity phenotype of newly 

emerging viruses with zoonotic potential.  

Molecular characterizations of the viral innate immunity phenotype can provide insights into a virus’ 

implications for human health, with more pathogenic viruses usually exhibiting more efficient and more 

variable ways to antagonize the IFN system. Therefore, two novel viruses were characterized to this 

regard in the course of this work. For this, on the one hand the recently isolated phlebovirus Ntepes virus 

(NTPV) was chosen. Although having been shown to be able to infect humans, NTPV’s disease potential 

in humans is currently unknown. On the other hand, the novel coronavirus severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) was selected. Being the causative agent of the current 

devastating coronavirus disease 2019 (COVID-19) lung disease pandemic, SARS-CoV-2 is of nearly 

unprecedented interest concerning global human health. Gaining new insights into novel viruses’ 

interactions with the innate immune system can help to better understand and with this combat human 

infection with these viruses.  
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5 Materials 

5.1 Viruses  

Table 1: Viruses used in this work 

Abbreviation Virus Description, Origin Reference 

GFV Gabek Forest virus Gabek Forest virus strain Sud AN 

754-61, from Sandra Junglen, 

Charité Berlin 

Kemp et al. 1974 

NTPV Ntepes virus Ntepes Virus strain MRG54-KE-

2014, from Sandra Junglen, Charité 

Berlin 

Tchouassi et al. 

2019 

RVFV clone 13 Rift Valley fever virus Rift Valley Fever virus strain 

clone 13, NSs-deficient attenuated 

isolate 

Muller et al. 1995 

RVFV MP-12 Rift Valley fever virus Rift Valley Fever virus strain 

MP-12, artificially attenuated 

vaccine strain  

Caplen et al. 1985 

RVFV-delNSs::Renilla Rift Valley fever virus recombinant Rift Valley Fever virus 

strain ZH548 with NSs gene 

replaced by Renilla luciferase ORF; 

from Matthias Habjan (formerly 

University of Freiburg) 

Kuri et al. 2010 

SARS-CoV-1 Severe acute respiratory 

syndrome coronavirus 1 

SARS-CoV-1 patient isolate 

Frankfurt strain, from Christian 

Drosten, Charité Berlin 

AY310120 

SARS-CoV-2 Severe acute respiratory 

syndrome coronavirus 2 

SARS-CoV-2 patient isolate 984, 

BetaCoV/Munich/BavPat1/2020, 

from Christian Drosten, Charité 

Berlin 

EPI_ISL_406862 

 

5.2 Eukaryotic cells 

Table 2: Eukaryotic cell lines used in this work 

Name Organism Type and origin Reference 

A549 Homo sapiens, human lung, adenocarcinomic alveolar basal 

epithelial cell line 

Wuerth et al. 2020 

A549-

ACE2 

Homo sapiens, human lung, see above; transduced with lentivirus 

for stable expression of human angiotensin 

converting enzyme 2 (ACE2) 

Chapter 6.1.5 

BHK Mesocricetus auratus, 

hamster 

kidney, fibroblast cell line  Habjan et al. 2008b 

Caco-2 Homo sapiens, human colon, colorectal adenocarcinomic 

epithelial cell line 

Eric Miska, The Gurdon 

Institute, University of 

Cambridge 

Calu-3 Homo sapiens, human lung, adenocarcinomic epithelial cell line 

derived from pleural effusion 

Felgenhauer et al. 2020 

H1299 Homo sapiens, human lung, non-small cell lung carcinoma 

epithelial cell line derived from lymph node 

Wyler et al. 2021 

HEK293 Homo sapiens, human kidney, embryonic cell line Wuerth et al. 2020 

HeLa Homo sapiens, human cervix, cervical cancer epithelial cell line Lau and Weber 2020 

Huh7 Homo sapiens, human liver, hepatocyte-derived carcinoma cell 

line 

Schoen et al. 2020 

Vero E6 Cercopithecus aethiops, 

African green monkey 

kidney, epithelial cell line Felgenhauer et al. 2020 

  

Vero 76 Cercopithecus aethiops, 

African green monkey 

kidney, epithelial cell line Stephan Becker, Institute of 

Virology, Philipps University 

of Marburg 
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5.3 Prokaryotic cells 

Table 3: Prokaryotic cells used in this work 

Name Organism Genotype Origin 

DH10B Escherichia coli, 

bacterium 

F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 

ΔlacX74 recA1 endA1 araD139 Δ (ara-leu)7697 galU 

galK λ– rpsL(StrR) nupG 

Thermo Fisher 

Scientific, 

Schwerte 

TOP10 Escherichia coli, 

bacterium 

F- mcrA (mrr-hsdRMS-mcrBC) 80lacZM15 lacX74 

recA1 ara139 (ara-leu)7697 galU galK rpsL (StrR) endA1 

nupG> 

Thermo Fisher 

Scientific, 

Schwerte 

Stellar 

Competent 

Cells 

Escherichia coli, 

bacterium 

F-, endA1, supE44, thi-1, recA1, relA1, gyrA96, phoA, 

Φ80d lacZΔ  15, Δ(lacZYA-argF) U169, Δ(mrr-

hsdRMS-mcrBC), ΔmcrA, λ- 

Takara, Saint-

Germain-en-

Laye, France 

 

5.4 Cell culture and transfection reagents 

Table 4: Cell culture reagents for eukaryotic cells 

Name Supplier 

CCM34  Viro Vet Diagnostik GmbH, Giessen 

Dulbecco’s modified Eagle’s medium (D E )  

   + 17.8 mg/l L-alanine 

   + 0.7 g/l glycine 

   + 75 mg/l L-glutamic acid 

   +25 mg/l L-proline 

   + 0.1 mg/l biotin 

   + 25 mg/l hypoxanthine 

   + 3.7 g/l sodium bicarbonate 

Cell culture medium (CCM34+10% FBS+1X P/S/Q) CCM34 

   + 10% FBS 

   + 1% penicillin-streptomycin (P/S) 

   + 1% L-glutamine (Q) 

DMEM (Dulbeccos’s modified Eagle medium) Gibco, Thermo Fisher Scientific, Schwerte 

DMEM, low glucose, pyruvate Gibco, Thermo Fisher Scientific, Schwerte 

FBS (Fetal Bovine Serum) BioChrom GmbH, Berlin 

2X MEM (Temin's modification), no phenol red Gibco, Thermo Fisher Scientific, Schwerte 

OptiMEM Gibco, Thermo Fisher Scientific, Schwerte 

OptiPRO Gibco, Thermo Fisher Scientific, Schwerte 

Penicillin-Streptomycin-Glutamine (P/S/Q; 100X) Gibco, Thermo Fisher Scientific, Schwerte 

Puromycin Sigma-Aldrich, Steinheim 

2X Trypan blue (0.4% Trypan blue in H2O, sterile 

filtered) 

Merck, Darmstadt 

 

0.05% Trypsin-EDTA (1X), phenol red Gibco, Thermo Fisher Scientific, Schwerte 

Trypsin-EDTA-Solution, pH 7.4 Viro Vet Diagnostik GmbH, Giessen 

 

Table 5: Transfection reagents for eukaryotic cells 

Name Supplier 

EndoFectin™  ax Genecopoeia, Rockville, MD, U.S.A. 

TransIT®-LT1 Mirus Bio LLC, Madison, WI, U.S.A. 
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Table 6: Cytokines and inhibitors 

Name Supplier/Reference 

Recombinant pan-species IFN-α(B/D) PBL Assay Science, Piscataway, NJ, U.S.A. 

Recombinant human TNF-α protein (Active) Abcam, Berlin 

Recombinant IFN-λ3 Provided by Rune Hartmann, Aarhus University, 

Denmark (Dellgren et al. 2009) 

Ruxolitinib Selleckchem, Munich 

 

Table 7: Media and solutions for prokaryotic cells 

Name Composition Supplier 

LB agar 1.5% agar agar 

in LB medium 

Roth, Karlsruhe 

LB medium 10% tryptone/peptone 

5% yeast extract 

0.5% NaCl, pH 7.0 

in ddH2O 

Roth, Karlsruhe 

Roth, Karlsruhe 

Sigma-Aldrich, Steinheim 

SOC medium 0.5% yeast extract 

2% tryptone/peptone 

10 mM NaCl 

2.5 mM KCl 

10 mM MgCl2 

10 mM MgSO4 

20 mM glucose 

in ddH2O 

Roth, Karlsruhe 

Roth, Karlsruhe 

Sigma-Aldrich, Steinheim 

Roth, Karlsruhe 

Fluka, Seelze  

Fluka, Seelze  

Fluka, Seelze 

 

5.5 Buffers and solutions 

Table 8: Buffers and reagents for SDS PAGE 

Name Composition Supplier 

SDS running buffer 25 mM tris 

192 mM glycine  

0.1% SDS 

in ddH2O 

Roth, Karlsruhe  

Roth, Karlsruhe 

Roth, Karlsruhe 

10% APS 10% APS in H2O  Sigma-Aldrich, Steinheim 

10% SDS 10% SDS in H2O  Roth, Karlsruhe 

4X SDS sample buffer 114 mM tris-HCl, pH 6.8 

4.6% SDS 

23% glycerol 

20% β-mercaptoethanol 

3.4 mM bromophenol blue 

in ddH2O 

Roth, Karlsruhe  

Roth, Karlsruhe  

Roth, Karlsruhe 

Sigma-Aldrich, Steinheim 

Sigma-Aldrich, Steinheim 

Color Prestained Protein 

Standard, Broad Range  

(11–245 kDa) 

n.a. Cell Signaling Technology, Frankfurt 

a.M.  

Rotiphorese® PAGE 

Matrixpuffer plus 

n.a. Roth, Karlsruhe  

 

Table 9: Buffers for Western blot 

Name Composition Supplier 

10X Tris buffered saline (TBS) 200 mM tris, pH 7.6 

1.37 M NaCl 

in ddH2O 

Roth, Karlsruhe  

Sigma-Aldrich, Steinheim 

Blocking buffer (BSA) 5% bovine serum albumin 

(BSA) in 1X TBS-T 

Sigma-Aldrich, Steinheim 
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Blocking buffer (milk) 10% milk powder in 1X TBS dm Drogeriemarkt, Giessen 

Harsh stripping buffer 62.5 mM tris-HCl, pH 6.7 

2% SDS 

100 m  β-mercaptoethanol 

in ddH2O 

Roth, Karlsruhe  

Roth, Karlsruhe  

Sigma-Aldrich, Steinheim 

Mild stripping buffer 200 mM glycine 

0.1% SDS 

1% Tween20 

in ddH2O, pH 2.2 

Roth, Karlsruhe 

Roth, Karlsruhe 

Serva Electrophoresis GmbH, Heidelberg 

Transfer buffer (for semidry 

blotting) 

48 mM tris 

39 mM glycine 

1.3 mM SDS 

20% methanol 

in ddH2O 

Roth, Karlsruhe  

Roth, Karlsruhe 

Roth, Karlsruhe  

Roth, Karlsruhe  

Wash buffer (TBS-T) 0.1% Tween20 in 1X TBS Serva Electrophoresis GmbH, Heidelberg 

 

Table 10: Lysis buffers 

Name Composition Supplier 

PXL lysis buffer 1% NP-40 (Igepal®) 

0.5% DOC 

0.1% SDS 

in 1X PBSdef 

Sigma-Aldrich, Steinheim 

Fluka, Seelze 

Roth, Karlsruhe  

 

 

Table 11: Buffers and solutions for immunofluorescence (IF) 

Name Composition Supplier 

IF blocking buffer 2% BSA 

5% glycerol 

0.2% Tween20 in 1X PBSdef 

Sigma-Aldrich, Steinheim  

Roth, Karlsruhe 

Serva Electrophoresis GmbH, Heidelberg 

IF fixation solution 4% PFA in 1X PBSdef Roth, Karlsruhe 

IF permeabilization buffer 0.5% Triton-X 100 in 1X PBSdef Sigma-Aldrich, Steinheim 

 

Table 12: Buffers and reagents for agarose gel electrophoresis 

Name Composition Supplier 

1X TAE buffer 40 mM tris 

20 mM glacial acetic acid 

1 mM EDTA 

in ddH2O 

Roth, Karlsruhe  

Roth, Karlsruhe  

Roth, Karlsruhe  

Orange DNA Loading Dye 

(6X) 

n.a. Thermo Fisher Scientific, Schwerte 

O'GeneRuler™ 1 kb Plus DNA 

Ladder, ready-to-use 

n.a. Thermo Fisher Scientific, Schwerte 

 

Table 13: Additional buffers and solutions 

Name Composition Supplier 

Crystal violet staining solution 0.75% crystal violet 

3.75% formaldehyde 

20% ethanol, absolute 

1% methanol 

in ddH2O 

Sigma-Aldrich, Steinheim 

Roth, Karlsruhe 

Roth, Karlsruhe 

Roth, Karlsruhe 

1X Phosphate buffered saline 

(PBSdef) 

137 mM NaCl 

2,7 mM KCl 

10 mM NaHPO4 

1,76 mM KH2PO4  

in ddH2O, pH 7.4 

 

Sigma-Aldrich, Steinheim 

Roth, Karlsruhe 

Merck, Darmstadt 

Merck, Darmstadt 
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TE buffer 10 mM tris-HCl, pH 8.0 

1 mM EDTA 

in ddH2O 

Roth, Karlsruhe  

Roth, Karlsruhe 

 

5.6 PCR reagents 

Table 14: Polymerases 

Product Name Supplier 

JumpStart™ Taq DNA Polymerase with MgCl2 Sigma-Aldrich, Steinheim 

KOD Hot Start DNA Polymerase Merck, Darmstadt 

Phusion® High-Fidelity DNA Polymerase New England Biolabs, Frankfurt a.M. 

 

Table 15: Restriction Enzymes 

Product Name Supplier 

BamHI-HF New England Biolabs, Frankfurt a.M. 

DpnI New England Biolabs, Frankfurt a.M. 

KpnI-HF New England Biolabs, Frankfurt a.M. 

XhoI New England Biolabs, Frankfurt a.M. 

 

Table 16: Other PCR reagents 

Product Name Supplier 

Deoxynucleotide (dNTP) Solution Mix, 10mM each New England Biolabs, Frankfurt a.M. 

CutSmart Buffer New England Biolabs, Frankfurt a.M. 
 

5.7 Antibodies and Fluorescence Dyes 

Table 17: Primary antibodies for Western blotting 

#* Target Species Specificity Supplier Dilution 

38 FLAG™ tag mouse monoclonal Sigma-Aldrich, Steinheim 1:1,000 

99 IFIT1 rabbit monoclonal Georg Kochs, Institute of Virology, 

Freiburg 

1:1,000 

324 ISG15 (F-9) mouse monoclonal Santa Cruz Biotechnology, 

Heidelberg 

1:4,000 

398 MxA mouse monoclonal Sigma-Aldrich, Steinheim 1:1,000 

394 phospho-STAT1 rabbit monoclonal Cell Signaling, Frankfurt a.M. 1:1,000 

396 phospho-STAT2 rabbit monoclonal Cell Signaling, Frankfurt a.M. 1:1,000 

315 RVFV-N mouse monoclonal Alejandro Brun, Instituto Nacional de 

Investigación y Tecnología Agraria y 

Alimentaria, Madrid, Spain 

1:1,000 

427 SARS-CoV-N rabbit polyclonal Biomol, Hamburg 1:2,000 

395 STAT1 mouse monoclonal BD Biosciences, San Jose, CA, 

U.S.A. 

1:1,000 

397 STAT-2 mouse monoclonal BD Biosciences, San Jose, CA, 

U.S.A. 

1:1,000 

12 β-Tubulin  rabbit  polyclonal Abcam, Berlin 1:1,000 

 

Table 18: Secondary antibodies for Western blotting 

#* Name Species Specificity Supplier Dilution 

3 Peroxidase-conjugated 

goat anti-mouse IgG 

goat polyclonal Thermo Fisher Scientific, Schwerte 1:20,000 

4 Peroxidase-conjugated 

goat anti-rabbit IgG 

goat polyclonal Thermo Fisher Scientific, Schwerte 1:20,000 
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Table 19: Antibodies for immunofluorescence microscopy 

#* Target Species Specificity Supplier Dilution 

7 Alexa Fluor 555 donkey 

anti-mouse IgG 

donkey polyclonal Invitrogen, Thermo Fisher 

Scientific, Schwerte 

1:200 

38 FLAG™ tag mouse monoclonal Sigma-Aldrich, Steinheim 1:500 

*(Laboratory collection number) 

 

5.8 Plasmids 

Table 20: Expression plasmids for viral NSs proteins 

#* Name Description Accession No. Source 

1235 pI.18-NTPV_NSs 
AmpR. Untagged Ntepes virus (NTPV) NSs (amplified with 

primers #1217 and #1219 from plasmid #1199) cloned into 
pI.18 backbone (#291) with BamHI/XhoI 

MF695811.1 

with ntT384C 
(silent) 

this work 

1199 
pI.18-
3×FLAG_NTPV_NSs 

AmpR. Ntepes virus (NTPV) NSs with N-terminal 3×FLAG 

tag (amplified with primers #1218 and #1219 from NTPV 
cDNA) cloned into pI.18 backbone (#291) with BamHI/XhoI 

created by 

Besim Berisha/ 
Jennifer Wuerth 

1290 
pI.18_NTPV_NSs-
3×FLAG 

AmpR. Ntepes virus (NTPV) NSs with C-terminal 3×FLAG 
tag (amplified with primers #1217 and #1360 from plasmid 
#1199) cloned into pI.18 backbone (#291) with BamHI/XhoI 

this work 

1287 pI.18-GFV-NSs 
AmpR. Untagged Gabek Forest virus (GFV) NSs (amplified 

with primers #1345 and #1347 from GFV cDNA) cloned into 
pI.18 backbone (#291) with BamHI/XhoI 

KF297905.1 this work 

1288 
pI.18-3×FLAG-GFV-
NSs 

AmpR. Gabek Forest virus (GFV) NSs with N-terminal 
3×FLAG tag (amplified with primers #1346 and #1347 from 

GFV cDNA) cloned into pI.18 backbone (#291) with 

BamHI/XhoI 

KF297905.1 

with ntA678G 

(silent) 

this work 

1289 
pI.18-GFV-NSs-
3×FLAG 

AmpR. Gabek Forest virus (GFV) NSs with C-terminal 

3×FLAG tag (amplified with primers #1345 and #1361 from 

GFV cDNA) cloned into pI.18 backbone (#291) with 
BamHI/XhoI 

KF297905.1 this work 

1263 pI.18-EMBV_NSs 
AmpR. Untagged Embossos virus (EMBV) NSs (amplified 

with primers #1380 and #1364 from EMBV cDNA), cloned 
into pI.18 backbone (#291) with KpnI/XhoI 

MT270827.1 

this work 

1264 
pI.18-
3×FLAG_EMBV_NSs 

AmpR. Embossos virus (EMBV) NSs with N-terminal 
3×FLAG tag (amplified with primers #1381 and #1364 from 

EMBV cDNA) cloned into pI.18 backbone (#291) with 
KpnI/XhoI 

this work 

1265 
pI.18-EMBV_NSs-
3×FLAG 

AmpR. Embossos virus (EMBV) NSs with C-terminal 

3×FLAG tag (amplified with primers #1380 and #1365 from 

EMBV cDNA) cloned into pI.18 backbone (#291) with 

KpnI/XhoI 

this work 

1266 pI.18-BGRV_NSs 
AmpR. Untagged Bogoria virus (BGRV) NSs (amplified with 

primers #1366 and #1368 from BGRV cDNA), cloned into 
pI.18 backbone (#291) with BamHI/XhoI 

MT270830.1 

this work 

1267 
pI.18-
3×FLAG_BGRV_NSs 

AmpR. Bogoria virus (BGRV) NSs with N-terminal 3×FLAG 

tag (amplified with primers #1367 and #1368 from BGRV 
cDNA), cloned into pI.18 backbone (#291) with BamHI/XhoI 

this work 

1268 
pI.18-BGRV_NSs-
3×FLAG 

AmpR. Bogoria virus (BGRV) NSs with C-terminal 3×FLAG 
tag (amplified with primers #1366 and #1369 from BGRV 
cDNA), cloned into pI.18 backbone (#291) with BamHI/XhoI 

this work 

1269 pI.18-KBGV_NSs 
AmpR. Untagged Kiborgoch virus (KBGV) NSs (amplified 

with primers #1370 and #1372 from KBGV cDNA), cloned 
into pI.18 backbone (#291) with BamHI/XhoI 

MT270833.1 this work 
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1270 
pI.18-
3×FLAG_KBGV_NSs 

AmpR. Kiborgoch virus (KBGV) NSs with N-terminal 

3×FLAG tag (amplified with primers #1371 and #1372 from 
KBGV cDNA), cloned into pI.18 backbone (#291) with 
BamHI/XhoI 

this work 

1271 
pI.18-KBGV_NSs-
3×FLAG 

AmpR. Kiborgoch virus (KBGV) NSs with C-terminal 

3×FLAG tag (amplified with primers #1370 and #1373 from 

KBGV cDNA), cloned into pI.18 backbone (#291) with 
BamHI/XhoI 

this work 

1272 pI.18-PERV.1_NSs 

AmpR. Untagged Perkerra virus (PERV; ORF1 = longest ORF 

with CTG changed to ATG) NSs (amplified with primers 

#1374 and #1378 from PERV cDNA), cloned into pI.18 
backbone (#291) with BamHI/XhoI 

MT270836.1 

this work 

1273 
pI.18-
3×FLAG_PERV.1_NSs 

AmpR. Perkerra virus (PERV; ORF1 = longest ORF with CTG 
changed to ATG) NSs with N-terminal 3×FLAG tag (amplified 

with primers #1375 and #1378 from PERV cDNA), cloned into 
pI.18 backbone (#291) with BamHI/XhoI 

this work 

1274 
pI.18-PERV.1_NSs-
3×FLAG 

AmpR. Perkerra virus (PERV; ORF1 = longest ORF with CTG 

changed to ATG) NSs with C-terminal 3×FLAG tag (amplified 

with primers #1374 and #1379 from PERV cDNA), cloned into 
pI.18 backbone (#291) with BamHI/XhoI 

this work 

1275 pI.18-PERV.2_NSs 

AmpR. Untagged Perkerra virus (PERV; ORF2 = starting from 
ATG at position 13) NSs (amplified with primers #1376 and 

#1378 from PERV cDNA), cloned into pI.18 backbone (#291) 
with BamHI/XhoI 

this work 

1276 
pI.18-
3×FLAG_PERV.2_NSs 

AmpR. Perkerra virus (PERV; ORF2 = starting from ATG at 

position 13) NSs with N-terminal 3×FLAG tag (amplified with 
primers #1377 and #1378 from PERV cDNA), cloned into 
pI.18 backbone (#291) with BamHI/XhoI 

this work 

1277 
pI.18-PERV.2_NSs-
3×FLAG 

AmpR. Perkerra virus (PERV; ORF2 = starting from ATG at 
position 13) NSs with C-terminal 3×FLAG tag (amplified with 

primers #1376 and #1379 from PERV cDNA), cloned into 
pI.18 backbone (#291) with BamHI/XhoI I 

this work 

556 
pI.18-RVFV_NSs-
3×FLAG 

Ampr. RVFV NSs (strain ZH-548) with C-terminal 3×FLAG 

tag (amplified with primers #166 [RVFV primer] and #166 

[common primer] from plasmid #468), cloned into pI.18 
backbone (#291) with BamHI/XhoI 

DQ380151.1 
created by 
Simone Lau 

1137 
pI.18-NSsSFSV-
3×FLAG 

AmpR, contains SFSV NSs with C-terminal 3×FLAG tag 

between BamHI and XhoI restriction sites; generated from 

plasmid #665 via excision of additional 3XFLAG via PvuI and 
BamHI followed by recircularization via rapid ligation kit 

EF201822.1 
created by 
Jennifer Wuerth 

913 
pI.18-3×FLAG-
NSsPTV-A 

AmpR, contains PTV-A NSs with N-terminal 3×FLAG tag 

between BamHI and XhoI restriction sites; insert excised from 
plasmid #244 via BamHI and XhoI and ligated pI.18 backbone 
(#291). 

EF201835.1 
created by 
Jennifer Wuerth 

914 
pI.18-3×FLAG-
NSsPTV-B 

AmpR, contains PTV-B NSs with N-terminal 3×FLAG tag 

between BamHI and XhoI restriction sites; insert excised from 
plasmid #245 via BamHI and XhoI and ligated into pI.18 

backbone (#291) 

KR912211.1 
created by 
Jennifer Wuerth 

 

Table 21: Expression plasmids for luciferase reporter assays 

#* Name Description Reference 

43 p125-Luc AmpR, firefly luciferase under control of the IFN-β promoter 
Yoneyama et al. 
1998 

78 pGL3-MX1P AmpR, firefly luciferase under control of the Mx1 promoter 
Hug et al. 1988; 
Jorns et al. 2006 

77 ISG54-Luc 
AmpR, firefly luciferase under control of the ISG54 promoter. wt TATA box 
(TATATA) 

Paulson et al. 
2002 



Materials | Ulrike Felgenhauer 

 

 

42 

678 kB-Luc AmpR, firefly luciferase under control of an NF-κB-responsive promoter 
Rodrigo et al. 
2012 

48 pRL-SV40 AmpR, constitutively expressing Renilla luciferase 
commercial 
(Promega) 

291 pI.18 
AmpR, eukaryotic expression vector, contains CMV-promoter-intron A from 
CMV-MCS-pA 

Verbruggen et 
al. 2011 

664 pI.18-3×FLAG -Δ x 
AmpR, codes for 3×FLAG -tagged Δ x ORF (5' BamHI – 3×FLAG – Δ x ORF 
– 3' XhoI) 

created by 
Jennifer Wuerth 

219 pI.18 3×FLAG -Δ x 
AmpR, codes for 3×FLAG -tagged Δ x ORF (3×FLAG – 5' BamHI –Δ x ORF 
– 3' XhoI) 

created by 
Andreas Schön 

815 
pCDNA3.1-TOPO- 
RIG-I CARD 

AmpR, N terminus (aa 1 to 284 = CARD domain) of human RIG-I. Cloned by 
amplifying human cDNA with primers # 464 and #466 

created by 
Valentina 
Wagner 

936 
pFLAG-CMV2-

huIPS-1 FL 

AmpR, contains the human MAVS full-length gene with an N-terminal 3×FLAG 

tag and CMV promoter control  

Kawai et al. 

