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Abstract 
 

Intestinal epithelial cells (IECs) line the surface of the intestinal epithelium and act as 

a barrier against commensal microbiota. When enteric viruses infect IECs, they induce 

the production of two types of cytokines, type-I and type-III interferons (IFNs), which 

can set an antiviral state in the tissue. One of the main pathogens of the intestines is 

rotavirus, which was shown to elicit the upregulation of both types of IFNs in mice 

models and commercial cell lines. Nevertheless, the role that each type of IFN plays 

during rotavirus spread has not been thoroughly evaluated. 

Here, I generated a collection of fluorescent tools to evaluate rotavirus infection and 

spread in different contexts using live cell fluorescence microscopy. I could show that 

rotavirus efficiently blocks type-I IFN-mediated upregulation of interferon stimulated 

genes (ISGs) through its NSP1 protein, and only type-III IFNs can be upregulated. 

Moreover, even in the absence of NSP1, only type-III IFNs were able to rapidly 

establish an antiviral state in a large number of IECs and prevent the spread of 

rotavirus. On the contrary, type-I IFNs had a delayed antiviral effect, which allowed 

infection of IECs by newly produced viruses. Moreover, I could observe that rotavirus 

infection is strongly dependent on ADP-mediated calcium waves. Live microscopy 

experiments showed that second rounds of infection seem to take place in areas 

defined by calcium waves elicited by the first round of infection. Importantly, blocking 

of ADP signaling through the P2Y1 purinergic receptor prevented new infections from 

taking place, highlighting the importance of calcium waves during rotavirus infection. 

In conclusion, my results suggest that only type-III IFNs are able to control rotavirus 

infection and spread in IECs, and that type-I IFNs do not seem to play a role at least 

in the antiviral state of the intestinal epithelium. Furthermore, calcium waves generated 

by the first round of infection likely alter the integrity of IECs to allow viruses to more 

easily infect the culture. I propose that IECs can efficiently control the spread of enteric 

viruses due low amounts of type-III IFNs being needed to set an antiviral response in 

a notably high number of cells, and that rotavirus-induced calcium waves alters the 

polarized nature of IECs to facilitate infection. 
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Zusammenfassung 

Darmepithelzellen kleiden die Oberfläche des Darmepithels aus und wirken als 

Barriere gegen kommensale Mikrobiota. Wenn enterische Viren IECs infizieren, 

induzieren sie die Produktion von zwei Arten von Zytokinen, Typ-I- und Typ-III-

Interferonen, die einen antiviralen Zustand im Gewebe einstellen können. Einer der 

Hauptpathogene des Darms ist das Rotavirus, von dem gezeigt wurde, dass es die 

Hochregulierung beider Typen von IFNs in Mausmodellen und kommerziellen 

Zelllinien hervorruft. Dennoch wurde die Rolle, die jeder IFN-Typ bei der Rotavirus-

Ausbreitung spielt, nicht gründlich untersucht. 

Hier habe ich eine Sammlung von fluoreszierenden Werkzeugen erstellt, um 

Rotavirus-Infektionen und die Ausbreitung in verschiedenen Kontexten mithilfe der 

Fluoreszenzmikroskopie lebender Zellen zu bewerten. Ich konnte zeigen, dass 

Rotavirus die Typ-I-IFN-vermittelte Hochregulierung von Interferon-stimulierten Genen 

durch sein NSP1-Protein effizient blockiert und nur Typ-III-IFNs hochreguliert werden 

können. Darüber hinaus waren selbst in Abwesenheit von NSP1 nur Typ-III-IFNs in 

der Lage, in einer großen Anzahl von Darmepithelzellen schnell einen antiviralen 

Zustand herzustellen und die Ausbreitung des Rotavirus zu verhindern. Im Gegensatz 

dazu hatten Typ-I-IFNs eine verzögerte antivirale Wirkung, was eine Infektion von IECs 

durch neu produzierte Viren ermöglichte. Außerdem konnte ich beobachten, dass eine 

Rotavirus-Infektion stark von ADP-vermittelten Kalziumwellen abhängt. Live 

Mikroskopie Experimente zeigten, dass zweite Infektionsrunden in Bereichen 

stattzufinden scheinen, die durch Kalziumwellen definiert sind, die durch die erste 

Infektionsrunde ausgelöst wurden. Wichtig ist, dass die Blockierung der ADP-

Signalübertragung durch den purinergen P2Y1-Rezeptor neue Infektionen 

verhinderte, was die Bedeutung von Kalziumwellen während einer Rotavirus-Infektion 

unterstreicht. 

Zusammenfassend legen meine Ergebnisse nahe, dass nur Typ-III-IFNs in der Lage 

sind, die Rotavirusinfektion und -ausbreitung in Darmepithelzellen zu kontrollieren, und 

dass Typ-I-IFNs zumindest im antiviralen Zustand des Darmepithels keine Rolle zu 

spielen scheinen. Darüber hinaus verändern Kalziumwellen, die durch die erste 

Infektionsrunde erzeugt werden, wahrscheinlich die Integrität von Darmepithelzellen, 

damit Viren die Kultur leichter infizieren können. Ich schlage vor, dass 

Darmepithelzellen die Ausbreitung enterischer Viren effizient kontrollieren können, da 
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geringe Mengen an Typ-III-IFNs benötigt werden, um eine antivirale Reaktion in einer 

bemerkenswert hohen Anzahl von Zellen auszulösen, und dass Rotavirus-induzierte 

Kalziumwellen die polarisierte Natur von Darmepithelzellen verändern, um dies zu 

erleichtern Infektion. 
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1   Introduction 

1.1   The intestinal epithelium 

1.1.1   Structure of the epithelium and cell types 
 

The intestinal epithelium is the largest mucosal tissue in our body, constituting a barrier 

between ourselves and external environments. One of the main functions of this organ 

is the absorption of nutrients, and thus, it has undergone morphological adaptations to 

improve its functions, for example the development of the crypt-villi axis. This structure 

forms by the invagination of the epithelial monolayer, forming the crypts, and 

protrusions into the lumen that form the villi. This arrangement not only guarantees an 

increased surface area, and thus a bigger intake of nutrients, but also the localization 

of different cell types in specific areas (Figure 1). Intestinal stem cells are localized at 

the bottom of the crypts, in what is known as the stem cell niche, and give rise to all 

other cell types in the epithelium 1. Intertwined between the stem cells are the Paneth 

cells, which not only secrete antimicrobial molecules but also maintain the identity of 

stem cells through the secretion of specific growth factors 2. As stem cells divide, they 

push cells outside of the stem cell niche, inducing their differentiation into other 

lineages, for example enterocytes. Enterocytes are highly polarized columnar cells, are 

the most abundant ones in the intestinal epithelium, and are in charge of absorption, 

protection against pathogens and the production of digestive enzymes 3. Goblet cells 

are located among enterocytes and are more common in the large intestine. Their main 

function is the secretion of mucus, which prevents microorganisms from being in close 

contact with epithelial cells and also lubricates the tissue to allow easier movement of 

food through the intestinal tract 4,5. Another cell type is the enteroendocrine cell, which 

secrete hormones into the blood upon different stimuli, regulating digestion and the 

state of the intestinal barrier 6. A less common cell type is the Tuft cell, which serve as 

a source of interleukin-25 in the intestines, which help fight against parasites 7. 

Microfold cells (M cells) are the antigen-presenting cells of the intestinal epithelium, 
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transferring antigens from their apical side to immune cells located at their basolateral 

side, and thus initiating an immune response against pathogens 8.  

 

 
Figure 1. Structure of the intestinal epithelium and different cell types along the crypt-villus axis. The 

commensal microbiota is found at the lumen of the tissue. Stem cells are located at the bottom of the 

crypt, surrounded by Paneth cells, which help maintain their identity. As stem cells divide, they push 

cells outside of the niche and induce their differentiation into the secretory lineages (enteroendocrine, 

tuft or goblet cells), the absorptive lineage (enterocytes) or M cells. Image created with Biorender.com. 

 

1.1.2   Tight junctions and cell polarization 
 

Intestinal epithelial cells form a tight barrier that protects the underlying tissue from 

invasion by pathogens. These cells are kept together through the expression of apical 



3 
 

bridging proteins that form adherens junctions (AJs) and tight junctions (TJs) (Figure 

2). These structures maintain cell-cell adhesion and associate with the actin 

cytoskeleton, forming a scaffold that maintains the barrier function of the intestinal 

epithelium and allows paracellular passage of ions and solutes 9. The first contacts 

between neighboring cells are carried out by the extracellular domains of E-cadherin, 

forming adherens junctions (Figure 2). The intracellular domain of these proteins can 

bind to catenins, which then allows the complex to interact with the cytoskeleton of the 

cell 10. After these connections have been made, tight junctions can be established at 

the apical side of IECs, preventing microorganisms and toxins from reaching the basal 

side of the tissue. TJs are composed of three proteins: occludins, claudins, and 

junctional adhesion molecules (JAMs) (Figure 2) 11. The extracellular domains of these 

proteins interact with those of an adjacent cell, and the intracellular ones bind to 

adapter proteins that allow association with the cytoskeleton. In the case of occludins, 

two extracellular loops form connections with neighbor cells, while their intracellular 

domain binds to the zonula occludens 1 and 2 proteins (ZO-1/2), which are key proteins 

involved in bridging the TJs with the cytoskeleton of the cell. Although the function of 

occludins is not entirely understood, they have been associated with paracellular 

permeability and stability of the tight junction belt 12. Similar to occludins, claudins also 

possess two extracellular domains that interact with the extracellular domains exposed 

on neighboring IECs, and also interact with the cytoskeleton through binding to ZO-

1/2. These proteins have been involved in a wide variety of functions, for example the 

formation of ion-selective channels, cell motility, and most importantly, preventing 

leakage and water loss 13–15. The third component of TJs are JAMs, composed of two 

immunoglobulin folds at their extracellular chains, and binding motifs for ZO-1/2 at the 

intracellular side. Like claudins and occludins, JAMs have been shown to support 

paracellular permeability and the formation of functional TJs 16. The establishment of 

AJs and TJs regulates important processes in intestinal cells, including vesicle 

trafficking and apical-basal cell polarity. During the early steps of AJ assembly, tight 

junction components like ZO-1 start to be recruited to the site, and the adhesion protein 

JAMA recruits the PAR3-PAR6-aPKC complex, a key determinant of apical polarity 

11,17. Through increased recruitment of signaling and tight junction components, for 

example guanine nucleotide exchange factors for signaling through the GTPases 

CDC42 and RHOA, actomyosin becomes activated and the formation of tight junctions 

is initiated. Enrichment of actomyosin is important for determining the shape of 
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epithelial cells and its interaction with TJs is a key stage during cell polarization. 

Activated CDC42 GTPase can now interact with the recruited PAR3-PAR6-aPKC 

complex to develop microvilli, typical of the apical side of polarized epithelial cells, as 

well as the recruitment of other apical-specific proteins 18,19. 

 

 
Figure 2. Adherens Junctions (AJs) and Tight Junctions (TJs) are established between intestinal 

epithelial cells to maintain their barrier properties. The main component of AJs is E-Cadherin, which 

interacts with the actin cytoskeleton through catenins. TJs are composed of occludins, claudins and 

JAMs, interacting with the cytoskeleton through ZO-1/2.  

 

1.1.3   Common pathogens and the innate immune response 
 

Besides the digestive and barrier functions of the intestinal epithelium, another 

important role is combating enteric pathogens while remaining tolerant to the 

commensal microbiota. This group of microorganisms is composed of viruses, fungi, 

protozoa and about 100 trillion bacteria by adulthood. These commensal 

microorganisms help in the digestion process and the development of intestinal 

immunity 20. It is known that germ-free mice possess an underdeveloped immunity, 

lacking key cellular and structural components of their immune system 21. Unlike the 

commensal microbiota, enteric viruses can cause serious gastroenteritis, with 
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approximately 700 million cases per year in children below the age of 5 22. The 

development of electron microscopy allowed the discovery of a great variety of 

intestinal viruses, which are classified in four families: Reoviridae (reovirus and 

rotavirus), Caliciviridae (norovirus), Astroviridae (Astrovirus) and Adenoviridae 23. A 

summary of different characteristics of the viruses relevant for this work can be found 

in Table 1 22.  

 

Pathogen Capsid organization Genome Genomic 
organization 

Astrovirus Precursor split into smaller 
fragments 

Positive single-stranded 
RNA 

Two ORFs (1a, 1b and 
2) 

Norovirus Two structural proteins Positive single-stranded 
RNA 

Three ORFs (1,2 and 
3) 

Rotavirus Four structural proteins Double stranded RNA 11 individual segments 

 
Table 1. Characteristics of the capsid and genome of viruses relevant for this work. These enteric 

pathogens are the main cause of gastroenteritis worldwide. Adapted from 22. 

 

In the case of a viral infection in the intestines, intestinal epithelial cells (IECs) can 

recognize conserved structures that are not present in the host, known as pathogen 

associated molecular patterns (PAMPs). These motifs can be detected by IECs 

through pattern-recognition receptors (PRRs), which differ in their localization inside 

the cell and also the type of molecule they recognize (Figure 3). When viral RNA is 

released into the cytosol, it is detected by the retinoic acid-inducible gene 1-(RIG-I)-

like family of receptors (RLRs): the Retinoic acid-inducible gene I (RIG-I) which detects 

short uncapped RNA, Melanoma differentiation-associated protein 5 (MDA-5) for 

longer RNA molecules, and the Laboratory of Genetics and Physiology 2 (LGP2) 

(Figure 3) 24–26. Furthermore, the viral DNA present in the cytoplasm can be detected 

by the cyclic GMP-AMP (cGAMP) synthase (cGAS) receptor 27. When viral infections 

take place through the endosomal machinery, the viral genome is recognized by 

another type of PRR located inside the endosomes, the Toll-like receptors (TLRs). 
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TLR3, 7 and 8 can detect dsRNA and ssRNA and TLR9 recognize dsDNA (Figure 3) 

28.  

 

Figure 3. Viral sensing is carried out by several pathogen recognition receptors. The two most common 

TLRs and RLRs, are depicted here. TLRs detect viral nucleic acids inside endosomes, and induce the 

nuclear translocation of the transcription factors NF-kB and members of the IRF family through adapter 

proteins like MYD88 and TRIF. RLRs detect viral genome in the cytoplasm, inducing the nuclear 

translocation of NF-kB and IRFs through a different pathway involving the mitochondrial protein MAVS. 

Once in the nucleus, NF-kB and the IRFs induce the production of interferons. Created with 

Biorender.com. 

 

Upon detection of viral genome by the different cellular sensors, complex pathways 

are activated to alert neighboring cells of the infection and prevent viral spread. In the 

case of TLRs, binding to viral genome induces homo-dimerization and recruitment of 

adaptor proteins like MyD88 and TRIF 29,30. These adaptors can then interact with 

signaling molecules belonging to different pathways, converging in the phosphorylation 

and nuclear translocation of either nuclear factor kB (NF-kB) 29,31 or the interferon 

regulatory factor (IRF) transcription factors 32. On the other hand, when RLRs bind to 
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viral genome, a conformational change exposes their N-terminal CARD domain 33. 

RLRs can then use this domain to interact with the mitochondrial protein MAVS, 

generating aggregates that recruit kinases to the site and activate NF-kB or IRFs 34. 

Once in the nucleus, these transcription factors can activate the production of 

interferons, the most important antiviral cytokines, which alarm cells in the vicinity to 

promote an antiviral state. 