2005 

1082 
pCDNA3.1(-) flag-tag 
TBK1 

AmpR, expresses human TBK1 with an N-terminal 1×FLAG tag 
Sharma et al. 
2003 

934 IRF3(5D-97A)-CMV 

AmpR, subcloned from #844 (insert) and #866 (backbone) via EcoRV and NotI 

restriction sites; contains IRF3 phosphomimetic (5D) and phosphodeficient (97A) 
mutant, i.e. autophosphorylated IRF3 that translocates to the nucleus in a PTEN-
independent manner 

Lin et al. 1998 

*(Laboratory collection number) 

 

5.9 Oligonucleotides 

Table 22: Primers for cloning NSs expression plasmids 

#* Name nt Description Sequence (5’ → 3’) 

1217 NSsNTPV_fwd 38 
forward primer for cloning untagged Ntepes 
virus (NTPV) NSs 

TACCGAGCTCGGATCCATGACAACCA
GATTCCTGTACG  

1218 
3×FLAG-
NSsNTPV_fwd 

104 
forward primer for cloning Ntepes virus 

(NTPV) NSs containing N-terminal 3×FLAG 
tag 

TACCGAGCTCGGATCCATGGACTACA

AAGACCATGACGGTGATTATAAAGAT
CATGATATCGATTACAAGGATGACGA
TGACAAGACAACCAGATTCCTGTACG 

1219 NSsNTPV_rev 40 
reverse primer for cloning Ntepes virus 
(NTPV) NSs 

TAGATGCATGCTCGAGCTACTCACTG
TCTGAGCTGAAGTC 

1360 
3×FLAG-
NSsNTPV_rev 

106 
reverse primer for cloning Ntepes virus 

(NTPV) NSs containing C-terminal 3×FLAG 
tag 

TAGATGCATGCTCGAGCTACTTGTCA
TCGTCATCCTTGTAATCGATATCATGA

TCTTTATAATCACCGTCATGGTCTTTG
TAGTCCTCACTGTCTGAGCTGAAGTC 

1345 NSsGFV_fwd 38 
forward primer for cloning untagged Gabek 

Forest virus (GFV) NSs 

TACCGAGCTCGGATCCATGACAACCA

GATTTCTGTATG 

1346 
3×FLAG-
GFV_fwd 

104 
forward primer for cloning Gabek Forest virus 

(GFV) NSs containing N-terminal 3×FLAG 
tag 

TACCGAGCTCGGATCCATGGACTACA
AAGACCATGACGGTGATTATAAAGAT

CATGATATCGATTACAAGGATGACGA
TGACAAGACAACCAGATTTCTGTATG 

1347 NSsGFV_rev 40 
reverse primer for cloning Gabek Forest virus 
(GFV) NSs 

TAGATGCATGCTCGAGCTACTCACTG
TCAGAGCTG 

1361 
3×FLAG-
NSsGABV_rev 

101 
reverse primer for cloning Gabek Forest virus 
(GFV) NSs containing C-terminal 3×FLAG 
tag 

TAGATGCATGCTCGAGCTACTTGTCA

TCGTCATCCTTGTAATCGATATCATGA

TCTTTATAATCACCGTCATGGTCTTTG
TAGTCCTCACTGTCAGAGCTG 

1380 
NSs_EMBV_fwd
_KpnI 

38 
forward primer for cloning untagged Embossos 
virus (EMBV) NSs 

TACCGAGCTCGGATCCATGCTAAAGT
CAACTGAGAATT 
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1381 
3×FLAG- 

NSs_EMBV_fwd
_KpnI 

104 
forward primer for cloning Embossos virus 

(EMBV) NSs containing N-terminal 3×FLAG 
tag 

TACCGAGCTCGGATCCATGGACTACA

AAGACCATGACGGTGATTATAAAGAT
CATGATATCGATTACAAGGATGACGA
TGACAAGCTAAAGTCAACTGAGAATT 

1364 NSs_EMBV_rev 34 
reverse primer for cloning Embossos virus 
(EMBV) NSs 

TAGATGCATGCTCGAGTCACATGTTT
CTGAATAC 

1365 
3×FLAG-
NSs_EMBV_rev 

100 
reverse primer for cloning Embossos virus 

(EMBV) NSs containing C-terminal 3×FLAG 
tag 

TAGATGCATGCTCGAGTCACTTGTCA
TCGTCATCCTTGTAATCGATATCATGA

TCTTTATAATCACCGTCATGGTCTTTG
TAGTCCATGTTTCTGAATAC 

1366 NSs_BGRV_fwd 38 
forward primer for cloning untagged Bogoria 
virus (BGRV) NSs 

TACCGAGCTCGGATCCATGTTGAAAG
CAACCGAGAATT 

1367 
3×FLAG- 
NSs_BGRV_fwd 

104 
forward primer for cloning Bogoria virus 

(BGRV) NSs containing N-terminal 3×FLAG 
tag 

TACCGAGCTCGGATCCATGGACTACA
AAGACCATGACGGTGATTATAAAGAT

CATGATATCGATTACAAGGATGACGA

TGACAAGTTGAAAGCAACCGAGAATT 

1368 NSs_BGRV_rev 37 
reverse primer for cloning Bogoria virus 
(BGRV) NSs 

TAGATGCATGCTCGAGTTATATGTTTC
TGAACATCAC 

1369 
3×FLAG-
NSs_BGRV_rev 

103 
reverse primer for cloning Bogoria virus 
(BGRV) NSs containing C-terminal 3×FLAG 
tag 

TAGATGCATGCTCGAGTTACTTGTCAT

CGTCATCCTTGTAATCGATATCATGAT

CTTTATAATCACCGTCATGGTCTTTGT
AGTCTATGTTTCTGAACATCAC 

1370 NSs_KBGV_fwd 35 
forward primer for cloning untagged 
Kiborgoch virus (KBGV) NSs 

TACCGAGCTCGGATCCATGTTGTCAA
GGGCTGTGT 

1371 
3×FLAG- 
NSs_KBGV_fwd 

101 
forward primer for cloning Kiborgoch virus 
(KBGV) NSs containing N-terminal 3×FLAG 
tag 

TACCGAGCTCGGATCCATGGACTACA

AAGACCATGACGGTGATTATAAAGAT
CATGATATCGATTACAAGGATGACGA
TGACAAGTTGTCAAGGGCTGTGT 

1372 NSs_KBGV_rev 35 
reverse primer for cloning Kiborgoch virus 
(KBGV) NSs 

TAGATGCATGCTCGAGTTATAGGGGT
AAATCAAGG 

1373 
3×FLAG-
NSs_KBGV_rev 

101 
reverse primer for cloning Kiborgoch virus 

(KBGV) NSs containing C-terminal 3×FLAG 
tag 

TAGATGCATGCTCGAGTTACTTGTCAT
CGTCATCCTTGTAATCGATATCATGAT

CTTTATAATCACCGTCATGGTCTTTGT
AGTCTAGGGGTAAATCAAGG 

1374 
NSs_PERV_ORF
1_fwd 

38 
forward primer for cloning untagged Perkerra 
virus (PERV; ORF1 = longest ORF with CTG 
changed to ATG) NSs 

TACCGAGCTCGGATCCATGACTCTAG
CCATGAGTTTTA 

1375 
3×FLAG- 
NSs_PERV_ORF
1_fwd 

104 

forward primer for cloning Perkerra virus 

(PERV; ORF1 = longest ORF with CTG 

changed to ATG) NSs containing N-terminal 
3×FLAG tag 

TACCGAGCTCGGATCCATGGACTACA

AAGACCATGACGGTGATTATAAAGAT

CATGATATCGATTACAAGGATGACGA
TGACAAGACTCTAGCCATGAGTTTTA 

1376 
NSs_PERV_ORF
2_fwd 

42 
forward primer for cloning untagged Perkerra 

virus (PERV; ORF2 = starting from ATG at 
position 13) NSs 

TACCGAGCTCGGATCCATGAGTTTTA
TGTATGATCACCCAAA 

1377 
3×FLAG- 

NSs_PERV_ORF
2_fwd 

108 
forward primer for cloning Perkerra virus 

(PERV; ORF2 = starting from ATG at position 
13) NSs containing N-terminal 3×FLAG tag 

TACCGAGCTCGGATCCATGGACTACA

AAGACCATGACGGTGATTATAAAGAT

CATGATATCGATTACAAGGATGACGA

TGACAAGAGTTTTATGTATGATCACC
CAAA 

1378 NSs_PERV_rev 35 
reverse primer for cloning Perkerra virus 
(PERV) NSs 

TAGATGCATGCTCGAGTTAGGCAGCT
GACTTCTTT 

1379 
3×FLAG-
NSs_PERV_rev 

101 
reverse primer for cloning Perkerra virus 

(PERV) NSs containing C-terminal 3×FLAG 
tag 

TAGATGCATGCTCGAGTTACTTGTCAT

CGTCATCCTTGTAATCGATATCATGAT
CTTTATAATCACCGTCATGGTCTTTGT
AGTCGGCAGCTGACTTCTTT 
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Table 23: Sequencing primers 

#* Name nt Description Sequence (5’ → 3’) 

45 pI.18_for2 20 pI.18 sequencing primer forward TCCATGGGTCTTTTCTGCAG 

46 pI.18_rev2 21 pI.18 sequencing primer reverse GTGACACGTTTATTGAGTAGG 

698 pI.18 seq upstream 19 alternative pI.18 sequencing primer forward GATGCAGGCAGCTGAGTTG 

 

Table 24: Miscellaneous primers 

#* Name nt Description Sequence (5’ → 3’) 

437 GPO-3 24 forward primer for mycoplasma diagnosis-PCR  GGGAGCAAACACGATAGATACCCT 

438 MGSO 27 reverse primer for mycoplasma diagnosis-PCR TGCACCATCTGTCACTCTGTTAACCTC 

 

Table 25: qRT-PCR primers and probes for viral gene targets 

#* Name Reference Description Sequence (5’ → 3’) 

168 RVFL-2912fwdGG 

Bird et al. 
2007  

qRT-PCR primer RVFV forward, 
binding in L segment 

TGAAAATTCCTGAGACACATGG 

169 RVFL-2981revAC 
qRT-PCR primer RVFV reverse, 
binding in L segment 

ACTTCCTTGCATCATCTGATG 

170 RVFL-probe-2950 
qRT-PCR probe for RVFV, use with 
168/169 primer pair 

6FAM-

CAATGTAAGGGGCCTGTGTGGAC
TTGTG-BHQ1 

1242 NTPV fwd qRT-PCR 

Tchouassi et 
al. 2019 

qRT-PCR primer NTPV forward, 
binding in L segment GCAAGAAAGCACTGTGGTGG 

1243 NTPV rev qRT-PCR 
qRT-PCR primer NTPV reverse, 
binding in L segment CGTATGATGATCGGCCACCA 

1244 NTPV qRT-PCR probe  
qRT-PCR probe for NTPV, use with 
1242/43 primer pair 

6-FAM-

ACAGCCACCTCTGATGATGC-
BHQ1 

1348 GFV fwd qRT-PCR 
Designed to 

mimic NTPV 

qRT-PCR 
primers from 

Tchouassi et 
al. 2019 

qRT-PCR primer GFV forward, 
binding in L segment GCAAGAAAACACTGTGGTGG 

1349 GFV rev qRT-PCR 
qRT-PCR primer GFV reverse, 
binding in L segment CGGATTATGATGGGCCACCA 

1350 GFV qRT-PCR probe  
qRT-PCR probe for GFV, use with 
1348/49 primer pair 

6-FAM-

ACAGCCACCTCGGACGATGC-
BHQ1 

1357 E_Sarbeco_F 

Corman et al. 
2020 

qRT-PCR SARS-CoV E gene forward 
primer 

ACAGGTACGTTAATAGTTAATAG
CGT 

1358 E_Sarbeco_P1 qRT-PCR SARS-CoV E gene probe 
FAM-
ACACTAGCCATCCTTACTGCGCTT
CG-BBQ 

1359 E_Sarbeco_R 
qRT-PCR SARS-CoV E gene reverse 

primer, use with 1357/1358 primer 
pair 

ATATTGCAGCAGTACGCACACA 
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Table 26: qRT-PCR primers for human gene targets 

#* Target Name Product Number Supplier 

36 18S ribosomal RNA Hs_RR18s QT00199367 Qiagen, Hilden 

85 CCL4 Hs_CCL4_1_SG  QT01008070 Qiagen, Hilden 

24 CCL5 Hs_CCL5_1_SG QT00090083 Qiagen, Hilden 

86 CH25H Hs_CH25H_1_SG  QT00202370 Qiagen, Hilden 

23 CXCL10/IP-10 Hs_CXCL10_1_SG QT01003065 Qiagen, Hilden 

16 CXCL8/IL-8 Hs_CXCL8_1_SG  QT00000322 Qiagen, Hilden 

19 IFIT1 Hs_IFIT1_1_SG QT00201012 Qiagen, Hilden 

18 IFN-β Hs_IFNB1_1_SG QT00203763 Qiagen, Hilden 

73 IFN-λ1 Hs_IFNL1_2_SG QT01033564 Qiagen, Hilden 

74 IFN-λ2 Hs_IFNL2_1_SG QT00222488 Qiagen, Hilden 

17 IL-6 Hs_IL6_1_SG QT00083720 Qiagen, Hilden 

15 ISG15 Hs_ISG15_1_SG QT00072814 Qiagen, Hilden 

13 MX1 Hs_MX1_1_SG QT00090895 Qiagen, Hilden 

12 OAS1 Hs_OAS1_1_SG QT00099134 Qiagen, Hilden 

96 OAS2 Hs_OAS2_1_SG  QT01005256 Qiagen, Hilden 

97 OAS3 Hs_OAS3_1_SG  QT01005277 Qiagen, Hilden 

98 PARP14 Hs_PARP14_1_SG  QT00087444 Qiagen, Hilden 

11 RSAD2/Viperin Hs_RSAD2_1_SG QT00005271 Qiagen, Hilden 

94 TNFSF10/TRAIL Hs_TNFSF10_1_SG  QT00079212 Qiagen, Hilden 

9 TNF-α Hs_TNF_3_SG QT01079561 Qiagen, Hilden 

*(Laboratory collection number) 

 

5.10 Commercial reagents 

Table 27: Commercial reagents 

Name Supplier 

4′,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich, Steinheim 

Acrylamid/Bis (Rotiphorese® Gel 30 (37.5:1))  Roth, Karlsruhe 

Agar Merck, Darmstadt 

Agarose SERVA, Heidelberg 

Ammonium persulfate (APS) Sigma-Aldrich, Steinheim 

Ampicillin sodium salt (50 mg/ml)  Sigma-Aldrich, Steinheim 

Avicel FMC BioPolymer, Philadelphia, PA, U.S.A. 

β-Mercaptoethanol Sigma-Aldrich, Steinheim 

β-Propiolactone Acros Organics, Thermo Fisher Scientific, Schwerte 

Complete Protease Inhibitor Cocktail Tablets Roche/Merck, Darmstadt 

Crystal violet Sigma-Aldrich, Steinheim 

Deoxycholate (DOC) Fluka, Seelze  

Dimethylsulfoxide (DMSO) Sigma-Aldrich, Steinheim 

Dynabeads® M-270 Epoxy beads Thermo Fisher Scientific, Schwerte 

Ethanol, absolute Roth, Karlsruhe 

Ethanol, denatured Roth, Karlsruhe 

Ethidium bromide Promega, Walldorf 

Ethylenediaminetetraacetic acid (EDTA) Roth, Karlsruhe 

FluorSave Reagent Merck, Darmstadt 

Formaldehyde (37%) Roth, Karlsruhe 

Glycerol Roth, Karlsruhe 

Glycine Roth, Karlsruhe 

Hydrochoric acid (HCl) Roth, Karlsruhe 

Immobilon® ECL Ultra Western HRP Substrate Merck, Darmstadt 

Isopropanol Sigma-Aldrich, Steinheim 

Methanol Roth, Karlsruhe 
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Milk powder dm Drogeriemarkt, Giessen 

N,N,N’,N’-tetramethylethylenediamine (TEMED) Sigma-Aldrich, Steinheim 

NaOH Sigma-Aldrich, Steinheim 

NP-40 (Igepal®) Sigma-Aldrich, Steinheim 

Paraformaldehyde Roth, Karlsruhe 

Sodium bicarbonate (7.5%) Sigma-Aldrich, Steinheim 

Sodium chloride (NaCl) Sigma-Aldrich, Steinheim 

Sodium dodecyl sulfate (SDS) Merck, Darmstadt 

SuperSignal™ West Femto Maximum Sensitivity 

Substrate  

Thermo Fisher Scientific, Schwerte 

Thiazolyl Blue Tetrazolium Bromide (MTT) Merck, Darmstadt 

Tris(hydroxymethyl)aminomethan  Acros Organics, Thermo Fisher Scientific, Schwerte 

Triton X-100 Sigma-Aldrich, Steinheim 

Tryptone/peptone Merck, Darmstadt 

Tween-20 Sigma-Aldrich, Steinheim 

Yeast extract Merck, Darmstadt 

 

5.11 Kits 

Table 28: Commercial kits for co-immunoprecipitation, DNA- and RNA-isolation 

Product Name Supplier 

Dynabeads® Antibody Coupling Kit  Thermo Fisher Scientific, Schwerte 

E.Z.N.A.® Plasmid DNA Mini Kit I, V-spin (capped) Omega bio-tek, Norcross, GA, U.S.A. 

E.Z.N.A.® Plasmid DNA Midi Kit Omega bio-tek, Norcross, GA, U.S.A. 

QIAamp® Viral RNA Mini Kit Qiagen, Hilden 

RNeasy® Mini Kit Qiagen, Hilden 

ZymoPure™ Plasmid Midiprep Kit Zymo Research, Freiburg 

 

Table 29: Commercial kits for cloning  

Product Name Supplier 

E.Z.N.A.® Gel Extraction Kit Omega bio-tek, Norcross, GA, U.S.A. 

Rapid DNA Ligation Kit Thermo Fisher Scientific, Schwerte 

 

Table 30: Commercial kits for (q)RT-PCR 

Product Name Supplier 

Premix Ex Taq™ (probe qRT-PCR) Takara, Saint-Germain-en-Laye, France 

PrimeScript™ RT reagent Kit with gDNA Eraser Takara, Saint-Germain-en-Laye, France 

QuantiFast™ Probe PCR Kit Qiagen, Hilden 

TB Green™ Premix Ex Taq™ II (Tli RNase H Plus) Takara, Saint-Germain-en-Laye, France 

 

Table 31: Commercial kits for luciferase assays 

Product Name Supplier 

Dual Luciferase Reporter Assay system Promega, Walldorf 

Renilla Luciferase Assay System Promega, Walldorf 
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5.12 Consumables and other materials 

Table 32: Consumables and other materials 

Name Supplier 

Biosafety container (Biotainer 1.8 l) E3 Cortex, Mitry-Mory, France 

Cell culture dishes, 6 cm/10 cm diameter Sarstedt, Nuembrecht 

Cell culture flasks, 25 – 175 cm2 Greiner Bio-One, Frickenhausen 

Cell culture plates, 6-, 12-, 24-, and 96-well Greiner Bio-One, Frickenhausen 

Coverslips, 12 mm diameter R. Langenbrinck GmbH, Emmendingen 

Cryotubes Sarstedt, Nuembrecht 

Dispensertips PD-Tips, BIO-CERT® Brand, Wertheim Bestenheid 

Disposable Pipetting Reservoirs, Polystyrene 

Reservoirs, 50 ml 

VWR, Darmstadt 

Graduated TipOne® Filter Tip (sterile), 0.1 – 1000 µl Starlab, Hamburg 

Malassez counting chamber Ro Go, France 

 icroAmp™ Optical Adhesive Film Thermo Fisher Scientific, Schwerte 

 icroAmp™ Fast Optical 96-Well Reaction Plate, 

0.1 ml 

Thermo Fisher Scientific, Schwerte 

Microplate, PS, 96 well, F-bottom (chimney well), 

white, lumitrac 

Greiner Bio-One, Frickenhausen 

Microscope slide Roth, Karlsruhe 

Parafilm Kobe, Marburg 

PCR tubes, 0.2 ml Biozym, Hessisch Oldendorf 

Petri dishes Sarstedt, Nuembrecht 

Pipet tips, Tip-One, 0.1 – 1000 µl Starlab, Hamburg 

Polypropylen tubes (Falcon), 15 – 50 ml Sarstedt, Nuembrecht 

Protran Nitrocellulose Transfer Membrane Whatman, Dassel 

PVDF Membrane: Immobilon®-P Transfer Membrane Millipore, Schwalbach 

Reaction tubes, 1.5 ml Sarstedt, Nuembrecht 

Reaction tubes, 2 ml Eppendorf, Wesseling-Berzdorf 

Screw cap tubes, 1.5 ml Sarstedt, Nuembrecht 

Vivaspin® 20, 100 kDa MWCO Polyethersulfone GE Healthcare/Merck, Darmstadt 

 

5.13 Instruments and software 

Table 33: Instruments 

Name Supplier 

(Wide) Mini-Sub® Cell GT agarose gel chamber Bio-Rad, Feldkirchen 

2720 Thermal Cycler Applied Biosystems, Thermo Fisher Scientific, 

Schwerte 

Allegra® X-15R Centrifuge Beckman Coulter, Krefeld 

Allegra® X-30R Centrifuge Beckman Coulter, Krefeld 

ChemiDoc XRS+ Bio-Rad, Feldkirchen 

Color Sprout Plus Mini Centrifuge Biozym, Hessisch Oldendorf 

DNA gel chamber Bio-Rad, Feldkirchen 

DS-11+ Spectrophotometer DeNovix, Wilmington, DE, U.S.A. 

EVOS® XL Core Imaging System Thermo Fisher Scientific, Schwerte 

Handy Step electronic Brand, Wertheim Bestenheid 

Heat block Steute, Loehne 

IKAMAG REO S6 Magnetic Stirrer Ika, Staufen 

INCU-Line bacterial incubator VWR, Darmstadt,  

Labotect Incubator C200 Labotect, Goettingen 

Laser Scanning Inverted Confocal Microscope  

TCS SP5 II 

Leica Microsystems, Wetzlar 

Light microscope Telaval 31  Zeiss, Jena 
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Microfuge® 20R Centrifuge Beckman Coulter, Krefeld 

Mini-PROTEAN® Tetra System Bio-Rad, Feldkirchen 

Mini-Shaker Adolf Kühner AG, Basel, Switzerland 

MSC-Advantage biological safety cabinet Thermo Fisher Scientific, Schwerte 

NanoDrop Spektrophotometer ND-1000 PeqLab, VWR, Darmstadt 

PowerPac™ basic Bio-Rad, Feldkirchen 

Precision scale Sartorius, Goettingen 

REAX top vortex mixer Heidolph, Schwabach 

Rotator SB2 Kobe, Marburg 

Scale PB602 Mettler-Toledo, Giessen 

Shaker Infors AG, Bottmingen, Switzerland 

SimpliAmp™ Thermal Cycler Life Technologies, Thermo Fisher Scientific, 

Schwerte 

StepOnePlus Real-Time PCR System Applied Biosystems, Thermo Fisher Scientific, 

Schwerte 

T100™ Thermal Cycler Bio-Rad, Feldkirchen 

ThermoMixer F1.5 Eppendorf, Wesseling-Berzdorf 

Trans-Blot® Turbo Transfer System Bio-Rad, Feldkirchen 

TriStar2 Multimode Reader LB 942 Berthold, Bad Wildbad 

Vacuum system Integra Vacusafe Integra, Biebertal 

Waterbath Memmert, Schwabach 

 

Table 34: Software 

Name Supplier/Reference 

BioEdit Sequence Alignment Editor 7.0.5.3 Hall 1999 

Citavi 6 Swiss Academic Software GmbH 

Clustal X 2.1 Larkin et al. 2007 

GraphPad PRISM 9.0.2 GraphPad Software, LLC 

Instrument Control and Evaluation (ICE) software Berthold 

Image Lab 5.2.1 Bio-Rad 

Leica LAS X Leica Microsystems CMS GmbH 

MaxQuant software version 1.6.17.0 Max Planck Institute of Biochemistry 

(Tyanova et al. 2016a) 

MEGA X version 10.1.6 Kumar et al. 2018 

Metascape (metascape.org) Zhou et al. 2019 

Microsoft Office Word, Excel, PowerPoint 2016 Microsoft 

Perseus software version 1.6.14 Max Planck Institute of Biochemistry 

(Tyanova et al. 2016b) 

StepOne software v2.3 Life Technologies Corporation 
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6 Methods 

6.1 Eukaryotic cell culture 

6.1.1 Maintenance and seeding of eukaryotic cells 

All adherent eukaryotic cells were cultivated in sterile plastic flasks or dishes at 37°C in a 5% CO2 

atmosphere. A549, BHK, Calu-3, H1299, HEK293, HeLa, Huh7, Vero E6 and Vero 76 cells were 

maintained in cell culture medium (CCM34 with 10% fetal bovine serum (FBS) and 1X penicillin-

streptomycin-glutamine [P/S/Q]), A549-ACE2 cells were maintained in cell culture medium with 

0.5 µg/ml puromycin to ensure strong ACE2 expression, and Caco-2 cells were maintained in CCM34 

with 15% FBS and 1X P/S/Q. At 80 – 100% confluency, cells were passaged for optimal growth. For 

this, cells were washed once with PBSdef to remove traces of FBS that would inhibit trypsin enzyme 

activity, and subsequently detached using a trypsin-EDTA solution. For passaging, once detached, cells 

were resuspended well in the respective cell culture medium, the desired fraction of resuspended cell 

solution was discarded, and remaining cells were topped up with fresh cell culture medium. For a 1:10 

passage, cells were resuspended in 10 parts cell culture medium, 9 parts were discarded, and 1 part was 

kept in culture with fresh medium. For cell seeding, after trypsination, cells were resuspended in cell 

culture medium and pelleted by centrifugation at 800×g for 5 min. Supernatant was discarded, cells were 

resuspended in fresh cell culture medium, counted with a Malassez counting chamber and seeded into 

plates or dishes at the desired cell number. 

6.1.2 Mycoplasma test  

To ensure that cultured cells and virus stocks were free of mycoplasma contamination, a mycoplasma 

polymerase chain reaction (PCR) test was carried out approx. every one to two weeks. A sample of cell 

supernatant, preferably from cells whose last passage had been 3 – 4 days before, or an aliquot of virus 

stock (chapter 6.2.2) was used as input for nucleic acid isolation with the Qiagen “Viral RNA mini kit” 

according to the manufacturer’s instructions. Although specified for the isolation of RNA, this kit serves 

well for the extraction of mycoplasma DNA from cell supernatant. PCR was carried out as specified in 

Table 35 in a T100™ or SimpliAmp™ Thermal Cycler.  

Upon completion of the PCR, 5 µl PCR reaction were mixed with 1 µl 6X Orange DNA Loading Dye 

and separated electrophoretically on an agarose gel (2% in 1X TAE buffer). The DNA fragment 

amplified using the GPO-3/MGSO primer pair has a size of approx. 300 base pairs, which was verified 

using an O'GeneRuler™ 1 kb Plus DNA Ladder.  
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Table 35: PCR settings for mycoplasma PCR test 

Reagent Quantity for 1 reaction of 20 µl [µl] 

ddH2O 14.2 

10X PCR buffer 2 

dNTPs (2 mM) 2 

Primer GPO-3 (100 µM; van Kuppeveld et al. 1992, 1993)  0.2 

Primer MGSO (100 µM; van Kuppeveld et al. 1992, 1993) 0.2 

JumpStart™ Taq DNA-Polymerase 0.4 

Sample 1 

Initial Denaturation 95°C 2 min  

Denaturation 95°C 20 sec  

Annealing 55°C 10 sec 35 cycles 

Elongation 70°C 15 sec  

Final Elongation 70°C 10 min  

Hold 4°C ∞  

 

6.1.3 Transient transfection of eukaryotic cells 

6.1.3.1 Transfection with plasmid DNA 

To express proteins from plasmid DNA in eukaryotic cells, plasmid DNA is introduced into the cell by 

lipid-based transfection using TransIT®-LT1 reagent. For this, the desired plasmid amount was diluted 

in serum-free medium (OptiMEM or OptiPRO) and mixed with 3 µl TransIT®-LT1 per 1 µg DNA 

diluted in serum-free medium. After a 15 – 30 min incubation at RT, the transfection mix was added to 

the cells with gentle mixing. The cationic lipid-polymer mixture of the transfection reagent will 

encompass negatively charged DNA to allow for the uptake of DNA-lipopolyplexes into the cells. 

6.1.3.2 Transfection with viral RNA 

To induce activation of reporter plasmid gene expression (chapter 6.5.1), virus infection is mimicked by 

transfection of viral RNA. Here, RNA from Vesicular Stomatitis virus (VSV) was isolated by phenol-

chloroform extraction from PEG8000-precipitated VSV particles (Habjan et al. 2008a). For cells in each 

well in a 96-well format, 50 ng VSV-RNA were diluted in 5 µl serum-free medium and mixed with 

0.5 µl EndoFectin™  ax diluted in 5 µl serum-free medium. After a 5 – 20 min incubation at RT, the 

transfection mix was added to the cells with gentle mixing. Like TransIT®-LT1 (chapter 6.1.3.1), 

EndoFectin™  ax also works via cationic lipid-mediated transfection. VSV-RNA used in this work 

was prepared by Andreas Schön (Institute for Virology, FB10, Justus Liebig University Giessen).  

6.1.4 Cytokine and inhibitor assays 

To assess the sensitivity of viruses to innate immune cytokines, as well as the competency of viruses to 

overcome the antiviral state induced by these cytokines, cells were pre-treated with type I (IFN-α) or 

type III (IFN-λ3) interferon (IFN) or with the JAK/STAT inhibitor Ruxolitinib, which prohibits 

type I/III IFN signalling. For this, cells seeded into 24-well plates (5 × 104 per well) were treated for 

16 h with 100, 500, or 1000 U/ml pan-species IFN-α(B/D) (Horisberger and Staritzky 1987), 10 or 
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100 ng/ml purified recombinant IFN-λ3 (Dellgren et al. 2009), or with 1 μ  Ruxolitinib prior to 

infection (chapter 6.2.1). 

To induce activation of reporter plasmid gene expression (chapter 6.5.1), cells in each well in a 96-well 

format were treated with 50 U/well pan-species IFN-α(B/D) (Horisberger and Staritzky 1987) or with 

10 ng/ml recombinant human TNF-α for 18 h.  

6.1.5 Generation of stable cell lines by lentiviral transduction 

The human immortalized adenocarcinoma alveolar basal epithelial lung cell line A549 does not support 

infection with SARS-CoV-1 or SARS-CoV-2 due to low expression levels of the viral receptor 

angiotensin-converting enzyme 2 (ACE2; Harcourt et al. 2020; Hoffmann et al. 2020; Letko et al. 2020). 

To study this cell line in the context of SARS coronavirus infection, A549 cells were engineered to 

stably express ACE2 by employing the ViraPower™ Lentiviral Expression System by invitrogen as 

described elsewhere (Riedel et al. 2017; Konstantoulas and Indik 2014). Briefly, cells were seeded to 

approx. 30% confluency in a 6-well plate and infected with HIV VSV G-pseudoparticles carrying the 

coding region of the human ACE2 gene (accession number NM_001371415.1), which were generated 

in HEK293T cells. Selection for successful ACE2 gene integration took place by addition of 1 µg/ml 

puromycin to the cell culture medium. ACE2 integration and expression were confirmed by Western 

blot analysis. A549-ACE2 cells used in this work were generated by Benjamin Lamp and Andreas Schön 

(Institute for Virology, FB10, Justus Liebig University Giessen). 

6.2 Virological methods 

6.2.1 Virus infection of eukaryotic cells 

To perform virus infection of eukaryotic cells, cells were seeded at the desired cell number per well one 

day prior to infection. Cells were washed once with 1X PBSdef and subsequently infected by adding a 

virus suspension diluted in serum-free medium (OptiMEM or OptiPRO) containing the desired amount 

of virus for a specific multiplicity of infection (MOI). An MOI of 1 means 1 plaque forming unit (PFU; 

corresponds to 1 infectious virus particle) per cell. To calculate the volume of virus needed for a specific 

MOI, the following formula was applied:  

𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑀𝑂𝐼 × 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟

𝑣𝑖𝑟𝑢𝑠 𝑡𝑖𝑡𝑟𝑒 [
𝑃𝐹𝑈
𝑚𝑙

]
= 𝑣𝑖𝑟𝑢𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 [𝑚𝑙] 

The virus dilution (inoculum) was added to the cells and cells were incubated for 1 h at 37°C in a 

5% CO2 atmosphere. To ensure that cells were evenly covered by the inoculum throughout the 

incubation time, cell culture plates or flasks were gently rocked every 15 min. After incubation, the 

inoculum was removed, and fresh cell culture medium was added to the cells.  
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6.2.2 Production of virus stocks 

6.2.2.1 Phleboviruses 

Rift Valley fever virus (RVFV) clone 13 (Cl13) and Ntepes virus (NTPV) strain MRG54-KE-2014 

(Tchouassi et al. 2019) were propagated on Vero E6 cells. RVFV strain MP-12 and 

RVFV-delNSs::Renilla were propagated on BHK cells. Gabek Forest virus (GFV) isolate 

Sud AN 754-61 was propagated on Vero 76 cells. Cells were seeded into T175 flasks and infected the 

following day with either 5×103 PFU/flask (RVF viruses) or 4×104 PFU/flask (NTPV and GFV). For 

all phlebovirus stocks, cell supernatant was collected 3 d post infection and centrifuged for 5 min at 

800×g to remove cellular debris. All phlebovirus stocks were titrated by plaque assay on BHK cells 

(chapter 6.2.3). Virus stocks were confirmed to be mycoplasma-free by PCR (chapter 6.1.2). 

6.2.2.2 SARS coronaviruses 

SARS-CoV-2 (Patient isolate 985, BetaCoV/Munich/BavPat1/2020|EPI_ISL_406862) and 

SARS-CoV-1 (Frankfurt strain, NCBI accession number AY310120) were propagated on Vero E6 cells. 

Cells were seeded into T175 flasks and infected the following day with approx. 5×104 PFU/flask. After 

infection, DMEM containing 2% FBS was added. Cell supernatants were collected 3 – 4 d post 

infection, purified through Vivaspin columns according to manufacturer’s instructions and resuspended 

in OptiPRO serum-free medium. All coronavirus stocks were titrated by plaque assay on Vero E6 cells 

(chapter 6.2.3). Cells used for virus stock production were confirmed to be mycoplasma-free by PCR 

(chapter 6.1.2). 

6.2.3 Virus titre determination by plaque assay 

To determine the virus titre, given in 
𝑃𝐹𝑈

𝑚𝑙
, of virus stocks or cell supernatant samples, titration by plaque 

assay was performed. For this, cells were seeded in 24-well plates to reach confluency at the time of 

infection. Virus-containing samples were serially diluted in serum-free medium in 10-fold steps and 

usually dilutions 10-3 to 10-8 were used to infect cells (chapter 6.2.1). After incubation, inoculum was 

removed and replaced by 500 µl 1.5%-Avicel solution per well (1X MEM containing 1.5% Avicel, 

5% FBS and 1X P/S/Q) to prevent the spread of newly produced virus particles across the cell 

monolayer. Instead, the Avicel overlay allows only for infection of neighbouring cells, leading to the 

formation of characteristic cell-free spots, the so-called plaques. Because the spread of viruses is 

prevented by Avicel, each plaque thus originates from one virus particle in a given sample. Cells were 

incubated for 3 – 4 d at 37°C in a 5% CO2 atmosphere and then stained. For this, cells were washed 

1 – 2 times with PBSdef and then incubated for a minimum of 30 min in a biosafety container filled with 

4% formaldehyde solution in PBSdef to inactivate virus. Formaldehyde solution was removed, and cells 

were stained with crystal violet solution (0.75% crystal violet, 3.75% formaldehyde, 20% ethanol, 

1% methanol in ddH2O) for approx. 15 min. Cell culture plates were washed twice in H2O and dried 

completely before counting of plaques. Virus titre was determined as follows:  
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𝑝𝑙𝑎𝑞𝑢𝑒 𝑛𝑢𝑚𝑏𝑒𝑟

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚 𝑣𝑜𝑙𝑢𝑚𝑒 [𝑚𝑙]
= 𝑡𝑖𝑡𝑟𝑒 [

𝑃𝐹𝑈

𝑚𝑙
] 

 

6.2.4 Virological work under BSL-3 conditions 

Infection experiments with SARS coronaviruses were performed under biosafety level 3 (BSL-3) 

conditions with enhanced respiratory personal protection equipment.  

To process samples from BSL-3 in a BSL-2 environment, infectious virus particles must be fully 

inactivated. For this, cells to be subjected to RNA isolation via the RNeasy® mini kit from Qiagen 

(chapter 6.7.2) were lysed in RLT buffer provided in the kit which contains guanidine-isothiocyanate 

for virus inactivation, supplemented with β-mercaptoethanol (1:100). Cell lysates were transferred to 

RNase-free 1.5 ml safe-lock tubes, heated for 10 min at 70°C while rocking at 400 rpm, and then 

exported. Cells to be subjected to SDS PAGE and Western blot analysis (chapter 6.8) were lysed in 

1X sample buffer containing 1% SDS for virus inactivation. Cell lysates were transferred to 1.5 ml screw 

cap tubes, heated for 10 min at 100°C and then exported. Cell supernatants to be subjected to interferon 

bioassay (chapter 6.5.2) were mixed with 0.05% β-propiolactone for virus inactivation and 5% sodium 

bicarbonate for pH buffering, incubated for 72 h at 4°C and then exported. Cell culture plates for plaque 

assay staining (chapter 6.2.3) were exported in a biotainer, submerged in 4% formaldehyde-PBSdef 

solution, which was only opened after a minimum of 30 min incubation time. 

6.3 Co-immunoprecipitation 

To analyze the interaction of one protein with another, a co-immunoprecipitation assay is applied. Here, 

in a first step, antibody against the target protein is coupled to magnetic beads. Next, cell lysates are 

incubated with bead-coupled antibodies which will result in antibody-target protein binding. Stringent 

washing will subsequently remove all proteins not bound to the antibodies. All proteins now detectable 

by mass spectrometry (chapter 6.9.1) or SDS PAGE and Western blotting (chapter 6.8) are interactors 

of the target protein that was “pulled down” with co-immunoprecipitation.  

For this, HEK293 cells seeded into 10 cm dishes (2 × 106 per dish) were transfected the following day 

with expression constructs for 3×FLAG-tagged NSs of NTPV, SFSV (C-terminal tag), GFV, EMBV, 

BGRV, KBGV, PERV (N-terminal tag) or with the control construct pI.18-3×FLAG-Δ x (15 µg per 

dish) via the use of TransIT®-LT1 (chapter 6.1.3.1). 24 h post transfection, cells were lysed in 300 µl 

PXL buffer (1% NP-40, 0.5% DOC, 0.1% SDS in 1X PBSdef) and frozen at -80°C. For co-

immunoprecipitation, 2 mg M-270 Epoxy beads per sample were coupled with 15 µg anti-Flag M2 

monoclonal antibody for 2 days at 22°C with slow tilt rotation using the Dynabeads® Antibody 

Coupling Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. Co-

immunoprecipitation was performed for 1 h at 4°C with slow tilt rotation. Beads with bound protein 
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complexes were washed 2 times with 1X PBSdef containing 0.01% Tween20 and once with 1X PBSdef 

and subjected to mass spectrometry analysis (chapter 6.9.1). 

6.4 Immunofluorescence analysis 

To visualize phlebovirus NSs proteins in the host cell, HeLa cells seeded onto glass coverslips in 6-well 

plates (3 × 105 per well) were reverse transfected with expression constructs for 3×FLAG-tagged NSs 

of NTPV (C-terminal tag), GFV, EMBV, BGRV, KBGV or PERV (N-terminal tag) (2.5 µg per well) 

via the use of TransIT®-LT1 (chapter 6.1.3.1). 24 h post transfection, cells were fixed for 30 min in 1X 

PBSdef-4% PFA at 4°C. The coverslips were then washed with PBSdef, and the cells were permeabilized 

with PBSdef-0.1% Triton X-100, washed again, and blocked in blocking buffer (2% BSA, 5% glycerol, 

0.2% Tween20 in 1X PBSdef). Staining with primary antibodies diluted in blocking buffer (anti-Flag 

M2, 1:500) was performed overnight in a humid chamber. Afterward, the coverslips were washed with 

1X PBSdef and incubated with secondary antibody (Alexa Fluor 555 donkey anti-mouse [A31570]; 

1:200) and 4’,6-diamidino-2-phenylindole (DAPI; 0.1 µg/ml) for 45 min in a humid chamber. Samples 

were washed again in PBSdef, rinsed in demineralized water, and mounted onto microscopic slides using 

FluorSave reagent. Confocal microscopy was performed using a Leica TCS SP5 confocal microscope 

and the accompanying software. 

6.5 Luciferase reporter assays 

Luciferase reporter assays are applied to measure the amount of luciferase expression that usually serves 

as a substitute readout for another gene product. Luciferases are oxidative enzymes which catalyze a 

reaction producing bioluminescent light as a by-product which is detected by a plate-based luminometer.  

6.5.1 Dual luciferase reporter assay 

To assess the anti-innate immune signalling capacities of phlebovirus NSs proteins, dual luciferase 

reporter assays were performed. To this end, cells were transfected with reporter plasmids containing 

the firefly luciferase gene under the control of the NF-κB-dependent, IFN-β-, Mx1- or ISG54-promoter, 

which allows for firefly (Photinus pyralis) luciferase readout as a measurement for promoter activation. 

Promoter activation upon transfection of empty vector and a plasmid expressing an unrelated control 

protein can be compared to promoter activation in the presence of the respective NSs proteins. Co-

transfection of Renilla (Renilla reniformis or sea pansy) luciferase is used as transfection control, 

although not included in the final analysis because the well-described RVFV NSs inhibits Renilla 

luciferase expression due to a general transcription block.  

For this assay, HEK293 cells seeded into 96-well plates (1.5 × 104 per well) were transfected the 

following day with firefly and Renilla luciferase reporter constructs (40 ng each), as well as expression 

constructs for NSs proteins or the control protein Δ x (10 ng) via the use of TransIT®-LT1 (chapter 

6.1.3.1). 24 h post transfection, cells were treated with 50 U/well IFN-α(B/D) (Horisberger and Staritzky 
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1987), 10 ng/ml TNF-α, or transfected with 50 ng/well viral RNA (isolated from Vesicular Stomatitis 

virus [VSV] by phenol-chloroform extraction from PEG8000-precipitated VSV particles [Habjan et al. 

2008a]) via the use of EndoFectin™  ax for 18 h and then processed. 

Alternatively, HEK293 cells seeded into 96-well plates (1.5 × 104 per well) were transfected the 

following day with firefly and Renilla luciferase reporter constructs (40 ng each), expression constructs 

for NSs proteins or the control protein Δ x (10 ng), as well as expression constructs for RIG-I CARD, 

MAVS, TBK1, or IRF3(5D-97A) (40 ng each) for stimulation of promoter activation. Cells were 

processed 24 h post transfection. 

Luciferase activities were measured with a dual-luciferase reporter assay system (Promega) according 

to the manufacturer’s recommendations on a TriStar2 Luminometer. Background firefly luciferase 

values of unstimulated control samples (e.g. no IFN-α(B/D), no TNF-α, no VSV-RNA) were subtracted 

from values of stimulated samples, and the resulting values for the empty vector control were set to 

100% within each biological replicate.  

6.5.2 Interferon bioassay 

An IFN bioassay to relatively quantify the amount of type I IFN in a given sample was conducted 

according to Kuri et al. (2010). This assay relies on the inhibition of an IFN-sensitive reporter virus in 

the presence of type I IFN. Here, a recombinant RVFV with its NSs protein replaced by the firefly 

luciferase gene (RVFV-delNSs::Renilla) was used. The deletion of NSs renders this virus highly 

sensitive to type I interferon, while the expression of Renilla luciferase allows for easy virus 

quantification.  

For this assay, supernatants of Calu-3, H1299 and A549-ACE2 cells that were infected with 

SARS-CoV-2, SARS-CoV-1, or RVFV Cl13 at an MOI of 1 for 24 h (chapter 6.2.1) were treated with 

0.05 % β-propiolactone and 5 %-sodium bicarbonate for 72 h at 4°C to inactivate virus particles while 

conserving type I IFN. A549 cells seeded in 96-well plates to 80 % confluency were incubated with 

100 µl cell supernatant for 7 h at 37°C, 5 % CO2 before infection with the IFN-sensitive reporter virus 

RVFV-delNSs::Renilla at an MOI of 1 for 16 h at 37°C, 5 % CO2. Renilla luciferase activity was 

measured with a Renilla luciferase reporter assay system (Promega) according to the manufacturer’s 

recommendations on a TriStar2 Luminometer.  

6.6 Molecular cloning and prokaryotic cell culture 

6.6.1 Subcloning of genes of interest into desired vector backbone 

For overexpression experiments of proteins, genes of interest must be available in a certain vector 

backbone. Molecular cloning refers to the production of expression vector constructs by insert 

amplification and insertion into the desired vector background.  
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6.6.1.1 Insert amplification 

In a first step, the insert, being the gene of interest (GOI), was amplified through polymerase chain 

reaction (PCR). Primers were designed to comprise an 18 – 20 base sequence complementary to the 

GOI sequence at the 3’ end and the cutting target sequence for a certain restriction enzyme (which is not 

found within the GOI sequence) including a random base sequence of about 6 – 10 bases to facilitate 

restriction enzyme binding at the 5’ end. For PCR, Phusion® or KOD polymerase systems were used. 

Table 36: Phusion® polymerase protocol 

Reagent Quantity for 1 reaction of 20 µl [µl] 

ddH2O 10.2 

5X Phusion® HF or GC buffer 4 

dNTPs (2 mM) 2 

Primer, forward (10 µM) 1 

Primer, reverse (10 µM) 1 

DMSO 0.6 

Phusion® DNA Polymerase (2 U/μl) 0.2 

Template DNA (10 ng/µl) 1 

Initial Denaturation 98°C 1 min  

Denaturation 98°C 5 sec  

Annealing varies (see below) 10 – 30 sec 35 cycles 

Elongation 72°C 15 – 30 sec per kb  

Final Elongation 72°C 15 min  

Hold 4°C ∞  

The annealing temperature (Tm) is dependent on the primer sequences and was calculated using the Tm 

calculator tool on the Thermo Fisher Scientific website. 

Table 37: KOD polymerase protocol 

Reagent Quantity for 1 reaction of 25 µl [µl] 

ddH2O 14.9 

10X Buffer for KOD Hot Start DNA Polymerase 2.5 

dNTPs (2 mM) 2.5 

Primer, forward (10 µM) 0.9 

Primer, reverse (10 µM) 0.9 

25 mM MgSO4 1.5 

KOD Hot Start DNA Polymerase (1 U/μl) 0.6 

Template DNA (10 ng/µl) 1.25 

Initial Denaturation 95°C 2 min  

Denaturation 95°C 20 sec  

Annealing lowest primer Tm 10 sec 35 cycles 

Elongation 70°C 10 – 25 sec per kb  

Final Elongation 70°C 10 min  

Hold 4°C ∞  

The Tm for each primer was calculated using the OligoCalc webtool (Kibbe 2007). 

6.6.1.2 Restriction endonuclease digest and ligation 

In a next step, the resulting PCR product was digested by restriction endonuclease enzymes. These 

enzymes, originating from bacteria and archaea, recognize and bind specific, often palindromic, base 

pair sequences of usually 4 – 8 nucleotides, and cleave the DNA within the target sequence producing 
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either blunt (no overhang) or “sticky” (5’ or 3’ overhang) ends. The vector backbone is digested in the 

same way, resulting in a linearized vector with identical restriction site ends.  

The restriction reaction was prepared as follows and incubated at 37°C for approx. 18 h.  

Table 38: Restriction endonuclease digest reaction 

Reagent Quantity for 1 reaction of 50 µl [µl] 

Nuclease-free ddH2O To 50 µl 

10X CutSmart buffer 5 

Restriction enzyme 1 [10 units] 

Restriction enzyme 2 [10 units] 

DNA 1 µg 

 

To verify the correct length of the digested insert and vector fragments, and to purify those fragments 

by removal of contaminating fragments, the whole of the restriction reaction was subsequently analyzed 

via agarose gel electrophoresis on a 1% agarose gel in 1X TAE buffer, run for approx. 45 min at 100 V. 

In a next step, the fragments of the correct size, verified using an O'GeneRuler™ 1 kb Plus DNA Ladder, 

were excised from the agarose gel with a scalpel, and DNA was extracted from the gel piece via the use 

of the E.Z.N.A.® Gel Extraction Kit according to manufacturer’s recommendations.  

To insert the GOI insert fragment into the vector backbone, insert and vector were ligated in a next step 

using the Rapid DNA Ligation Kit as follows and incubated for 30 min at 22°C. 

Table 39: Ligation reaction 

Reagent Quantity for 1 reaction of 20 µl [µl] 

Nuclease-free ddH2O To 20 µl 

5X Rapid Ligation Buffer 4 

Linearized vector 50 – 100 ng 

Linear PCR product (insert) 1:3 molar ratio with vector 

T4 DNA ligase (5 U/µl) 0.4 

 

6.6.2 Transformation of bacteria 

The resulting plasmids were next amplified and therefore transformed into bacteria. For this, 

Escherichia coli (E. coli) bacteria were carefully thawed on ice. Here, the strains DH10B, TOP10 or 

Stellar competent cells were used. 10 µl of the ligation reaction were added to 25 – 50 µl bacteria and 

incubated at 4°C for 30 min, followed by a heat shock at 42°C for 30 sec. After an additional incubation 

at 4°C for 2 min, 400 µl SOC growth medium were added to the reaction, which was then incubated at 

37°C for 1 h while shaking at 400 rpm. 100 µl of this reaction were then plated on LB-agar plates 

containing 100 ng/ml ampicillin for the antibiotic selection of the correct plasmids. The bacteria plates 

were then incubated at 37°C overnight.  
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6.6.3 Insert verification 

6.6.3.1 Colony PCR 

To verify the insertion of the GOI into the vector backbone, first a colony PCR was performed. Here, 

the cloned construct is amplified either in full or in part with a primer pair of which either both primers 

bind in the vector backbone spanning the insert, or, for long inserts, one primer binds in the vector 

backbone and the other one in the insert. For this, a PCR reaction using JumpStart™ Taq DNA-

Polymerase was prepared as follows: 

Table 40: Colony PCR reaction 

Reagent Quantity for 1 reaction of 20 µl [µl] 

ddH2O 14 

10X PCR buffer 2 

dNTPs (2 mM) 2 

Primer, forward (100 µM) 0.4 

Primer, reverse (100 µM) 0.4 

JumpStart™ Taq DNA-Polymerase 2.4 

Initial Denaturation 94°C 1 min  

Denaturation 94°C 30 sec  

Annealing 50°C 30 sec 35 cycles 

Elongation 72°C 1 min per kb  

Final Elongation 72°C 10 min  

Hold 4°C ∞  

 

Single colonies were picked with a 10 µl pipette tip from the bacteria plate and transferred to a new LB-

agar plate containing 100 ng/ml ampicillin, which is also incubated at 37°C until visible growth of 

bacteria. The same tip was then used to inoculate the PCR reaction by dipping in the tip and swirling it 

for approx. 15 sec. Upon completion of the PCR programme, 5 µl of the PCR reaction were mixed with 

1 µl 6X Orange DNA Loading Dye and separated electrophoretically on an agarose gel (1% in 1X TAE 

buffer). The correct size of the amplified insert fragment was verified using an O'GeneRuler™ 1 kb Plus 

DNA Ladder. 

6.6.3.2 Sanger sequencing 

Colonies exhibiting the correct PCR product size were further analyzed via Sanger sequencing. For this, 

the E. coli NightSeq® service by Microsynth Seqlab was employed. Bacteria were picked from the new 

LB-agar plate with a 10 µl pipette tip and used to inoculate the 1.5 ml buffer-containing tube provided 

by Microsynth Seqlab by dipping in the tip and swirling it for approx. 15 sec. Sequencing primers were 

prepared in a separate 1.5 ml screw cap tube and both vials were sent to Microsynth Seqlab for analysis. 

The obtained sequences were checked for the correct sequence using BioEdit software (Hall 1999). 
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6.7 Molecular biological methods 

6.7.1 Plasmid DNA isolation from bacteria 

To prepare a working stock of plasmid DNA for various experimental applications, bacteria were picked 

from the LB-agar plate described in chapter 6.6.3.1 with a 10 µl pipette tip and used to inoculate a 50 ml 

LB medium solution containing 100 ng/ml ampicillin. After incubation at 37°C for 16 h while rotating 

at approx. 120 rpm, the bacteria culture was transferred to a 50 ml falcon tube and pelleted for 30 min 

at 4,000×g at 4°C. Plasmid DNA isolation was carried out with the E.Z.N.A.® Plasmid DNA Midi Kit 

from Omega bio-tek according to manufacturer’s instructions. Plasmid DNA concentration was 

measured with a DS-11+ Spectrophotometer. 

6.7.2 RNA isolation from eukaryotic cells 

To isolate RNA from eukaryotic cells, the RNeasy® mini kit from Qiagen was used according to the 

manufacturer’s recommendations. This system employs purification of the RNA through a silica 

membrane in a column system. In a final step, the RNA was eluted in RNase-free water and the 

concentration was determined with a DS-11+ Spectrophotometer. 

6.7.3 Quantitative real-time PCR 

Quantitative real-time PCR (qRT-PCR) is a means to quantify nucleic acids while they are amplified 

(i.e. in real time). It relies on the measurement of fluorescence signals generated either upon the 

unspecific intercalation of fluorescence dyes (e.g. SYBR® green) into newly formed double-stranded 

DNA (dsDNA), or on the binding of oligonucleotide probes complementary to the amplified target 

sequence, that carry fluorescent reporters which allow detection only upon hybridization with the target. 

In case of unspecifically intercalating dyes, a melt curve protocol downstream of the PCR amplification 

protocol allows for verification of the specificity of primers, which means that only one product is 

amplified.  

The so-called cycle threshold value (CT) serves as a readout. It indicates the moment (cycle number) 

when the fluorescence signal reaches a certain threshold. To quantify nucleic acids in a relative manner, 

i.e. the amount found in different samples in relation to each other, the fold-change in nucleic acid 

amount between the query and a control sample is calculated using the 2−ΔΔ𝐶𝑇method according to 

Livak and Schmittgen (2001). First, a double difference value (ΔΔCT) between CTs of query and control 

(CTRL) samples is calculated as follows, with the 18S ribosomal RNA as reference gene whose levels 

do not change upon (query) treatment: 

ΔΔ𝐶𝑇 = [𝐶𝑇(𝐺𝑂𝐼𝑞𝑢𝑒𝑟𝑦) − 𝐶𝑇(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑞𝑢𝑒𝑟𝑦)] − [𝐶𝑇(𝐺𝑂𝐼𝐶𝑇𝑅𝐿) − 𝐶𝑇(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝐶𝑇𝑅𝐿)] 

Second, the fold change between query (virus-infected) and control (uninfected/mock) sample values is 

calculated as follows:   𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 = 2−ΔΔ𝐶𝑇  
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6.7.3.1 Two-step SYBR® green qRT-PCR 

This method was used to assess the differential regulation of cellular genes.  

For two-step qRT-PCR, RNA isolated from cell lysates (chapter 6.7.2) is first transcribed into copy 

DNA (cDNA). For this, the PrimeScript™ RT reagent Kit with gDNA Eraser from Takara was 

employed according to manufacturer’s instructions. With this kit, potentially contaminating genomic 

DNA is eliminated in a first step, followed by reverse transcription of the RNA into cDNA by a reverse 

transcriptase in a second step.  

Differential regulation of cellular genes was analyzed using TB Green™ Premix Ex Taq™ II (Tli RNase 

H Plus; Takara) according to manufacturer’s instructions with commercial, validated QuantiTect® 

primer assays (Table 26 and Table 41). 

Table 41: Two-step SYBR green qRT-PCR protocol 

Initial Denaturation 95°C 30 sec  

Denaturation 95°C 5 sec 
40 cycles 

Annealing & Elongation 60°C 30 sec 

    

Melt curve stage 

95°C 15 sec  

60°C 1 min  

[+ 0.3°C increase]   

95°C 15 sec  

 

6.7.3.2 Two-step probe qRT-PCR 

This method was used to quantify viral nucleic acids in a relative manner. 

cDNA was created as described previously (chapter 6.7.3.1). Relative viral load was assessed using 

Premix Ex Taq™ (probe qRT-PCR; Takara) according to manufacturer’s instructions with primers and 

probes listed in Table 25 (Table 42). 

Table 42: Two-step probe qRT-PCR protocol 

Initial Denaturation 95°C 20 sec  

Denaturation 95°C 1 sec 
40 cycles 

Annealing & Elongation 60°C 20 sec 

 

Since per se no viral nucleic acids can be measured in the uninfected mock control sample, the 2−ΔΔ𝐶𝑇  

method is not applied here. Instead, relative viral load is indicated as the reciprocal value of 

𝐶𝑇(𝐺𝑂𝐼𝑞𝑢𝑒𝑟𝑦) 𝐶𝑇(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑞𝑢𝑒𝑟𝑦)⁄ . The reason for reciprocal values is that a lower CT value is 

associated with a higher amount of nucleic acid, and a non-reciprocal representation would be 

counterintuitive.  
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6.7.3.3 One-step probe qRT-PCR 

This method was used to quantify viral nucleic acids in an absolute manner. 

Absolute viral load was assessed using the QuantiFast™ Probe PCR Kit from Qiagen according to 

manufacturer’s instructions with primers and probes listed in Table 25. This kit involves a reverse 

transcriptase step before the qRT-PCR stage and thus RNA instead of cDNA is used as input (Table 

43).  

Table 43: One-step probe qRT-PCR protocol 

Reverse Transcription 50°C 10 min  

Denaturation 95°C 5 min  

    

Denaturation 95°C 10 sec 
40 cycles 

Annealing & Elongation 60°C 30 sec 

 

Absolute quantification of viral RNA amount is achieved by including a standard curve with samples of 

known amounts of genome copies.  

6.8 Protein biochemical methods 

6.8.1 SDS polyacrylamide gel electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) is applied to 

electrophoretically separate proteins by mass. Cells are lysed in SDS-containing sample buffer and 

subsequently boiled. This serves to denature proteins by breaking intra- and intermolecular bonds. 

Additionally, the SDS forms negatively charged complexes with the proteins, thereby concealing 

intrinsic protein charges while rendering proteins with similar mass-charge-ratio properties. In an 

electric field, these protein complexes are separated by mass which corresponds to their migration speed 

to the anode.  

For this, cells were either directly lysed in 1X SDS sample buffer (Table 8), or lysed using an alternative 

lysis buffer (Table 10) which was ultimately supplemented with 4X SDS sample buffer to reach a 

concentration of 1X, and boiled for 5 – 10 min at 100°C. 10 µl of sample were then loaded onto an SDS 

gel consisting of a 4% stacking and a 12% separating gel according to Table 44. 

Table 44: SDS gel composition 

Component 4% stacking gel (for 12 gels) 12% separating gel (for 12 gels) 

ddH2O 21.6 ml 25.5 ml 

Rotiphorese® Gel 30 (37.5:1) 4.7 ml 30 ml 

Rotiphorese®-PAGE Matrix Buffer 

plus 

8.75 ml 18.75 ml 

10% APS solution 350 µl 750 µl 

TEMED 35 µl 45 µl 
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Separation of proteins by mass occurred in an electric field of 100 V for approx. 45 min in a Mini-

PROTEAN® Tetra System. 

6.8.2 Semidry Western blotting 

Proteins mass-separated by SDS PAGE were transferred to polyvinylidene fluoride (PVDF) membranes 

(Millipore) via semidry blotting in a Trans-Blot® Turbo Transfer System at 10 V for 1 h.  

6.8.3 Antibody staining 

To saturate unspecific binding sites, PVDF membranes were incubated for a minimum of 1 h with 

blocking buffer (either 10% milk powder in 1X TBS or 5% BSA in 1X TBS-T, see Table 9). Primary 

antibody staining was performed overnight at 4°C. After this, membranes were washed three times in 

TBS-T, stained with secondary antibodies for 45 min, and washed again three times in TBS-T and once 

in TBS. Finally, membranes were developed with a SuperSignal™ West Femto kit or with the 

Immobilon® ECL Ultra Western HRP Substrate and bands were visualized using a ChemiDoc imaging 

system. Antibodies for Western blotting are listed in Table 17 and Table 18. 

6.9 “   c ”     o ch   

6.9.1 Proteomic analyses 

To elucidate binding partners of a query protein, proteomic analyses can be applied. For this, query 

proteins were subjected to co-immunoprecipitation as described in chapter 6.3. Subsequently, proteins 

bound to the query proteins were identified by liquid chromatography-tandem mass spectrometry (LC-

MS/MS). For this, samples bound to magnetic beads were washed three times with 100 µL 0.1 M 

ammonium bicarbonate solution. Proteins were digested "on-bead" by the addition of 0.1 µg Sequencing 

Grade Modified Trypsin (Serva) in 80 µL ammonium bicarbonate buffer and incubated at 37°C for 

45 min. Subsequently, the supernatant was transferred to fresh tubes and incubated at 37°C overnight. 

DTT was added to a final concentration of 5 mM and after mixing, samples were incubated for 15 min 

at 95°C. Subsequently, iodoacetamide was added to a final concentration of 25 mM and after mixing, 

samples were incubated for 45 min at RT in the dark. Then, DTT was added to a final concentration of 

50 mM and samples were incubated for 1 h at RT. 

Peptides were desalted and concentrated using Chromabond C18WP spin columns (Macherey-Nagel, 

Part No. 730522). Finally, peptides were dissolved in 25 µL of water with 5% acetonitrile and 0.1% 

formic acid. 

The mass spectrometric analysis of the samples was performed using a timsTOF Pro mass spectrometer 

(Bruker Daltonic). A nanoElute HPLC system (Bruker Daltonics), equipped with an Aurora column 

(25cm x 75µm) C18 RP column filled with 1.7 µm beads (IonOpticks) was connected online to the mass 
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spectrometer. A portion of approximately 200 ng of peptides corresponding to 2 µL was injected directly 

on the separation column. Sample loading was performed at a constant pressure of 800 bar. 

Separation of the tryptic peptides was achieved at 50°C column temperature with the following gradient 

of water/0.1% formic acid (solvent A) and acetonitrile/0.1% formic acid (solvent B) at a flow rate of 

400 nL/min: Linear increase from 2% B to 17% B within 18 min, followed by a linear gradient to 25% B 

within 9 min and linear increase to 37% solvent B in additional 3 min. Finally, B was increased to 95% 

within 10 min and hold for additional 10 min. The built-in “DDA PASEF-standard_1.1sec_cycletime” 

method developed by Bruker Daltonics was used for mass spectrometric measurement. 

The mass spectrometry data analysis was performed using MaxQuant (version 1.6.17.0, Tyanova et al. 