 

1.2   Interferons 

1.2.1   Types of interferons 

Upon detection of pathogens through PRRs, a complex cascade leads to the nuclear 

translocation of the cytoplasmic transcription factors NF-kB and IRFs to induce the 

transcription of IFNs. These cytokines are key mediators to fight viral infections, acting in an 

autocrine and paracrine manner to establish an antiviral state. IFNs are classified into three 

types depending on the set of receptors they use, type-I, type-II and type-III IFNs. The 

first IFNs to be discovered were type-I IFNs, consisting of the best described IFNs: α, 

β, ε, κ and ω 35. The genes encoding for these cytokines are found in chromosome 9 

and share great similarity in their sequences, highlighting the possibility of a common 

origin through gene duplication 36. All cells are able to produce type-I IFNs, but the 

different subtypes show specificity for different cell types 37. The two most important 

IFNs in this group are IFNα, which is mainly secreted by leukocytes, and IFNβ, mostly 

produced by fibroblasts 37,38. All members of this family signal through the same two 

receptors, IFN-α receptor 1 (IFNAR1) and IFN-α receptor 2 (IFNAR2), which are 

expressed by all cells in our body (Figure 4) 39. The only member of the type-II IFNs 

family is IFNγ, produced mainly by immune cells like activated T cells, natural killer 

cells and macrophages. This cytokine is an immunomodulator that can act against 

intracellular bacteria and parasites 40. The receptor complex through which this type of 

IFN acts is a tetramer composed of two subunits of IFN-γ receptor 1 (IFNGR1) and two  

of IFN-γ receptor 2 (IFNGR2) 41. Two decades ago, two research groups discovered a 

new family of IFNs, type-III IFNs, which exhibited great similarities with type-I IFNs in 

terms of antiviral response. These cytokines are also known as IFNλ, and so far four 

different type III IFNs have been described: IFNλ1 (also known as interleukin-29), 

IFNλ2 (also known as interleukin-28a), IFNλ3 (also known as interleukin-28b) and 

IFNλ4 42. The genes coding for these IFNs are clustered in chromosome 9, exhibiting 
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a great degree of similarity in their sequences, except for the recently discovered IFNλ4 

43. Type-III IFNs show similarity in their sequences with the IL-10 superfamily of 

cytokines, explaining why one of the two receptors they signal through is the IL-10R2 

(Fig 1.4) 44. The other subunit of the heterodimeric receptor is the IFNLR1, the 

expression of which is restricted to epithelial cells of the lung, skin, intestines, and also 

some immune cells 45,46. This restriction of type-III IFNs to specific tissues highlights 

the possibility that they exhibit beneficial properties at mucosal surfaces. In fact, 

studies have shown that epithelial cells can produce especially large amounts of these 

cytokines upon viral infections 47–49. 

 

 

Figure 4. Infected intestinal epithelial cells secrete IFNs, which bind to a specific set of receptors: 

IFNAR1 and IFNAR2 for type-I IFNs, and IFNLR1 and IL-10R2 for type-III IFNs. Binding to their 

receptors brings janus kinases (JAKs) closer, allowing the phosphorylation of specific tyrosine residues 

in the inner domain of the receptors. This induces the recruitment of signal transducer and activator of 

transcription proteins (STATs) to the site, allowing their phosphorylation and dimerization. STATs 

interact with IRF9 to form the ISGF3 complex, which translocates to the nucleus to activate the 

expression of interferon stimulated genes and fight viral infections. 
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1.2.2   JAK-STAT signalling 

Upon secretion of IFNs by the infected cells, these cytokines can act in an autocrine 

or paracrine manner, binding to a specific set of receptors and starting a signaling 

cascade to establish an antiviral response (Figure 4). Since all components of the 

pathway are already present in the cell at a basal level, this signaling happens at a 

rapid rate. As mentioned above, type-I IFNs bind to the IFNAR1 and IFNAR2 receptors, 

whereas type-III IFNs bind to the IFNLR1 and IL-10R2 receptors. Binding of IFNs to 

these sets of receptors induces a conformational change in their intracellular region, 

bringing them closer to each other. Constitutively-bound members of the janus kinases 

(JAK) family (JAK1, JAK2 and TYK2) can now trans-phosphorylate tyrosine residues 

on the opposite receptor (Figure 4) 50. Once these residues are phosphorylated, signal 

transducer and activator of transcription (STAT) proteins are recruited to the site and 

also become phosphorylated by the JAKs. In the case of stimulation by type-I and type-

III IFNs, only STAT1 and STAT2 proteins are recruited and phosphorylated. Activated 

STATs can now form homo or heterodimers, and also interact with IRF9, forming the 

IFN-stimulated gene factor 3 (ISGF3) complex (Figure 4) 51. ISGF3 can then 

translocate to the nucleus and activate the transcription of hundreds of interferon 

stimulated genes (ISGs) through a conserved upstream region, the IFN-stimulated 

regulatory elements (ISREs) 52.  

 

1.2.3   Interferon-stimulated genes 

ISGs play the most important role in controlling viral infection and spread, targeting key 

steps of their replication cycle to shut them down. Although most ISGs are activated 

through the IFN-dependent JAK-STAT pathway, some can be induced directly by the 

IRFs, possibly to avoid pathogen strategies blocking IFN sensing or negatively 

regulating JAK-STAT signaling 53. Some of the best described ISGs target viral entry, 

for example the myxovirus resistance Mx1 and Mx2 genes, which encode for 

guanosine triphosphatases (GTPases). Studies have shown that Mx1 forms a ring-like 

structure through self-oligomerization, which helps capture viruses at early entry steps 

54. Aggregation of these ring-like structures around viral components activates Mx1 

GTPase activity to induce its degradation. Mx2 has also been shown to interact with 

the capsid of some viruses and prevent the viral genome from reaching the nucleus 

and integrating into the genome 55. Other ISGs target viral translation and replication, 

for example ISG15, an ubiquitin-like protein that targets viral proteins through 
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ISGylation, a process similar to ubiquitylation 56. Through this process, ISG15 can 

prevent nuclear import of viruses, nucleoprotein oligomerization to reduce viral protein 

synthesis or the release of new particles, among other targets 57. Moreover, ISGs can 

also prevent viral release from the cell, but this group of antiviral genes are not very 

well understood. An example of them is Viperin, which prevents HIV-1 and Influenza A 

virus budding from the membrane by targeting enzymes involved in altering membrane 

fluidity 58,59. 

 

 

1.2.4   Type-I versus type-III IFN signaling 

Since both type-I and type-III IFNs are secreted by intestinal epithelial cells upon viral 

infections and share the same signaling pathway, their antiviral functions were believed 

to be redundant 24. As mentioned above, type-I IFNs establish an antiviral state in most 

tissues of the body, whereas type-III IFNs protect specifically mucosal surfaces, 

highlighting a preference of these epithelia for the latter 38,46. Intestinal epithelial cells 

express especially high levels of IFNLR1 and type-III IFNs, and thus, only these cells 

are sensitive to the antiviral actions of this type IFNs 60,61. On the contrary, secreted 

type-I IFNs have been shown to be important to protect viral dissemination to the 

underlying tissues, having little antiviral impact on the intestinal epithelium itself. This 

is the case during reovirus infection in mice, in which large amounts of type-III IFNs 

are produced by ICEs compared to those of type-I, and their actions are restricted to 

specific tissues 62. These differences have also been described thoroughly in the case 

of murine norovirus, with type-III IFNs hindering viral replication at the epithelium and 

reducing viral load, and type-I IFNs preventing systemic spread 63,64. Interestingly, it 

has been shown that the ability of mice to sense each type of IFN is age-dependent, 

with the intestines of suckling mice being able to respond to both type I and III IFNs, 

whereas adult mice only respond to type-III 65. Besides the tissue specificity, several 

studies have shown that the magnitude and kinetics of the antiviral state elicited by 

these two types of IFN are different. During infection with Hepatitis C virus of the human 

hepatoma cell line Huh7.5, both types of IFN upregulated almost the same group of 

ISGs, but type-I IFNs did it more rapidly, whereas type-III IFNs had a more delayed 

and sustained action 66. Similarly, in lung carcinoma epithelial cells A549 infected with 

vesicular stomatitis virus (VSV), both IFNs upregulated similar genes but a delayed 

type-III IFN-mediated antiviral state was observed 67. Similar results have been 
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observed at the intestinal epithelium, in which treatment of IECs with both type-I and 

type-III IFNs showed an upregulation of ISGs but with opposite kinetics 68. On one 

hand, type-I IFNs induced a strong and short lasting antiviral state, whereas type-III 

IFNs established a weak but long lasting immune profile. Furthermore, these 

differences were shown to be unrelated to the expression levels of each receptor, but 

the kinetics were intrinsic to the signaling pathway downstream of each receptor 

complex 68. Unlike type-I IFNs, type-III IFNs rely exclusively on the mitogen-activated 

protein kinases signaling pathway, highlighting non-redundant functions of this type of 

IFN in the intestines 69. Since intestinal epithelial cells are in constant contact with 

microbiota, it is likely that type-III IFNs establish a weak and long-lasting immune state, 

avoiding constant and acute inflammation of the tissue. Interestingly, the polarized 

nature of IECs also impacts their ability to respond to different types of IFNs. Studies 

have shown that non-polarized murine intestinal cells respond weakly to type-III IFNs, 

but when cells are cultured for long periods and reach polarity the induction of ISGs is 

strongly enhanced 70. This is not observed in type-I IFNs, in which the induction of ISGs 

is not affected by cell polarity in murine intestinal cells. Since intestinal epithelial cells 

exhibit a polarized status in healthy epithelia, it is expected then that they respond 

better to secreted type-III IFNs upon a viral challenge.  

 

1.3   Rotavirus 

Rotavirus is the main cause of gastroenteritis worldwide, accounting for approximately 

40% of gastroenteritis hospitalizations in children below the age of 5 71. More than 

200,000 children die of rotavirus gastroenteritis and associated diarrhea per year 72. 

The first vaccines against rotavirus, Rotarix and RotaTeq, were commercialized by 

GSK and Merck respectively. These vaccines have shown to be efficient in preventing 

approximately 85% of rotavirus gastroenteritis cases in low mortality regions, and 

about 50% in high mortality regions 73. Similar vaccines were later developed in Asia, 

showing comparable efficacy. Due to these low protection rates in high mortality 

regions, understanding how rotavirus replicates and spreads in human intestinal 

epithelial cells and how it can be controlled is critical as it could offer novel therapeutic 

solutions to control rotavirus infection. 
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1.3.1   Structure 

Rotaviruses’ shape resembles a wheel under electron microscopy, taking their name 

from the Latin word for wheel “rota”, since they are visualized as a ring-like structure 

with small spikes 74. The genome is segmented and consists of 11 genes, each coding 

for one protein, except NSP5 and NSP6 which are coded by segment 11. Six of these 

segments code for structural proteins (VP1, VP2, VP3, VP4, VP6 and VP7), and five 

for non-structural proteins (NSP1, NSP2, NSP3, NSP4 and NSP5/6) 74. Viral particles 

are composed of three structures, an outer capsid, an intermediate capsid and the 

inner core, where the viral double-stranded RNA genome is located. The infectious 

particles possess these three layers, and thus are referred to as triple-layered particles 

(TLPs). These virions are made of an outer layer of VP7 proteins forming a shell, and 

VP4 proteins creating spikes all around it (Figure 5). Underneath, VP6 proteins form 

the middle layer that covers an inner layer of VP2 proteins, which surround the viral 

genome as well as VP1 and VP3 proteins (the replication complex). The VP4 protein 

needs to be cleaved by intestinal proteases to undergo conformational changes that 

allow cell entry 75. 

 

 
Figure 5. Rotavirus is composed of three protein layers. The outer layer is formed by the spike protein 

VP4 and the shell protein VP6. Underneath, VP6 proteins constitute the middle layer and surround the 

inner layer protein VP2. The double-stranded RNA genome is localized at the core, as well as the 

replication complexes formed by VP1 and VP3. 
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1.3.2   Replication cycle 

Once activated by trypsin-like proteases, the VP4 protein can interact with sialic acid 

present in membrane receptors 76. The process of virus entry is not well understood, 

but it is believed to take place through receptor-mediated endocytosis or direct 

membrane penetration (Figure 5). Interestingly, some components of the endosomal 

machinery are required for entry, for example Rab7 has been shown to play a role 77,78. 

Due to low amounts of Ca2+ in endosomes, the outer layer of TLP dissolves, giving 

rise to double-layered particles (DLPs) (Figure 5) 79. Outer layer proteins are believed 

to help lyse the endosomal membrane and release DLPs into the cytoplasm 80. As 

mentioned above, below the VP2 protein layer, transcription complexes formed by VP1 

(a RNA-dependent RNA polymerase) and VP3 (a capping enzyme) are in charge of 

genome replication 81. Once DLPs reach the cytoplasm, the negative strand of the 

genome is used as a template to synthesize new positive single-stranded RNA 

molecules, which can leave the DLP through specific channels. These molecules can 

be used to generate double-stranded RNA genomes, or for translation of viral proteins 

82.  
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Figure 5. The rotavirus replication cycle. Triple-layered particles (TLPs) can bind to sialic acid found on 

the cell membrane following trypsin-induced maturation of VP4. TLPs then get endocytosed and low 

levels of Ca2+ in endosomes induce the degradation of the outer layer, forming double-layered particles 

(DLPs). Lysis of the endosome by outer layer proteins releases DLPs into the cytoplasm. DLPs are 

transcriptionally active, releasing large amounts of mRNA, which get translated into the different viral 

proteins. NSP1 antagonizes the immune system by inducing the degradation of the interferon regulatory 

factors (IRFs). NSP4 binds to the ER, inducing the release of Ca2+ for stabilization of TLPs and 

cytoskeleton damage. NSP2 and NSP5/6 help form the viroplasm, where double-stranded RNA genome 

is synthesized and new DLPs assemble. New DLPs bind to NSP4 at the ER and are transiently 

enveloped, where proteins of the outer layer assemble to form new TLPs. Newly produced viral particles 

are released upon cell death. 

 

Once the NSP2 and NSP5 proteins are translated, they induce the formation of the 

viroplasm, inclusion bodies where replication takes place 83. The NSP4 proteins 

associates itself with the endoplasmic reticulum (ER), where it acts as a receptor for 

DLPs 84 and also induces the cytoplasmic release of Ca2+ from ER storages 85. The 

viroporin function of NSP4 has been shown to be due to its interaction with Ca2+ 

sensor STIM1, and it helps stabilize the outer layer of newly formed TLPs 86. The NSP3 

protein prevents translation of cellular mRNA by hindering the ability of the polyA 

binding protein (PABP) to bind to mRNA. NSP3 hijacks the function of PABP, but only 

binds to newly synthesized viral ssRNA at one of its ends, and to the translation factor 

eIFG4 at the other end, circularizing the RNA and helping its translation 87,88. NSP1 is 

the main antagonist of the innate immune response, it has been shown to induce the 

degradation of many components of the cascade, for example IRF3 89 and MAVS 90, 

preventing IFN production. For packaging of new viral particles, the different ssRNA 

interact with the core proteins (VP1 and VP3) and also VP2 91 to form the core of TLPs, 

but it remains unclear how the 11 different segments are correctly arranged. This core 

is encapsulated by VP6 proteins to form DLPs and leave the viroplasm by budding 

through the ER, acquiring a temporary envelope that is later replaced by VP4, VP6 and 

VP7 proteins 92,93. Interestingly, rotavirus TLPs are released from the cells through 

different mechanisms, in the case of non-polarized cells they do so by cell lysis, but in 

polarized cells they bud out and lose their envelope in the process 94,95. See Figure 5 

for an illustration of the rotavirus replication cycle and Table 2 for a summary of the 

functions of each viral protein. 
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Viral protein Function 

VP4 Spike protein for binding to cell receptors 

VP7 Main component of the outer layer 

VP6 Main component of the middle layer 

VP2 Main component of the inner layer 

VP1 RNA-dependent RNA polymerase 

VP3 Viral capping enzyme 

NSP1 Interferon antagonist 

NSP2 Formation of the viroplasm 

NSP3 Inhibition of translation of cellular proteins 

NSP4 Viroporin for Ca2+ release. Intracellular receptor of DLPs. Enterotoxin. 