2016a) with standard settings for timsTOF data and Andromeda search against UniProtKB/Swiss-Prot 

(Release 2019_06 of 03-Jul-2019) human protein sequence database. The option “match between runs” 

was not used.  

The results were analysed using the software Perseus (version 1.6.14, Tyanova et al. 2016b). Specific 

interactors of query proteins in comparison to the Δ x control were determined by Student’s t test with 

correction for multiple testing by data permutation (250 times) with a cutoff of pcorrected = q < 0.05. 

Before applying the t test, missing values were replaced by zero values in order to include proteins 

enriched in specific samples but not present in Δ x control samples. 

Mass spectrometry analyses were carried out by Uwe Linne and Tina Krieg (Department of Chemistry, 

Philipps University Marburg). Accompanying bioinformatic analyses were performed with the help of 

Axel Weber (Rudolf Buchheim Institute for Pharmacology, Justus Liebig University Giessen).  

6.9.2 Transcriptomic analyses 

To compare the transcriptomic profiles of different cell lines and conditions, the mRNA expression 

profile can be determined via RNA sequencing. For transcriptomic analyses of SARS-CoV-2- and 

SARS-CoV-1-infected human cell lines, total cellular RNA was extracted from Calu-3, H1299 and 

A549-ACE2 cells that had been infected with SARS-CoV-2 or SARS-CoV-1 at an MOI of 1 for 24 h 

using the RNeasy® mini kit as described in chapter 6.7.2. Total RNA quantity was determined using a 

DS-11+ Spectrophotometer. To assess the quality of total RNA, Bioanalyzer 2100 Total RNA nano chip 

(Agilent) and reagents were used. Total RNA was depleted using NEBNext® rRNA Depletion Kit v2 

(Human/ ouse/Rat; New England Biolabs). NEBNext® Ultra™ II Directional RNA Library Prep Kit 

for Illumina® (New England Biolabs) was applied for library preparation according to the 

manufacturer’s instructions. During this process, NEBNext®  ultiplex Oligos for Illumina® (96 

Unique Dual Index Primer Pairs; New England Biolabs) were chosen to facilitate multiplex sequencing. 

Libraries were purified with Agencourt AMPure XP Reagent (Beckman Coulter). Quality and quantity 

of the amplified cDNA was assessed with DNA High Sensitivity Kit (Agilent). Libraries were pooled, 
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denatured, and then diluted to 1.8 mM. For next generation sequencing, NextSeq 500/550 High Output 

Kit v2.5 (75 cycles) reagents were used (Illumina) to generate single-end reads.  

After image processing, base calling, and demultiplexing of sequenced reads, fastQ-files were obtained 

and mapped against Homo sapiens (NCBI GCA_000001405.28 GRCh38.p13). Reads were aligned 

using CLC Main Workbench (Qiagen) and then sorted by position with SAMtools (Li et al. 2009). Read 

counts per gene and library were calculated using the subread function featureCounts (Liao et al. 2013). 

Differential expression analyses were performed in R using the package DESeq2 (Love et al. 2014). For 

visualisation the R packages, pheatmap (https://cran.r-project.org/web/packages/pheatmap/index.html), 

ggplot2, reshape2 (Wickham 2016), ggrepel (Slowikowski et al. 2021), EnhancedVolcano (Blighe et al. 

2019) and RColorBrewer (Neuwirth 2011) were used. Data was normalized per ‘regularized log’ 

transformation and shrunk using the adaptive shrinkage estimator from the ashr package (Stephens 

2016). Genes were considered differentially expressed when adjusted p value was below or equal to 

0.05 and absolute log2FoldChange was above 2. 

RNA sequencing, transcriptomic and bioinformatic analyses were performed by Torsten Hain and 

Benjamin Ott (Institute of Medical Microbiology, Justus Liebig University Giessen). 
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7 Results 

7.1 Innate immunity characterization of novel phlebovirus Ntepes 

virus (NTPV) 

The novel phlebovirus Ntepes virus (NTPV) was recently isolated from sandflies collected in Kenya 

(Tchouassi et al. 2019). Although it can infect humans, its pathogenicity and impact on human health 

are unknown. This work provides the first assessment of the interplay of NTPV with the human innate 

immune response. The present characterization of NTPV includes the comparison to related known 

phleboviruses. For this, the closest known genetic relative to NTPV, Gabek Forest virus (GFV), was 

chosen. GFV was first isolated from animal tissue pools in 1961 (Kemp et al. 1974; Palacios et al. 2014) 

and is known to infect sandflies, rodents, and humans (Kemp et al. 1974; Tesh et al. 1976; Traoré-

Lamizana et al. 2001). GFV produces fulminating fatal illness in hamsters (Tesh and Duboise 1987; 

Fisher et al. 2003) but its disease spectrum in humans is unknown. NTPV and GFV were further 

compared to two strains of the well-characterized phlebovirus Rift Valley fever virus (RVFV). RVFV 

was first discovered in 1930 in Kenya, is transmitted by mosquitoes and is implicated in severe 

veterinary and human disease in Africa and the Middle East (Linthicum et al. 2016). Infection in 

ruminants leads to abortion storms and often death of the affected animal; in humans RVFV causes 

periodic epidemics characterized by febrile illness that can progress to fatal hemorrhagic fevers 

(Linthicum et al. 2016; Wright et al. 2019), leading to a 20% fatality rate in hospitalized RVFV patients 

(Bird et al. 2009). Wildtype strains of RVFV are known to efficiently counteract the induction and 

effects of interferons (IFNs) via their main virulence factor NSs (Eifan et al. 2013; Wuerth and Weber 

2016). Here, the RVFV vaccine strain MP-12 (Caplen et al. 1985) and the avirulent isolate termed 

clone 13 (Cl13) were used, which is naturally attenuated though a mutation that leads to the expression 

of a non-functional, truncated version of the NSs protein (Muller et al. 1995). Cl13 strongly activates 

the innate immune system and is known to be highly IFN-sensitive (Bouloy et al. 2001; Billecocq et al. 

2004). 

The here presented innate immunity characterization of NTPV aimed to describe this novel phlebovirus 

in terms of its induction of host innate immune genes, its sensitivity to type I and type III IFNs, and the 

characteristics of its virulence factor NSs. With this, comparing NTPV to the described well-

characterized related viruses, the potential of NTPV to cause human disease was to be derived. 

7.1.1 Human cell line susceptibility to NTPV and related phleboviruses 

An initial study by Tchouassi and colleagues demonstrated the susceptibility of cell lines derived from 

a broad range of species to NTPV, as shown by productive virus growth on rodent, bat, and livestock 

cell lines, and also HEK293T cells as representative human cell line (Tchouassi et al. 2019).  
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To expand on the knowledge on the infectability of human cell lines, first the susceptibility of different 

human cell lines to NTPV and related phleboviruses was investigated. To this end, in vitro growth 

experiments were performed in five cell lines of four human tissues: liver (Huh7), lung (A549 and 

H1299), intestine (Caco-2), and kidney (HEK293).  

 

Figure 7: Human cell line susceptibility to NTPV and related phleboviruses. (A-D) Cells were infected 

with NTPV, GFV, RVFV MP-12 or RVFV Cl13 at an MOI of 0.1 or 0.01 and virus titres at 24 and 48 h 

post infection were assessed by plaque assay titration of supernatants. Individual titers (dots) and 

geometric mean values (bars) from three technical replicates are shown. 

NTPV established productive infection in all tested cell lines at 24 and 48 h post infection, both at an 

intermediate (0.1) and low (0.01) multiplicity of infection (MOI) (Figure 7). Comparable virus titres, 

evaluated by plaque forming units (PFU) in the cell supernatant, were reached in Huh7, A549, H1299, 

and HEK293 cells, whereas titres in intestinal Caco-2 cells were consistently lower. GFV reached virus 

titers that were slightly lower but generally comparable to those of NTPV in all cell lines except for 

Caco-2 cells, where GFV was only detected at 24 h post infection at the intermediate MOI. RVF viruses, 

as expected, productively infected Huh7, A549, H1299, and HEK293 cell lines, with RVFV Cl13 

exhibiting an overall better growth than RVFV MP-12. In Caco-2 cells, both RVFV strains established 

reliable infection only at the intermediate MOI.  

With this, a broad susceptibility of cell lines derived from different human tissues to NTPV and GFV 

was shown, comparable to RVFV. 
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7.1.2 Differential regulation of innate immune genes upon phlebovirus 

infection 

Upon virus infection, cells rely on the rapid production of IFNs and other innate immune genes for 

efficient containment of early infection. To inhibit the spread of intruding viruses, IFNs and cytokines 

act on neighbouring cells to induce an antiviral state.  

Therefore, the differential regulation of IFN and cytokine genes, as well as IFN-stimulated genes (ISGs) 

was examined upon infection with NTPV and related phleboviruses. For this, a set of host genes 

indicative of virus infection was compiled based on previous studies. This set of marker genes includes 

representative interferons IFN-β, IFN-λ1 and IFN-λ2 and cytokines CCL4, CCL5, CXCL10 (IP-10), 

IL-6, IL-8 (CXCL8), TNF-α and TNFSF10 (TRAIL) (Zhou et al. 2017; Sjaastad et al. 2018; Hölzer et 

al. 2019), as well as ISGs CH25H, IFIT1 (ISG56), ISG15, Mx1, OAS proteins, PARP14 and RSAD2 

(Viperin) (Zhou et al. 2017; Shaw et al. 2017; Levitz et al. 2017; Sjaastad et al. 2018; Hölzer et al. 

2019; Aso et al. 2019).  

 

Figure 8: Differential regulation of innate immune genes upon phlebovirus infection. A549 cells were 

infected with NTPV, GFV, RVFV MP-12 or RVFV Cl13 at an MOI of 1 and harvested at 16 h post 

infection. Gene expression of select IFN and cytokine genes (A) and ISGs (B) was measured by 

quantitative real-time PCR analysis. Differential gene expression was calculated using the ΔΔCT method 

and results are given as fold-induction over the uninfected mock control. 18S rRNA was used as a 

reference gene. Viral gene expression (C) is pictured as CT value for viral L segment normalized to 18S 

rRNA control. Individual (dots) and geometric mean values (bars) from three biological replicates are 

shown. Values were analyzed by ordinary one-way ANOVA with Dunnett’s post-test compared to 

NTPV. *P<0.0332; **P<0.0021; ns, not significant (Graphpad Prism). No statistical information is 

given for genes where statistical significance compared to NTPV was not reached.  
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To evaluate the induction of innate immune genes upon phlebovirus infection, A549 cells were infected 

with a high MOI of 1 for 16 h and subsequently qRT-PCR was performed for the indicated genes. A549 

cells were chosen for this assay because they have been shown to present a solid antiviral response upon 

infection (Sutejo et al. 2012). NTPV infection of A549 cells elicited an immune response lower than 

attenuated RVFV Cl13, which has previously been shown to be an excellent inducer of innate immune 

genes (Billecocq et al. 2004) but higher than GFV and RVFV MP-12: all tested IFN and cytokine genes 

were most strongly induced by RVFV Cl13 infection, followed by NTPV infection, except for TNFSF10 

(TRAIL) which was induced to the same degree by all four phleboviruses (Figure 8A). IFN and cytokine 

gene induction by GFV was similar to that of RVFV MP-12 infection, and generally reduced by 

approximately one log compared to NTPV and RVFV Cl13 (Figure 8A). In contrast, ISGs were equally 

induced by all tested viruses with the exception of CH25H, where expression was again higher upon 

NTPV and RVFV Cl13 infection (Figure 8B). While gene induction upon NTPV infection did not reach 

statistical significance compared to GFV and RVFV MP-12, a trend points to higher IFN and cytokine 

gene induction in NTPV than in GFV and MP-12 infection. Notably, virus loads mimicked the gene 

induction pattern observed for IFNs and most cytokines (Figure 8C); however, since this induction 

pattern is not consistent (see TNFSF10, ISGs), the here presented data suggest that viral loads are not 

exclusively linked to the observed gene induction profiles.  

7.1.3 Sensitivity of NTPV and related phleboviruses to type I and type III 

IFN 

IFNs signal through their respective receptors to induce a vast number of ISGs. Pathogenic viruses are 

able to counteract IFN induction and signalling and thus circumvent the host immune system to gain a 

growth advantage.  

Thus, in a next step, the sensitivity of NTPV and related phleboviruses to type I and type III interferons 

(IFNs) was investigated. For this, responses in the Huh7 hepatocyte-derived liver cell line and the A549 

epithelial lung cell line were compared. Both cell lines express type I and III IFN receptors, and respond 

well to exogenously added type I and III IFNs (Bolen et al. 2014; Gerlach et al. 2017). Type I and 

type III IFNs induce a similar subset of genes but differ in their receptor distribution (chapters 4.1.1 and 

4.1.3). While type I IFN (IFN-α/β) acts on the IFN-α receptor (IFNAR) that is ubiquitously present on 

most cell types, type III IFNs (IFN-λ1–4) signal through the IFN-λ receptor (IFNLR) expressed almost 

exclusively on epithelial surfaces. Compared to type I IFN, type III IFN induces a weaker but longer-

lasting immune response (Stanifer et al. 2019). Here cells were pre-treated for 16 h with IFN-α or IFN-λ 

and NTPV, GFV, and RVFV growth was evaluated after 24 and 48 h of infection.  

Upon pre-treatment of Huh7 cells with IFN-α, 24 h post infection only RVFV strain MP-12 displayed a 

significant titre reduction (Figure 9A). However, this inhibition was fully compensated at 48 h post 

infection where comparable virus titres were reached in the presence and absence of IFN-α (Figure 9B). 
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In fact, only NTPV and GFV titres were significantly reduced by pre-treatment with IFN-α of Huh7 

cells 48 h post infection (Figure 9B). By contrast, pre-treatment of A549 cells with IFN-α led to a strong 

titre reduction of all tested viruses at 24 h of infection, with NTPV being inhibited in a manner 

comparable to attenuated RVFV Cl13, and GFV and RVFV MP-12 to a lesser degree (Figure 9C). 

While this inhibition was partially compensated at 48 h post infection, titres of all tested viruses were 

still significantly reduced at this later timepoint (Figure 9D). 

 

Figure 9: Sensitivity of phleboviruses to type I interferon. Huh7 (A, B) and A549 (C, D) cells were pre-

treated with 1,000 U/ml recombinant IFN-α(B/D) for 16 h and infected with NTPV, GFV, RVFV MP-12 

or RVFV Cl13 at an MOI of 0.01. Virus titres at 24 h (A, C) and 48 h (B, D) post infection were assessed 

by plaque assay titration of supernatants. Individual titers (dots) and geometric mean values (bars) from 

three biological replicates are shown. Log-transformed titres were analyzed by unpaired one-tailed 

Student’s t test. *P<0.0332; **P<0.0021; ***P<0.0002; ****P<0.0001; ns, not significant (Graphpad 

Prism). 

Pre-treatment with IFN-λ had no effect on the replication of any tested phlebovirus in Huh7 cells at 

either timepoint (Figure 10A, B), although these cells are known to respond to type III IFN, albeit to a 

lesser degree than to type I IFN (Bolen et al. 2014). However, pre-treatment of A549 cells with IFN-λ 

caused a significant titre reduction at 24 h of all tested viruses with RVFV Cl13 growth being inhibited 

most consistently (Figure 10C). At 48 h post infection, only RVFV MP-12 was able to compensate 

type III IFN action as demonstrated by non-significant titre differences in the presence and absence of 

IFN-λ. NTPV, GFV, and RVFV Cl13 growth was still significantly inhibited at this timepoint (Figure 

10D).  
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Consequently, NTPV replication is sensitive to exogenously added IFNs of type I and III, in a manner 

comparable to attenuated RVFV Cl13 strain, and this sensitivity, to some extent, is cell-line dependent. 

 

Figure 10: Sensitivity of phleboviruses to type III interferon. Huh7 (A, B) and A549 (C, D) cells were 

pre-treated with 100 ng/ml recombinant IFN-λ3 for 16 h and infected with NTPV, GFV, RVFV MP-12 

or RVFV Cl13 at an MOI of 0.01. Virus titres at 24 h (A, C) and 48 h (B, D) post infection were assessed 

by plaque assay titration of supernatants. Individual titers (dots) and geometric mean values (bars) from 

three biological replicates are shown. Log-transformed titres were analyzed by unpaired one-tailed 

Student’s t test. *P<0.0332; **P<0.0021; ****P<0.0001; ns, not significant (Graphpad Prism). 

7.1.4 Effect of the JAK/STAT inhibitor Ruxolitinib on NTPV replication 

Since IFN induction during NTPV infection and the sensitivity of NTPV to exogenously added IFN 

were demonstrated, it was hypothesized that blocking IFN signalling would augment virus replication.  

To investigate this, inhibitor studies with the FDA (U.S. Food and Drug Administration)-approved drug 

Ruxolitinib were performed. This compound interferes with type I and III IFN signalling by targeting 

IFN-receptor associated Janus kinases (JAK)1/2 (Davis et al. 2011). Huh7 liver cells and A549 lung 

cells were pre-treated with Ruxolitinib for 16 h and virus titres were evaluated at 24 and 48 h post 

infection. In Huh7 cells, treatment with Ruxolitinib had no effect on the replication of either phlebovirus 

(Figure 11A – D). In contrast, in A549 cells, NTPV replication was significantly boosted upon 

Ruxolitinib treatment at 48 h post infection (Figure 11E), comparable to RVFV Cl13 (Figure 11H). On 

the other hand, neither GFV (Figure 11F) nor RVFV MP-12 titres (Figure 11G) were appreciably 

affected by Ruxolitinib treatment.  
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Figure 11: Effect of the JAK/STAT inhibitor Ruxolitinib on phlebovirus replication. Huh7 (A-D) and 

A549 (E-H) cells were pre-treated with 1 μ  Ruxolitinib (Rux) for 16 h, infected with NTPV, GFV, 

RVFV MP-12 or RVFV Cl13 at an MOI of 0.01, and titers were determined at 24 and 48 h post infection 

by plaque assay titration of supernatants. Individual titers (dots) and geometric mean values (bars) from 

three biological replicates are shown. Log-transformed titres were analyzed by unpaired two-tailed 

Student’s t test. *P<0.0332; **P<0.0021; ns, not significant (Graphpad Prism). 

These findings further support the evidence that NTPV is sensitive to type I and III IFNs, comparable 

to attenuated RVFV Cl13, and that blocking of IFN signalling gives the virus a notable growth 

advantage.  

7.1.5 Characterization of virulence factor NSs of novel phleboviruses 

The next focus lay on the characterization of the virulence factor NSs of novel phleboviruses. For this, 

the NSs query spectrum was expanded by including NSs proteins of additional newly found 

phleboviruses, termed Embossos virus (EMBV), Bogoria virus (BGRV), Perkerra virus (PERV) and 

Kiborgoch virus (KBGV). Those viruses were discovered during another sandfly screening study 

conducted in Kenya in 2015/16 (Marklewitz et al. 2020 and chapter 4.2.4); however, to date none of 

those four additional viruses have been successfully isolated. Complete genome sequencing and 

phylogenetic analyses showed the first three forming a monophyletic sister clade to the Sandfly fever 

Sicilian virus (SFSV) clade, whereas the latter was found to be related to Toscana virus (TOSV) 

(Marklewitz et al. 2020 and Figure 12, top panel). NSs proteins are generally not well conserved on the 

amino acid level, as visualized by amino acid identity profiles in Figure 12, bottom panel. They serve 

heterogeneous functions, often involved in antagonism of the host innate immune response (chapter 

4.2.5).  
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Amino acid identity (%) 

NSs NTPV GFV EMBV BGRV KBGV PERV SFSV RVFV PTV-A PTV-B TOSV 

NTPV 100                     

GFV 90 100                   

EMBV 25 27 100                 

BGRV 28 29 59 100               

KBGV 19 18 17 16 100             

PERV 30 31 39 41 18 100           

SFSV 31 29 26 23 17 26 100         

RVFV 27 27 21 23 17 24 25 100       

PTV-A 25 26 23 24 16 25 22 22 100     

PTV-B 25 25 25 25 15 26 22 21 96 100   

TOSV 15 15 17 15 50 15 14 14 13 13 100 

  NTPV GFV EMBV BGRV KBGV PERV SFSV RVFV PTV-A PTV-B TOSV 
 

Figure 12: Phylogenetic relationship and amino acid sequence identity of phlebovirus NSs proteins. 

Top: The evolutionary history of select phlebovirus NSs proteins was inferred by using the Maximum 

Likelihood method and Tamura-Nei model (Tamura and Nei 1993). The tree with the highest log 

likelihood (-9830.13) is shown. The percentage of trees in which the associated taxa clustered together 

is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by 

applying Neighbour-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the 

Maximum Composite Likelihood (MCL) approach, and then selecting the topology with superior log 

likelihood value. The tree is drawn to scale, with branch lengths measured in the number of substitutions 

per site. The proportion of sites where at least 1 unambiguous base is present in at least 1 sequence for 

each descendent clade is shown next to each internal node in the tree. This analysis involved 11 

nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. There were a total of 

995 positions in the final dataset. Evolutionary analyses were conducted in MEGA X (Kumar et al. 

2018). Gen bank accession numbers are shown in addition to virus name. Bottom: Amino acid sequence 

identity of select phlebovirus NSs proteins was calculated as percent identity matrix by Clustal X 2.1 

(Larkin et al. 2007). The sequences used were the same as in the top panel. Cell colour indicates the 

level of amino acid sequence identity; light grey, low; dark grey, high. 

7.1.5.1 Novel phlebovirus NSs proteins antagonize IFN-β activation 

Several phlebovirus NSs proteins are known to antagonize IFN-β promoter activation through distinct 

mechanisms. For instance, the potent RVFV NSs was shown to cause a general block of host 

transcription (Billecocq et al. 2004) while additionally inhibiting IFN activation by stabilizing a 

repressor complex on the IFN-β promoter (Le May et al. 2008). Additionally, SFSV NSs was 

 Rift Valley fever virus NSs DQ380151.1
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 Embossos virus NSs MT270827

 Bogoria virus NSs MT270830
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demonstrated to interfere with IFN-β promoter activation by obscuring the DNA-binding domain of 

transcription factor IRF3 (Wuerth et al. 2018). 

To evaluate if NSs proteins of novel phleboviruses can also antagonize the transcriptional induction of 

IFN-β, a reporter system was employed which is based on luciferase expression under the control of the 

IFN-β promoter. For this, reporter constructs were co-transfected with expression constructs for native 

NSs proteins of NTPV, GFV, EMBV, BGRV, KBGV and PERV. As negative controls an empty vector 

plasmid as well as a plasmid coding for a C-terminally truncated, non-functional Mx1 protein, termed 

Δ x, were used. RVFV and SFSV NSs expression constructs were included as positive controls. 

Reporter gene expression was stimulated by mimicking virus infection through Vesicular stomatitis 

virus (VSV)-RNA transfection.  

 

Figure 13: Antagonistic effect on IFN-β promot r induction of virulence factor NSs of novel 

phleboviruses. HEK293 cells were transfected with expression plasmids for untagged NSs of NTPV, 

GFV, EMBV, BGRV, KBGV, PERV, or 3×FLAG-tagged NSs of RVFV, SFSV or inactive control 

Δ x, or with empty pI.18 vector (e.v.; 10 ng each), as well as stimulation-dependent firefly luciferase 

and constitutively active Renilla luciferase reporters. Firefly luciferase was under the control of the 

IFN-β promoter. 24 h post transfection, promoter activation was induced by VSV-RNA transfection 

(50 ng/well). Cell lysates were harvested 18 h after stimulation for dual-luciferase assays. Firefly 

luciferase values of unstimulated control samples were subtracted from values of stimulated samples, 

and the resulting values for the empty vector control were set to 100% within each biological replicate. 

Individual values (dots) and geometric mean values (bars) from three biological replicates are shown. 

Values were analyzed by ordinary one-way ANOVA with Dunnett’s post-test compared to Δ x control. 

***P<0.0002; ****P<0.0001; ns, not significant (Graphpad Prism). 

Novel phlebovirus NSs proteins were able to counteract IFN-β promoter activation with the exception 

of KBGV NSs, which showed no effect (Figure 13). EMBV, BGRV and PERV NSs showed the greatest 

inhibitory effect, which was comparable to full inhibition by RVFV and SFSV NSs controls. NTPV and 

GFV NSs reduced IFN-β promoter activation, however to a lesser extent. 
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7.1.5.2 Novel phlebovirus NSs proteins antagonize IFN-β                         

signalling steps                                                                                          

Mechanisms of IFN-β promoter inhibition by viral NSs proteins are manifold. Therefore, in a next step, 

the target of each NSs was to be pinpointed within the viral RNA-induced signalling cascade leading to 

IFN-β promoter induction. Viral RNA in the cytoplasm is detected by PRRs RIG-I or MDA5. Activation 

of these sensors promotes their CARD domain-mediated association with the adapter molecule MAVS, 

located on the outer mitochondrial membrane. This interaction triggers a signalling cascade involving 

TBK1, MAPK and IKK family kinases, which culminates in the activation of transcription factors IRF3 

and IRF7, AP-1 and NF-κB (Levy et al. 2011; Goubau et al. 2013 and chapter 4.1.2.2). Upon nuclear 

translocation, concerted action of these transcription factors induces IFN-β gene expression (Iversen and 

Paludan 2010). However, IRF3 alone can also induce IFN-β gene transcription (Jennings et al. 2005). 

To address the question at which step the novel phlebovirus NSs proteins interfere with this signalling 

cascade, the same luciferase reporter system was employed as presented above. However, instead of 

using VSV-RNA, promoter induction was stimulated at consecutive steps of the RLR signalling 

pathway. This was achieved by co-transfection with either (i) a constitutively active truncated RIG-I 

consisting of the CARD domains, (ii) the adapter molecule MAVS, (iii) the kinase TBK1, or (iv) a 

constitutively active form of the transcription factor IRF3 [IRF3(5D)]. Of note, KBGV NSs was omitted 

for this essay because of its lack of effect in the previous experiment.  

Stimulation of IFN-β promoter activation using overexpression of the RIG-I CARD domains (Figure 

14A) was efficiently counteracted by NSs proteins of all tested phleboviruses. Stimulation of IFN-β 

promoter activation using overexpression of MAVS (Figure 14B) led to a reduction in NTPV and GFV 

NSs antagonistic effect; however, IFN-β promoter activation was still reduced compared to controls. 

EMBV, BGRV and PERV NSs still efficiently counteracted MAVS-induced IFN-β promoter activation. 

Stimulation of IFN-β promoter activation using overexpression of TBK1 (Figure 14C) completely 

abolished the ability to counteract promoter induction for NTPV and GFV NSs as well as for EMBV 

NSs. This suggests that these three NSs proteins target IFN-β induction upstream of TBK1 and probably 

downstream of MAVS. Stimulation of IFN-β promoter activation using overexpression of IRF3 (Figure 

14D) could only be counteracted by RVFV and SFSV NSs, as expected, however none of the novel 

phlebovirus NSs showed any effect at this stage. Therefore, BGRV and PERV NSs proteins act upstream 

of IRF3 but downstream of TBK1. 

Figure 14E schematically depicts the respective target steps of phlebovirus NSs proteins within the 

RIG-I signalling cascade to antagonize IFN-β promoter activation, as inferred from the described 

experiments. Question marks indicate that the exact step at which NTPV and GFV NSs proteins 

counteract IFN-β promoter activation could not be exclusively deducted from the presented experiments, 

as stimulation with MAVS lowered, but did not abrogate, IFN-β promoter inhibition.  
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Figure 14: Antagonistic effect on pattern recognition receptor signalling cascade of virulence factor 

NSs of novel phleboviruses. HEK293 cells were transfected with expression plasmids for (A) RIG-I 

CARD, (B) MAVS, (C) TBK1 or (D) IRF3(5D-97A) (40 ng); untagged NSs of NTPV, GFV, EMBV, 

BGRV, PERV, or 3×FLAG-tagged NSs of RVFV, SFSV or inactive control Δ x, or with empty pI.18 

vector (e.v.; 10 ng each), as well as stimulation-dependent firefly luciferase under the control of the 

IFN-β promoter, and constitutively active Renilla luciferase reporters. Cell lysates were harvested 24 h 

after transfection for dual-luciferase assays. Firefly luciferase values of unstimulated control samples 

were subtracted from values of stimulated samples, and the resulting values for the empty vector control 

were set to 100% within each biological replicate. Individual values (dots) and geometric mean values 

(bars) from three biological replicates are shown. Values were analyzed by ordinary one-way ANOVA 

with Dunnett’s post-test compared to ΔMx control. *P<0.0332; **P<0.0021; ***P<0.0002; 

****P<0.0001; ns, not significant (Graphpad Prism). (E) Schematic pattern recognition receptor 

signalling cascade with novel phlebovirus NSs targets as inferred from A–D. luc, luciferase. 

7.1.5.3 Novel phlebovirus NSs proteins weakly antagonize dsRNA induced ISG54 

expression 

Innate immune gene promoters differ in their transcription factor binding sites. To expand on the IFN-β 

promoter activation data (chapters 7.1.5.1 and 7.1.5.2), the antagonism of another virus-induced innate 

immune gene, ISG54 (coding for IFIT2) by phlebovirus NSs proteins was evaluated. In contrast to the 

IFN-β promoter, the ISG54 promoter contains both an IRF3 binding site and an IFN-stimulated response 

element (ISRE; Daffis et al. 2007; Fensterl and Sen 2011), and is thus responsive to virus infection as 

well as to IFN stimulation.  
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Figure 15: Antagonistic effect on ISG54 promoter induction of virulence factor NSs of novel 

phleboviruses. HEK293 cells were transfected with expression plasmids for untagged NSs of NTPV, 

GFV, EMBV, BGRV, KBGV, PERV, or 3×FLAG-tagged NSs of RVFV, SFSV or inactive control 

Δ x, or with empty pI.18 vector (e.v.; 10 ng each), as well as stimulation-dependent firefly luciferase 

and constitutively active Renilla luciferase reporters. Firefly luciferase was under the control of the 

ISG54 promoter. 24 h post transfection, promoter activation was induced by VSV-RNA transfection 

(50 ng/well). Cell lysates were harvested 18 h after stimulation for dual-luciferase assays. Firefly 

luciferase values of unstimulated control samples were subtracted from values of stimulated samples, 

and the resulting values for the empty vector control were set to 100% within each biological replicate. 

Individual values (dots) and geometric mean values (bars) from three biological replicates are shown. 

Values were analyzed by ordinary one-way ANOVA with Dunnett’s post-test compared to Δ x control. 

*P<0.0332; **P<0.0021; ns, not significant (Graphpad Prism). 

In this scenario, RVFV NSs again fully inhibited ISG54 promoter induction upon VSV-RNA 

stimulation, while SFSV NSs showed a modest interference that was not statistically significant but 

repeatedly observed across replicate experiments (Figure 15). In fact, only BGRV and PERV NSs 

proteins could successfully counteract ISG54 promoter activation upon VSV-RNA stimulation. NTPV 

NSs showed a limited reduction of promoter activation, which, like in the case of SFSV NSs, was not 

statistically significant. GFV, EMBV and KBGV NSs had no effect on VSV-RNA induced ISG54 

promoter activation. Hence, BGRV and PERV NSs proteins seem to act more broadly on innate immune 

promoters than the other tested novel NSs proteins.  

7.1.5.4 Novel phlebovirus NSs proteins antagonize NF-κB-dependent gene 

induction 

In addition to IRF3 activation, virus infection also leads to the induction of the transcription factor 

NF-κB (Goubau et al. 2013). In contrast to IRF-driven antiviral genes, NF-κB mainly induces genes that 

are involved in inflammation (Liu et al. 2017b). To determine if novel phlebovirus NSs proteins are also 

able to antagonize NF-κB-dependent promoter induction, luciferase reporter assays were repeated with 
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an NF-κB-dependent promoter construct. Upon stimulation with VSV-RNA, NF-κB-dependent 

promoter induction was efficiently abrogated in the presence of RVFV NSs, as expected (Figure 16A). 

SFSV NSs had no effect, confirming previous reports (Wuerth et al. 2018). Also, no impact was seen 

with NTPV and KBGV NSs proteins. In contrast, PERV NSs demonstrated complete antagonism of 

NF-κB-driven genes upon viral RNA stimulation, while GFV, EMBV and BGRV NSs proteins 

exhibited a moderate counteraction.  

 

Figure 16: Antagonistic effect on NF-κB-dependent promoter induction of virulence factor NSs of novel 

phleboviruses. HEK293 cells were transfected with expression plasmids for untagged NSs of NTPV, 

GFV, EMBV, BGRV, KBGV, PERV, or 3×FLAG-tagged NSs of RVFV, SFSV or inactive control 

Δ x, or with empty pI.18 vector (e.v.; 10 ng each), as well as stimulation-dependent firefly luciferase 

and constitutively active Renilla luciferase reporters. Firefly luciferase was under the control of an 

NF-κB-dependent promoter. 24 h post transfection, promoter activation was induced by VSV-RNA 

transfection (A; 50 ng/well) or TNF-α (B; 10 ng/ml). Cell lysates were harvested 18 h after stimulation 

for dual-luciferase assays. Firefly luciferase values of unstimulated control samples were subtracted 

from values of stimulated samples, and the resulting values for the empty vector control were set to 

100% within each biological replicate. Individual values (dots) and geometric mean values (bars) from 

three biological replicates are shown. Values were analyzed by ordinary one-way ANOVA with 

Dunnett’s post-test compared to Δ x control. *P<0.0332; ***P<0.0002; ****P<0.0001; ns, not 

significant (Graphpad Prism). 

In addition to virus infection, NF-κB-dependent transcripts are also induced upon signalling downstream 

of the inflammatory cytokine TNF-α. In this case, NF-κB-dependent promoter activation upon TNF-α 

stimulation was fully antagonized by RVFV NSs, as well as by EMBV, BGRV and PERV NSs proteins 

(Figure 16B). NTPV NSs had a modest inhibitory effect, while SFSV, GFV and KBGV NSs showed 

no effect. 

7.1.5.5 Novel phlebovirus NSs proteins antagonize IFN signalling 

Type I IFN secreted upon virus infection acts on neighbouring cells to induce an antiviral state. IFN-

binding to its cognate receptor triggers a JAK/STAT-mediated signalling cascade culminating in the 
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activation of the transcription factor ISGF3, consisting of STAT1, STAT2 and IRF9. ISGF3 binds to 

ISRE sites of promoter regions, thus upregulating a vast repertoire of antiviral and other ISGs (Ivashkiv 

and Donlin 2014 and chapter 4.1.3). To determine the influence of novel phlebovirus NSs proteins on 

IFN signalling, NSs influence on IFN-α-stimulated luciferase reporter constructs was evaluated: one 

under the control of the Mx1 promoter, which is purely IFN-driven, and another under the control of the 

ISG54-promoter, which is activated upon PRR- as well as IFN-signalling (see Figure 15). 

 

Figure 17: Antagonistic effect on type I IFN signalling of virulence factor NSs of novel phleboviruses. 

HEK293 cells were transfected with expression plasmids for untagged NSs of NTPV, GFV, EMBV, 

BGRV, KBGV, PERV, or 3×FLAG-tagged NSs of RVFV, SFSV or inactive control Δ x, or with 

empty pI.18 vector (e.v.; 10 ng each), as well as stimulation-dependent firefly luciferase and 

constitutively active Renilla luciferase reporters. Firefly luciferase was under the control of (A) the Mx1 

promoter or (B) the ISG54 promoter. 24 h post transfection, promoter activation was induced by 

IFN-α(B/D) (50 U/well). Cell lysates were harvested 18 h after stimulation for dual-luciferase assays. 

Firefly luciferase values of unstimulated control samples were subtracted from values of stimulated 

samples, and the resulting values for the empty vector control were set to 100% within each biological 

replicate. Individual values (dots) and geometric mean values (bars) from three or four biological 

replicates are shown. Values were analyzed by ordinary one-way ANOVA with Dunnett’s post-test 

compared to Δ x control. *P<0.0332; **P<0.0021; ***P<0.0002; ****P<0.0001; ns, not significant 

(Graphpad Prism). 

NTPV NSs completely inhibited Mx1 promoter induction in a manner comparable to the RVFV NSs 

control (Figure 17A). GFV, BGRV and PERV NSs also exhibited a strong antagonism of Mx1 promoter 

induction; however, SFSV, EMBV and KBGV NSs showed no effect.  

A different pattern was observed for IFN-α-stimulated ISG54 promoter induction (Figure 17B): 

Antagonism by NTPV and RVFV NSs was still strongest, but GFV NSs showed only a slight reduction 

at about 50% of control levels. However, in contrast to a suppression of Mx1 promoter induction, BGRV 

and PERV NSs showed no effect on ISG54 promoter induction, as did EMBV and SFSV NSs.  
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Figure 18 summarizes antagonistic effects displayed by the tested phlebovirus NSs proteins on different 

innate immunity promoters. As known, RVFV NSs potently suppressed gene induction under all 

conditions. In contrast, no antagonistic effect of KBGV was observed in any of the tested conditions. 

However, NSs proteins of other novel phleboviruses NTPV, EMBV, BGRV, PERV, as well as GFV 

NSs all exhibited distinct antagonistic profiles.  

 

Figure 18: Heatmap summarizing the antagonistic effect of novel phlebovirus NSs proteins on innate 

immune gene induction. Antagonistic effect of phlebovirus NSs proteins obtained from reporter assay 

data (Figures 13 and 15–17) was grouped for no effect (white), moderate effect (grey) or strong effect 

(black). Symbols visualize the target PRR-signalling cascade step for IFN-β promoter antagonism 

according to Figure 14E: inhibition downstream of  AVS, rectangle; …TBK1, pentagon; …IRF3, 

hexagon. 

Of note, the evaluation of the reporter assay data was focused on firefly luciferase expression under the 

control of the respective promoters only. While expression constructs for Renilla luciferase were co-

transfected to control for transfection efficiency, firefly luciferase values were not normalized to Renilla 

luciferase values. This way of analysis was chosen because RVFV NSs, as a positive control, causes a 

general transcription block in the host cell (Billecocq et al. 2004; Kainulainen et al. 2014), which 

negatively affects Renilla luciferase expression values. Absolute Renilla luciferase values for the 

experiments presented in Figure 13 and Figure 15 – Figure 17 are given in Figure 19. Low Renilla 

luciferase values in the presence of RVFV NSs confirmed the general transcription block; however, for 

other NSs proteins or controls this effect was absent. 
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Figure 19: Absolute Renilla luciferase values for reporter assay data of innate immune gene promoter 

inhibition by phlebovirus NSs proteins. Renilla luciferase values for experiments presented in Figures 

13 and 15–17. Individual values (dots) and geometric mean values (bars) from three or four biological 

replicates are shown. RLU, relative luciferase units; UT, untreated.  

7.1.5.6 Evaluation of tagged phlebovirus NSs constructs 

In the absence of a specific antibody, tagged expression constructs are useful for downstream 

experiments involving antibody recognition of the NSs proteins. Thereby, tag location is important to 

consider, as it was observed for SFSV NSs that the presence of a tag at the N-terminus, but not the 
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C-terminus, abolishes binding to cellular transcription factor eIF2B, while the location of the tag does 

not affect IFN-β promoter antagonism (Wuerth et al. 2020). 

To determine for each NSs a tag location that preserves NSs function, the influence of an N- or 

C-terminal 3×FLAG tag on the performance of novel phlebovirus NSs proteins in innate immunity 

reporter assays was evaluated. To this end, the 3×FLAG tag was cloned into expression vectors either 

up- or downstream of the NSs open reading frame and the resulting constructs were used to repeat 

luciferase reporter assays, focusing on IFN-β and  x1 promoter activation as representatives of type I 

IFN induction and signalling, respectively. 

The presence of a 3×FLAG tag at either N- or C-terminus did not affect IFN-β promoter inhibition by 

EMBV, BGRV and PERV NSs (Figure 20A). All three constructs counteracted promoter activation in 

a comparable manner and to the same degree as RVFV NSs. In contrast, NTPV NSs in native as well as 

C-terminally tagged form efficiently antagonized IFN-β promoter induction; the presence of a tag at the 

N-terminal end, however, completely negated this function. Untagged as well as N-terminally tagged 

GFV NSs potently inhibited IFN-β promoter activation, whereas inhibition with C-terminally tagged 

GFV NSs was slightly less pronounced. Additionally, expression levels of tagged NSs proteins were 

assessed by immunoblotting. Thereby, expression levels for N- and C-terminally tagged constructs were 

mostly comparable (Figure 20B), except for NTPV and PERV NSs, where C- and N-terminally tagged 

versions were more strongly expressed, respectively.  

KBGV NSs did not show any effect on innate immunity promoter activation in previous experiments. 

This result could be genuine, in case KBGV does not possess any abilities to interfere with these 

pathways, or secondary, if the transfected NSs construct is not expressed in the cell. Repeating reporter 

experiments with tagged KBGV NSs constructs revealed that, in fact, N-terminally tagged KBGV NSs 

was expressed rather weakly in comparison to other NSs constructs, and C-terminally KBGV NSs was 

not expressed at all (Figure 20B). Weakly expressed N-terminally tagged KBGV NSs was indeed able 

to slightly reduce IFN-β promoter activation. 

A similar overall picture compared to IFN-β promoter activation was observed when evaluating Mx1 

promoter activation in the presence of tagged NSs proteins (Figure 20C, D). Here, too, a discrepancy 

in potency depending on tag location was apparent for NTPV, GFV and KBGV NSs. Of note, while the 

demonstrably expressed N-terminally tagged KBGV NSs caused lower Mx1 promoter induction levels 

than untagged or C-terminally tagged versions of questionable expression status, promoter induction 

was still not below control levels. Further, even though neither of the EMBV constructs could counteract 

Mx1 promoter induction, the C-terminally tagged construct seemed to efficiently boost induction. 

Lastly, C-terminally tagged BGRV and PERV NSs seemed to be slightly less efficient than their 

counterparts in Mx1 promoter inhibition.  
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Figure 20: Influence of an N- or C-terminal 3×FLAG tag on NSs antagonism of reporter activation. 

HEK293 cells were transfected with expression plasmids for phlebovirus NSs proteins or controls, with 

reporter constructs coding for firefly luciferase under the control of the respective promoters, as well as 

with expression plasmids for constitutively expressed Renilla luciferase. Reporter luciferase expression 

was stimulated by transfection of 50 ng/well VSV-RNA (A, B), or by treatment with 50 U/well 

IFN-α(B/D) (C, D) for 18 h. (A, C) Luciferase activities were measured with a dual-luciferase reporter 

assay system according to the manufacturer’s recommendations. Firefly luciferase values of 

unstimulated control samples were subtracted from values of stimulated samples, and the resulting 

values for the empty vector control were set to 100% within each biological replicate. Individual (dots) 

and geometric mean values (bars) from three biological replicates are shown. (B, D) Cell lysates were 

analyzed by immunoblotting with antibodies for FLAG tag and tubulin. kDa, kilodalton; M, marker. 
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Figure 21: Intracellular location of novel phlebovirus NSs proteins. HeLa cells seeded onto coverslips 

were reverse transfected with expression constructs for 3×FLAG-tagged NSs of NTPV (C-terminal tag), 

GFV, EMBV, BGRV, KBGV or PERV (N-terminal tag). 24 h post transfection, cells were fixed with 

paraformaldehyde, and coverslips were stained using anti-FLAG tag primary and Alexa Fluor 555 

donkey anti-mouse secondary antibodies, as well as DAPI. Confocal microscopy was performed using 

a Leica TCS SP5 confocal microscope and the accompanying software. 
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In summary, tag location influenced the performance of all tested novel phlebovirus NSs expression 

constructs in IFN-induction and -signalling reporter assays. In that context, the presence of a tag at either 

the N- or C-terminus might therefore obscure important NSs domains necessary for possible protein-

protein interactions. Thus, for downstream experiments, C-terminally 3×FLAG tagged NTPV NSs as 

well as N-terminally 3×FLAG tagged GFV, EMBV, BGRV, KBGV and PERV NSs constructs were 

employed.  

7.1.5.7 Subcellular location of phlebovirus NSs 

Subcellular location has been found to be distinct for various phenuiviral NSs proteins. For instance, the 

multi-faceted RVFV NSs acts in the cytoplasm as well as in the nucleus of the infected cell (Ly and 

Ikegami 2016). It forms characteristic nuclear filament structures which are crucial for its function (Li 

et al. 2019b). Severe fever with thrombocytopenia syndrome virus (SFTSV) NSs has been shown to be 

distributed in distinct cytoplasmic inclusion bodies, thereby sequestering cellular signalling molecules 

(Wu et al. 2014). 

To evaluate the subcellular location of novel phlebovirus NSs, immunofluorescence analyses upon 

3×FLAG tagged NSs transfection were performed. As presented in Figure 21, NTPV and KBGV NSs 

mainly showed a diffuse distribution in the cytoplasm, whereas GFV NSs was located predominantly 

nuclear with low levels still present in the cytoplasm. EMBV, BGRV and PERV NSs seemed evenly 

distributed throughout cytoplasm and nucleus. Filament or inclusion body structures were not detected. 

7.1.5.8 Interactome analysis of novel phlebovirus NSs proteins with host factors 

Phenuiviral NSs proteins often exert their immune-modulating functions through direct interaction with 

host proteins (chapter 4.2.5). The well-characterized RVFV NSs protein, for instance, interacts with 

histone deacetylase complex subunit SAP30 to inhibit IFN-β promoter induction (Le May et al. 2008) 

and causes a general host transcription shutoff by sequestration of transcription factor TFIIH through 

interaction with subunits p44 and p62 (Billecocq et al. 2004; Le May et al. 2004; Kalveram et al. 2011). 

In addition, RVFV NSs mediates PKR proteasomal degradation through interaction with the host 

ubiquitination machinery (Habjan et al. 2009b; Ikegami et al. 2009; Mudhasani et al. 2016).  

Thus, the cellular interaction partners of NSs proteins of novel phleboviruses NTPV, EMBV, BGRV, 

KBGV and PERV as well as poorly characterized phleboviruses GFV, SFSV and two strains of PTV, 

the virulent Adames strain (PTV-A) and the non-virulent Balliet strain (PTV-B; Palacios et al. 2015; 

see Figure 12) were sought to be elucidated. For interactome analysis, 3×FLAG tagged NSs proteins 

were expressed in HEK293 cells and cellular interacting proteins were isolated by FLAG tag co-

immunoprecipitation. As a negative control, again the C-terminally truncated, non-functional Δ x was 

employed. Subsequently, co-immunoprecipitated proteins were analysed by repeated liquid 

chromatography-tandem mass spectrometry (LC-MS/MS; three technical replicates of three biological 

replicates: co-immunoprecipitation experiments were repeated three times independently (n=3) and for 
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each n the mass spectrometry measurement was performed three times, resulting in nine datasets per 

NSs protein altogether).  

Mass spectrometry analyses were performed by Uwe Linne and Tina Krieg (Department of Chemistry, 

Philipps University Marburg). Evaluation of proteomic data was carried out with the help of Axel Weber 

(Rudolf Buchheim Institute for Pharmacology, Justus Liebig University Giessen). 

 

Lists of interactors were retrieved by selection for proteins that were (i) identified “by  S/ S” in all 

nine replicate runs (as opposed to “by similarity”) and (ii) significantly enriched compared to the Δ x 

control, as by Student’s t-test (q < 0.05). All proteins interacting with the Δ x control were excluded, 

as were contaminants detected by the accompanying Maxquant software. Numbers of cellular interactors 

for each tested NSs identified through these filter criteria are given in Table 45. 

Table 45: Number of cellular interactors with phlebovirus NSs proteins 

Viral NSs # of interactors Viral NSs # of interactors 

NTPV 1548 PERV 1646 

GFV 1390 PTV-A 978 

EMBV 1422 PTV-B 1625 

BGRV 1398 SFSV 642 

KBGV 1206   
 

The Circos plot in Figure 22 depicts the overlap between the obtained lists of phlebovirus interactors. 

Most cellular interaction partners were shared between at least two NSs proteins, as shown by the 

predominantly dark orange colour of inner arcs connected by purple lines. However, NTPV, PERV, and 

PTV-B NSs also possessed a considerable number of cellular binding partners that were unique among 

the tested phlebovirus NSs proteins, as shown by the light orange stretches of inner arcs. Numbers of 

overlapping and unique NSs interactors are further given in Table 52 (annex). 
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Figure 22: Circos plot depicting overlap between phlebovirus NSs interactor lists. Outer arcs represent 

the identity of each NSs protein list. Inner arcs represent these protein lists according to absolute number 

of entries, where each entry has a spot on the arc. Dark orange colour represents proteins that appear in 

multiple lists and light orange colour represents proteins that are unique across input lists. Purple lines 

link the same proteins shared by multiple lists. Circos plot was generated using Metascape (Zhou et al. 

2019). 

To identify significantly enriched protein subgroups from the obtained lists of phlebovirus NSs 

interactors, in a next step, gene ontology (GO) analyses were performed. Figure 23 shows select 

statistically enriched GO terms within each phlebovirus NSs interactor list. Novel phlebovirus NSs as 

well as PTV and SFSV NSs proteins interacted with cellular proteins annotated to a variety of functions, 

including transcription, mitochondrial functions, apoptosis, transport and cellular localization, or innate 

immunity.  
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Figure 23: Heatmap depicting select statistically enriched GO terms within phlebovirus NSs host cell 

interactors. Colour scale depicts p value for each GO term, as analyzed using Metascape (Zhou et al. 

2019). 

With the exception of KBGV and to a lesser extent PTV-B, all tested NSs proteins are either known to 

have (SFSV, PTV-A; Perrone et al. 2007; Nishiyama et al. 2016; Wuerth et al. 2018) or were shown in 

this work to have anti-IFN capacities (chapters 7.1.5.1 to 7.1.5.5). Therefore, the next focus lay on NSs-

interactors involved in innate immune response functions. To this end, proteins annotated to GO list 

#0045087 “innate immune response” (obtained from https //www.ebi.ac.uk/QuickGO/) were identified 

within each NSs interactor list. With the generated sub-lists (IIR-lists) gene ontology analysis were 

performed again to identify subgroup GO terms enriched within each NSs interactor IIR-list. Select 

statistically enriched GO terms are shown in Figure 24.  
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Figure 24: Heatmap depicting select statistically enriched GO terms within phlebovirus NSs host cell 

interactors annotated to the GO list #0045087, innate immune response. Colour scale depicts p value 

for each GO term, as analyzed using Metascape (Zhou et al. 2019). 

Among the NSs interactor IIR-lists, members of general processes like “type I IFN production” and 

“regulation of innate immune response” were found to be highly enriched across all interactor lists. In 

addition, more specific pathways including “regulation to cytokine stimulus”, “regulation of NF-κB 

signalling”, “mRNA processing” or “regulation of intrinsic apoptotic signalling pathways” were also 

uniformly enriched. Other terms, for instance “regulation of nucleocytoplasmic transport”, “regulation 

of MDA5 signalling pathway” or “humoral immune response” were only enriched in a subset of 

interactor lists, indicating distinct mechanisms of NSs action.  
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Next, single proteins of interest within the innate immune response, which interact with different 

phlebovirus NSs proteins, were sought to be identified and visualized. To this end, a Venn diagram was 

created using an online tool (http://www.interactivenn.net/, Heberle et al. 2015). Because six lists are 

the maximum amount that can be graphically represented, the focus lay on the five novel phlebovirus 

NSs proteins together with GFV NSs for this approach. A comprehensive analysis of innate immune 

response interactors among the nine tested NSs proteins can be found in Table 53 (annex). 

 

Figure 25: Venn diagram showing shared and unique interactors of phlebovirus NSs, annotated to the 

GO list #0045087, innate immune response. Venn diagram was created on http://www.interactivenn.net/ 

(Heberle et al. 2015). Select proteins of interest are highlighted in text boxes. 

As shown in Figure 25, the majority of interactors (45 out of 67) was shared between the NSs proteins, 

for example TRIM25 and TBK1, which are involved in IFN induction, or STAT1 (but not STAT2 or 

STAT3) and JAK1, which are involved in IFN signalling. While these interactions were consistently 

detected with NSs but not the control proteins, the biological function needs to be investigated further, 

as not all NSs proteins shared the same capabilities to inhibit IFN induction/signalling. In addition, other 

players in innate immune signalling pathways not annotated to this GO pathway were identified as 

shared interactors between multiple NSs proteins, as well as several ISGs (Table 46).  
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Next, common interactors of NSs proteins that are not involved in innate immunity were evaluated 

(Table 47). Thereby, multiple NSs proteins interacted, for example, with cell structure and transport 

components, or with the cellular proteasomal degradation machinery.  

Finally, unique host cellular proteins targeted by respective tested NSs proteins were examined. 

Interactors of interest are given in Table 48 – Table 50. Of note, if a cellular interactor was part of a 

pathway or cellular function of interest, further proteins involved in those pathways were also included, 

even if they were common interactors to multiple NSs proteins. In addition, interactors are listed whose 

enrichment value in one NSs protein exceeded those of others by at least 2-fold. 

In summary, functional and interactomic analyses of novel and known phlebovirus NSs proteins 

uncovered shared as well as distinct characteristics of each tested NSs. All but one novel NSs proteins 

were able to interfere with the activation of at least one tested innate immunity-related gene in an 

overexpression context, underscoring their possible pathogenic potential. Moreover, mass spectrometry 

analyses of host cellular interaction partners of NSs proteins revealed common targeted pathways as 

well as features that were specific for one phlebovirus NSs.  
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7.2 Innate immunity characterization of SARS coronavirus 2 

(SARS-CoV-2) 

Since the start of 2020, the COVID-19 pandemic, with SARS-CoV-2 as causative agent, has had 

devastating effects on global health. Obviously, it was vital to obtain rapid insights into the interactions 

of SARS-CoV-2 with the human immune system. To this end, its sensitivity to type I and type III IFN 

was determined. Additionally, the effect of IFN-signalling inhibitor Ruxolitinib, an FDA-approved drug 

proposed for COVID-19 treatment, on SARS-CoV-2 replication kinetics was evaluated (Felgenhauer et 

al. 2020). Further, to expand on these findings towards the innate immunity phenotype of SARS-CoV-2, 

its ability to induce IFN and ISGs was analyzed in depth. 

For this, SARS-CoV-2 was compared to its relative SARS-CoV-1, with which it shares approx. 80% 

genome identity (Zhou et al. 2020a). SARS-CoV-1 has been shown to be highly virulent and it 

efficiently counteracts the induction of IFN, cytokines and ISGs (Spiegel et al. 2005; Spiegel and Weber 

2006; Thiel and Weber 2008; Lu et al. 2011). Reflecting this, the SARS-CoV-1 outbreak in 2002/2003 

claimed close to 1,000 deaths among approx. 8,000 cases (WHO 2003). In comparison, at the time of 

writing, the ongoing SARS-CoV-2 pandemic has caused approx. 4.5 million deaths among more than 

222 million confirmed infections (COVID-19 Dashboard, Johns Hopkins University, accessed on 08 

September 2021). 

7.2.1 Sensitivity of SARS-CoV-2 to type I IFN 

First, the effect of type I IFN against a SARS-CoV-2 patient isolate was tested in comparison to a 

SARS-CoV-1 isolate from 2003. For this, the human bronchial epithelial Calu-3 and the primate kidney 

epithelial Vero E6 cell line were employed. Both cell lines express the SARS coronavirus receptor 

ACE2 (Ren et al. 2006) and are sensitive to type I IFN. However, Vero E6 cells are unable to produce 

IFN upon virus infection (Emeny and Morgan 1979) whereas Calu-3 cells produce a functional IFN 

induction and response (Yoshikawa et al. 2010). 

Here, cells were pre-treated for 16 h with increasing doses of recombinant human IFN-α(B/D) and 

SARS coronavirus multistep growth was evaluated after 24 h.  

Upon IFN-α pre-treatment of Calu-3 cells (Figure 26A, B), a prominent dose-dependent virus titre 

reduction was observed for both SARS-CoV-2 and SARS-CoV-1. IFN-α pre-treatment of Vero E6 cells 

(Figure 26C, D) resulted in pronounced dose-dependent virus titre reduction for SARS-CoV-2. In 

contrast, SARS-CoV-1 growth was less efficiently inhibited when using an input MOI of 0.01, and no 

IFN-α-induced inhibition was observed when using an input MOI of 0.001. Of note, several virus titres 

were below the plaque assay detection limit and thus set to 1 PFU/ml. Additionally, SARS-CoV-1 

growth was impaired in Calu-3 cells, especially when using a low MOI of 0.001 (Figure 26B). To 

account for virus titres below detection limit, a rank correlation test (Spearman's exact rank correlation 
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test) was applied for statistical dose-response correlation analysis. This approach confirmed that 

SARS-CoV-2 replication is increasingly inhibited by IFN-α, as shown by statistically significant 

negative correlation coefficients (CC) for both cell lines. By contrast, even though virus titres were also 

negatively affected by IFN-α, the effect on SARS-CoV-1 seemed less pronounced.  

 

Figure 26: Sensitivity of SARS-CoV-2 and SARS-CoV-1 to increasing doses of type I IFN. Calu-3 (A, 

B) and Vero E6 (C, D) cells were pre-treated with 0, 100, 500 or 1,000 U/ml IFN-α for 16 h and infected 

with SARS-CoV-2 or SARS-CoV-1 at an MOI of 0.01 (A, C) or 0.001 (B, D). Virus titres at 24 h post 

infection were assessed by plaque assay titration of supernatants. Individual titers (dots) and geometric 

mean values (bars) from three biological replicates are shown. Log-transformed titres were analyzed by 

Spearman’s exact rank correlation test. Correlation coefficients (CC) and exact one-sided p values are 

provided. Of note, titre values that were below the plaque assay detection limit (50 PFU/ml; indicated 

by the dashed line) were set to 1 PFU/ml. n.s., not significant. 

Thus, the differences between the two viruses were to be more closely investigated. For this, three more 

replicate experiments were performed with the intermediate dose of 100 U/ml IFN-α and the data were 

statistically analyzed after pooling with the previous three replicates. Two-way ANOVA was used to 

simultaneously evaluate the influence of both IFN-α and virus species on virus titres (Figure 27). This 

analysis confirmed that both viruses are reduced by IFN-α (p(IFN), comparison of 0 versus 100 U/ml 

IFN-α) and indeed showed differences between the SARS coronavirus species (p(virus), comparison of 

the virus experiments). Furthermore, the “interaction” p value showed that, at least in Vero E6 cells, the 
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degree of IFN-α sensitivity depends on the virus species, again indicating that SARS-CoV-2 is more 

IFN-sensitive than SARS-CoV-1. 

 

Figure 27: Sensitivity of SARS-CoV-2 and SARS-CoV-1 to intermediate-dose type I IFN. Calu-3 (A) and 

Vero E6 cells (B) were pre-treated with 100 U/ml IFN-α for 16 h and infected with SARS-CoV-2 or 

SARS-CoV-1 at an MOI of 0.01. Virus titres at 24 h post infection were assessed by plaque assay 

titration of supernatants. Individual titers (dots) and geometric mean values (bars) from six biological 

replicates are shown. Of note, three of the six biological replicates correspond to those of Figure 26. 

Log-transformed titres were analyzed by two-way ANOVA with factors “IFN” and “virus”, for each of 

which the specific p values are indicated. p (interaction) designates the probability that IFN sensitivity 

depends on the virus species. n.s., not significant. 

7.2.2 Sensitivity of SARS-CoV-2 to type III IFN 

Respiratory viruses, such as coronaviruses, typically invade the host through respiratory or 

gastrointestinal epithelia (Hulswit et al. 2016; Léger et al. 2020). On such mucosal barriers, type III 

IFNs (IFN-λ1–4) rather than type I IFNs are the predominant antiviral cytokines (Stanifer et al. 2019). 