NSP5/6 Formation of the viroplasm 

 
Table 2. Main functions of the 11 viral proteins encoded in the rotavirus genome. 
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1.3.3   Rotavirus infection-induced innate immune response 

1.3.1.1  Type-I and type-III IFN-mediated control of rotavirus 

The ability of type I and III IFNs to control rotavirus infection has been evaluated in 

mice, commercial cell lines and also in primary cells. These studies have shown that 

rotavirus infection induces the production of IFNs, however, each model induced a 

unique set of IFNs (IFNλ1, IFNλ2,3 or IFNβ1) to combat rotavirus infection 96–98. IECs 

of suckling mice have been shown to upregulate the production of IFNβ and IFNλ2,3 

upon infection, and the replication of the virus was significantly enhanced in mice 

lacking a functional IFNLR1, whereas those lacking IFNAR1 receptors behaved like 

WT mice 99. This study showed that IFNλ2,3 acted specifically on IECs, preventing viral 

replication, whereas IFNβ acted on lamina propria cells, allowing higher viral loads at 

the villi. Nevertheless, a second study has shown that rotavirus replicates efficiently 

both in WT mice and in mice insensitive to IFNs, but this depended on whether the 

virus was of murine or primate origin 65. Only homologous murine rotavirus was able 

to avoid the innate immune system and spread, whereas heterologous simian rotavirus 

replicated poorly in IFNLR1-/- and IFNAR1-/- mice. In this case, both types of IFN were 

able to block viral replication at the intestinal epithelium, highlighting the evolutionary 

adaptations of rotavirus to antagonize its host species. 

In the case of commercial cell lines the difference in antiviral properties of type-I and 

type-III IFNs are less clear. The colorectal cancer cells Caco2 exhibited an 

upregulation of IFNα, IFNβ and IFNλ1 upon rotavirus infection, but not of IFNλ2,3 96. 

Nevertheless, no IFNs were detected in the supernatant of infected cells and there was 

no upregulation of ISGs, indicating a viral shutdown after the transcript level. 

Furthermore, pretreating cells with any type of IFN before infection showed significant 

reduction in viral genome, indicating that they exhibit similar antiviral properties. 

Similarly, the colorectal cancer cell line HT-29 showed an upregulation of type-I IFNs 

upon infection with rotavirus, showing that these IFNs could play an important role 

during viral replication at the intestinal epithelium 100. Moreover, the HT-29 and HCA-7 

colorectal cancer cells showed an upregulation of IFNβ upon infection both at the 

transcript level and also in the supernatant 101. This is also the case for children infected 

with rotavirus, in which there is an increased level of IFNα/β in their blood 102. On the 

contrary, the MA104 monkey kidney cell line showed that type-I IFNs have little impact 
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on rotavirus replication 103. The development of stem cell derived intestinal organoids 

has shed light on the importance of type-I and type-III IFNs in a model that better 

resembles the human in vivo-like situation. Human intestinal enteroids have shown a 

strong upregulation of IFNλ1 and IFNλ2 upon infection, and of IFNβ1 to a lesser extent 

98. Blocking either type-I or type-III IFN receptors through neutralizing antibodies 

showed that the upregulation of ISGs was stimulated exclusively by type-III IFNs, but 

this did not restrict viral replication. On the contrary, exogenous treatment of organoids 

with IFNs showed a significant decrease in viral genome, with type-I IFNs having a 

stronger effect. These results were obtained in another study, in which all types of IFNs 

had antiviral effects when added exogenously, showing that extra-epithelial sources of 

IFN could be key in stopping viral replication and spread 96.  

 

1.3.1.2  NSP1, the IFN antagonist 

More than two decades ago, a study showed that rotaviruses that have acquired 

random rearrangements in their segment 5 (coding for NSP1) formed significantly 

smaller plaques than WT viruses 104. These rearrangements generated premature stop 

codons and truncated proteins, which were unable to interfere with the immune system 

and failed to help rotavirus spread. Later studies showed that the main targets of NSP1 

were the interferon regulatory elements (IRFs) 3, 5, 7 and 9, which were degraded 

upon overexpression of the viral protein 105,106. NSP1 was shown to target the 

dimerization domain shared by all IRFs, and thus block their nuclear translocation and 

induction of IFNs 107. Besides the IRFs, NSP1 is also able to interfere with type-I IFN 

signaling through blocking the activation of NF-κB and inducing the degradation of 

IFNAR1 108,109. It has been suggested that NSP1 acts as an E3 ubiquitin ligase through 

a RING domain at its N terminus, although evidence to prove this is lacking. Only IRF3 

was shown to interact directly with NSP1, but other targets may do so through other 

intermediary proteins 110. 

 

1.3.4   NSP4 and ADP-mediated calcium waves 

 

When trying to understand rotavirus pathogenesis, a group showed that administration 

of purified NSP4 to mice readily induced diarrhea, becoming the first viral enterotoxin 
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described 111. Moreover, mice treated with purified NSP4 exhibited an increase in 

intracellular levels of Ca2+ at their intestinal epitheliums 112. This is achieved through 

viroporin domains present in NSP4, which allow the formation of an ion channel at the 

ER that specifically allows the passage of Ca2+ 85,113. Increased levels of cytoplasmic 

Ca2+ induce autophagy and also damage of the cytoskeleton and tight junctions 114,115. 

Rotavirus infection has been shown to cause alterations in microfilaments and 

generation of stress fibers 114. Moreover, this study showed that the distribution of 

microtubules was altered upon infection, with tubulin observed towards the periphery 

of cells. One of the main components of tight junctions in epithelial cells, occludin, has 

shown to get degraded in Caco2 cells upon infection with rotavirus, whereas the 

scaffolding proteins ZO-1 and ZO-3 remained intact 115. On the contrary, another study 

carried out on Caco2 cells showed that all three components of tight junctions (ZO-1, 

Occludin and Claudin) exhibited significant alterations upon infection, which was 

reflected in the decrease of transepithelial resistance 116. Similarly, NSP4 treatment of 

sparse MDCK-II canine cells showed blockage of tight junction formation, observed by 

the lack of ZO-1 overtime. Interestingly, this process was reversible, as normal tight 

junction formation was recovered upon removing NSP4 117. For a long time, it was 

believed that infected cells release NSP4, which acts on neighboring cells to induce 

dysregulation through the activation of Ca2+-activated chloride channels, 

consequently causing diarrhea 118,119. Furthermore, dysregulation of enteroendocrine 

cells present in the epithelium induce the release of serotonin, activating vomiting 

centers in the central nervous system 120. Nevertheless, a recent study has challenged 

this hypothesis and showed that in fact the signaling molecule secreted by infected 

cells to dysregulate the epithelium is ADP 121. Cytoskeleton damage and mechanical 

stress could induce the release of ADP from infected cells, which acts on the purinergic 

receptor P2Y1 of neighboring cells. This activates a signaling cascade that causes an 

increase in the levels of cytoplasmic Ca2+ of uninfected cells and subsequent diarrhea, 

generating an ADP-dependent intercellular calcium wave (Figure 6). Calcium waves 

and their effects on the cytoskeleton are described in more detail in section 1.4. 
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Figure 6. ADP-mediated intercellular calcium waves. The rotavirus NSP4 protein acts as a viroporin, 

binding to the ER and inducing the release of Ca2+ into the cytoplasm. Ca2+ increase induces damage 

of the cytoskeleton, cell swelling and the consequent release of ADP. ADP can bind to the purinergic 

receptor P2Y1 of neighboring cells, activating a signaling cascade that induces the release of Ca2+ from 

the ER, echoing the process along the epithelium. 

 

1.4   Calcium waves 

1.4.1 Intracellular calcium oscillations 

 

Increases in the cytoplasmic levels of Ca2+ is part of many different pathways and 

takes place during muscle contraction, communication between neurons, apoptosis 

and regulation of the cell cycle, among other functions 122–125. Interestingly, some 

transcription factors are activated at specific Ca2+ concentrations, for example NF-AT, 

which is only activated at low concentrations, or NF-κB at high transient ones 126. 

Elevated levels of cytoplasmic Ca2+ are also associated with cell death, where it can 

either induce “death signals” and activate endonucleases or proteases, or it can be the 

consequence of other cell damage events 127. The cytoplasmic level of Ca2+ is 

approximately 10,000 times lower than the extracellular concentration of Ca2+, which 

creates a gradient across the plasma membrane. To prevent toxic levels of Ca2+ in 

the cytosol, high amounts of it are stored in the ER and only released upon specific 

signals 128. Ca2+ homeostasis is mainly maintained by the plasma membrane calcium 

pump (PMCA) and the sarco/endoplasmic reticulum calcium pump (SERCA), which 

use ATP to pump Ca2+ across membranes 129,130. In most cases, calcium signaling is 
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mediated by the production of inositol-1,4,5-trisphosplate (IP3), which binds to the IP3 

receptor at the ER and causes the release of calcium into the cytoplasm from cellular 

stores 131. IP3 and Ca2+-mediated positive and negative feedback signaling can 

generate oscillations inside the cell by amplifying and weakening the signal, and thus 

helping regulate different cellular processes 132. This concerted regulation of Ca2+ 

levels in the cytoplasm is known as Ca2+-induced Ca2+ release. Once activated by a 

weak stimulus, IP3 can rapidly diffuse across the cytoplasm, inducing the release of 

Ca2+ in a uniform manner and generating an intracellular calcium wave. On the 

contrary, a strong stimulus generates high levels of IP3 and a Ca2+ spike, with no 

calcium wave, likely having opposite effects on the cell 127. 

 

1.4.2 Intercellular calcium waves 

 

After the generation of an intracellular stimulus, Ca2+ can act on neighboring cells as 

a messenger that helps synchronize oscillatory signals among a 133. This mechanism 

was discovered more than two decades ago in ciliated epithelial cells of the lung, in 

which mechanical stimulation increases the beat frequency of a cell, and this stimulus 

travels to adjacent cells in a Ca2+-dependent manner 134. This process was later 

shown to take place in other tissues, including liver epithelial cells, endothelial cells 

and B cells of the pancreas 135–137. Besides mechanical stimuli, glutamate and electrical 

stimulation can also be the starting point of intercellular calcium waves 138,139. 

Importantly, intercellular signaling has been shown to be dependent on gap junctions 

for passage of diffusible molecules among cells. For example, gap junction blockers 

have been shown to stop calcium waves, and cells lacking gap junctions that were 

transfected with connexins could suddenly generate calcium waves 133,140. It is then 

believed that an initial stimulus activates the generation of IP3, which travels to 

adjacent cells via junctions and induces the cytoplasmic release of Ca2+ from the ER. 

Importantly, since IP3 is only produced in the initial cell and diffuses as it moves to 

neighboring cells, intercellular calcium waves can only progress along the tissue until 

no more IP3 is left 141. In the case of cells lacking junctions, ATP is believed to be 

fundamental in the establishment of intercellular calcium waves. This was first 

described in mast cells, where stimulated cells used ATP as a signaling molecule to 

initiate waves through an extracellular route 142. Importantly, purinergic receptor 

blockers were demonstrated to partially stop calcium waves in epithelial cells, which 



21 
 

possess gap junctions, showing the implication of both pathways in wave propagation 

135. This was also shown to be the case for pancreatic B cells, which progress calcium 

waves through ADP acting on the P2U purinergic receptors 137.  

 

1.4.3 Impact of calcium on the cytoskeleton and tight junctions   

The involvement of calcium during tight junction formation has been proposed during 

the early 90s, after observations showing an increase in the levels of cytoplasmic Ca2+ 

during polarization 143. Furthermore, it was shown that chelation of intracellular Ca2+ 

with permeable chelators retards the formation of tight junctions, visualized for 

example by a delay in the translocation of ZO-1 to the cell membrane 144. It is likely 

that the importance of Ca2+ during these processes is due to kinases like protein 

kinase C requiring Ca2+ to function properly during tight junction assembly 145,146. 

Importantly, depletion of Ca2+ from ER reservoirs by stimulation with thapsigargin, 

which inhibits calcium-ATPases, prevents the establishment of tight junctions in 

epithelial cells 145. Cells pretreated with this drug did not show an increase in 

transepithelial electrical resistance over time and failed to properly stabilize and 

assemble tight junction proteins into the cytoskeleton 145. Although this is not 

completely understood, this study highlighted that ER reservoirs of Ca2+ must be intact 

during the establishment of cell to cell contacts, and that their depletion due to stress 

or infections prevent the formation of a polarized monolayer. Interestingly, the inability 

of ZO-1 to associate itself with the cytoskeleton occurred in the absence of a significant 

change in the levels of intracellular Ca2+, but it rather relied on the presence of the 

Ca2+ stores themselves 145. Similar results were recently observed in keratinocytes 

treated with high doses of thapsigargin or UVB, in which the formation of tight junctions 

was disrupted 147. 
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1.5   Objectives 

Intestinal epithelial cells are the first line of defense against enteric viruses. Upon viral 

infection, a complex signaling cascade is activated and interferons are produced to 

alert the system and prevent viral spread. Both type-I and type-III IFNs are produced 

and sensed by intestinal cells, signaling through the same pathway and activating the 

production of hundreds of interferon stimulated genes. One of the main enteric 

pathogens is rotavirus, which has been shown to induce the production of type-I and 

type-III IFNs in vivo and in vitro. Additionally, rotavirus has been shown to shutdown 

the immune response to increase its spread efficiency. Nevertheless, the differences 

between these different types of IFNs in preventing rotavirus replication and spread 

are not well understood and seem to depend on the model used. Studies focusing on 

murine models have shown contradictory results, with some showing that only type-III 

IFNs can prevent viral spread, and others that neither type of IFN can impact virus 

replication and spread. Studies on human cell lines and organoids are limited and only 

focused on the amount of each IFN type produced upon infection, or on IFN 

pretreatments before infection. The main limiting factors in these studies are the lack 

of cell lines insensitive to a specific type of IFN, and the possibility of tracking infection 

and IFN response with live cell fluorescence microscopy. In this study, I generated a 

large set of fluorescent tools to track viral infection and IFN sensing in long live 

microscopy experiments, which allowed me to elucidate the differences between type-

I and type-III IFNs in preventing viral spread. Furthermore, rotavirus has been recently 

shown to use ADP as an extracellular messenger to increase its pathogenicity, 

although not much is known about the impact of ADP on viral replication and spread. I 

have thus also focused on the impact that this signaling pathway may have on infected 

and neighboring cells and how it helps rotavirus spread more efficiently.  

 

This thesis addresses three different objectives: 

 

 

1. Generate fluorescent tools that allow the visualization and tracking of viral 

infection and sensing of interferons. 
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2. Elucidate the differences in the innate response established by type-I and type-

III IFNs upon rotavirus infection 

 

 

3. Determine the importance of calcium-induced ADP signaling during rotavirus 

replication and spread. 