As mentioned before, type I and type III IFNs induce a similar subset of genes but engage different 

receptors and therefore differ in their tissue distribution and induction kinetics (chapters 4.1.1 and 4.1.3). 

IFN-λ has previously been shown to have activity against coronaviruses (Mordstein et al. 2010; Kindler 

et al. 2013; Hamming et al. 2013) and was proposed as potential COVID-19 treatment (Prokunina-

Olsson et al. 2020). Therefore, in a next step, the sensitivity of the two SARS coronaviruses to 

recombinant human IFN-λ was compared.  

Upon IFN-λ pre-treatment of Calu-3 and Vero E6 cells (Figure 28A, B), only SARS-CoV-2 titres in 

Vero E6 cells exhibited a statistically significant dose-dependent reduction. In Calu-3 cells, this 

reduction was also observed, however was not statistically significant. In contrast, no significant 

inhibition was observed for SARS-CoV-1 in either cell line. To further investigate the difference 

between the two viruses, three more replicate experiments were performed with the intermediate dose 

of 10 ng/ml IFN-λ and the data were statistically analyzed after pooling with the previous three 

replicates. Because none of the PFU values were below detection limit, conventional statistical analysis 
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was performed. One-tailed Student’s t test confirmed a significant impact of IFN-λ on SARS-CoV-2 

and the lack of an effect for SARS-CoV-1. These data thus show that IFN-λ inhibits SARS-CoV-2 but 

not SARS-CoV-1. 

 

Figure 28: Sensitivity of SARS-CoV-2 and SARS-CoV-1 to type III IFN. Calu-3 (A, C) and Vero E6 (B, 

D) cells were pre-treated with 0, 10 or 100 ng/ml IFN-λ for 16 h and infected with SARS-CoV-2 or 

SARS-CoV-1 at an MOI of 0.01. Virus titres at 24 h post infection were assessed by plaque assay 

titration of supernatants. Individual titers (dots) and geometric mean values (bars) from three (A, B) or 

six (C, D) biological replicates are shown. Log-transformed titres of virus dose-response experiments 

(A, B) were analyzed by Spearman’s exact rank correlation test. Correlation coefficients (CC) and exact 

one-sided p values are provided. Log-transformed titres after three additional replicate experiments were 

analyzed by unpaired one-tailed Student’s t test. Of note, three of the six biological replicates in C and 

D correspond to those of A and B, respectively. n.s., not significant. 

7.2.3 Effect of the JAK/STAT inhibitor Ruxolitinib on SARS-CoV-2 

replication 

Quickly after the emergence of SARS-CoV-2, a virus-host cell interactome study was performed to 

identify potential target pathways for which FDA-approved drugs are available (Gordon et al. 2020). 

This study proposed the compound Ruxolitinib for COVID-19 treatment. Ruxolitinib interferes with 

type I and III IFN signalling by targeting kinases JAK1/2 (Davis et al. 2011). Having established the 

sensitivity of SARS-CoV-2 to type I and III IFNs, inhibiting this pathway as a treatment option seems 

counterintuitive. To clarify the influence of this drug on SARS-CoV-2 replication, cells were pre-treated 

with 1 µM Ruxolitinib for 16 h and infected at two different MOIs. Virus titres were determined 24 and 

48 h post infection by plaque assay.  

0 10 100 0 10 100
0

1

2

3

4

5

6

7

lo
g

1
0
 P

F
U

 m
l-1

IFN-  [ng ml-1]

CC = -0.5798

p = 0.0637 (n.s.)
CC = -0.3689

p = 0.1774 (n.s.)

Calu-3, MOI 0.01

0 10 100 0 10 100
0

1

2

3

4

5

6

7

lo
g

1
0
 P

F
U

 m
l-1

IFN-  [ng ml-1]

Vero E6, MOI 0.01

SARS-CoV-2

SARS-CoV-1

CC = -0.7379

p = 0.0185

CC = -0.2108

p = 0.3107 (n.s.)

p = 0.2674 (n.s.)

p = 0.0223

0 10 0 10
0

1

2

3

4

5

6

7

lo
g

1
0
 P

F
U

 m
l-1

IFN-  [ng ml-1]

Calu-3, MOI 0.01 p = 0.6269 (n.s.)

p = 0.0070

0 10 0 10
0

1

2

3

4

5

6

7

lo
g

1
0
 P

F
U

 m
l-1

IFN-  [ng ml-1]

VeroE6, MOI 0.01C

BA

D



Results | Ulrike Felgenhauer 

 

 

100 

 

Figure 29: Effect of the JAK/STAT inhibitor Ruxolitinib on SARS-CoV-2 replication. Calu-3 (A, B) and 

Vero E6 (C, D) cells were pretreated with 1 µM Ruxolitinib for 16 h and infected with SARS-CoV-2 at 

an MOI of 0.01 (A, C) or 0.001 (B, D). Virus titres at 24 and 48 h post infection were assessed by plaque 

assay titration of supernatants. Individual titers (dots) and geometric mean values (bars) from three 

biological replicates are shown. Log-transformed titres were analyzed by unpaired two-tailed Student’s 

t test. n.s., not significant. Rux, Ruxolitinib. 

Upon pre-treatment of Calu-3 cells with Ruxolitinib, SARS-CoV-2 exhibited increased virus growth at 

48 h post infection at both input MOIs (Figure 29A, B). Not surprisingly, this clear boosting effect was 

not observed in Vero E6 cells (Figure 29C, D), which are incapable of IFN induction (Emeny and 

Morgan 1979). In fact, Ruxolitinib had neither a positive nor a negative effect on SARS-CoV-2 

replication in Vero E6 cells. Regardless, the data indicate that (i) if anything, Ruxolitinib is an enhancer 

rather than an inhibitor of SARS-CoV-2 multiplication, and (ii) the boosting effect is most likely due to 

inhibition of the antiviral JAK/STAT signalling pathway, because it is not present in the IFN induction-

deficient Vero E6 cells.  

7.2.4 Comparison of Calu-3 and Vero E6 cell lines 

So far, the presented data suggest that (i) SARS-CoV-2 is consistently more sensitive to IFNs than 

SARS-CoV-1 and that (ii) effects by type I IFN are more pronounced than those of type III IFN. 

Moreover, a clear difference was observed between Calu-3 and Vero E6 cells. To examine whether basic 

differences in signalling or subsequent gene expression could account for these phenomena, the ability 

of the cell lines to respond to the IFNs was tested. For this, cells were treated with type I or III IFN or 

with Ruxolitinib and protein expression was assessed by immunoblot analysis.  
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Figure 30: Effect of IFNs and Ruxolitinib on Calu-3 and Vero E6 cells. Calu-3 and Vero E6 cells were 

treated with the indicated amounts of IFNs and Ruxolitinib (added 1 h before IFN) and 24 h later were 

analyzed for the indicated antigens using immunoblotting. The data are representative of three 

independent experiments. Molecular markers are shown on the left sides of the blots. kDa, kilodalton; 

M, marker; p, phospho. 

Calu-3 cells showed a very similar reaction to both types of IFN concerning phosphorylation of STAT1 

and STAT2 and expression of the ISGs MxA and ISG15 (Figure 30). Vero E6 cells also responded to 

IFN-λ as expected (Stoltz and Klingström 2010), but the ISG response was lower than to IFN-α. 

Furthermore, already a background ISG expression could be observed in Calu-3 cells, which was absent 

in Vero E6 cells. As expected, Ruxolitinib was able to influence these ISG responses but it was more 

potent against IFN-λ than against IFN-α, and its effects on ISGs were more pronounced in Vero E6 

compared to Calu-3 cells. Thus, both cell lines are capable to respond to the different types of IFN, even 

though IFN-λ showed a reduced potency. This agrees with the above presented observations on SARS 

coronavirus IFN sensitivity, as well as with previous studies (Pervolaraki et al. 2018; Ye et al. 2019). 

Taken together, this work showed that SARS-CoV-2 was more sensitive to type I IFN than its 2003 

counterpart SARS-CoV-1, and that SARS-CoV-2 also exhibited sensitivity to type III IFN, whereas 

SARS-CoV-1 did not. Consequently, SARS-CoV-2 replication in IFN-competent cells was enhanced 

upon IFN signalling disruption by the drug Ruxolitinib.  

 

Data presented in Figure 26 – Figure 30 have been published (Felgenhauer et al. 2020). Statistical 

analyses for Figure 26 – Figure 29 were carried out by Klaus Failing (Unit for Biomathematics and 

Data Processing, Justus Liebig University Giessen). Experiments that resulted in Figure 30 were 

performed by Andreas Schön (Institute for Virology, FB10, Justus Liebig University Giessen).  
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7.2.5 Differential regulation of innate immune genes upon SARS-CoV-2 

infection in human lung cell lines 

To expand on the IFN sensitivity data, in a next step, the transcriptional expression of IFN, cytokines 

and ISGs upon SARS-CoV-2 infection was investigated in one of its primarily targeted tissues, the 

respiratory tract. For this, three human lung cell lines were compared: (i) H1299, which is a non-small 

cell lung carcinoma epithelial cell line derived from a lymph node metastasis, and is intermediately 

susceptible to SARS-CoV-2 infection (Wyler et al. 2021); (ii) A549, which is a lung epithelial 

adenocarcinoma cell line, and is only susceptible to SARS-CoV-2 infection when engineered to express 

the ACE2 receptor, e.g. by stable transduction (Blanco-Melo et al. 2020); and (iii) Calu-3, another lung 

epithelial adenocarcinoma cell line, derived from a pleural effusion metastasis site, which is highly 

susceptible to SARS-CoV-2 infection (Wyler et al. 2021 and Figure 26 to Figure 29).  

First, the differential gene expression of a select set of representative innate immune genes upon 

SARS-CoV-2 infection was assessed in comparison to SARS-CoV-1, which is known to suppress IFN 

and ISG induction (Spiegel et al. 2005; Spiegel and Weber 2006). In addition, RVFV Cl13 was included 

as a positive control, because it is an excellent inducer of IFN and ISGs (Billecocq et al. 2004 and Figure 

8).  

In H1299 cells, infection with neither SARS coronavirus species led to a notable upregulation of the 

tested IFN (IFN-β, IFN-λ1 and IFN-λ2), cytokine (CCL5, CXCL10) and IFN-stimulated (IFIT1, MX1, 

RSAD2) genes (Figure 31A). Only RVFV Cl13 as the positive control was able to elicit a strong gene 

induction. In A549-ACE2 cells, however, infection with both CoVs induced IFN gene expression and 

expression of the cytokine CXCL10, albeit to a lesser degree than RVFV Cl13, while the other tested 

genes were unaffected by CoV infection (Figure 31D).  

Surprisingly, in Calu-3 cells, SARS-CoV-2 led to a strong upregulation of all tested genes that in 

magnitude mirrored induction upon RVFV Cl13 infection (Figure 31G). SARS-CoV-1, however, only 

very weakly induced IFN genes, and had no effect on the expression of other tested genes. Infection of 

all cell lines was confirmed by qRT-PCR as shown by CT values of viral E (SARS-CoV) or L (RVFV) 

gene normalized to 18S RNA control (Figure 31B, E, H). The two SARS coronavirus species replicated 

to similar levels in all cell lines (Figure 31C, F, I). 

SARS-CoV-2 and SARS-CoV-1 are closely related, thus it is tempting to assume that, like 

SARS-CoV-1, SARS-CoV-2 would carry means to suppress IFN gene activation. This phenotype was 

seen in H1299 and A549-ACE2 cells. However, by stark contrast, in Calu-3 cells a distinct upregulation 

of tested immune genes was observed in this initial experiment after 24 h of infection.  
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Figure 31: Differential gene expression upon SARS-CoV-2 infection of human lung cell lines. H1299 

(A, B, C), A549-ACE2 (D, E, F), and Calu-3 (G, H, I) cells were infected with the indicated virus at an 

MOI of 1. Cells were lysed at 24 h post infection and subjected to cellular RNA extraction. Gene 

expression of select IFN genes, ISGs, and cytokines was measured by quantitative real-time PCR. 

Differential gene expression of innate immune genes (A, D, G) was calculated using the ΔΔCT method 

and results are given as fold-induction over the uninfected mock control. 18S rRNA was used as a 

reference gene. Relative viral gene expression (B, E, H) is pictured as CT value for viral E (SARS CoVs) 

or L (RVFV) gene normalized to 18S rRNA control. Absolute viral load of SARS CoVs (C, F, I) is 

measured in genome equivalent (GE) number, as inferred from a standard curve derived from serial 

dilutions of a sample with a known genome copy amount.  

To exclude the possibility that this result is an artefact of the specific Calu-3 cell clone used, gene 

induction upon SARS coronavirus infection was assessed in another Calu-3 cell clone. For this, an 

additional batch of Calu-3 cells was kindly provided by the Institute of Virology at the Charité 

Universitätsmedizin, Berlin. Of note, these “new” cells were approx. of passage 10 and will therefore 

be deemed “low passage”, while the Calu-3 cells of the initial experiment, kindly provided by the lab of 

Susanne Herold, Justus Liebig University Giessen, were approx. of passage 60.  

To effectively counteract viral infection, cells need to rapidly launch their antiviral response. Therefore, 

immediate-early innate immune gene activation upon SARS coronavirus infection in Calu-3 cells was 
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evaluated next. For this, RNA samples were obtained after 8 h of infection in low passage Calu-3 cells 

and the compilation of marker genes that were shown to react to RNA virus infection was employed 

(see Figure 8).  

As shown in Figure 32, similar results concerning innate immune gene induction were obtained with 

the low passage batch of Calu-3 cells. It can therefore be concluded that SARS-CoV-2 infection leads 

to a genuine upregulation of innate immune genes in Calu-3 cells, and Calu-3 cell batches can be used 

interchangeably. However, this observed immune gene induction is exclusive to Calu-3 cells.  

Moreover, SARS-CoV-2 infection led to a robust upregulation of all tested innate immune genes 

(Figure 32A, B) already at an early time point of 8 h post infection. mRNAs for IFNs (IFN-β, IFN-λ1 

and IFN-λ2) were upregulated approximately 1,000-fold; for cytokines (CCL4, CCL5, CXCL10, IL-6, 

TNF-α, TNFSF10) as well as ISGs and other effectors (CH25H, IFIT1, ISG15, OAS1, OAS2, OAS3, 

PARP14, RSAD2) 10- to 100-fold. IL-8 was thereby the lowest cytokine gene induced by any of the 

viruses. In stark contrast to SARS-CoV-2, infection with the 2003-emerged SARS-CoV-1 again did not 

substantially induce the innate immunity markers. Notably, at 8 h post infection, relative and absolute 

virus loads in Calu-3 cells were higher for SARS-CoV-2- than for SARS-CoV-1-infected cells (Figure 

32C, D).  

 

Figure 32: Immediate-early IFN, cytokine and ISG induction profile upon SARS-CoV-2 infection of 

Calu-3 cells. Calu-3 cells of low passage were infected with the indicated virus at an MOI of 1. Cells 

were lysed at 8 h post infection and subjected to cellular RNA extraction. Gene expression of IFNs and 

cytokines (A) and classic ISGs and other effectors (B) was measured by quantitative real-time PCR. 

Differential gene expression (A, B) was calculated using the ΔΔCT method and results are given as fold-

induction over the uninfected mock control. 18S rRNA was used as a reference gene. Relative viral gene 

expression (C) is pictured as CT value for viral E (SARS CoVs) or L (RVFV Cl13) gene normalized to 

18S rRNA control. Absolute viral load of SARS CoVs (D) is measured in genome equivalent (GE) 

number.  
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Previous studies suggest that a certain threshold of SARS-CoV-2 infection is needed for IFN and ISG 

induction (Blanco-Melo et al. 2020). To further investigate this, the experiment was repeated using a 

10-fold lower input MOI and samples were analyzed at 8 h and 24 h post infection.  

 

Figure 33: Differential gene expression upon SARS-CoV-2 infection of Calu-3 cells at lower virus loads. 

Calu-3 cells were infected with the indicated virus at an MOI of 0.1. Cells were lysed at 8 h (A) and 

24 h (B) post infection and subjected to cellular RNA extraction. Gene expression was measured by 

quantitative real-time PCR. Differential gene expression (A, B) was calculated using the ΔΔCT method 

and results are given as fold-induction over the uninfected mock control. 18S rRNA was used as a 

reference gene. Relative viral gene expression (C) is pictured as CT value for viral E (SARS CoVs) or 

L (RVFV) gene normalized to 18S rRNA control. Absolute viral load of SARS CoVs (D) is measured 

in genome equivalent (GE) number. 
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At 8 h post infection, using an input MOI of 0.1 lowered, but did not abrogate, IFN gene upregulation 

by SARS-CoV-2; however, upregulation of cytokine genes and ISGs was hardly above mock levels for 

both SARS coronavirus species (Figure 33A). Still, induction of these genes upon RVFV Cl13 infection 

was also considerably low under these conditions. At 24 h post infection, both SARS-CoV-2 and RVFV 

Cl13 strongly induced expression of all genes tested to a similar degree, even with a lower input MOI 

(Figure 33B). As expected, no immune gene induction was observed upon SARS-CoV-1 infection. 

These data therefore indeed support the hypothesis that a certain threshold of SARS-CoV-2 virus load 

in the host cell is needed to induce an antiviral response on transcriptional level. However, this 

phenomenon was only observed for cytokines and ISGs, as IFN gene induction was independent of virus 

load and timepoint post infection.  

Small differences in viral loads (Figure 33C, D) were comparable to the earlier experiments. However, 

having shown that SARS-CoV-2 infection is able to stimulate IFN gene expression even at a lower virus 

load in Calu-3 cells at 8 h post infection, compared to no IFN gene induction by SARS-CoV-1 at a 

higher virus load at 24 h post infection (Figure 33D), it can be assumed that the clear differences in 

gene induction between the two SARS coronavirus species are not due to differences in virus load.  

 

7.2.6 IFN and ISG expression upon SARS-CoV-2 infection in human lung 

cell lines 

Next, it was to be investigated if the transcriptional induction of IFNs and ISGs also translates to an 

upregulation on a protein level. To evaluate the expression of ISGs upon SARS-CoV-infection, Calu-3, 

H1299 and A549-ACE2 cells were infected at an MOI of 1, cell lysates were collected 24 h post 

infection and subjected to immunoblotting (Figure 34).  

In H1299 and A549-ACE2 cells, ISGs IFIT1 and MxA were expressed only upon infection with the 

control virus RVFV Cl13. By contrast, in Calu-3 cells SARS-CoV-2 infection induced expression of 

MxA to a similar degree as the control virus, while SARS-CoV-1 caused no upregulation. IFIT1 was 

robustly induced by the control virus and slightly upregulated by infection with either SARS coronavirus 

species. These observations show that SARS-CoV-2 not only induces expression of IFN and ISGs on 

mRNA level, but also on protein level, and that this induction again is limited to Calu-3 but not H1299 

and A549-ACE2 cells. 
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Figure 34: Production of ISGs upon SARS-CoV-2 infection. Cells were infected with the indicated virus 

at an MOI of 1 for 24 h. Cell lysates were analyzed for the indicated antigens using immunoblotting. 

The data are representative of three independent experiments. Molecular markers are shown on the left 

sides of the blots. kDa, kilodalton; N, nucleoprotein.  

Further, IFN secretion upon SARS coronavirus infection was assessed. For this, an established IFN 

bioassay was employed (Kuri et al. 2010). To measure the presence and amount of type I IFN, this assay 

relies on the inhibition of a highly IFN-sensitive reporter virus by type I IFN in a given sample. Here, 

A549 cells were incubated with supernatants from SARS-CoV-2-, SARS-CoV-1-, and RVFV Cl13-

infected H1299, A549-ACE2, and Calu-3 cells. Supernatants were treated with β-propiolactone thus 

inactivating infectious virus while preserving IFNs. Pre-incubated A549 cells were subsequently 

infected with the reporter virus RVFV-delNSs::Renilla. This virus has its gene for the virulence factor 

NSs replaced by the Renilla luciferase gene. Due to the lack of NSs, RVFV-delNSs::Renilla is highly 

sensitive to IFN. Further, inclusion of the Renilla luciferase gene allows for virus quantification via 

luciferase readout.  

Confirming the previous results on gene expression level, the replication of the reporter virus was not 

affected by treatment with supernatant from SARS-CoV-2- and SARS-CoV-1-infected H1299 and 

A549-ACE2 cells (Figure 35). This indicates that there is no type I IFN released from either of those 

cell lines upon infection with either coronavirus. As expected, infection of H1299 and A549-ACE2 with 

control virus RVFV Cl13 led to a robust type I IFN induction which is mirrored by nearly complete 

inhibition of reporter virus growth. Supernatant derived from SARS-CoV-2-infected Calu-3 cells, 

however, was able to inhibit reporter virus growth to a similar degree as RVFV Cl13. This confirms that 

biologically active type I IFN is released from SARS-CoV-2-infected Calu-3 cells, while no IFN is 

detectable upon SARS-CoV-1 infection.  
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Figure 35: Production of IFN upon SARS-CoV-2 infection. Cells were infected with the indicated virus 

at an MOI of 1. 24 h post infection, supernatant was collected and inactivated using β-propiolactone. 

Inactivated supernatant was transferred to A549 cells and incubated for 7 h. A549 cells were then 

infected with the IFN-sensitive reporter virus RVFV-delNSs::Renilla for 16 h. Renilla luciferase was 

measured as readout for reporter virus growth. Results are given as relative RVFV-delNSs::Renilla 

growth compared to mock control (100%). Individual values (dots) and geometric mean values (bars) 

from three biological replicates are shown. Values were analyzed by ordinary one-way ANOVA with 

Dunnett’s post-test compared to mock control. ***P<0.0002; ****P<0.0001; ns, not significant 

(Graphpad Prism). RLU, relative luciferase units. 

 

7.2.7 Transcriptomic analysis of SARS-CoV-infected human lung cell lines 

To investigate the striking differences in innate immune factor induction between the three human lung 

carcinoma cell lines H1299, A549-ACE2 and Calu-3 following SARS-CoV-2 infection, in a next step, 

transcriptomic analyses of those cell lines were performed. 

On the one hand, transcriptomic signatures upon SARS-CoV-2 and SARS-CoV-1 infection were more 

closely investigated. On the other hand, the transcriptomic profiles of uninfected cells were compared 

to identify potential basic differences between the cell lines.  

For this, H1299, A549-ACE2 and Calu-3 cells were infected with SARS-CoV-2 or SARS-CoV-1 at an 

MOI of 1 for 24 h, RNA was obtained from cell lysates and infection was confirmed by qRT-PCR 

(Figure 36A–C). Subsequently, bulk mRNA sequencing was performed on these RNA samples. The 

percentage of viral reads over total reads is shown in Figure 36D and mirrors total genomic RNA 

assessment in samples.  
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Figure 36: Viral RNA in total cellular RNA for transcriptomic analysis. H1299 (A, D), A549-ACE2 

(B, D), and Calu-3 (C, D) cells were infected with the indicated virus at an MOI of 1. Cells were lysed 

at 24 h post infection and subjected to cellular RNA extraction. (A – C) Total viral RNA per sample 

was assessed via qRT-PCR. Individual values (dots) and geometric mean values (bars) from two 

biological replicates are shown. (D) Percentage of virus-aligned reads (over total reads) is indicated for 

each sample upon RNAseq transcriptomic profiling. Individual values from two biological replicates 

are shown. GE, genome equivalents. 

In line with the previous experiments, viral load was greatest in Calu-3 cells, intermediate in 

A549-ACE2 cells, and lowest in H1299 cells. Accordingly, differentially expressed gene (DEG) profiles 

(adjusted p value Padj ≤ 0.05; cut off: log2-fold change < -2 or > 2) compared to uninfected control cells 

varied between the three cell lines, as expected (Table 51).  

Table 51: Number of differentially expressed genes following SARS coronavirus infection 

 H1299 A549-ACE2 Calu-3 

SARS-CoV-2 SARS-CoV-1 SARS-CoV-2 SARS-CoV-1 SARS-CoV-2 SARS-CoV-1 

upregulated 0 0 1 3 743 143 

downregulated 0 0 0 0 13 1 
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Figure 37: Top 50 upregulated genes upon SARS-CoV-2 (A, B) or SARS-CoV-1 (C, D) infection of 

Calu-3 cells compared to mock cells. Calu-3 cells were infected with SARS-CoV-2 or SARS-CoV-1 at 

an MOI of 1 for 24 h, at which point mock and infected samples were harvested for bulk RNAseq 

analysis. (A, C) Heatmaps displaying the top 50 upregulated genes upon SARS coronavirus infection. 

The displayed genes were filtered by an adjusted p value ≤ 0.05, and sorted by absolute log2-fold 

change, for which the value is given in each cell. The corresponding log2-fold change value for the other 

virus is also shown. Statistical significance (adjusted p value ≤ 0.05) is indicated by bold lettering of the 

log2-fold change values. Data are averages from two biological replicates. (B, D) Statistically enriched 

GO terms within the gene sets displayed in A and C, as analyzed using Metascape (Zhou et al. 2019). 

Only in Calu-3 cells, SARS coronavirus infection evoked a substantial differential regulation of host 

cellular genes. Upon SARS-CoV-2 infection, more genes were up- and downregulated than following 
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SARS-CoV-1 infection. In both cases, more upregulated than downregulated genes were measured 

(Table 51). The top 50 upregulated genes in SARS coronavirus infection of Calu-3 cells are displayed 

in Figure 37. Confirming previous experiments (Figure 31 and Figure 32), the transcriptomic profile 

of only SARS-CoV-2-infected Calu-3 cells displayed a profound antiviral signature (Figure 37A, B). 

In contrast, Calu-3 infection with SARS-CoV-1 (Figure 37C, D) did not elicit this fundamental 

induction of IFN and IFN-stimulated genes. Moreover, genes were less strongly upregulated in 

SARS-CoV-1-infected cells, indicated by lower log2-fold change values. 

These differences between the two SARS coronavirus species were further visualized by generating 

volcano plots of all DEGs upon SARS coronavirus infection and highlighting the genes annotated to the 

GO list #0009615 “response to virus” (obtained from https //www.ebi.ac.uk/QuickGO/). As shown in 

Figure 38, genes belonging to this gene set were profoundly upregulated upon SARS-CoV-2 infection 

of Calu-3 cells (52 genes upregulated). In contrast, only a modest upregulation of a much smaller number 

of genes was observed following SARS-CoV-1 infection (9 genes upregulated).  

 

Figure 38: Antiviral signatures of SARS-CoV-infected Calu-3 cells. Calu-3 cells were infected with the 

indicated virus at an MOI of 1 for 24 h, at which point mock and infected samples were harvested for 

bulk RNAseq analysis. Volcano plots are shown with all DEGs in gray and the gene set annotated to the 

GO list #0009615 “response to virus” highlighted in purple. The displayed genes were filtered by an 

absolute log2-fold change of 2 and an adjusted p value ≤ 0.05. Data are averages from two biological 

replicates. 

In addition to the upregulated gene signature, downregulated genes in SARS coronavirus-infection were 

also examined. The top 30 downregulated genes upon infection of Calu-3 cells are displayed in Figure 

39. Here too, SARS-CoV-2 more strongly downregulated host cell genes than did SARS-CoV-1. 

Interestingly, among the top downregulated genes upon SARS-CoV-2 infection were RNR2 and RNR1, 

while these two host genes were slightly upregulated in SARS-CoV-1 infection (Figure 39A). RNR2 

and RNR1 genes code for mitochondrially encoded 16S and 12S RNA, respectively.  
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Figure 39: Top 30 downregulated genes upon SARS-CoV-2 (A) or SARS-CoV-1 (B) infection of Calu-3 

cells compared to mock cells. Calu-3 cells were infected with SARS-CoV-2 or SARS-CoV-1 at an MOI 

of 1 for 24 h, at which point mock and infected samples were harvested for bulk RNAseq analysis. The 

displayed heatmaps show genes filtered by an adjusted p value ≤ 0.05 and sorted by absolute log2-fold 

change, for which the value is given in each cell. The corresponding log2-fold change value for the other 

virus is also shown. Statistical significance (adjusted p value ≤ 0.05) is indicated by bold lettering of the 

log2-fold change values. Data are averages from two biological replicates. 

The host cellular transcriptomic response upon SARS coronavirus infection of A549-ACE2 cells was 

sparse. Figure 40 shows all significantly differentially regulated genes for these conditions. Notably, 

the three differentially upregulated genes upon SARS-CoV-2 infection, EGR1, FOSB and ATF3, are 

upregulated to a comparable degree also in SARS-CoV-1 infection, indicating a similar influence on 

A549-ACE2 cellular transcription by both viruses. 
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Figure 40: Total differentially regulated genes upon SARS-CoV-2 (A) or SARS-CoV-1 (B) infection of 

A549-ACE2 cells compared to mock cells. A549-ACE2 cells were infected with SARS-CoV-2 or 

SARS-CoV-1 at an MOI of 1 for 24 h, at which point mock and infected samples were harvested for 

bulk RNAseq analysis. The displayed heatmaps show genes filtered by an adjusted p value ≤ 0.05 and 

sorted by absolute log2-fold change, for which the value is given in each cell. The corresponding log2-

fold change value for the other virus is also shown. Statistical significance (adjusted p value ≤ 0.05) is 

indicated by bold lettering of the log2-fold change values. Data are averages from two biological 

replicates. 

Next, to elucidate potential fundamental differences between the three human lung cell lines, 

transcriptomic profiles of uninfected H1299, A549-ACE2 and Calu-3 cells were compared. Figure 41 

shows the top 50 upregulated as well as the top 50 downregulated genes in uninfected Calu-3 cells 

compared to H1299 or A549-ACE2 cells.  
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Figure 41: Comparison of transcriptomic profiles of uninfected human lung cell lines. H1299, 

A549-ACE2 or Calu-3 cells were mock infected for 24 h, at which point samples were harvested for 

bulk RNAseq analysis. Heatmaps display the top 50 upregulated (A, B) and the top 50 downregulated 

(C, D) genes in Calu-3 cells versus H1299 (A, C) and A549-ACE2 (B, D) cells. The displayed genes 

were filtered by an adjusted p value ≤ 0.05 and sorted by absolute log2-fold change, for which the value 

is given in each cell. Data are averages from two biological replicates. 

In Calu-3 cells, 971 genes were upregulated compared to H1299 cells, and 673 genes compared to 

A549-ACE2 cells. Thereby, a shared set of 434 genes was upregulated compared to both cell lines 

(Figure 42A). To further characterize the differences between these cell lines, transcription factor 

analysis was performed on this overlap of gene lists (upregulated in Calu-3 versus H1299 and 

A549-ACE2 cells). This revealed that naïve Calu-3 cells displayed a signature characterized by profound 

enrichment of genes regulated by transcription factors involved in immunity and inflammatory 

responses, like NF-κB subunits NFKB1 and RELA or members of the STAT family (Figure 42B).  

At the same time, 797 genes were downregulated in Calu-3 cells compared to H1299 cells, and 672 

genes compared to A549-ACE2 cells. 250 genes were downregulated in relation to both cell lines 

(Figure 42C). Transcriptional analysis of this overlap of gene lists rendered less enriched transcription 

factor targets than analysis of the upregulated overlap (Figure 42D). Of note, target genes of NF-κB 

subunit NFKB1 were also enriched in the downregulated overlap, although not as strongly as in the 

upregulated set. RELA, STAT1 and STAT3 targets were not enriched.  
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Of note, gene ontology analyses with the sets of overlapping genes were also performed, but were 

inconclusive and provided no useful information in this case (Figure 49, annex). 

 

Figure 42: Naïve Calu-3 c lls  xhibit a “pr -stimulat d” stat  compar d to H1299 and A549-ACE2 

cells. H1299, A549-ACE2 or Calu-3 cells were mock infected for 24 h, at which point samples were 

harvested for bulk RNAseq analysis. Genes were filtered by an absolute log2-fold change of 5 and an 

adjusted p value ≤ 0.05. Data are averages from two biological replicates. (A, C) Venn diagrams 

showing the numbers of up- (A) and down- (C) regulated genes in Calu-3 cells versus H1299 and 

A549-ACE2 cells. (B, D) Statistically enriched transcription factors regulating genes within the 

overlapping gene set “upregulated in Calu-3 cells compared to H1299 and A549-ACE2 cells” (B) and 

“downregulated in Calu-3 cells compared to H1299 and A549-ACE2 cells” (D), as analyzed using 

Metascape (Zhou et al. 2019). TF, transcription factor; vs, versus. 

Two recent publications corroborate the here presented findings that SARS-CoV-2 induces IFNs and 

other innate immune genes in Calu-3 cells. Thereby, this phenomenon was attributed on the one hand 

to lower basal levels of RIG-I (Yamada et al. 2021), and on the other hand to higher levels of MDA5 

(Li et al. 2021) in these cells. Consequently, in a next step of this work, the expression levels of those 
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PRRs in the three human lung cell lines were assessed. In contrast to Yamada et al., but in agreement 

with Li et al., Calu-3 cells exhibited higher levels of both RIG-I and MDA5 than did H1299 and 

A549-ACE2 cells (Figure 43).  

 

Figure 43: PRR levels in uninfected human lung cell lines. H1299, A549-ACE2 or Calu-3 cells were 

mock infected for 24 h. (A) Cell lysates were analyzed for the indicated antigens using immunoblotting. 

The data are representative of three independent experiments. Molecular markers are shown on the left 

sides of the blots. (B, C) Western Blot bands were quantified using the Image Lab software. Normalized 

amounts of PRRs are given as intensity of PRR divided by intensity of reference gene tubulin. kDa, 

kilodalton. 

Taken together, this work found that SARS-CoV-2, but not SARS-CoV-1 induces a strong upregulation 

of IFNs and other innate immune genes, which is limited to Calu-3 cells. Calu-3 cells, in comparison to 

H1299 and A549-ACE2 cells, were shown to express a transcriptional profile dominated by target genes 

of innate immunity-associated transcriptions factors. Furthermore, Calu-3 cells expressed higher basal 

levels of PRRs RIG-I and MDA5. Therefore, it is tempting to hypothesize that Calu-3 cells, as opposed 

to H1299 and A549-ACE2 cells, exhibit a “pre-stimulated” state which allows for rapid innate immunity 

activation upon SARS-CoV-2 infection. Still, this innate immune activation is absent in SARS-CoV-1 

infection, indicating different properties of the two SARS coronaviruses to suppress Calu-3 antiviral 

mechanisms.  

 

BSL-3 work involved in data generation for Figure 31 – Figure 43 and Figure 49 was in part performed 

by Patrick Schmerer and Simone Lau (Institute for Virology, FB10, Justus Liebig University Giessen). 

RNAseq was performed by Benjamin Ott (Institute of Medical Microbiology, Justus Liebig University 

Giessen). Transcriptomic and bioinformatic analyses for Figure 36 – Figure 42 and Figure 49 were 

performed with the great help of Torsten Hain and Benjamin Ott (Institute of Medical Microbiology, 

Justus Liebig University Giessen).   
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8 Discussion 

Newly emerging viruses pose a great threat to global health and economics. To better understand human 

infection with novel viruses, it is vital to gain a thorough understanding of these viruses’ interactions 

with the innate immune system, the body’s first line of defence against intruding pathogens. This work 

focused on the characterization of two novel viruses with regard to their innate immunity phenotype. 

The first analysis concerned the recently described Ntepes virus, a member of the genus Phlebovirus, 

alongside related newly discovered phleboviruses with unknown implications for human disease. The 

second study focused on SARS coronavirus 2, the causative agent of the ongoing global COVID-19 

pandemic, which, at the time of writing, has resulted in more than 222 million infections and claimed 

approx. 4.5 million deaths worldwide (COVID-19 Dashboard, Johns Hopkins University, accessed on 

08 September 2021).  

8.1 Newly discovered phleboviruses with potential implications 

for human health 

A sandfly vector surveillance study conducted in 2014 in Kenya identified a previously unknown 

phlebovirus termed Ntepes virus (NTPV; Tchouassi et al. 2019). This work presents the first innate 

immunity characterization of NTPV. To this end, human cell line susceptibility to NTPV, IFN, cytokine 

and ISG induction, as well as sensitivity to type I and type III IFN were assessed through infection 

experiments (chapter 7.1.1 to 7.1.4). Thereby, NTPV was compared to its closest known relative Gabek 

Forest virus (GFV) and two well-characterized Rift Valley fever virus (RVFV) strains of different 

pathogenicity. Further, a molecular functional characterization of NTPV virulence factor NSs was 

conducted (chapter 7.1.5). For these analyses, NSs proteins of four additional newly discovered 

phleboviruses were included, namely Embossos (EMBV), Bogoria (BGRV), Kiborgoch (KBGV) and 

Perkerra (PERV) viruses (Marklewitz et al. 2020), in comparison to the well-known NSs proteins of 

Rift Valley fever virus (RVFV), Sandfly fever Sicilian virus (SFSV) and two members of the Punta 

Toro virus (PTV) species group. NSs proteins were evaluated regarding their ability to counteract the 

induction of innate immune genes in luciferase-based reporter assays, and host cell binding partners of 

NSs proteins were identified through mass spectrometry interactome analyses. 

8.1.1 Innate immunity characterization of novel phlebovirus Ntepes virus 

suggests low pathogenicity in humans 

The innate immune system, with type I (IFN-α/β) and type III (IFN-λ) IFNs as key players, acts as first-

line defence against intruding pathogens. IFNs produced upon virus infection induce the expression of 

many ISGs of which several have direct antiviral functions (Schoggins et al. 2011). Consequently, 

pathogenic viruses have developed strategies to counteract IFN induction and/or signalling. 
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This work demonstrated that in vitro NTPV infection induces efficient production of IFNs, related 

cytokines and ISGs on a transcriptional level, thereby mirroring the response to avirulent RVFV Cl13 

infection (Figure 8). This suggests that NTPV is unable to inhibit the host innate immune response 

efficiently and completely. The natural mutant Cl13 expresses a truncated, non-functional NSs virulence 

protein (Muller et al. 1995) and, as a consequence, is an excellent inducer of innate immune genes 

(Billecocq et al. 2004). In contrast, RVFV vaccine strain MP-12 expresses a functional NSs (Caplen et 

al. 1985) targeting the innate immune system (Eifan et al. 2013) and, as expected, led to lower induction 

levels of IFNs and cytokines. NTPV carries an NSs open reading frame in its S segment, predicted to 

encode a 30 kDa protein (Tchouassi et al. 2019). Possible explanations for this discrepancy are that 

NTPV NSs is either not as efficient as RVFV NSs in counteracting the innate immune response, or, 

although less likely, that it is not expressed in the infected cell.  

IFN and cytokine induction upon virus infection is critical to combat the infection, but needs to be 

balanced, as an unchecked pro-inflammatory cytokine expression can lead to pathologic 

hyperinflammation and increased disease severity. The effects of IFN and cytokine upregulation in 

phenuivirus infection vary between different virus species. On the one hand, it has been shown for 

members of the PTV serogroup that the low-pathogenic PTV Balliet strain, but not the more virulent 

Adames strain, efficiently induces IFNs, cytokines and ISGs in primary mouse macrophages 

(Mendenhall et al. 2009). On the other hand, high levels of pro-inflammatory cytokines such as IL-6, 

IL-10 or TNF-α, were positively correlated with disease severity in Severe fever with thrombocytopenia 

syndrome virus (SFTSV), TOSV, and RVFV patients (Jansen van Vuren et al. 2015; Liu et al. 2017a; 

Fujikawa et al. 2019; Vilibic-Cavlek et al. 2020). While in vitro NTPV infection leads to a strong 

upregulation of those pro-inflammatory cytokines, type I and type III IFNs are efficiently induced as 

well, suggesting a balanced activation of the innate immune system correlated with lower pathogenicity 

as seen with RVFV Cl13.  

Further, this work shows that NTPV is sensitive to systemically active type I IFN (Figure 9), as well as 

to type III IFN acting on mucosal surfaces (Figure 10). Again, IFN sensitivity was comparable to RVFV 

Cl13 and increased compared to RVFV MP-12. Inhibitor studies targeting host IFN signalling confirmed 

that the IFN produced upon NTPV infection can limit NTPV replication in vitro, as demonstrated by a 

titre increase upon IFN signalling disruption by the drug Ruxolitinib (Figure 11). This indicates that the 

host innate immune response is effective against NTPV infection. Of note, there were cell-line 

dependent differences in IFN and inhibitor assays, with effects being more pronounced in lung A549 

cells than in liver Huh7 cells. This hints at the notion that A549 cells respond more efficiently to 

infection and to paracrine IFN signalling.  

Moreover, NTPV behaved differently than its closest relative GFV. GFV consistently exhibited a 

phenotype similar to RVFV MP-12, except for an increased sensitivity to type III IFN. It may therefore 

be assumed that GFV has the potential to be more virulent in humans than NTPV. Although known to 



Discussion | Ulrike Felgenhauer 

 

 

119 

infect humans (Tesh et al. 1976; Palacios et al. 2014), to date, the pathogenicity of GFV in humans is 

unknown. In hamsters however, GFV infection causes fatal disease resembling RVF (Tesh and Duboise 

1987; Fisher et al. 2003), which is fitting with the presented in vitro data.  

NTPV seropositivity has been measured at 13.9% in Kenyan populations (Tchouassi et al. 2019). 

However, to date no acute infection in humans has been documented. The generally short viremic period 

and a limited availability of molecular diagnostic methods in endemic regions of phleboviruses may 

result in under-reporting of those infectious diseases. This notion is supported by the universal pathology 

of phlebovirus infections including common febrile symptoms, complicating differential diagnosis. 

Recently, the uncharacterized phlebovirus Adria virus, which had been thought to cause solely 

asymptomatic infections, was found associated with human disease (Anagnostou et al. 2011). In other 

instances, novel phleboviruses were isolated from symptomatic patients (Travassos da Rosa et al. 1983; 

Laubscher et al. 2019). Therefore, the possibility that NTPV can cause disease in humans is not to be 

neglected. However, this work showed that novel phlebovirus NTPV exhibits similar innate immune 

characteristics to attenuated RVFV strain Cl13. It is thus tempting to speculate that NTPV is low-

pathogenic in humans. Nonetheless, enhanced viral replication upon IFN signalling interruption 

underscores a potential risk of more severe disease in immunocompromised individuals.  

 

8.1.2 Non-structural proteins NSs of novel phleboviruses exhibit distinct 

anti-innate immunity characteristics 

To counteract innate immunity induction, most members of the phenuiviridae family encode a small 

non-structural protein termed NSs, which for several species has been shown to exhibit anti-IFN 

characteristics (Eifan et al. 2013). The potency of NSs proteins has been observed to dictate phenuivirus 

pathogenicity. Highly pathogenic RVFV carries a multifunctional NSs targeting several host pathways 

like IFN induction, host transcription, and protein kinase R (PKR) activation (Le May et al. 2008; 

Billecocq et al. 2004; Habjan et al. 2009b; Ikegami et al. 2009). The natural RVFV variant Cl13 

expresses a truncated, non-functional NSs and is therefore profoundly attenuated (Muller et al. 1995; 

Billecocq et al. 2004). By contrast, NSs proteins of non- or intermediately pathogenic phenuiviruses, 

while exhibiting certain anti-IFN mechanisms, are unable to fully antagonize the host IFN response 

(Gori Savellini et al. 2011; Brisbarre et al. 2013; Rezelj et al. 2015; Rezelj et al. 2017; Wuerth et al. 

2018). Here, the antagonistic capacities of NSs proteins of novel phleboviruses NTPV, BGRV, EMBV, 

KBGV, and PERV, as well as GFV were characterized, in comparison to well-known NSs proteins of 

RVFV, SFSV, and two members of the PTV species group. Luciferase-based reporter assays were used 

to determine the antagonistic qualities of NSs to counteract the induction of innate immune genes, and 

mass spectrometry interactome analyses were employed to determine host cell binding partners of NSs 

proteins. 
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All NSs proteins of novel phleboviruses, except for KBGV, suppressed IFN-β, ISG54, NF-κB-

dependent and/or Mx1 (IFN-stimulated response element, ISRE) promoter induction through pattern 

recognition receptor (PRR), TNF and/or type I IFN signalling. Antagonistic profiles were distinct, with 

only BGRV and PERV NSs exhibiting a similar pattern (Figure 18). Therefore, it is tempting to 

speculate that these novel phlebovirus NSs proteins exhibit unique functions in their ability to counteract 

different innate immunity pathways.  

Interestingly, promoter inhibition was not consistent across promoters nor across stimulation pathways. 

For instance, IFN-β and ISG54 promoter induction upon VSV-RNA stimulation was not uniformly 

antagonized. GFV and EMBV NSs inhibited VSV-RNA-stimulated IFN-β, but not ISG54 promoter 

activation. On the other hand, NTPV NSs counteracted TNF-α-, but not VSV-RNA-induced NF-κB-

dependent promoter induction, and GFV NSs showed the exact opposite picture. Further, IFN-α-

stimulated induction of the Mx1 promoter, but not the ISG54 promoter, was suppressed by BGRV and 

PERV NSs. While both Mx1 and ISG54 promoters contain an ISGF3-responsive ISRE, in contrast to 

early-induced Mx1 transcription, ISG54 transcription has been shown to be a late event in innate 

immunity, mediated by distinct phosphorylation of STAT1 as part of the ISGF3 (Perwitasari et al. 2011). 

Thereby, STAT1 Ser708 phosphorylation, mediated by kinase IKKε, increases promoter binding affinity 

required for ISG54 induction (tenOever et al. 2007). One can therefore suggest that BGRV and PERV 

NSs may interfere with initial STAT1 Tyr701 phosphorylation by JAK/TYK kinases, but not with late 

Ser708 phosphorylation by IKKε. Indeed, the present interactome analysis identified TYK2 as binding 

partner of PERV NSs in eight out of nine measurements; JAK1 was found associated with all tested NSs 

except SFSV. Of note, IKKε in concert with TBK1 also plays a role in IRF3/7 activation downstream 

of PRR signalling. Both BGRV and PERV NSs were found in this work to inhibit viral RNA-mediated 

promoter induction downstream of TBK1 but upstream of IRF3. While several binding partners were 

identified for BGRV NSs that hint at TBK1 inhibition, no such interactors were found for PERV NSs. 

However, this does not exclude the possibility that PERV NSs acts on TBK1-IRF3 activation through 

other mechanisms than protein-protein interactions at this level. For instance, PERV NSs could mediate 

the degradation of host cell proteins. Indeed, interaction of PERV NSs with several Cullin proteins was 

detected, which are part of the ubiquitination machinery to target proteins for degradation. In any case, 

absent ISG54 promoter inhibition suggests that IKKε is not inhibited by BGRV and PERV NSs.  

 

Further, focusing on phlebovirus NSs cellular interactors and targeted pathways which were unique 

among the tested NSs proteins, several proteins of interest were identified that could be involved in 

innate immune gene repression and further interference with host cellular functions.  

NTPV NSs antagonized viral RNA-mediated IFN-β and ISG54 promoter induction upstream of TBK1. 

Additionally, it strongly inhibited IFN-α-mediated Mx1 and ISG54 induction, and reduced TNF-α-

mediated NF-κB-dependent signalling. Interactome analysis showed NTPV NSs to bind several innate 
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immunity host factors that could serve to explain this inhibitory phenotype. For instance, NTPV NSs 

might inhibit IFN-β and ISG54 promoter induction through interaction with DUSP11, which reduces 

RIG-I activation by modifying 5’ppp ends of RNAs (Choi et al. 2020a), and NF-κB-dependent 

signalling by association with histone methyltransferase ASH1L, which upregulates factors involved in 

negative regulation of NF-κB induction.  

 

Figure 44: Schematic representation of the antagonistic effect of NTPV NSs protein on innate immune 

gene induction (see Figure 18), together with select interactors of NTPV NSs (as identified by mass 

spectrometry) and possible biological functions of these interactions. Left panel, NSs influence on the 

IFN-β promoter activation cascade; middle panels, NSs influence on the activation of ISG54, NF-κB-

dependent and Mx1 promoters; right panel, putative NSs influence on other cellular pathways.  

In addition, NTPV NSs might have a negative effect on inflammasome activation. NTPV NSs was found 

to interact with Inositol 1,4,5-trisphosphate receptors (ITPR), functioning as channels for calcium 

release from the ER, which induces NLRP3 inflammasome activation leading to apoptosis (Chen et al. 

2017). The NLRP3 inflammasome has been shown to be activated by infection with a RVFV NSs 

deletion mutant, but not with MP-12 (Ermler et al. 2014), suggesting that RVFV NSs inhibits the NLRP3 

inflammasome. Furthermore, NTPV NSs exhibited a strong and unique interaction with inflammasome 

protein NLRP1. Upon stimulation by pathogens, the NLRP1 inflammasome induces the activation of 

caspase-1 (CASP1), which leads to the release of pro-inflammatory cytokines like IL-1β and to cell 

death. NLRP1 was recently identified to be activated by long dsRNA (Bauernfried et al. 2021). Although 

infection with a negative strand RNA (ss(–)RNA) virus did not lead to NLRP1 infection, presumably 

because long dsRNA is not produced to detectable levels during ss(–)RNA virus infection (Weber et al. 

2006), NLRP1 was still responsive to short dsRNA constructs in cell-free systems, suggesting additional 

mechanisms of activation, which could be fulfilled upon NTPV infection. DNA viruses Vaccinia virus 

and Kaposi’s sarcoma-associated herpes virus have been shown to express proteins that bind to and 

thereby inhibit NLRP1 (Chavarría-Smith and Vance 2015). A similar mechanism is conceivable for 
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NTPV NSs, possibly by sequestering NLRP1 from its adapter protein ASC and from CASP1, which 

were not found in the interactome analysis, indicating a dissociation from NLRP1. Notably, long dsRNA 

is also recognized by the PRR  DA5, and proteins annotated to the GO term “regulation of MDA5 

signalling pathway” were enriched among NTPV interactors. Further experiments are needed to address 

the question if long dsRNA might be produced during NTPV infection. Lastly, Centrin-2 was also 

identified as a unique interactor of NTPV NSs. Centrin-2 is involved in microtubule organisation, DNA 

damage repair and mRNA export. Notably, “regulation of nucleocytoplasmic transport” was among the 

enriched GO terms for NTPV NSs interactors. RVFV NSs causes an mRNA export block in the host 

cell (Copeland et al. 2015) so it is possible for NTPV NSs to interfere with the nuclear import and export 

machinery as well, possibly to create a favourable environment for viral transcript translation over host 

cellular mRNA (see Figure 44 and Table 48). 

GFV NSs impeded viral RNA-induced IFN-β and NF-κB-dependent promoter induction upstream of 

TBK1, as well as IFN-α-mediated Mx1 and ISG54 promoter induction. Strikingly, GFV NSs strongly 

interacted with the mitochondrial adapter molecule MAVS, which was unique across all NSs interactor 

lists. As part of PRR signalling, MAVS governs downstream cascades leading to IRF3/7, NF-κB and 

AP-1 induction. Indeed, IFN-β and NF-κB-dependent promoter expression upon viral RNA stimulation 

was suppressed in the presence of GFV NSs. However, GFV NSs had no effect on viral RNA-stimulated 

ISG54 promoter induction. Therefore, either GFV NSs binding to MAVS does not hinder signal 

transduction, or the promiscuous ISG54 promoter in this case is activated through a different mechanism 

that is not targeted by GFV NSs (see Figure 45 and Table 48). 

 

Figure 45: Schematic representation of the antagonistic effect of GFV NSs protein on innate immune 

gene induction (see Figure 18), together with a select interactor of GFV NSs (as identified by mass 

spectrometry) and possible biological functions of this interaction. Left panel, NSs influence on the 

IFN-β promoter activation cascade; right panels, NSs influence on the activation of ISG54, NF-κB-

dependent and Mx1 promoters.  
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EMBV NSs inhibited IFN-β induction downstream of  AVS and upstream of TBK1, and NF-κB-

dependent induction upon stimulation with VSV-RNA as well as with TNF-α. NF-κB inhibition 

regardless of stimulus suggests a target after the signalling pathways converge, namely at the 

IKKα/β/NE O complex. Indeed, E BV NSs bound to NE O, albeit weakly. Furthermore, E BV 

NSs interacted with translation initiation factor eIF3 complex subunit eIF3E. This interaction was much 

more pronounced than with all other NSs proteins, and comparable in magnitude to the interaction of 

SFSV NSs with eIF2B. SFSV has been shown to exploit this interaction to continue translation in the 

presence of activated PKR, an ISG which halts viral translation (Wuerth et al. 2020). EMBV might 

pursue a similar strategy to ensure ongoing viral translation (see Figure 46 and Table 48).  

 

Figure 46: Schematic representation of the antagonistic effect of EMBV NSs protein on innate immune 

gene induction (see Figure 18), together with select interactors of EMBV NSs (as identified by mass 

spectrometry) and possible biological functions of these interactions. Left panel, NSs influence on the 

IFN-β promoter activation cascade; middle panels, NSs influence on the activation of ISG54, NF-κB-

dependent and Mx1 promoters; right panel, putative NSs influence on other cellular pathways.  

BGRV NSs inhibited viral RNA-induced IFN-β and ISG54 promoter activation downstream of TBK1 

but upstream of IRF3, NF-κB-dependent promoter activation through TNF-α and viral RNA, as well as 

IFN-α-mediated Mx1, but not ISG54, promoter induction. Interactome analysis revealed BGRV NSs to 

associate with TRAFD1, which inhibits IRF3 and NF-κB activation through interaction with TRIF, 

MAVS, TRAF3 and TRAF6 (Sanada et al. 2008). Thus, stabilization of TRAFD1 by BGRV NSs could 

explain inhibition of IFN-β promoter and NF-κB-dependent promoter activation. Furthermore, BGRV 

NSs interacted with several components of the mTORC complex. The mTORC complex is upregulated 

upon RLR stimulation, and mTOR blockade has been shown to impede antiviral cytokine production 

by decreasing TBK1 phosphorylation (Fekete et al. 2020). By inhibiting mTOR kinase activity through 

direct interaction with MLST8, which positively regulates mTOR kinase activity within the mTORC1 
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complex (Jacinto et al. 2004), BGRV NSs could inhibit TBK1 phosphorylation and subsequent IRF3-

driven innate immune gene induction. Further, BGRV NSs associated with MIB2 and DNMT3A, which 

are also involved in TBK1 activation (Ye et al. 2014). Of note, BGRV NSs was still able to block IFN-β 

promoter expression upon TBK1 overexpression, indicating that TBK1 inhibition is very strong and 

likely requires multiple mechanisms, as discussed here. Further, BGRV NSs exhibited a strong unique 

interaction with E3 ubiquitin ligase CHIP, as well as an interaction with p62 (Sequestosome-1). CHIP 

and p62 interact with each other, so it is unclear if BGRV interacted directly with both or only one of 

them. In any case, CHIP inhibits RIPK3-triggered necroptosis upon TNF-α signalling (Seo et al. 2016) 

and p62 promotes the expression of cytoprotective genes by activation of the NRF2-Keap1 pathway. 

This pathway has been shown to be activated by SFTSV NSs (Choi et al. 2020b). Thus, BGRV NSs 

may, too, be involved in creating a favourable environment for virus replication in the host cell. 

Alternatively, by inhibiting rather than activating CHIP and p62, BGRV NSs may lead to host cell death. 

Strong cytopathic effect upon BGRV NSs transfection (data not shown) hints at the latter hypothesis. 

Additionally, p62 is implicated in regulation of NF-κB activation by TNF-α through interaction with 

RIPK1, probably aiding in IKKβ recruitment. Inhibition of p62-mediated NF-κB activation could be 

another mechanism by which BGRV NSs achieves the observed antagonism of the host innate immune 

signalling (see Figure 47 and Table 49).  

 

Figure 47: Schematic representation of the antagonistic effect of BGRV NSs protein on innate immune 

gene induction (see Figure 18), together with select interactors of BGRV NSs (as identified by mass 

spectrometry) and possible biological functions of these interactions. Left panel, NSs influence on the 

IFN-β promoter activation cascade; middle panels, NSs influence on the activation of ISG54, NF-κB-

dependent and Mx1 promoters; right panel, putative NSs influence on other cellular pathways.  
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PERV NSs, like BGRV NSs, was found to inhibit viral RNA-induced IFN-β and ISG54 promoter 

activation downstream of TBK1 but upstream of IRF3, NF-κB-dependent promoter activation through 

TNF-α and viral RNA, as well as IFN-α-mediated Mx1, but not ISG54, promoter induction. Interactome 

analysis revealed the complex consisting of TAK1-binding proteins TAB1, 2 and 3, as well as MAP3K7, 

as unique binding partner of PERV NSs. This complex is involved in the activation of IKK kinases to 

induce NF-κB activation (Xu and Lei 2021). A possible disruption of this signalling pathway by PERV 

NSs could explain its strong effect on NF-κB-dependent promoter antagonism. Further, PERV NSs also 

uniquely associated with transcription factor RUNX, which has been shown to regulate APOBEC3 

antiviral immunity, an ISG family of enzymes which facilitate viral genome mutations (see Figure 48 

and Table 49). 

 

Figure 48: Schematic representation of the antagonistic effect of PERV NSs protein on innate immune 

gene induction (see Figure 18), together with select interactors of PERV NSs (as identified by mass 

spectrometry) and possible biological functions of these interactions. Left panel, NSs influence on the 

IFN-β promoter activation cascade; middle panels, NSs influence on the activation of ISG54, NF-κB-

dependent and Mx1 promoters; right panel, putative NSs influence on other cellular pathways.  

Only KBGV NSs exhibited no antagonistic activity of innate immunity promoters in any tested 

condition. Similarly, the NSs of avirulent PTV-B showed no effect in previous studies (Perrone et al. 

2007; Wuerth et al. 2018). This can either result from an inactive NSs protein or an unstable NSs 

expression in human cells. Similar observations were made with mosquito-borne phlebovirus Arumowot 

virus (AMTV), which is non-pathogenic in humans, although serologic evidence confirms human 

infection (Berthet et al. 2016). AMTV NSs has been found to be rapidly degraded in human cell lines; 

in contrast, AMTV NSs is stable in murine cells, which results in efficient AMTV replication in concert 

with IFN-β inhibition (Hallam et al. 2019). Therefore, it is possible that KBGV and PTV-B NSs exhibit 

anti-innate immunity characteristics in non-human cells, potentially to ensure efficient viral replication 
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in amplification hosts. The observed weaker expression levels of KBGV and PTV-B NSs in human cells 

in comparison with other NSs proteins (Figure 20 and Wuerth et al. 2018 in a similar setting), as well 

as the association of those NSs proteins with the cellular degradation machinery (e.g. members of the 

Cullin and F-box families, Table 47) underscore the hypothesis that those NSs proteins are unstable in 

human cells. Of note, blood meal analyses showed that sandflies of KBGV-positive pools had fed on 

cattle instead of humans (Marklewitz et al. 2020), further emphasizing the differing phenotype observed 

here. Importantly, there was a strong overlap between interactors of KBGV and PTV-B NSs proteins 

(see Table 50). 

The NSs protein of the virulent strain PTV-A inhibits IFN-β mRNA synthesis as well as NF-κB-

dependent transcription (Perrone et al. 2007; Lihoradova et al. 2013; Wuerth et al. 2018) and causes a 

general transcription block in the host cell (Lihoradova et al. 2013). The present interactome analysis 

showed cellular transcription elongation factors Elongin-B and Elongin-C as unique interactors of 

PTV-A NSs. In addition, Elongin-A also interacted with PTV-A NSs, and with other tested NSs proteins 

in a weaker manner. Recently, the Weber group identified Elongin-C as a target for orthobunyavirus La 

Crosse virus (LACV) NSs (Schoen et al. 2020). Upon LACV infection, Elongin-C is redistributed from 

nucleoli and the nucleus, thereby possibly impeding RNA polymerase II transcription and causing the 

transcriptional shut-off. However, no direct interaction between LACV NSs and Elongin-C has been 

detected (Schoen et al. 2020). An interaction of PTV-A NSs with Elongins A, B and C could explain 

the observed host transcription block which leads to reduced activation of innate immunity factors. Of 

note, the interactome signatures of the related PTV-A and PTV-B NSs were markedly different (see 

Table 50). 