 

Altogether, this thesis focused on the generation of a large set of fluorescently tagged 

proteins and knock-out vectors to better understand how the innate immune cascade 

takes place during rotavirus infection. To this end, a collection of generated cell lines 

was imaged with long live cell fluorescence microscopy, aiming to expand the current 

knowledge of type-I and type-III IFN-mediated immune response. This methodology 

allowed me to determine single cell phenotypes and discover a new way of establishing 

a second round of infection. All together these studies help to broaden our 

understanding of how mucosal surfaces fight pathogens and how pathogens use 

several techniques to subvert these attacks.  
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2   Results 

 

2.1   Generation of fluorescent reporters for visualization of viral infection-
induced innate immune response 

 

2.1.1   Reporters of onset of innate immune response 

In order to efficiently track the innate immune response taking place in the intestinal 

epithelium upon viral infection, it is essential to first detect which cells have been 

infected. To this end, I have generated a series of fluorescent reporters based on the 

early steps of the innate immune cascade, which lead to the production of type-I and 

type-III IFNs. A summarized version of the generated reporters can be found in Table 

3. 

 

2.1.1.1   IRFs nuclear translocation and IFN promoters 

As mentioned before, upon detection of viral genome by intestinal epithelial cells, 

transcription factors like IRF3 and IRF7 can undergo conformational changes and 

translocate to the nucleus. Once in the nucleus they can induce the upregulation of 

type-I and type-III IFNs to stop the virus from replicating. My first approach was then 

to use the nuclear translocation of these transcription factors as a read out for what 

cells have been infected. The eGFP-IRF3 fusion protein has been shown to efficiently 

translocate to the nucleus 148 upon stimulation, and a pWPI eGFP-IRF3 vector was 

received from Marco Binder (DKFZ, Heidelberg) as a gift. Nevertheless, when 

evaluating the ability of eGFP-IRF3 to translocate upon transfection with the double-

stranded RNA mimic Poly I:C, the Boulant lab has previously observed that in confluent 

cultures of colorectal carcinoma T84 cells a considerable low number of cells exhibited 

nuclear translocation (Figure 7). 
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Figure 7. T84 cells carrying the eGFP-IRF3 fusion protein were mock treated or transfected with Poly 

I:C, fixed 4 hours post treatment and imaged using a PerkinElmer spinning disc microscope. Nuclear 

translocation of eGFP-IRF3 can be observed in a low number of Poly I:C treated cells (white arrow). 

 

Since it is possible that these cells use a different IRF to activate IFN pathways, I 

generated IRF7-eGFP and eGFP-IRF7 fusion proteins through HiFi DNA Assembly. A 

pDONR-IRF7 (a kind gift from Marco Binder, DKFZ, Heidelberg) was used as template 

to amplify IRF7 and insert it before or after eGFP in a PENTR221 vector using primers 

1-8 (Table 9). I used this entry vector to generate a pWPI lentiviral vector and later T84 

cell lines overexpressing the fusion proteins. Both cell lines exhibited cytoplasmic 

localization of IRF7 when non-stimulated, but only the IRF7-eGFP fusion protein 

showed nuclear translocation 4 hours post-transfection with the double stranded RNA 

mimic poly I:C (Figure 8A). To study whether there is a difference in the nuclear 

translocation efficiency of IRF7-eGFP between sparse and confluent cells, cells were 

seeded at a 10% or 50% confluency respectively. Cells were transfected with poly I:C 

for 4 hours, fixed and translocation of the fusion protein was evaluated by microscopy. 

As observed before with the eGFP-IRF3 construct, upon reaching confluency, the 

IRF7-eGFP protein stopped translocating efficiently to the nucleus upon treatment with 
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poly I:C (Figure 8B). This represented a major drawback, since intestinal epithelial cells 

are normally cultured at high confluency to mimic the natural state of the epithelium. 

 

Figure 8. T84 cells were transduced with lentiviruses carrying either the IRF7-eGFP or eGFP-IRF7 

constructs and selected using puromycin to achieve a population where 95% of cells were expressing 

the construct. (A) IRF7 expressing cells were mock transfected or transfected with poly I:C for 4 hours, 

fixed and nuclear translocation was examined. Only the IRF7-eGFP fusion protein showed translocation 

upon treatment (white arrow). (B) Nuclear translocation of IRF7-eGFP was compared between sparse 

and confluent cells. Poly I:C only induced translocation in sparse cells and not in confluent ones (white 

arrow). 

 

Since fluorescent reporters based on the nuclear translocation of IRFs did not show 

promising results, I continued by focusing on tagging fluorescent proteins to the 

promoter region of type-I and type-III IFN genes. I have previously obtained a lentiviral 

vector carrying the fluorescent protein mCherry under the control of the promoter 

region of the IFNβ1 gene (Figure 9A) (a kind gift from Ronald Dijkman, University of 

Bern), which was used to generate a T84 cell stably carrying the reporter. Interestingly, 
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I could observe a high basal expression of mCherry, likely due to constitutive 

production of IFNβ1 in the cell line (Figure 9B, upper panel). To test the efficacy of the 

reporter during viral infection, T84 cells were seeded in 8-well glass bottom ibidi 

chambers 24 hours before the experiment, transfected with Poly I:C and the intensity 

of mCherry tracked over time using a PerkinElmer spinning disc microscope. Cells 

treated with Poly I:C did not show a considerable increase in mCherry levels, with only 

some cells exhibiting a notable change (Figure 9B).  

 

Figure 9. (A) Schematic showing IECs transduced with the pIFNβ-mCherry reporter. Upon sensing of 

viral infection, IRFs translocate to the nucleus and activate the production of mCherry. Generated with 

Biorender.com (B) T84 cells carrying the pIFNβ-mCherry were mock treated or treated with poly I:C and 
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imaged every 30 minutes with a PerkinElmer spinning disc microscope. Representative images at 0, 6 

and 12 hours post treatment are shown. 

 

To generate a similar reporter for type-III IFNs, I used the genome of T84 cells as a 

template to amplify the promoter region of the IFNλ2 and IFNλ3 genes using primers 

9 and 10. These primers were designed based on 149, and amplify a ~1,000 bp 

fragment of the promoters and also contain overhangs that allow its annealing to a 

pENTR221 backbone containing mCherry at the C’ terminus. This backbone was 

amplified from a pENTR221-pMx1-mCherry vector using primers 4 and 11, and the 

two fragments were fused to generate a pENTR221-pIFNλ2,3-mCherry. As described 

before, this entry vector was used to generate the promoterless lentiviral vector 

pLentiX1-pIFNλ2,3-mCherry and a T84 cell line carrying the reporter (Figure 10A). 

Unlike the pIFNβ1-mCherry reporter, this cell line exhibited no basal activation of the 

reporter (Figure 10B, upper panel). To test the induction of the promoter and increase 

of mCherry intensity, T84 cells carrying the reporter were seeded in 24-well plates, 

infected with reovirus and imaged over time using a CellDiscoverer 7 microscope. 

Interestingly, infected cells showed a significant increase in mCherry intensity starting 

at 12 hpi, which continued increasing during the full live experiment (Figure 10B). 

Fluorescent reporters based on tagging IFN promoters showed promising results, 

since unlike the nuclear translocation of STAT2, the intensity of mCherry was readily 

visualized. Nevertheless, the activation of each promoter is limited to the type of IFN 

produced by the cell line of interest and the type of stimulus. 

 

2.1.1.2   Astrovirus and Norovirus infection 

Another approach to detect infected cells that I have considered was adapting a 

reporter previously generated to detect infection by hepatitis C virus (HCV) 150 to detect 

infection by Astrovirus and Norovirus. This reporter was generated by fusing eGFP to 

an SV40 nuclear localization sequence (NLS) and the mitochondrial protein MAVS 

(eGFP-NLS-MAVS). In a basal state eGFP is located at the mitochondria, but upon 

infection by HCV, the viral protease cleaves MAVS and releases eGFP, which 

translocates to the nucleus due to the NLS. I have received a lentiviral vector 

containing this reporter (pWPI eGFP-NLS-MAVS, a kind gift from Volker Lohman, 
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Universitätsklinikum Heidelberg), and introduced the restriction site CATATG for the 

enzyme NdeI in between NLS and MAVS by site-directed mutagenesis (pWPI eGFP-

NLS-NdeI-MAVS) (see section 4.2.6). 

 

 

Figure 10. (A) Schematic showing IECs transduced with the pIFNλ2,3-mCherry reporter. Upon sensing 

of viral infection, IRFs translocate to the nucleus and activate the production of mCherry. Generated 

with Biorender.com (B) T84 cells carrying the pIFNλ2,3-mCherry were mock infected or infected with 

reovirus and imaged every 30 minutes with a CellDiscoverer7 microscope. Representative images at 0, 

6 and 12 hours post infection are shown. 
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This site was used for insertion of oligonucleotides containing restriction sites found in 

the polyproteins produced by Astrovirus and Norovirus, and thus, allow cleavage of the 

reporter upon infection (Figure 11A). In the case of Astrovirus, the restriction sites 

Gln567-Thr568 151 and Glu654-Ile655 152 were used as targets. 66-bp oligonucleotides 

based on the viral genome were designed to contain 30 bp of linker to the left and right 

of the restriction site: (oligos number 12 and 13 for cleavage site Gln567-Thr568 and 

oligos number 14 and 15 for Glu654-Ile655). Furthermore, to allow ligation into the 

vector, NdeI sites were added to each end of the oligos: TATG at the 5’ end and CA at 

the 3’ end (see Table 9 and section 4.2.3.1). Ligation of the restricted vector with these 

oligonucleotides was carried out using a T4 ligase (see section section 4.2.3.1), 

generating the lentiviral vectors pWPI eGFP-NLS-Astro Cleavage 1-MAVS and pWPI 

eGFP-NLS-Astro Cleavage 2-MAVS. CaCo2 cells were transduced with lentiviruses 

carrying the reporters, and immunofluorescence showing confirm their correct 

localization at the mitochondria in a basal state (Figure 11B, upper panel). To test for 

their efficiency, 100,000 CaCo2 cells expressing the reporter were seeded in 24-well 

plates, infected with Human Astrovirus for 16 hours, fixed and stained. Neither of the 

reporters showed nuclear translocation upon viral infection, and all cells that were 

positive for astrovirus infection still maintained the tag at the mitochondria indicating 

that cleavage did not occur (Figure 11B, lower panel). 

In the case of Norovirus, the cleavage sites found in the polyprotein between NS1.2 

and NS3, and the one between NS3 and NS4 were cloned into the reporter 153. As 

described above for the Astrovirus reporters, the 6 bases corresponding to the 

cleavage site, in addition to 18 bases the left and right of the cleavage site and the 

overhangs for annealing into the empty vectors were synthesized as oligonucleotides. 

Oligos 16 and 17 were used for cleavage 1 (NS1.2-NS3) and oligos 18 and 19 for 

cleavage 2 (NS3-NS4), generating the lentiviral vectors pWPI eGFP-NLS-Noro 

Cleavage 1-MAVS and pWPI eGFP-NLS-Noro Cleavage 2-MAVS respectively. These 

vectors were used for generation of lentiviruses and stably transduced hepatocellular 

carcinoma Lunet cells (a kind gift from Dr. Lohmann, Universitätsklinikum Heidelberg), 

in which eGFP could be visualized attached to the mitochondria (Figure 11C, upper 

panel). Due to difficulties in amplification of human norovirus in commercial cell lines, 

I tested the efficacy of the reporters by transfecting Lunet cells with a plasmid carrying 

the norovirus protease under the control of a T7 promoter (pTM_HA_Age_NS6, Dr. 

Lohmann, Universitätsklinikum Heidelberg). These Lunet cells were previously 
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transduced with a construct that allows the production of a T7 polymerase (Dr. 

Lohmann’s group), and thus allow transcription of the transfected pTM_HA_Age_NS6. 

100,000 cells were seeded in 24-well plates and transfected with 800 ng of 

pTM_HA_Age_NS6 using Lipofectamine 2000 (ThermoFisher Scientific), the media 

was changed after 8 hours, and cells were fixed 24 hours post transfection. Cells 

transfected with the norovirus protease showed nuclear localization of eGFP, whereas 

those mock transfected showed localization at the mitochondria (Figure 11C, lower 

panel). These results highlighted the efficiency of the system in allowing the 

visualization of cells infected with human norovirus. 

Since it is known that Astroviruses and Noroviruses normally attach to the endoplasmic 

reticulum (ER) during viral replication, I considered generating a variation in the 

reporter and replacing MAVS for the ER protein SEC61B (Figure 12A). To achieve this 

more easily, I first moved the eGFP-NLS-Cleavage-MAVS constructs to a smaller 

vector, a pENTR221. Primers 20 and 21 were used on all viral cleavage reporters to 

add AttB cloning sites at each side, allowing Gateway cloning for generation of the 

entry vectors. Once the pENTR221-eGFP-NLS-Cleavage-MAVS vectors were 

obtained, I amplified the entire backbones but left the MAVS sequence out using 

primers 2 and 22. These were joined through HiFi assembly with the fragment coding 

for SEC61B, amplified from pUC_CMV-mEmerald-Sec61 (Prof. Dr. Oliver Fackler, 

Universitätsklinikum Heidelberg) using primers 23 and 24. The two fragments were 

ligated, obtaining the entry vectors pENTR221-eGFP-NLS-Cleavage-SEC61B that 

were used as described before to generate lentiviral vectors and transduced cell lines. 

CaCo2 cell lines transduced with the ER versions of the Astrovirus reporter efficiently 

displayed eGFP at the ER by microscopy (Figure 12B, upper panel). Nevertheless, 

infection with astrovirus did not seem to induce cleavage and nuclear translocation of 

eGFP, possibly due to a more complex structure of the cleavage site needed for the 

protease to recognize it (Figure 12B, lower panel). On the contrary, Lunet cells 

transduced with this alternative version of the norovirus reporters again showed 

efficient nuclear translocation of eGFP upon transfection with the norovirus protease 

(Figure 12C). 
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Figure 11. Cells were transduced with lentiviruses carrying either the Astrovirus or the Norovirus MAVS 

reporters. (A) Schematic of the eGFP-NLS-MAVS viral cleavage reporters. Generated with 

Biorender.com (B) CaCo2 cells carrying the eGFP-NLS-Astro Cleavage-MAVS reporters were infected 

with Astrovirus, showing no nuclear translocation of eGFP. (C) Lunet cells carrying the eGFP-NLS-Noro 

Cleavage-MAVS reporters transfected with a plasmid encoding the norovirus protease, showing efficient 

nuclear translocation of eGFP (white arrow). Mitochondria staining is done by targeting Cytochrome C. 
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Figure 12. Cells were transduced with lentiviruses carrying either the Astrovirus or the Norovirus 

SEC61B reporters. (A) Schematic of the eGFP-NLS-Sec61B viral cleavage reporters. Generated with 

Biorender.com (B) CaCo2 cells carrying the eGFP-NLS-Astro Cleavage-SEC61B reporters were 

infected with Astrovirus, showing no nuclear translocation of eGFP. (C) Lunet cells carrying the eGFP-

NLS-Noro Cleavage-SEC61B reporters transfected with a plasmid encoding the norovirus protease, 

showing efficient nuclear translocation of eGFP (white arrow). ER staining is done targeting protein 

disulfide isomerase (PDI). 
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2.1.1.3   Fluorescent rotaviruses 

Rotaviruses carrying different fluorescent proteins as an extra gene in their genome 

were received from collaborators (Dr. John Patton, Indiana University). These viruses 

carry either the gene for the green protein UnaG or the red protein mKate fused to their 

NSP3 gene, and thus the fluorescent protein is only visualized after viral replication 

and translation of viral proteins 154. Besides the WT version of the viruses, NSP1-

deficient versions were received, which contain a deletion of 17 amino acids at the C’ 

terminus of NSP1, hindering their ability to block the induction of interferons (Figure 

13A) 155. To validate that the fluorescent proteins can be used as a robust reporter of 

rotavirus infection, I infected the T84 colorectal carcinoma cells with UnaG or mKate 

rotavirus at an MOI of 1, and 24 hpi I fixed the cells for RNA-FISH targeting the rotavirus 

genome. Cells were imaged using a PerkinElmer spinning disc microscope. Results 

showed that all cells that were positive for the RNA-FISH fluorescent probes were also 

positive for UnaG or mKate, confirming that this system can act as a robust reporter 

for rotavirus infection (Figure 13B). 