SFSV NSs strongly impedes IRF3-mediated transcription like IFN-β gene transcription by concealing 

the IRF3 DNA-binding domain through direct interaction (Wuerth et al. 2018). However, this interaction 

was only sporadically detected in the present interactome analysis, thus the strict application of filter 

criteria might have caused the omission of biologically relevant interactions. Further, SFSV NSs 

interacts with the translation initiation factor eIF2B to rescue viral translation in the presence of activated 

PKR (Wuerth et al. 2020). Strong interaction with all five eIF2B subunits was confirmed during the 

present interactome analysis and, notably, was also observed to similar magnitude in PTV-A NSs. 

Moreover, SFSV NSs, as the only tested NSs protein, interacted clearly with E3 ubiquitin ligase TRAF6, 

which mediates NF-κB activation downstream of  AVS signalling. Curiously, SFSV NSs exhibited no 

inhibitory effect on NF-κB-dependent promoter activation (Figure 16A and Wuerth et al. 2018), so this 

interaction might serve a different purpose. Further targets of SFSV NSs were both RNF20 and RNF40 

of the RNF20/40 E3 ubiquitin-protein ligase complex which mediates p53-dependent transcription of 

apoptotic genes (Wu et al. 2019). Overexpression of SFSV NSs was not associated with cell death (data 

not shown) and thus the association of SFSV NSs with RNF20/40 could mediate cell survival (see Table 

50).  
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In general, mass spectrometry analyses of host cellular binding partners of phlebovirus NSs proteins 

identified several interactions that could account for the observed antagonism of innate immunity 

induction. In addition, a broad spectrum of molecular functions and pathways was found to be targeted 

by the different NSs proteins. For instance, GO terms were enriched that are associated with host 

transcription and translation, mitochondrial processes, cell death and protein degradation, or, as 

expected, immunity. Notably, “response to Actinomycin D”, a transcription inhibitor, was found among 

the enriched pathways for NTPV and PERV NSs interactors, although no general transcription block 

was observed upon NTPV and PERV NSs overexpression. Interfering with host mRNA and protein 

synthesis is a common virulence mechanism, employed for example by influenza, Herpes simplex and 

African Swine Fever viruses, as well as SARS coronavirus 2 (Sánchez et al. 2013; Bauer et al. 2018; 

Thoms et al. 2020; Wang et al. 2020e). Similarly, several viruses target host cell apoptotic pathways to 

their advantage (Okamoto et al. 2017; Ampomah and Lim 2020). It is therefore not surprising that these 

phleboviruses would interfere with these processes. Phlebovirus NSs proteins examined in this work 

also interacted with cell structure and transport networks. RVFV NSs was shown to impact cell structure 

and motility through transcriptional changes, thereby promoting motility to increase the spread of 

infection (Bamia et al. 2020). Other phleboviral NSs proteins might pursue the same effect through 

protein-protein interaction for virus dissemination and the transport of NSs in the host cell. 

The overall great overlap detected between phlebovirus NSs interactors (Figure 22) suggests convergent 

processes to generate advantages for virus replication. Still, many unique interactors were identified for 

individual NSs proteins, which underscores distinct mechanisms for each different virus. Further studies 

will be needed to validate these interactions and possibly reveal the mechanisms by which each NSs 

suppresses innate immunity activation; however, the present data sets a powerful starting point for 

further investigations, potentially also involving druggable host targets in phlebovirus disease. 

Nonetheless, it is important to consider that direct protein-protein interactions are not the only way by 

which cellular processes can be targeted. Other means include the aforementioned 

transcription/translation interference, protein sequestration, or protein degradation through interaction 

with intermediary factors.  

To summarize, this work characterized NSs proteins of novel phleboviruses identified during vector 

surveillance studies and showed that all investigated NSs proteins, with the exception of KBGV NSs, 

potently suppress the induction of multiple innate immune genes through different pathways. NTPV 

infection studies, as discussed in chapter 8.1.1, revealed a strong induction of IFNs and other innate 

immune genes, and showed that NTPV replication is sensitive to exogenously added type I and type III 

IFN. Taken together with the presented NTPV NSs overexpression studies demonstrating the efficient 

suppression of innate immune gene promoter induction, this suggests that this antagonism is not as 

pronounced in an infection context. Similar results have been described for other phenuiviruses, like 

TOSV (Gori Savellini et al. 2011) or SFTSV (Qu et al. 2012). One possible explanation for this is that 
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NSs levels during infection are lower than upon transfection, and thus not able to fully antagonize the 

potentially large number of PAMPs generated during NTPV infection. Another possibility is that NSs 

expression is delayed and thus not able to counteract the fast IFN upregulation upon NTPV infection. 

Potent RVFV NSs is expressed 3 – 4 h into infection, allowing for immediate counteraction of IFN 

induction (Eifan et al. 2013). In contrast, TOSV NSs is weakly expressed at 4 h post infection, reaching 

peak levels only around 48 – 72 h into infection (Gori Savellini et al. 2011). Therefore, during NTPV 

infection, the IFN response could be initiated before sufficient NSs is produced for innate immune 

antagonism. Alternatively, if an insufficient number of cells is infected, NTPV NSs could suppress IFN 

induction in infected cells to minimal levels, however small amounts of IFN might act on neighbouring, 

uninfected cells to potentiate the immune response.  

Although novel phleboviruses are frequently isolated in the course of vector surveillance studies 

(Charrel et al. 2009; Collao et al. 2010; Zhioua et al. 2010; Remoli et al. 2014; Alkan et al. 2015; Alkan 

et al. 2016; Bichaud et al. 2016; Marklewitz et al. 2019), they are rarely characterized. Therefore, 

gaining important insights into the molecular pathogenesis of novel viruses with zoonotic potential will 

increase preparedness for future disease in humans.  

Serologic studies have confirmed human infection with NTPV, determining 13.9% seropositivity in the 

Kenyan population (Tchouassi et al. 2019). In addition, in vitro studies with NTPV isolate have 

demonstrated the susceptibility of cell lines from a broad range of species (Tchouassi et al. 2019). 

Moreover, blood meal investigations indicated that sandflies of pools positive for BGRV and PERV had 

fed on humans (Marklewitz et al. 2020) suggesting that BGRV and PERV can infect humans. However, 

EMBV, BGRV, KBGV and PERV remain to be successfully isolated and human serologic data 

concerning these viruses is lacking. Nonetheless, the present characterization of viral NSs proteins 

demonstrates that these novel viruses carry powerful virulence factors that target the human innate 

immune system at various steps. Therefore, zoonotic infections of humans with these newly described 

viruses and possible subsequent virus adaptations may result in symptomatic, more severe disease, and 

should be closely monitored.  
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8.2 Pandemic coronavirus SARS-CoV-2  

The recently emerged SARS-CoV-2 as the causative agent for COVID-19 (coronavirus disease 2019) 

is responsible for major health crises all over the world. The present work used human and animal cell 

culture systems to compare SARS-CoV-2 with the 2003-emerged SARS-CoV-1. First, SARS-CoV-2 

sensitivity to type I and type III IFNs as well as virus replication kinetics in the presence of a proposed 

COVID-19 drug candidate were assessed (chapter 7.2.1 to 7.2.4). Further, the IFN, cytokine and ISG 

response upon SARS-CoV-2 infection was characterized in depth in different human lung cell lines 

(chapter 7.2.5 to 7.2.7). 

8.2.1 Inhibition of SARS-CoV-2 by type I and type III interferons 

First, this work showed that type I and type III IFNs are able to inhibit SARS-CoV-2 replication, with 

consistently more profound effects than against SARS-CoV-1 (Figure 26 to Figure 28; Felgenhauer et 

al. 2020). While these differences could be due to the cell types used or due to the observed differences 

in virus replication, potentially resulting in higher production of viral IFN antagonists, other groups have 

since corroborated these findings (Mantlo et al. 2020; Lokugamage et al. 2020; Blanco-Melo et al. 2020; 

Vanderheiden et al. 2020; V'kovski et al. 2021a; Schroeder et al. 2021). Since the start of the pandemic, 

numerous therapeutic approaches have incorporated the use of well-characterized type I IFNs in 

COVID-19 treatment, which, although associated with some side effects, are considered safe and have 

been used to treat millions of patients, and report a favourable outcome from IFN therapy, either alone 

or in combination with other medications (Hung et al. 2020; Zhou et al. 2020b; Wang et al. 2020c; 

Zheng et al. 2020a; Davoudi-Monfared et al. 2020; Rahmani et al. 2020; Fu et al. 2020; Malhani et al. 

2021). However, the timing of IFN administration seems to be crucial for a beneficial effect, as late 

IFN-α treatment has been associated with increased mortality (Wang et al. 2020c). Nonetheless, type I 

IFNs seem promising for COVID-19 treatment.  

Initially, scientists argued for the use of type III rather than type I IFN in COVID-19 (Prokunina-Olsson 

et al. 2020; O'Brien et al. 2020), as IFN-λ is thought to have fewer side effects because of its restriction 

to mucosal tissue and the less sudden but more prolonged antiviral response it triggers (Pervolaraki et 

al. 2018; Ye et al. 2019). However, large-scale trial data are missing, as phase III clinical trials for 

hepatitis C virus treatment were abandoned due to the availability of effective direct antivirals, even 

though phase I and II trials had resulted in excellent tolerance as well as efficacy (Muir et al. 2014). To 

date, little data are available for the therapeutic use of type III in COVID-19 patients. Two phase II 

clinical trials examined PEGylated IFN-λ for SARS-CoV-2 infection treatment. However, while one 

study reported on a greater decline in SARS-CoV-2 RNA in patients treated with PEGylated IFN-λ 

compared to placebo (Feld et al. 2021), another report found no difference in duration of viral shedding 

or symptom improvement between IFN-λ-treated and control groups (Jagannathan et al. 2021). Of note, 

both studies were conducted with outpatients, reflecting mostly mild disease. Thus, it remains to be 
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determined if IFN-λ holds a beneficial effect for the treatment of severe COVID-19. However, recent 

reports evoke further concern on the use of IFN-λ as a therapeutic, as it was shown that it can cause 

damage to the lung epithelium, which increases susceptibility to lethal bacterial superinfections, and 

impede lung repair (Broggi et al. 2020; Major et al. 2020), so its use should be with caution.  

As the need for COVID-19 therapies is urgent and no direct antivirals are available, in addition to IFN 

administration several approaches have addressed drug repurposing. IFN signalling inhibitor Ruxolitinib 

was proposed as a potential treatment against SARS-CoV-2 (Gordon et al. 2020; Stebbing et al. 2020), 

reasoning that inhibiting pro-inflammatory responses could alleviate severe COVID-19. However, this 

work found that Ruxolitinib boosts SARS-CoV-2 replication in IFN-competent Calu-3 cells (Figure 29; 

Felgenhauer et al. 2020). This result was confirmed by others and also shown for SARS-CoV-1 infection 

(Schroeder et al. 2021), further indicating that both viruses are affected by IFNs secreted upon infection. 

Nonetheless, several clinical studies have evaluated the use of Ruxolitinib in COVID-19 treatment. In 

contrast to the cell culture data, Ruxolitinib treatment in patients resulted in a reduced risk of mortality 

and a decrease in inflammatory markers in hospitalized patients (Cao et al. 2020; D'Alessio et al. 2020; 

Giudice et al. 2020). Therefore, the application of in vitro data for patient care needs to be cautiously 

evaluated. Of note, while the three trials involving Ruxolitinib report good tolerance and no severe side 

effects (Cao et al. 2020; D'Alessio et al. 2020; Giudice et al. 2020), taken together they comprised a 

total number of only 59 Ruxolitinib-treated patients; and another case report describes two patients who 

developed purpuric skin lesions and a full-body rash, respectively (Gaspari et al. 2020). Thus, large-

scale studies are needed to comprehensively analyze the benefit of Ruxolitinib for COVID-19 treatment.  

 

8.2.2 Imperfect inhibition of interferons, cytokines and antiviral gene 

activation by SARS-CoV-2 

Pathogenic viruses have evolved a wide variety of IFN-antagonistic strategies (García-Sastre 2017). A 

particularly efficient way is to block the induction of IFNs and other cytokines, as this prevents both the 

establishment of an antiviral state in the surrounding cells and the attraction of immune cells. SARS 

coronaviruses express a series of factors inhibiting IFN induction and IFN signalling (Kindler et al. 

2016; Xia et al. 2020; chapter 4.3.4.2). The COVID-19 pandemic, with its causative agent 

SARS-CoV-2, for the last 18 months has run rampant across the globe, causing more than 222 million 

infections and claiming approx. 4.5 million deaths (COVID-19 Dashboard, Johns Hopkins University, 

accessed on 08 September 2021). It is therefore crucial to gain a thorough understanding of host cellular 

molecular responses triggered by SARS-CoV-2 infection. 

Herein, the immediate-early innate immune response following SARS-CoV-2 infection was assessed in 

three human lung cell lines, in comparison with the related SARS-CoV-1, which emerged in 2002/2003. 

SARS-CoV-2 was able to elicit potent innate immune responses in the Calu-3 cell line, in contrast to 
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SARS-CoV-1, which efficiently blocks innate immune activation in this cell line. However, innate 

immune induction was completely absent upon infection with both SARS coronavirus species in the 

H1299 cell line, and strongly diminished in the A549-ACE2 cell line, but comparable between the two 

SARS coronaviruses (Figure 31).  

While much research is being conducted in this field, most studies unfortunately only focus on one cell 

line, or omit the comparison of SARS-CoV-2 to SARS-CoV-1. The presented data aim to fill this gap 

and to elucidate the fundamental differences observed between cell lines.  

There have been contradicting reports on the expression of innate immune genes upon SARS-CoV-2 

infection in cell culture. Nonetheless, in line with this work’s results, differential gene expression seems 

to be highly dependent on the cell line used. In agreement with the findings presented here, it seems that 

SARS-CoV-2 does not prompt an immune response in lowly permissive cell lines, like H1299 (Wyler 

et al. 2021), Huh7 (Chen et al. 2021) or 293FT cells (Saccon et al. 2021). One possible explanation for 

this is that a low level of PAMPs is generated during infection, which causes only a weak activation of 

innate immune sensors that can efficiently be blocked by viral antagonists. Of note, SARS-CoV-2 may 

not productively replicate in these cell lines, as an increase in viral genome, but no budding particles 

were observed in Huh7 and 293FT cells (Saccon et al. 2021). Reports on experiments in primary human 

alveolar epithelial cells are conflicting. While one study presents a pronounced pro-inflammatory 

response but no IFN induction upon SARS-CoV-2 infection (Vanderheiden et al. 2020), another study 

found SARS-CoV-2, but not SARS-CoV-1, to trigger a profound antiviral as well as pro-inflammatory 

response in these cells (V'kovski et al. 2021a). Notably, different MOIs and sampling time points could 

account for these differences, as the antiviral response was only reported at 96 h post infection (V'kovski 

et al. 2021a). An infection study of ex vivo human lung tissue found an upregulation of some pro-

inflammatory cytokines, but no induction of type I, II or III IFNs (Chu et al. 2020). In contrast, 

assessment of SARS-CoV-2 infection in type II pneumocyte-alveolospheres resulted in upregulation of 

type I and III IFNs, ISGs as well as chemokines (Katsura et al. 2020). Notably, the authors report a good 

agreement of this data with patient bronchioalveolar lavage fluid (BALF) datasets (Katsura et al. 2020). 

Results on immune gene upregulation upon SARS-CoV-2 infection of A549 cells engineered to express 

ACE2 are also contradicting: a transcriptomic study reports a threshold-dependent upregulation of IFNs 

and ISGs at a high MOI (Blanco-Melo et al. 2020), while a multi-omics study of SARS-CoV-2 and 

SARS-CoV-1 infection finds IFN and ISGs unaffected with cells exhibiting a pro-inflammatory 

signature, with no notable differences between the two SARS coronaviruses (Stukalov et al. 2021), 

which is in line with the presented findings. These conflicting outcomes could result from different 

methods employed to engineer A549 cells to express ACE2. While the present work and Stukalov et al. 

employed a lentiviral vector, Blanco-Melo et al. used an adenoviral vector. This might result in different 

ACE2 expression levels and different permissiveness of the two ACE2-expressing A549 cell lines. In 

line with this, Blanco-Melo et al. report ~54% viral reads in their transcriptomic data, compared to a 
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much lower 5% in the here presented data (Figure 36). Of note, overexpression of the ACE2 receptor 

does not reflect physiological levels and might further distort the obtained results.  

The most consistent reports concern SARS-CoV-2 infection of Calu-3 cells, where, in agreement with 

the present findings, an induction of IFNs, ISGs and cytokines is observed, that is absent in 

SARS-CoV-1 infection (Blanco-Melo et al. 2020; Wyler et al. 2021; Banerjee et al. 2021; Grossegesse 

et al. 2021; Schroeder et al. 2021).  

From the here presented comparison of transcriptomic profiles of naïve cell lines, it is tempting to 

hypothesize that Calu-3 cells, compared to H1299 and A549-ACE2 cells, exhibit a “pre-stimulated” 

condition, reflected in higher basal levels of the PRRs RIG-I and MDA5 (Figure 43 and Li et al. 2021), 

existing basal levels of ISGs like MxA and ISG15 (Figure 30) and an enhanced gene signature regulated 

by immunity- and inflammation-associated transcription factors in an uninfected state (Figure 42). 

Consequently, SARS-CoV-2 infection might be sensed and combated rapidly and efficiently, to produce 

IFNs that can further potentiate the immune response. However, not all reports are consistent on 

observations in Calu-3 cells: One study, contradictory to the results presented in this work, finds lower 

RIG-I levels in Calu-3 cells, which the authors reason to account for the observed IFN upregulation 

(Yamada et al. 2021).  

Further complicating the picture, if IFN and ISG expression is observed, reports are discordant on IFN 

action: one study employing single-cell analyses of SARS-CoV-2 infection of air liquid interface (ALI) 

cultures finds ISG expression in infected as well as bystander cells (Ravindra et al. 2021) while another 

study observed ISG expression solely in bystander cells (Lamers et al. 2021). Hence, in the latter study 

viral antagonists counteract IFN signalling while the IFN signature is amplified by uninfected cells that 

do not harbour viral proteins. It is important to note that the studies used different SARS-CoV-2 isolates, 

with the latter working with the same isolate as this work (Munich/BavPat1/2020). The here presented 

data cannot be resolved to the single-cell level, and thus cannot be interpreted accordingly.  

Moreover, while most studies focus on transcriptomic changes of IFNs and cytokines in cell culture, 

this work found that the transcriptional upregulation of innate immune factors in Calu-3 cells translates 

to the protein level, with ISGs and antivirally active IFNs being produced upon SARS-CoV-2 infection. 

This is in line with previous inhibitor experiments, showing that blocking IFN signalling with the drug 

Ruxolitinib enhances SARS-CoV-2 titres in Calu-3 cells (Felgenhauer et al. 2020). Thus, at least in 

some cell types the IFN antagonism of SARS-CoV-2 is non-functional or at least imperfect up to the 

level of the positive control virus that was employed. Curiously, SARS-CoV-1 did not show this 

phenomenon, as antiviral immune responses were low or zero in all cell lines and at any time point of 

infection that was investigated. This could result from one or more IFN antagonists that are more potent 

or better expressed in SARS-CoV-1 infection. In line with this, one study observed an enhanced 

expression of the SARS-CoV-1 M protein compared to SARS-CoV-2 in Calu-3 cells (Grossegesse et 
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al. 2021). Another study reported on reduced potency of SARS-CoV-2 nsp15 compared to its 

SARS-CoV-1 counterpart, which results in a diminished capacity for IFN induction and signalling 

counteraction by SARS-CoV-2 nsp15 (Hayn et al. 2021). 

Basic research relies on the establishment of cellular models that imitate the viral life cycle because the 

analysis of patient data is often hampered by sample collection being invasive and methods being 

complex. However, data gained from those in vitro experiments do not always adequately translate into 

intricate in vivo patient conditions. Since the COVID-19 pandemic is of exceptional public health 

concern, a considerable number of studies have therefore also focused on IFN, cytokine and ISG 

assessment in patients.  

SARS-CoV-2 infection can manifest in a broad disease spectrum, ranging from asymptomatic or mild 

self-limiting infection to life-threatening multi-organ disease (Harrison et al. 2020). To successfully 

combat viral infections while protecting the host by reducing collateral damage, the innate immune 

system needs to launch IFN-mediated responses preceding pro-inflammatory ones. This order seems to 

be corrupted in SARS-CoV-2 patients who develop severe COVID-19 (Galani et al. 2021). Although 

reports on the involvement of the innate immune system in COVID-19 patients are often conflicting, 

owing to study setup, studied materials and a general interpatient variability (genetic predispositions, 

age-associated factors, co-morbidities etc.), a consensus appears as to a certain temporal innate 

immunity profile in COVID-19 patients that correlates with disease severity.  

Early upregulation of type I IFNs has been shown to be beneficial and crucial in resolving disease, while 

a delayed induction of type I IFN was associated with a worse disease outcome (Hadjadj et al. 2020; 

Galani et al. 2021). This is reflected in trial data using IFN-α as a therapeutic, where late administration 

of IFN-α was linked to worse clinical outcomes (Wang et al. 2020c). Because of the temporal dynamics 

of IFN induction, the comparison of severe patient profiles with those of mild or moderate cases often 

shows conflicting results concerning IFN-α/β and also IFN-λ levels, probably owing to sample 

collection time (Blanco-Melo et al. 2020; Cao et al. 2021; Scagnolari et al. 2021). Nonetheless, patients 

with severe disease uniformly present with an overshooting pro-inflammatory response, marked by an 

upregulation of IL-6, IL-8, IL-10, CXCL10, TNFSF10 and TNF-α etc. (Long et al. 2020; Bost et al. 

2020; Banerjee et al. 2021). Consequently, late IFN-α expression and a persistent pro-inflammatory 

signature promote immunopathology and hyperinflammation that can lead to sudden respiratory failure 

in critical COVID-19 patients (Galani et al. 2021; Kim et al. 2021). This has also been observed in 

SARS patients (Cameron et al. 2007; Channappanavar et al. 2016). Fitting with early IFN induction, 

ISG expression seems to be elevated in mild over severe cases (Bost et al. 2020) but is also robust during 

moderate and severe disease stages (Cao et al. 2021). Notably, the innate immune signature in 

COVID-19 or SARS differs from other viral pneumonia clinical pictures, like influenza A infection 

(Galani et al. 2021; Olbei et al. 2021). Additionally, a recent report suggests that there is also a spatial 

component to the IFN response in COVID-19 patients: individuals experiencing mild disease presented 
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with higher IFN-λ1 and IFN-λ3 responses in the upper airways, which led to the efficient upregulation 

of protective ISGs. In contrast, in patients with severe and critical disease, as infection progresses to the 

lungs, IFN responses were upregulated in the lower airways (Sposito et al. 2021).  

Since the situation in patients is highly complex, SARS-CoV-2 research would benefit from cell culture 

systems reflecting severe/critical and mild infections. A meta-analysis of published patient and cell 

culture RNAseq data (Cao et al. 2021) found Calu-3 innate immune profiles upon SARS-CoV-2 

infection to cluster with those of BALF samples of severe and moderate COVID-19 cases. Of note, also 

A549-ACE2 cells infected at a high MOI (MOI 2; Blanco-Melo et al. 2020) are part of this cluster. 

Other cell culture-derived RNAseq profiles form a separate cluster. Unfortunately, RNAseq data for 

mild or asymptomatic cases were not available.  

Therefore, it is possible that Calu-3 cells can reflect conditions of patients with severe COVID-19. The 

transcriptional landscape observed in naïve Calu-3 cells (Figure 41, Figure 42) hints at the “pre-

stimulated” phenotype proposed here, and leads to robust upregulation of IFN, cytokine and IFN-

stimulated genes. However, this model needs to be taken with caution, as one study characterized the 

pro-inflammatory signature in patients as IRF1-driven (Kim et al. 2021), a transcription factor that was 

absent from the presented list of enriched regulators. Instead, in Calu-3 cells, there is a substantial basal 

enrichment of NF-κB subunit p105/p50 (NFKB1) and p65 (RELA) targets. Concerning this, a recent 

report found a strong NF-κB activation upon SARS-CoV-2 infection in A549-ACE2 cells, which was 

crucial for successful SARS-CoV-2 replication, as disruption of NF-κB signalling impaired virus 

replication (Nilsson-Payant et al. 2021). Thus, SARS-CoV-2 might have a growth advantage in Calu-3 

cells, which already provide a suitable transcriptional environment. However, it remains to be 

determined if there are additional factors distinguishing Calu-3 cells from other cell lines in this regard. 

Taken together, this work showed that SARS-CoV-2 elicits a robust but cell type-dependent induction 

of antiviral IFNs, cytokines and ISGs, with IFN and ISG induction also translating to the protein level. 

In contrast, SARS-CoV-1 failed to do so in all tested cell lines. The presented work found that the Calu-3 

cell line, where SARS-CoV-2 causes innate immunity activation, exhibits a “pre-stimulated” state which 

could account for insufficient viral anti-IFN mechanisms. Comparisons with patient data suggest that 

Calu-3 cells might be a model for severe COVID-19. However, ultimately, data generated from cell 

culture need to be adequately and cautiously interpreted for the translation to in vivo conditions. 
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9 List of abbreviations 

µl microlitre 

5'PPP 5' triphosphate 

aa amino acid 

abbr. abbreviation 

AmpR ampicillin resistance 

approx. approximately 

APS ammonium persulfate 

ATP adenosine triphosphate 

BGRV Bogoria virus 

bp basepair 

BSA bovine serum albumin 

C- carboxy- 

CARD caspase activation and recruitment domain 

cDNA copy DNA 

CoV coronavirus 

CTRL control 

d day(s) 

DAPI 4',6-diamidino-2-phenylindole 

DMEM Dulbecco’s modified Eagle’s medium 
DNA deoxyribonucleic acid 

dNTP deoxyribonucleotide triphosphate 

dsRNA double-stranded RNA 

e.g. for example, exempli gratia 

EDTA ethylenediaminetetraacetic acid 

EMBV Embossos virus 

FBS fetal bovine serum 

FDA United States Food and Drug Administration 

fwd forward 

g g-force 

GFV Gabek Forest virus 

GO gene ontology 

GOI gene of interest 

h hour(s) 

HCl hydrochloric acid 

HCoV human coronavirus 

HF high fidelity 

HRP horseradish peroxidase 

i.e. that is, id est 

IF immunofluorescence 

IFN interferon 

IKK IκB kinase 

IRF interferon regulatory transcription factor 

ISG interferon-stimulated gene 

ISRE interferon-stimulated response element 

kb kilobase 

KBGV Kiborgoch virus 

kDa kilodalton 

LB lysogeny broth 

LGP2 laboratory of genetics and physiology 2 

Luc luciferase 
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MAVS mitochondrial antiviral signalling protein 

MDA5 melanoma differentiation-associated gene 5 

MEM minimum essential medium 

MERS-CoV Middle East respiratory syndrome coronavirus 

min minute(s) 

ml millilitre 

MOI multiplicity of infection 

Mx Myxovirus resistance protein 

N- amino- 

n.a. not applicable 

NaCl sodium chloride 

NF-κ  nuclear factor kappa B 

NSs small nonstructural protein 

nt nucleotide 

NTPV Ntepes virus 

ORF open reading frame 

P/S/Q penicillin-streptomycin-glutamine 

PAGE polyacrylamide gel electrophoresis 

PAMP pathogen-associated molecular pattern 

PBSdef phosphate buffered saline deficient 

PCR polymerase chain reaction 

PERV Perkerra virus 

PFA paraformaldehyde 

PRR pattern recognition receptor 

PTV-A Punta Toro virus Adames strain 

PTV-B Punta Toro virus Balliet strain 

PVDF polyvinylidene fluoride 

rev reverse 

RIG-I retinoic acid-inducible gene I 

RLR RIG-I-like receptor 

RLU relative luciferase unit(s) 

RNA ribonucleic acid 

RNAseq RNA sequencing 

RNP ribonucleoprotein 

rpm revolutions per minute 

RT room temperature (22°C) 

Rux Ruxolitinib 

RVFV Rift Valley fever virus 

sec second(s) 

SARS-CoV Severe acute respiratory syndrome coronavirus 

SDS sodium dodecyl sulfate 

SFSV Sandfly fever Sicilian virus 

TAE buffer tris-acetate-EDTA buffer 

TANK TRAF family member-associated NF-κB activator 

TBK1 TANK-binding kinase 1 

TBS tris buffered saline 

TE buffer tris-EDTA buffer 

TEMED tetramethylethylenediamine 

TRIM25 tripartite motif-containing 25 

U unit(s) 

UTR untranslated region 

VSV Vesicular stomatitis virus 
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15 Annex 

Table 52: Total numbers of cellular interactors of indicated phlebovirus NSs proteins 
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Table 53: Phlebovirus NSs int ractors annotat d to GO list #0045087 “innat  immun  r spons ” 
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Figure 49: Statistically enriched GO terms within the overlapping gene sets “upr  ulat d in Calu-3 

cells compared to H1299 and A549-ACE2 c lls” (A) and “downr  ulat d in Calu-3 cells compared to 

H1299 and A549-ACE2 c lls” (B). H1299, A549-ACE2 or Calu-3 cells were mock infected for 24 h, at 

which point samples were harvested for bulk RNAseq analysis. Genes were filtered by an absolute log2-

fold change of 5 and an adjusted p value ≤ 0.05. Statistically enriched GO terms within the indicated 

gene sets are displayed as analyzed using Metascape (Zhou et al. 2019). Data are averages from two 

biological replicates. 
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