 

2.1.2   Reporters of interferon sensing 

Once infected cells are identified, it is of interest to detect which cells in the culture are 

sensing the secreted IFNs and going into an antiviral state. The first steps after type-I 

and type-III IFN sensing are the phosphorylation of STAT1 and STAT2, the assembly 

of the ISGF3 complex with IRF9, and its nuclear translocation for activation of 

interferon stimulated genes. A Summarized version of the generated reporters can be 

found in Table 3. 
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Figure 13. (A) Schematic showing epithelial cells fluorescing upon rotavirus replication and translation 

of viral proteins (left), and genome of the WT and NSP1-deficient rotavirus (right). (B) T84 cells were 

infected with WT UnaG or mKate rotavirus and RNA-FISH was carried out targeting the viral genome 

(647 fluorescent probe, magenta).  

  

2.1.2.1   STAT1, STAT2 and IRF9 

My first approach to be able to visualize cells in an antiviral state was to tag the three 

components of the ISGF3 complex and use their nuclear translocation as a readout. 

Plasmids carrying the human version of these proteins were obtained from Addgene 

(see table 8), and eGFP was tagged at the N’ terminus of each to compare their 

translocation efficiency. First, primers 2 and 3, and primers 25 and 26 were used on 

the previously generated pENTR221-IRF7-eGFP vector to amplify an empty backbone 
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and eGFP respectively. Then, STAT1 was amplified from pLV-WT-STAT1 using 

primers 27 and 28, and the 3 fragments were assembled with HiFi Assembly, 

generating the entry vector pENTR221-eGFP-STAT1. From this plasmid, STAT1 was 

swapped for STAT2 and IRF9, generating the vectors pENTR221-eGFP-STAT2 and 

pENTR221-eGFP-IRF9. First, the backbone was amplified with primers containing 

overhangs for annealing to either protein, using primers 29 and 30 for STAT2 and 31 

and 32 for IRF9. Then, STAT2 was amplified from pLV-STAT2 with primers 33 and 34, 

and IRF9 from pLV-IRF9 using primers 35 and 36, continuing with the annealing to the 

corresponding backbones. These entry vectors were used to generate pWPI lentiviral 

vectors carrying the reporters, and stably transduced T84 cells. Interestingly, I could 

not observe cells expressing the eGFP-STAT1 fusion protein, likely due to its 

overexpression being lethal for the cells. On the contrary, the eGFP-STAT2 construct 

exhibited a cytoplasmic location at its basal state, and the eGFP-IRF9 fusion protein 

an exclusively nuclear one (Figure 14A). To evaluate whether fusing eGFP to the N 

terminus of these proteins interferes with their localization or ability to translocate, I 

generated an alternative version with eGFP at the C terminus. First, the pENTR221-

IRF7-eGFPa was used as a template to amplify a backbone with eGFP at the C 

terminus and a linker between the fused proteins using primers 3 and 37. STAT1, 

STAT2 and IRF9 were amplified from the vectors generated before with the 

corresponding overhangs for annealing to the C terminus versions of the pENTR221 

backbones (primers 38-43). These vectors were used to generate lentiviral vectors and 

overexpressing T84 cell lines. Nevertheless, the results obtained matched what was 

observed with the N terminus versions of the reporters (Figure 14A). Because of this, 

only eGFP-STAT2 was considered as a good candidate, and thus, T84 eGFP-STAT2 

cells were seeded on 8-well glass bottom chambers, prepared for imaging on a 

PerkinElmer spinning disc and treated with 2,000 IU/mL of IFNβ or 300 ng/mL of 

IFNλ1,2,3 right before imaging. Cells were imaged every 5 minutes for 1 hour using a 

40X oil objective, showing that upon treatment with IFNλ there was a fast and short 

lasting nuclear translocation of eGFP-STAT2 (Figure 14B). This process seemed to 

start rapidly after treatment, visualized as “sparkles” in the nucleus and lasting for about 

30 minutes. The short lasting characteristics of the nuclear translocation of eGFP-

STAT2 complicates the visualization of cells in an antiviral state in long live 

experiments, and thus a longer lasting reporter is more suitable for this. 
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Figure 14. (A) T84 cells transduced with the eGFP-STAT2 or eGFP-IRF9 exhibit cytoplasmic 

localization in the case of STAT9 and nuclear localization of IRF9. (B) eGFP-STAT2 T84 cells were 

imaged every 5 minutes for 60 minutes upon treatment with IFNs. After 5 minutes of treatment with 

IFNλ, nuclear translocation of eGFP-STAT2 was observed (white arrow). Export into the cytoplasm 

started 30 minutes after nuclear translocation, and most of the fusion proteins were visualized in the 

cytoplasm 60 minutes post treatment. 

  

2.1.2.2   Interferon Stimulated Genes 

Upon IFN sensing, the ISGF3 complex translocates to the nucleus and activates the 

expression of hundreds of interferon stimulated genes (ISGs). I have received from 

collaborators (Dr. Ronald Dijkman, University of Bern) plasmids carrying the promoter 

region of three different ISGs (MX1, ISG54 and ISG56) tagged with the red fluorescent 
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protein mCherry: pLV pMX1-mCherry, pLV pISG54-mCherry, pLV pISG56-mCherry. 

Upon IFN sensing and nuclear translocation of the ISGF3 complex, the expression of 

mCherry can be visualized (Figure 15A). These lentiviral vectors were used to generate 

modified T84 cell lines and to test the expression of mCherry overtime after IFN 

treatment. When aiming at visualizing the basal intensity of mCherry, it was possible 

to observe different degrees of basal activation between the three different constructs. 

T84 cells carrying the pMX1-mCherry reporter showed low basal activity of the 

promoter, pISG54-mCherry exhibited a considerably higher activation than MX1, and 

pISG56-mCherry displayed the highest basal intensity of mCherry levels (Figure 15B). 

Because of this, I focused on using the pMX1-mCherry construct.  

 

Figure 15. (A) Schematic showing IECs transduced with the ISG promoter-mCherry reporters. Upon 

sensing of IFNs, the ISGF3 complex translocates to the nucleus and activates the production of 

mCherry. Generated with Biorender.com. (B) T84 cells transduced with the pMX1-mCherry, pISG54-

mCherry or pISG56-mCherry reporters were seeded on 8-well glass bottom chambers and imaged with 

a PerkinElmer spinning disc microscope. Cells are imaged 24 hours post seeding in the absence of 

treatment. 

To evaluate the activation of the reporter over time, T84 pMX1-mCherry cells were 

seeded on 8-well glass bottom chambers at half confluency, treated with either 2,000 
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IU/mL of IFNβ or 300 ng/mL of IFNλ1,2,3 and imaged every 1 hour for 36 hours using 

a PerkinElmer spinning disc. Cells are kept at 37°C and 5% CO2 during the live 

experiment. Time-lapse movies generated showed that upon treatment with either 

IFNs the intensity of mCherry increased significantly over time, whereas no change 

was observed in mock treated cells (Figure 16). Furthermore, an increase in intensity 

was observed throughout the entire experiment, with no loss of mCherry at any point. 

These results were promising, since it was of great importance to generate a cell line 

that could readily report for IFN sensing in long live cell fluorescence microscopy 

experiments. 
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Figure 16. T84 cells carrying the pMx1-mCherry reporter were mock treated (upper panel), treated with 

IFNβ (middle panel) or IFNλ (lower panel) and imaged every 1 hour for 36 hours. Representative images 

for brightfield and a 561 laser (mCherry) are shown. An increase in fluorescence is observed at 12 hours 

post treatment and lasts for the entire experiment. 

 

Fluorescent reporter Characterization 

IRF7-eGFP Cytoplasmic localization when not stimulated. Nuclear translocation 
when stimulated, but mostly in sparse cultures 

eGFP-IRF7 Cytoplasmic localization when not stimulated. Does not translocate 
upon stimulation 

pIFNβ-mCherry High basal fluorescence. Weak increase in fluorescence upon 
stimulation 

pIFNλ2,3-mCherry No basal fluorescence. Efficient increase in fluorescence upon 
stimulation 

MAVS Astrovirus 
cleavage reporters 

eGFP localizes in the mitochondria. No cleavage upon infection with 
astrovirus 

Sec61B Astrovirus 
cleavage reporters 

eGFP localizes in the ER. No cleavage upon infection with astrovirus 

MAVS Norovirus cleavage 
reporters 

eGFP localizes in the mitochondria. Efficient nuclear translocation 
upon transfection of protease 

Sec61B Norovirus 
cleavage reporters 

eGFP localizes in the ER. Efficient nuclear translocation upon 
transfection of protease 

UnaG and mKate 
Rotaviruses 

Visualization of fluorescent proteins after 4-6 hours of infection 

N’ and C’ eGFP STAT1 Cell death occurs upon overexpression 

N’ and C’ eGFP STAT2 Cytoplasmic localization at basal states. Fast and short lasting nuclear 
translocation upon IFN treatment 

N’ and C’ eGFP IRF9 Nuclear translocation at basal states 

pMX1-mCherry Low basal levels of fluorescence. Increase of fluorescence upon viral 
infection or IFN treatment. 

pISG54-mCherry Medium basal levels of fluorescence 

pISG56-mCherry High basal levels of fluorescence 

 

Table 3. Summary of fluorescent reporters generated in this thesis and provided by collaborators. 
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2.2   Tracking of the rotavirus-induced innate immune response in intestinal 
epithelial cells 

 

2.2.1   NSP1 is key to control interferon induction in human intestinal epithelial cells 

  

The ability of rotaviruses to induce IFNs upon infection and be controlled by IFNs has 

been a highly debated topic 96–98. To determine how human intestinal epithelial cells 

respond to rotaviruses, WT and NSP1-deficient SA11 rotaviruses encoding the green 

fluorescent protein UnaG were used (Figure 13). To evaluate the innate immune 

response elicited by WT and NSP1-deficient rotaviruses, I infected T84 cells with either 

the WT or NSP1- deficient virus at an MOI of 1 and 24 hours post-infection (hpi), and 

I evaluated the upregulation of type I (IFNβ1) or type III IFNs (IFNλ1-3) by q-RT-PCR. 

Results show that WT rotaviruses did not induce IFNβ1 nor IFNλ1, as shown by the 

relative expression of IFNs compared to the housekeeping gene TATA box-binding 

protein (TBP) (Figure 17A, top panel) or the fold change of IFN transcript expression 

compared to mock infected cells (Figure 17A, bottom panel). Interestingly, expression 

of IFNλ2-3 was upregulated in cells infected with WT rotavirus (Figure 17A). Infection 

with the NSP1-deficient rotavirus resulted in a moderate induction of IFNβ1 and IFNλ1 

and a strong upregulation of IFNλ2/3 expression (Figure 17A). These findings 

confirmed that NSP1 can efficiently interfere with IFN production in rotavirus infected 

T84 cells. 

To detect the presence of IFNs in the supernatant of rotavirus-infected cells, I infected 

cells at an MOI of 1 with either WT or NSP1-deficient rotavirus and collected the 

supernatants 24 hpi. I added these supernatants to HEK-Blue reporter cells genetically 

modified to express a phosphatase alkaline under the control of the ISG54 promoter 

region (InvivoGen). 24 hours post-treatment, I carried out a colorimetric assay to 

quantify the amount of IFNs released by rotavirus infected cells. In accordance with 

the q-RT-PCR results, type-I IFNs were not produced by cells infected with WT 

rotavirus, whereas I was able to measure type I IFNs in the supernatant of cells infected 

with the NSP1-deficient rotavirus (Figure 17B, left panel). On the contrary, IFNλ was 

detectable in the supernatants of both WT and NSP1-deficient rotavirus infected cells 

though to a much larger extent upon NSP1-deficient rotavirus infection (Figure 17B, 

right panel). Together these results show that NSP1 is key to control interferon 
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production but while it is able to completely block the production of type-I IFNs, it 

appears to only partially impact the production of type-III IFNs. 

 

Figure 17.  (A) T84 cells were infected with WT and NSP1-deficient rotaviruses. 24 hpi RNA was 

extracted and the upregulation of IFNβ1, IFNλ1, and IFNλ2/3 were analyzed by q-RT-PCR. (B) T84 cells 

were infected at an MOI of 1 with either WT or NSP1-deficient rotavirus, and the levels of IFNs produced 

were measured by adding the supernatants to HEK-Blue reporter cells 24 hpi. Error bars indicate 

standard deviation. n = 3 biological replicates. N.S.=not significant;. P<0.05 *, P<0.01 **, P<0.001 ***, P 

<0.0001 **** (Ordinary one-way ANOVA with Dunnett’s multiple comparison test using non-infected 

infected cells as reference). 

  

2.2.2   Exogenous treatment of interferons blocks rotavirus infection 

In order to test the efficiency of type I (IFNβ1) or type III (IFNλ2/3) IFNs in preventing 

rotavirus infection, I pre-treated T84 cells with increasing concentrations of either IFN 

for 16 hours prior to infection. Following IFN treatment, I infected the cells with either 

WT or NSP1-deficient rotaviruses in the presence of IFNs for 24 hours and assayed 

infection 24 hpi by fluorescence microscopy (Figure 18A and C). Results showed that 

both type I and III IFNs were able to control WT rotavirus infection in a dose dependent 

manner (Figure 18A-B). Similarly, NSP1-deficient rotavirus displayed a sensitivity to 

type I and III IFNs comparable to that of WT viruses (Figure 18C-D). These results 

suggested that T84 cells are able to use both type I and type III IFNs to control rotavirus 

infection. Additionally, both WT and NSP1-deficient viruses were sensitive to 
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interferons, suggesting that they are not able to control antiviral signaling after the IFN 

sensing program has been established. 

 

Figure 18. (A) H2B-mCherry T84 cells were pretreated with indicated concentrations of IFNβ1 and 

IFNλ2,3 for 16 hours and were subsequently infected with rotavirus-UnaG. 16hpi infection was analyzed 

by fluorescence microscopy. (A) Representative images of WT rotavirus infection by fluorescence 

microscopy. Scale bar, 100 µm. (B) Quantification of the fluorescence of WT rotavirus infection. Data 

are represented as the percentage of infected cells. (C) Same as A except for NSP-1 deficient virus. 

Scale bar, 100 µm. (D) Same as B except for NSP1-deficient virus. Error bars indicate standard 

deviation. n = 3 biological replicates. n.s.=not significant; P<0.05 *, P<0.01 **, P<0.001 ***, P <0.0001 

**** (Ordinary one-way ANOVA with Dunnett’s multiple comparison test using non-treated infected cells 

as reference). 
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2.2.3   IFNλ is essential to control the spread of rotavirus in human intestinal epithelial 

cells 

While both type I and III IFNs seem to be able to block rotavirus infection when added 

exogenously (Figure 18), q-RT-PCR data showed that NSP1 is only able to completely 

block type I IFN production (Figure 17). This suggests that in human intestinal epithelial 

cells, type III IFN plays a central role in controlling rotavirus infection. To determine if 

the endogenously produced type I and type III IFNs are also capable of controlling 

rotavirus infection, I employed T84 cells previously generated in the group 156. These 

cells had been depleted of either the type I IFN receptor (IFNAR-/-), the type III IFN 

receptor (IFNLR-/-) or both receptors (dKO). 

To track rotavirus infection and spread, I first transduced WT and IFN receptor KO T84 

cells with the fluorescent nuclear tag H2B-mCherry. Then, I infected cells at an MOI of 

0.1 with either the WT or the NSP1-deficient rotavirus and monitored infection in 1 hour 

intervals for 36 hours by live cell fluorescent microscopy. Results showed that loss of 

the type I IFN receptor (IFNAR-/-) did not impact WT rotavirus infection and spread in 

human intestinal epithelial cells (Figure 19A-B). Importantly, cells lacking the type III 

IFN receptor (IFNLR-/-) or both receptors (dKO) supported a greater infection and 

spread of WT rotavirus, indicating that endogenous type III IFNs are key antiviral 

cytokines to combat rotavirus infection (Figure 19A-B). These results are in line with 

the previous observation that WT rotavirus only induces the production of IFNλ2/3 and 

not IFNβ1 (Figure 17). Similar results were observed when tracking the infection 

spread of the NSP1-deficient rotavirus. NSP1-deficient rotavirus could spread more 

efficiently in cells lacking type-III IFN receptors or cells lacking both IFN receptors 

(Figure 19C-D). Importantly, due to the higher levels of IFNs being produced following 

infection with the NSP1-deficient rotavirus (Figure 17), lower levels of infected WT and 

IFNAR1-/- cells were observed throughout the whole time course compared to 

infections with WT Rotavirus (Figure 19B vs. 19D). 

Interestingly, although the NSP1-deficient rotavirus infection leads to the production of 

IFNβ1 (around 2000 IU/mL, Figure 17B), wild-type levels of infection were still 

observed in the IFNLR1-/- cell line (Figure 19D). As similar amounts of IFNβ1 provided 

in trans lead to a reduction of rotavirus infection (Figure 18C-D), this data suggests 

that IFNβ1 does not play a key role in controlling rotavirus infection. Altogether, these 
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results show that endogenously produced type III IFNs following rotavirus infection are 

key to control viral spread in human intestinal epithelial cells.  

 

Figure 19.  WT, IFNAR1-/-, IFNLR1-/- and IFNR double K.O T84 cells transduced with an H2B-mCherry 

nuclear tag (blue) were infected at an MOI of 0.1 (as determined in MA104 cells). Infection was followed 

by live fluorescence microscopy for 36hpi and images were acquired every 1 hour. (A) Fluorescent 

images of WT rotavirus infection and spread at indicated time points. Scale bar, 100 µm.  (B) 

Quantification of infected cells in A over time. (C) Same as A except for the NSP1-deficient virus. Scale 

bar, 100 µm. (D) Same as B except for the NSP1-deficient virus. Error bars indicate standard deviation. 

n = 3 biological replicates. n.s=not significant;. P<0.05 *, P<0.01 **, P<0.001 ***, P <0.0001 **** (Multiple 

t-tests with multiple comparisons correction using the Holm-Sidak method. WT T84 cells are used as 

reference). 
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2.2.4   Human intestinal epithelial cells use type III IFNs to induce an antiviral state 

To visualize the magnitude and timing of the antiviral response elicited by type I and 

type III IFNs, I took advantage of WT and IFNLR1-/- T84 cells carrying the pMx1-

mCherry reporter (Figure 15). WT pMX1-mCherry cells are used to determine the 

antiviral state induced by the presence of either type I or type III IFNs, while the 

IFNLR1-/- pMx1-mCherry cell line can only report an antiviral state induced by type I 

IFNs. To track infection in these cell lines during live experiments, I transduced WT 

and IFNLR1-/- pMx1-mCherry cells with the fluorescent nuclear tag H2B-mTurquoise2. 

To test the efficacy of the reporter cell lines at sensing and responding to IFNs, I treated 

WT and IFNLR1-/- pMx1-mCherry cells with three different concentrations of either 

IFNβ1 or IFNλ2/3. 24 hours post-stimulation, I evaluated the number of Mx1-mCherry 

positive cells using fluorescence microscopy (Figure 20A and 20C). The quantification 

of Mx1-mCherry positive cells confirmed that the WT pMx1-mCherry cell line was 

activated by both type I and III IFNs (Figure 20A-B. Furthermore, increasing 

concentrations of either type I or type III IFN led to an increased number of Mx1-

mCherry positive cells (Figure 20A-B). The quantification showed that high 

concentrations of IFNβ1 induced the activation of the MX1-cherry reporter in 

approximately 90% of the WT cells (Figure 20B). Interestingly, concentrations of 

IFNλ2/3 above 2 ng/ml were enough to activate the reporter in most WT cells 

(approximately 90%). Importantly, only IFNβ1 activated the IFNLR-/- pMx1-mCherry 

reporter cell line, further confirming its specificity for type I IFNs (Figure 20C-D). 

Quantifications showed that the IFNLR-/- pMx1-cherry cell line induced a smaller 

number of mCherry positive cells upon treatment with IFNβ1 compared to the WT 

pMx1-mCherry cell line (Figure 20D). To confirm that the fluorescent signal generated 

by the reporter was in line with ISG transcript levels, I treated WT and IFNLR-/- pMX1-

cherry cells with IFNβ1 or IFNλ2/3 and harvested RNA 24 hours post-stimulation. q-

RT-PCR revealed a similar upregulation of the endogenous Mx1 transcript, validating 

the accuracy of the fluorescently tagged promoter (Figure 20E). 
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Figure 20. (A) WT pMx1-mCherry T84 cells were treated with increasing concentrations of either IFNβ1 

and IFNλ2,3 for 24 hours. Representative fluorescent images are shown. Scale bar, 100 µm. (B) 

Quantification of the percentage of MX1-cherry cells from B. (C) IFNLR-/- pMx1-mCherry T84 cells T84 

cells were treated with increasing concentrations of either IFNβ1 and IFNλ2,3 for 24 hours. 

Representative fluorescent images are shown. Scale bar, 100 µm. (D) Quantification of the percentage 

of MX1-cherry cells from D. (E) WT pMx1-mCherry (left panel) and IFNLR-/- pMx1-mCherry (right panel) 

T84 cells were treated with different concentrations of IFNβ1 and IFNλ2,3. 24 h after treatment, RNA 

was harvested and q-RT-PCR was carried out targeting Mx1. Error bars indicate standard deviation. n 

= 3 biological replicates. n.s.=not significant; P<0.05 *, P<0.01 **, P<0.001 ***, P <0.0001 **** (Ordinary 

one-way ANOVA with Dunnett’s multiple comparison test using non-treated infected cells as reference). 
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To investigate whether infection with WT or NSP1-deficient rotavirus induces a type I 

or type III mediated antiviral response, I infected WT pMx1-mCherry and IFNLR1-/- 

pMx1-mCherry cells at an MOI of 0.1 and UnaG (rotavirus) and mCherry (ISG) positive 

cells were quantified over time. Results showed that WT rotavirus induced the 

production of Mx1-mCherry in WT cells only (Figure 21A). No activation was observed 

following WT rotavirus infection of IFNLR1-/- pMx1-mCherry (Figure 21A). These 

results are in line with previous observations that only IFNλ2,3 was produced following 

WT rotavirus infection and suggest that the Mx1-mCherry positive cells are due to type 

III IFN alone (Figure 17 and 21B). Quantifications showed that 40% of WT pMx1-

mCherry cells were in an antiviral state at 24 hpi, which is when a second round of 

infection would take place, explaining the inability of the virus to continue spreading 

(Figure 21B, upper panel). After 36 hpi, approximately 80% of the cells were in an 

antiviral state, showing the impressive magnitude of IFNλ2,3 in establishing an antiviral 

response in intestinal epithelial cells. Conversely, there were almost no IFNLR1-/- 

pMx1-mCherry positive cells throughout the time course, showing that type I IFNs do 

not mediate the antiviral response observed upon rotavirus infection. This lack of an 

antiviral response led to a sharp increase in WT rotavirus infection and spread in 

IFNLR1-/- pMx1-mCherry cells (Figure 21B, lower panel).  

Similar to WT rotavirus, the NSP1-deficient rotavirus infection of WT pMx1-

mCherry cell line showed an induction of Mx1-mCherry signal and a subsequent low 

level of virus spread. The NSP1-deficient virus led to an induction of 40% mCherry 

positive cells at 24 hpi, which further increased to 85% at 36 hpi (Figure 21C-D, upper 

panel). Interestingly, unlike the WT rotavirus, the NSP1-deficient rotavirus led to an 

induction of Mx1-mCherry in the IFNLR1-/- pMx1-mCherry at late time points, 

indicating that type I IFNs were secreted following infection (Figure 21C-D, lower 

panel). This induction of type I IFNs is in line with previous q-RT-PCR and secreted 

IFN data (Figure 17). The percentage of Mx1-mCherry positive cells was reduced in 

IFNLR-/- cells as compared to WT cells, and this led to a higher amount of rotavirus 

infected cells. These results suggest that the magnitude and faster-paced paracrine 

action of type III IFNs are able to induce an antiviral state in non-infected cells before 

a second round of infection can take place. On the contrary, when produced in the 

context of an infection with the NSP1-deficient rotavirus, type I IFNs do not seem to 

induce a sufficient antiviral response required to control rotavirus spread. Altogether, 

these results show that upon rotavirus infection, human intestinal epithelial cells 
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produce type III IFNs and rely exclusively on this cytokine to control rotavirus spread 

within the epithelium. 

 

Figure 21. WT pMx1-mCherry cells and IFNLR-/- pMx1-mCherry cells were infected with either WT 

rotavirus (A-B) or NSP1-deficient rotavirus (C-D) at an MOI of 0.1 (calculated in MA104 cells). (A) 

Representative fluorescent images of WT rotavirus infection of WT pMx1-mCherry cells and IFNLR-/- 

pMx1-mCherry at indicated time points.  All cells carry the H2B-mTurquoise2 nuclear tag (blue) for 

quantifications. Scale bar, 100 µm. (B) Quantification of the number of rotavirus-infected cells and 

mCherry-positive cells from A. (C) Representative fluorescent images of NSP-1 deficient rotavirus 

infection of WT pMx1-mCherry cells and IFNLR-/- pMx1-mCherry at indicated time points.  All cells carry 

the H2B-mTurquoise2 nuclear tag (blue) for quantifications. Scale bar, 100 µm. (D) Quantification of the 
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number of rotavirus-infected cells and mCherry-positive cells from C.  Error bars indicate standard 

deviation. n = 3 biological replicates. 

 

2.3 Characterization of rotavirus infection colonies 

2.3.1 Rotavirus second rounds of infections take place as colonies 

 

When T84 cells are infected with rotavirus at low MOIs and tracked over time, it is 

possible to observe that the second rounds of infection do not take place in a random 

manner, but rather as colony-looking infections. This process seems to follow a specific 

pattern, during which the first infected cell remains alive for a number of hours, followed 

by cell death and the formation of colony-looking second rounds of infection in the 

locations where the first infections took place (Figure 22A). Interestingly, not all cells 

infected during the first round of infection give rise to colonies, but no new infections 

take place in the vicinity of these cells either. To evaluate whether this phenomenon 

was cell type specific, the African green monkey kidney cell line MA104 was infected 

with rotavirus at a low MOI and the infection tracked over time. As observed in T84 

cells, the formation of colonies was observed upon death of the first infected cells 

(Figure 22B). Interestingly, colonies observed in MA104 cells were considerably bigger 

than those of T84 cells, which is in line with the fact that the MA104 cell line is the gold 

standard cell line for amplification of rotavirus due to its lower level of immune response 

and control of infection. It is likely then that the first infected cells produce a large 

number of viral particles and thus form larger colonies, compared to T84 cells that can 

mount a strong immune response. 
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Figure 22. (A) T84 cells were infected with WT UnaG rotavirus and tracked over time. Initial infections 

can be visualized during the first 14 hours of infection. Cells undergo cell death and a second round of 

infections takes place shortly after in a colony-looking pattern. Cell nuclei are displayed in blue. A 

representative region of a full field of view is displayed.  (B) As for T84 cells, MA104 cells infected with 

green rotavirus are tracked over time, observing also the initial infections giving rise to colonies upon 

cell death. A representative region of a full field of view is displayed.  

 

2.3.2 Infection colonies are not delimited by interferon signaling 

 

As described in section 2.2, type-III IFNs seem to play a key role in preventing the 

spread of rotavirus infection to neighboring cells. It is possible then that cells that are 

nearby the first infection do not have enough time to establish an IFN-mediated antiviral 

state, whereas those farther away are protected from infection in time. To elucidate if 

this is the case, I evaluated whether colonies could form in IFNLR KO cells and how 

they differ from those observed in WT cells. WT and IFNLR KO cells were infected at 

an MOI of 0.1 and the number of colonies formed throughout the 48-hour live 

experiment were quantified (Figure 23A). IFNLR KO cells allowed a significantly higher 

number of colonies than WT cells, which is likely due to cells being more permissive to 

infections due to a reduced antiviral state (Figure 23B). Interestingly, colonies 

observed in IFNLR KO cells exhibited a significantly increased area of infection, 
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meaning that a greater number of cells were infected during the second round of 

infection (Figure 23C). It is likely that IFNLR KO cells produce a higher amount of viral 

particles due to their inability to sense type-III IFNs, which translates into larger 

colonies. When quantifying the number of hours the first infected cells remain alive and 

the time for the colonies to form upon cell death, I could observe that these processes 

are conserved and there were no differences observed between WT and IFNLR KO 

cells (Figure 23D). Cells infected during the first round of infection remain alive for 

approximately 8 hours in both WT and IFNLR KO cells, and upon cell death, colonies 

form in approximately 3 hours after the death of the initial cell. These similarities 

observed in the two cell lines show that colonies are not due to IFN signaling, but rather 

to intrinsic characteristics of rotavirus infection. 

 

 

Figure 23. (A) WT and IFNLR1-/- T84 cells were infected at an MOI of 0.1 with UnaG rotavirus and 

tracked over time. A representative region of a full field of view is displayed. (B) All colonies formed 

throughout the 32-hour experiment were quantified and compared between WT and IFNLR-./- cell lines. 

(C) The area covered by all colonies observed in the experiment were measured and compared between 

WT and IFNLR-/-  cell lines. (D) For each colony observed, the number of hours leading to the death of 
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the first infected cell and the time between cell death and the appearance of a new colony were 

quantified. Error bars indicate standard deviation. n = 3 biological replicates. ns=not significant; P<0.05 

*, P<0.01 **, P<0.001 ***, P <0.0001 **** (Unpaired t test is used for comparison). 

 

2.3.3 Rotavirus-infection induced calcium waves delimit the area of a second round 

of infection 

 

A recent publication has shown that rotavirus infection generates intercellular calcium 

waves through ADP signaling 121, the shapes of which are similar to those of the 

infection colonies. This is caused by a release of Ca2+ from ER reservoirs through the 

viroporin action of NSP4, affecting cellular integrity and inducing the release of ADP 

(Figure 6). ADP can then bind to the purinergic receptor P2Y1 on neighboring cells, 

which causes the increase of cytoplasmic levels of Ca2+ and subsequent release of 

ADP, generating a calcium wave. In order to confirm that rotavirus also induces calcium 

waves in T84 colorectal cancer cells, I took advantage of the GcAMP5G reporter of 

calcium increase. GcAMP5G is composed of a circularly permuted GFP, calmodulin 

and the calmodulin-binding peptide M13, and cannot fluoresce in the absence of Ca2+. 

The pCMV-GCaMP5G plasmid was acquired from Addgene and introduced into the 

Gateway system using primers 44 and 45 to add AttB cloning sites to it. This fragment 

was used for generation of an entry vector through a BP Gateway reaction and a pWPI 

lentiviral vector through an LR Gateway reaction. T84 cells were transduced with the 

reporter and tested for their ability to report for an ADP-mediated increase in 

cytoplasmic Ca2+. To achieve this, GCaMP5G T84 cells were seeded in 48-well plates 

one day before the experiment, either mock treated or treated with 1 mM ADP (Sigma-

Aldrich) and imaged using a CellDiscoverer 7 microscope. Since the activation of the 

GCaMP5G could be fast and transient, ADP treatment was carried out once cells were 

placed inside the microscope and the experiment setup was ready. Cells were imaged 

every 3 minutes for 60 minutes, and changes in GFP intensity were evaluated. 

Interestingly, ADP-treated cells exhibited a brief and unsynchronized increase in GFP 

that resembled “sparkles” (Figure 24). This increase in GFP signal started shortly after 

treatment and confirmed the relevance of GCaMP5G as a reporter of ADP-driven Ca2+ 

increase. 
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Figure 24. GaMP5G T84 cells were mock treated or treated with 1 mM ADP and imaged every 3 minutes 

for 60 minutes. Random and brief increases in eGFP signal could be observed in ADP treated cells 

(white arrows). A representative area of a full field of view is displayed. A magnification of an area in the 

field of view (white box) shows fluctuations in eGFP signal in one cell.  

 

To evaluate whether rotavirus infection would also activate the GCaMP5G reporter, 

GCaMP5G T84 cells were infected with the red mKate rotavirus and monitored with a 

CellDiscoverer 7 microscope by imaging cells every 10 seconds for 3 minutes, after 

which a 1-hour pause was carried out and the imaging cycle restarted afterwards. This 

cycling imaging setup aimed to reduce large amounts of unwanted data and focused 

only on short lasting increases of calcium. I could observe an increase in cytoplasmic 

levels of Ca2+ in infected cells, which was detected as ‘sparkles’ of GFP signal, and 

this was followed by an increase in Ca2+ in neighboring uninfected cells, which lasted 

approximately 60 seconds (Figure 25A). This is in line with results found in the green 

African monkey cell line MA104 121. As mentioned above, the second round of infection 

took place in a cluster-looking manner, and it happened specifically in the region that 

was covered by the calcium wave (Figure 25B). These results highlight the possibility 
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that rotavirus-infection calcium waves help newly produced viruses infect cells by 

affecting the integrity of the monolayer. 

 

  

Figure 25. (A) T84 cells transduced with the GaMP5G Ca2+ reporter (green) were infected with mKate 

rotavirus (red) and tracked over time. Infected cells generated calcium waves around the infection which 

lasted approximately 60 seconds. A representative magnification of a field of view is displayed. (B) The 

area covered by the calcium wave (white circle) delimited the area in which a colony of infection could 

form.  

 

2.3.4 Signaling through the P2Y1 purinergic receptor is key during rotavirus infection 

and spread 

 

As mentioned above, Ca2+ release from ER reservoirs causes cell damage and ADP 

release, which binds to the P2Y1 purinergic receptor in neighboring cells and expands 

the signal along the tissue. To evaluate whether this ADP-driven calcium wave is 

essential during rotavirus infection, T84 cells were infected with UnaG rotavirus at an 

MOI of 1 and treated with either DMSO (control) or 10 µM BPTU (Tocris) at different 

timepoints. BPTU is an antagonist of the P2Y1 receptor, and thus prevents ADP 

binding and signaling. When BPTU was added at 0 and 3 hpi, it prevented the 

formation of colonies, although the first round of infection took place normally (Figure 

26A-B). Interestingly, when BPTU was added at 6 hpi, there were no significant 
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differences in the number of colonies observed when compared to DMSO treated cells. 

These results show that ADP signaling takes place early during infection, 

approximately between 3-6 hpi, and that blocking it prevents second rounds of 

infection.  

 

 

Figure 26. (A) T84 cells were infected with UnaG rotavirus at high MOI and treated with either DMSO 

or 10 µM BPTU at 0, 3 or 6 hpi. Infection was tracked for 48 hours. Representative fields of view 

observed at 6 and 24 hpi are displayed. Cell nuclei are shown in blue (H2B-mCherry). (B) Quantification 

of the total number of colonies observed throughout the entire experiment. Error bars indicate standard 
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deviation. n = 3 biological replicates. n.s.=not significant; P<0.05 *, P<0.01 **, P<0.001 ***, P <0.0001 

**** (Unpaired t test is used for comparison). 

To further characterize the importance of ADP and the P2Y1 receptor, a P2Y1 receptor 

KO T84 cell line was generated through CRISPR/Cas9 targeted deletion using the 

guide sequence ‘CTACAGCATGTGCACGACCG’, described before 121. Oligos 46 and 

47 were used for generation of a LentiCRISPRV2 vector carrying the guide sequence 

(See section 4.2.3.1). Single cloning of the knock-out cell pool and genome sequencing 

allowed identification of a fully knocked-out population. Infection of this clonal cell line 

resembled the results obtained through BPTU treatments, in which a first round of 

infection was visible, but no colonies could form (Figure 27A and 27C). Nevertheless, 

the number of infected cells was significantly less in the P2Y1 receptor KO cells, 

showing that ADP signaling is also needed during the initial infections and not only for 

second rounds of infection. Since it is likely that ADP-driven calcium waves are needed 

for tight junction damage, the differences in infection levels between WT and P2Y1 KO 

cells would only be observed at high densities. In the case of a sparser set up, epithelial 

cells do not form tight junctions efficiently and thus the phenotypes would be similar. 

Rotavirus infection of cells seeded at lower densities indeed showed an increase in 

number of infected cells in P2Y1 KO cells, and colonies could also take place in this 

setup (Figure 27B and 27D). A comparison of infected cells and number colonies 

observed in P2Y1 KO cells seeded at low and high densities showed a significant 

reduction of infectivity at high densities (Figure 27E). These results highlight the need 

of calcium wave-dependent mechanisms to allow infection of confluent cultures of 

intestinal epithelial cells, which represent a normal intestinal epithelium.   
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Figure 27. (A) Scr and P2Y1 KO T84 cells were seeded at full confluency and infected at an MOI of 0.1. 

Infection was tracked for 48 hours. Representative regions of fields of view observed at 12 and 24 hpi 

are displayed. Cell nuclei are shown in blue (H2B-mCherry). (B) Scr and P2Y1 K.O T84 cells were 

seeded at half confluency and infected at an MOI of 0.01. Infection was tracked for 48 hours. 

Representative regions of fields of view observed at 12 and 24 hpi are displayed. Cell nuclei are shown 
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in blue (H2B-mCherry). (C) Quantification of infected cells observed at 12 hpi and colonies formed at 

high density. (D) Quantification of infected cells observed at 12 hpi and colonies formed at low density. 

(E) Comparison of infected cells and colonies observed in P2Y1 cells seeded at low and high confluency. 

Error bars indicate standard deviation. n = 3 biological replicates. ns=not significant; P<0.05 *, P<0.01 

**, P<0.001 ***, P <0.0001 **** (Unpaired t test is used for comparison). 

 

2.3.5 A ZO-1 KO cell line emphasizes the importance of tight junction integrity during 

infection 

 

To further evaluate the importance of tight junctions during rotavirus infection, the ZO-

1 anchoring protein was knocked out from T84 cells through CRISPR KO (Figure 2). 

The guide sequence ‘ATTCTGGTCGATCACACGAT’, which targets exon 9, was 

cloned into the LentiCRISPRV2 vector using oligos 48 and 49 (See section 4.2.3.1). 

The integrity of ZO-1 was evaluated through immunofluorescence, showing a 

completely depleted population when compared to Scr cells (Figure 28A). It is 

expected that in ZO-1 KO cells second rounds of infection should take place in a 

sparser manner, since all cells already lack tight junctions and the infection area is not 

defined by calcium waves. Scr and ZO-1 KO T84 cells were seeded at full confluency, 

representing a healthy (Scr) and a damaged epithelium (ZO KO) respectively, and 

infected with UnaG rotavirus at an MOI of 0.1. Interestingly, a significantly higher 

number of infected cells and colonies was observed in ZO KO cells in comparison to 

Scr cells (Figure 28B-C). Furthermore, the area of infection covered by colonies was 

the same in WT and ZO-1 KO cells, showing that although infection is enhanced in the 

absence of tight junctions, other processes may help delimit the area where colonies 

form.  
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Figure 28. (A) Scr and ZO-1 KO T84 cells were seeded at full confluency 24 hours before fixation and 

immunofluorescence. Nuclei are stained with DAPI (blue) and ZO-1 is displayed in magenta. A 

representative region from a field of view is displayed. (B) Scr and ZO-1 KO cells were infected with 

UnaG rotavirus at an MOI of 0.1 and the infection was tracked for 48 hours. A representative region 

from a field of view is displayed. (C) The number of colonies observed in each field of view throughout 

the entire experiment, as well as the areas were quantified and compared between Scr and ZO-1 KO 

cells. Error bars indicate standard deviation. ns= not significant P<0.05 *, P<0.01 **, P<0.001 ***, P 

<0.0001 **** (Unpaired t test is used for comparison). 
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2.3.6 NSP4 silencing interferes with normal colony formation 

 

Since the viral protein NSP4 drives calcium release and the subsequent ADP-driven 

calcium waves, I considered targeting this protein for shRNA-mediated silencing and 

evaluate its involvement in colony formation. T84 cells overexpressing an shRNA 

targeting NSP4 (NSP4 KD) or a non-targeting scramble shRNA (Scr) were generated 

through lentiviral transduction. These cell lines were seeded at high confluency, 

infected with UnaG rotavirus and the formation of colonies was tracked over time. 

Interestingly, I could observe the formation of colonies in both cell lines (Figure 29A), 

although those observed in the NSP4 KD cell line exhibited alterations in their 

development. Importantly, in Scr T84 cells cell death takes place as shown above 

(Figure 22), with infected cells simply detaching from the monolayer. On the contrary, 

infected NSP4 KD cells collapsed during infection (Figure 29A, bottom panel), and so 

did the colony they gave rise to. These differences in cell colony development had no 

impact on the number of colonies observed in both cell lines (Figure 29B). To evaluate 

whether the absence of the NSP4-induced increase in cytosolic Ca2+ has an impact 

on the time colonies take to form, the hours between cell death to colony formation 

were quantified. Interestingly, a significant decrease in colony formation time was 

observed between the two cell lines (Figure 29C), confirming that NSP4 plays a key 

role in preventing cell collapse during viral replication, and likely in supporting or 

accelerating the rotavirus replication cycle. 

 

2.3.7 Rotavirus rapidly binds to intestinal epithelial cells 

 

Since the formation of colonies could still be observed in P2Y1 KO cells seeded at low 

densities (Figure 27B), and also in cells expressing an shRNA targeting NSP4 

(although abnormal) (Figure 29), it is possible that other mechanisms help drive colony 

formation. I hypothesized then that viruses produced by infected cells can rapidly and 

more easily bind to neighboring cells instead of those found farther away from the 

infection site. To study this, T84 cells were infected with UnaG rotavirus at an MOI of 

0.1 for 0.1, 1, 5 and 60 minutes, cells were washed three times to remove unbound 

viral particles, and the formation of colonies was tracked for 48 hours. Interestingly, 

cells infected for 5 minutes showed the same number of colonies as those infected for 
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the full infection time (60 minutes) (Figure 30A-B). On the contrary, cells infected for 

0.1 or 1 minute showed a significant decrease in colony number. These results stress 

the fast binding of rotavirus to cell receptors, which likely enhances infectivity in the 

area surrounding a first infection, in addition to the potential pro-viral processes 

activated by calcium waves.  

 

 

Figure 29. Scramble shRNA and NSP4 shRNA T84 cells were seeded at full confluency and infected 

with UnaG rotavirus (green) at an MOI of 0.1. Colony formation was tracked for 36 hours. (A) 

Representative images of scramble shRNA cells displaying formation of a normal colony, and NSP4 KD 

cells showing abnormal colony development. (B) Quantification of total number of colonies per field of 

view observed throughout the live experiment. (C) Quantification of hours between cell death and colony 

formation in Scr and NSP4 KD cells. Error bars indicate standard deviation. ns= not significant P<0.05 

*, P<0.01 **, P<0.001 ***, P <0.0001 **** (Unpaired t test is used for comparison). 
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Figure 30. T84 cells were seeded at full confluency and infected with UnaG rotavirus (green) at an MOI 

of 0.1. Infection was carried out for 0.1, 1, 5 or 60 minutes and cells were washed to remove unbound 

viruses. Infection was tracked for 48 hours and the number of colonies per field of view was evaluated. 

(A) Representative regions of fields of view showing colony formation in each condition. (B) 

Quantification of colonies per field of view. Error bars indicate standard deviation. ns= not significant 

P<0.05 *, P<0.01 **, P<0.001 ***, P <0.0001 **** (Unpaired t test is used for comparison). 
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3 Discussion 

 

3.1 Generation of fluorescent reporters for visualization of viral infection-induced 

innate immune response 

 

Most studies aiming at describing the innate immune response elicited by enteric 

viruses focus on bulk results, in which entire populations of commercial cell lines are 

infected and studied together as one. Although these initial studies provide important 

information, it is likely that infected and uninfected cells behave differently throughout 

the course of the infection and also contribute differently to the overall innate response. 

Moreover, the timings and durations of each step of the cascade, as well as the 

differences in innate states established by different types of cytokines are not easily 

differentiated with these approaches. Because of this, the aim of my PhD project was 

to take advantage of fluorescent reporters that could allow the visualization and 

tracking of these different steps in single cells and obtain more thorough information of 

the innate cascade elicited by enteric viruses. In this work, I was able to generate and 

test a large amount of fluorescent tools through live fluorescence microscopy and to 

select the tools to address questions through the innate immune signaling pathway.  

 

3.1.1 Fluorescently tagged IFN promoters efficiently report viral infection 

 

Early during infection and detection of pathogens, the cytoplasmic IRF3 and IRF7 

transcription factors can dimerize and translocate into the nucleus to activate the 

production of interferons. I have been able to show that fluorescently tagged versions 

of these proteins do not represent good reporters of infection, since their nuclear 

translocation seems impaired in confluent cultures. A relatively low number of 

translocation events is observed upon stimulation and they take place mostly in sparser 

cultures (Figure 7), which represents a drawback since intestinal epithelial cells are 

normally grown in confluency. It is evident that the polarized nature of intestinal 

epithelial cells alters their innate immune response, and that possibly different IRFs 

regulate IFN production depending on the polarized status of each cell, although this 
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has not been demonstrated. Moreover, in the case of viral infections, it is possible that 

cell receptors needed for binding viruses exhibit a polarized distribution, and their 

exclusive basolateral localization upon polarization makes them inaccessible 157. This 

was shown to be the case for HCV, which uses the tight junction protein claudin-1 as 

a co-receptor and thus, infection is highly dependent on the polarized state of cells 158. 

This was also found to be the case for Zika virus, which infects epithelial cells mainly 

by the apical membrane 159. Similarly, Epstein-Barr virus infects polarized MDCK cells 

preferentially from their apical side 160. Moreover, I have also focused on fluorescently 

tagging the promoter regions of type-I and type-III IFNs, the two main types of 

cytokines produced by intestinal cells to combat viral infections. Tagging of the IFNβ 

promoter with mCherry showed a relatively high basal level activity of the pathway in 

the T84 colorectal carcinoma cell, and thus an increased level of fluorescence in 

unstimulated cells (Figure 9). This is in accordance with studies showing basal 

expression of IFNβ in mouse embryonic fibroblasts 161, and primary cardiac myocyte 

cultures 162. Similarly, the human lung epithelial cell line Calu-3 was shown to exhibit 

constitutive expression of IFNβ 163. Moreover, in order to generate a fluorescent tool 

based on the activation of type-III IFNs, the IFNλ2,3 promoter was amplified from the 

genome of T84 cells and tagged with mCherry. In the case of this reporter, no basal 

mCherry fluorescence was visualized in unstimulated cells, and as observed with the 

IFNβ promoter-based reporter, a sustained and long lasting activation took place upon 

viral infection. Previous reports have shown that primary human trophoblasts produce 

IFNλ1 constitutively 164, as well as 3D models of syncytiotrophoblasts which produce 

IFNλ1 and IFNλ2 at basal levels 165. This has not been studied thoroughly in the case 

of intestinal epithelial cells, but it is likely that IFNλ1 establishes a basal antiviral state, 

whereas IFNλ2,3 are only produced upon viral infection, as I have observed when 

studying the rotavirus-infection induced immune response in T84 cells (Figure 17). In 

this setup, the levels of IFNλ1 relative to those of a housekeeping gene are 

considerably high, and no basal IFNλ2,3 is observed. The generation of these type-I 

and type-III IFN promoters-based reporters is of great relevance when aiming at 

understanding the differences in timing and duration of the innate response established 

by each type of cytokine. The visualization of IFN activation provides information lost 

in bulk experiments regarding the number of cells able to mount the production of each 

cytokine and at what pace these events take place. Furthermore, this represents an 

advantage when focusing on the stochasticity of IFN production, showing whether a 
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fixed number of cells mount a type-I or type-III response. Additionally, these reporters 

mark infected cells in the culture, and in combination with fluorescent reporters of 

interferon sensing contribute to our understanding of how an antiviral state is elicited 

and controlled in the intestinal epithelium.  

 

3.1.2 Viral infection reporters allow the visualization of norovirus and rotavirus infection 

 

In addition to fluorescently tagged IFN promoters, other approaches were taken into 

account to detect what cells are infected in the culture. A fluorescent tool aimed at 

detecting HCV infection based on the cleavage of MAVS by the viral protease and the 

release of eGFP from the mitochondria was developed by another group in the past 

150. Continuing with this approach, I inserted cleavage sites found in the genome of 

norovirus in this reporter and expected that their cleavage by the viral protease would 

release eGFP from the mitochondria (or the ER) and show nuclear localization in 

infected cells. This reporter showed positive results, with clear eGFP signal in the 

nucleus of infected cells that were transfected with a plasmid encoding the norovirus 

protease (Figure 11C and 12C). In the case of the astrovirus infection reporters, no 

cleavage was observed upon infection (Figure 11B and 12B). It is likely that a structure 

more complex than that provided by short peptides is required for the correct 

positioning of the viral protease at the cleavage sites, or the structure of the reporter 

itself prevents the protease from reaching the cleavage sites. Moreover, fluorescent 

rotaviruses obtained from collaborators were of great importance in the project and 

showed advantages compared to other reporters. First, it is important to highlight that 

these viruses carry an extra gene encoding for a fluorescent protein in their genomes, 

and thus can only fluoresce during viral replication. This is beneficial since there is no 

increase in fluorescence due to viral particles in the media or attached to cells, but only 

from active viral protein translation. Moreover, the fluorescence generated during 

rotavirus infection was shown to be of high intensity, visualized early during infection 

and lasted until cell death (Figure 13). An important advantage of viral infection 

reporters when compared to fluorescently-tagged IFN promoters is that they can be 

visualized in any model regardless of the cytokine type produced. This is relevant for 

systems in which not all infected cells activate IFN production, generating false 
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negative results and an unrealistic starting point during the tracking of the innate 

immune response. 

 

3.1.3 The activation of ISGs effectively reports sensing of IFNs 

 

Once infected cells have been identified in the culture, it is of interest to detect which 

cells are able to sense secreted IFNs and are thus in an antiviral state. As a first 

approach to achieve this, I have focused and fluorescently tagging the three 

components of the ISGF3 complex: STAT1, STAT2 and IRF9. The canonical view is 

that the assembly of ISGF3 takes place in the cytoplasm, before it translocates into the 

nucleus for upregulation of ISGs 51. Interestingly, it was not possible to generate an 

efficient fluorescent reporter based on the nuclear translocation of these proteins. In 

the case of IRF9, I have observed that the fusion protein eGFP-IRF9 localizes in the 

nucleus at a basal state and not in the cytoplasm (Figure 14A), which is in agreement 

with previous studies showing the nuclear localization of IRF9 in bone marrow-derived 

macrophages through immunofluorescence 166. Moreover, overexpression of eGFP-

IRF9 in the Atlantic salmon TO cells also showed nuclear localization of the fusion 

protein in unstimulated cells 167. This highlights that the assembly of the full ISGF3 

complex may take place in the nucleus, after the nuclear translocation of dimerized 

STAT1-STAT2 heterodimer. In the case of STAT1, it was not possible to generate a 

cell overexpressing the eGFP-STAT1 fusion protein, likely due to increased levels of 

STAT1 leading to cell death through an overactivation of a pathway. This is in 

agreement with a study carried out on human hepatocellular carcinoma cell line 

HepG2, in which overexpression of STAT1 induced cell cycle arrest and apoptosis 168. 

Similar results were observed in cardiac myocytes transfected with a plasmid 

containing the sequence coding for STAT1 169. Interestingly, overexpression of the 

eGFP-STAT2 fusion protein did not induce cell death and exhibited an exclusive 

cytoplasmic localization. More importantly, it was possible to visualize the nuclear 

translocation of STAT2 upon IFN treatment, which lasted approximately 30 minutes 

(Figure 14B). A previous study has shown that after nuclear translocation, most STAT2 

is exported back to the cytoplasm within one hour, which highlights the efficiency of 

the eGFP-STAT2 reporter in mimicking the behavior of endogenous STAT2 170. 

Because of the short duration and the low fluorescence intensity of the nuclear 



68 
 

translocation of eGFP-STAT2, this reporter would only be suitable for short-term 

experiments.  

Upon nuclear translocation of the ISGF3 complex, its binding to the ISRE region of 

hundreds of ISGs establishes an antiviral state to prevent viral replication and spread. 

To be able to detect cells in an antiviral state, I took advantage of a previously 

generated mCherry tagged Mx1 construct. I have observed that upon type-I or type-III 

IFN treatment, cells overexpressing this construct exhibited an increase in mCherry 

signal over time, which lasted throughout the entire live fluorescence experiments 

(Figure 16). Importantly, this increase in mCherry signal matched an upregulation of 

transcript levels of endogenous Mx1 (Figure 20E), highlighting the efficacy of this 

fluorescent tool as a reporter of antiviral state. Moreover, upon treatment or viral 

infection the intensity of mCherry continued increasing for more than 24 hours, possibly 

due to mCherry being stable and not degraded. For the aims of this thesis, this 

represented an advantage, since it allowed the quantification of all cells that underwent 

an antiviral state during the entire experiment. If the intensity of mCherry were to decay, 

the quantification of positive cells would be hindered, as cells that turned mCherry 

positive earlier would be negative at later time points and not taken into account. 

 

3.2 Intestinal epithelial cells rely exclusively on type-III IFNs to prevent rotavirus 

spread 

3.2.1 WT and NSP1-deficient rotaviruses elicit different innate immune responses in 

T84 cells 

 

Murine intestinal cells show upregulation of both type-I and type-III IFNs upon rotavirus 

infection, but the sensing of IFNs is limited to different cell types, with the lamina propria 

responding to type-I IFNs and epithelial cells to type-III IFNs 99,171. In the case of human 

models, studies trying to elucidate the importance of type-I and type-III IFNs during 

rotavirus infection and spread have focused on the upregulation of IFN transcripts. The 

colorectal carcinoma cell line Caco2, for example, exhibits a strong upregulation of 

IFNλ1 upon infection, and small amounts of type-I IFNs 96. Similarly, human intestinal 

organoids show induction of mainly IFNλ1 and IFNλ2 upon rotavirus infection and lower 

levels of type-I IFNs 98. On the contrary, the human colon cancer cell line HT29 shows 
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a significant upregulation of IFNβ transcripts upon infection. In this thesis, I have 

observed that in the case of the T84 colorectal cancer cell line, WT SA11 rotavirus 

induces mainly the production of IFNλ2,3, and an upregulation of type-I IFNs could not 

be detected (Figure 17). The rotavirus protein NSP1 has been shown to efficiently 

block the production of both type-I and type-III IFNs, and thus it is likely that it plays a 

role in controlling the activation of type-I IFN production 105,172,173. When comparing the 

innate immune response elicited in T84 cells by an NSP1-deficient rotavirus, I could 

observe a stronger upregulation of IFNλ2,3 than the one induced by WT virus, and 

significant amounts of IFNλ1 and IFNβ1 were also detected (Figure 17). These results 

highlight the possibility that type-III IFNs are regulated through a unique pathway that 

could have evolved to escape enteric viruses’ halt of type-I IFN production. Moreover, 

it is also possible that small amounts of type-III IFNs are produced before the NSP1-

mediated shutdown of the innate system takes place, and that this amount is enough 

to establish an antiviral response in the culture. Although IECs seem to favor type-III 

IFNs, type-I IFNs are of great importance to prevent dissemination of enteric viruses 

to other tissues. Mice lacking functional type-I IFN receptors have shown increased 

reovirus infection in their lamina propria, and this was also the case for norovirus 62,63. 

It is not surprising then that rotavirus has evolved tools to efficiently block type-I IFNs, 

while IECs have evolved to favor type-III IFNs and combat viral replication in the 

epithelium. Importantly, previous studies could not detect the presence of IFNs in the 

supernatant of infected cells, although an upregulation of transcript was observed 96,98. 

In this thesis, I took advantage of the HEK-Blue reporter cell lines developed by 

InvivoGen and knocked-out the IFNLR1 on them to generate a reliable assay to 

measure specifically the presence of either type-I or type-III IFNs (see section 4.2.10). 

These cell lines were used to successfully detect the presence of both types of IFNs 

in infected cells, which has not been possible in the past. This represents an important 

tool for elucidating the differences between type-I and type-III IFN-mediated antiviral 

responses, since viral shutdown can occur at the translation step or during IFN 

sensing, although upregulation of both transcripts is detected. 
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3.2.2 Type-III IFNs readily establish an antiviral state in IECs, whereas the type-I IFN 

mediated antiviral state is delayed and inefficient  

 

Previous studies have shown that type-I and type-III IFNs can elicit similar antiviral 

states when added in trans, and thus protect cells from rotavirus infection to 

comparable levels 96,98. In accordance with these studies, I have observed that 

pretreatment of T84 cells with either type-I or type-III IFNs are efficient in preventing 

infection (Figure 18), showing that cells are able to respond to these types IFNs at least 

when added in trans. Nevertheless, the timings and concentrations of IFNs required to 

prevent viral spread may differ in the context of an infection, and therefore cannot be 

evaluated with this setup. To better characterize the importance of type-I and type-III 

IFNs in preventing viral spread along the intestinal epithelium, I took advantage of 

previously generated T84 cells lacking functional IFN receptors 156. These cell lines 

allow the reproduction of experiments carried out in IFNR KO mice and elucidate at 

what stage and to what extent one type of IFN is important to hinder viral 

replication/infection. Tracking the spread of WT and NSP1-deficient rotavirus in WT, 

IFNAR1-/-, IFNLR1-/- and double KO cells through live cell imaging showed that only 

cells able to respond to type-III IFNs can control viral spread (Figure 19). As observed 

through q-RT-PCR, WT rotavirus efficiently blocks the production of type-I IFNs, and 

thus it is likely that the small amounts of IFNλ2,3 produced are enough to prevent a 

second round of infection. Moreover, infection with the NSP1-deficient rotavirus 

showed almost no new infections after the first round of infection, likely due to the 

induction of higher amounts of IFNs (Figure 19C-D). Previous work has shown that 

type-I IFNs elicit a fast and acute immune response, whereas type-III IFNs do it in a 

delayed and sustained manner 68. To evaluate whether this was the case in my setup, 

I took advantage of WT and IFNLR1-/- T84 cells transduced with the pMx1-mCherry 

fluorescent reporter. Interestingly, I observed a similar activation of the pMx1-mCherry 

fluorescent reporter during infection with either the WT or the NSP1-deficient rotavirus 

in WT cells, highlighting that indeed small amounts of IFNλ2,3 may be enough to 

prevent viral spread. Surprisingly, the NSP1-deficient rotavirus was able to activate the 

pMx1-mCherry reporter in IFNLR1-/- cells at late time points, showing a delayed 

activation of ISGs by type-I IFNs that cannot prevent viral spread. These results show 

opposite kinetics to those observed with IFNs added in trans 68, with type-III IFNs acting 

faster than type-I IFNs to establish an antiviral state during rotavirus infection. It is 
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possible then, that high amounts of type-I IFNs need to accumulate in order to elicit an 

antiviral response in IECs, since pretreatment of T84 cells with IFNβ before infection 

showed that these cells are indeed able to sense type-I IFNs efficiently and control 

viral replication (Figure 18). 

 

3.2.3 Polarized intestinal epithelial cells exhibit preference for type-III IFNs 

 

I have focused on using fully confluent T84 cultures to better mimic the intestinal 

epithelium, and thus cells exhibit an apical-basolateral polarized status. It is important 

then to highlight the possible implications that this setup may have on IFN sensing. 

The results observed in this work are in accordance with studies showing a possible 

set of ISGs that is exclusively activated by IFNλ2, as well as an upregulation of type-

III IFN receptor levels as cells polarize 70. Bhushal et al. (2017) have shown that murine 

intestinal epithelial cells respond differently to type-I and type-III IFNs depending on 

their polarity status 174. In a non-polarized state, cells exhibit a strong response to type-

I IFNs and a weak and delayed one to type-III IFNs. On the contrary, as cells polarize, 

their response to type-III IFNs increases and becomes comparable to that of type-I 

IFNs. This study has also shown a slight increase in type-III IFN receptor levels upon 

polarization. The polarized state of epithelial cells has an impact on the uneven 

distribution of proteins to the apical or basolateral membranes, and this has shown to 

be the case for interferon receptors. Human lung epithelial cells were shown to secrete 

IFNβ to both the apical and the basolateral side upon infection with influenza, but cells 

could only be stimulated from the latter 175. This study showed that IFNAR is located 

mainly at the basolateral membrane, and thus limits the sensing of type-I IFNs from 

the apical side. This does not seem to be the case in T84 cells, since type-I IFNs can 

establish an antiviral state when added in trans. Nevertheless, during the course of 

infection with the NSP1-deficient rotavirus, type-I are secreted and detected in the 

supernatant, although they do not seem to be sensed efficiently by T84 cells. It is 

important to highlight then, that although both type-I and type-III IFNs are produced 

upon rotavirus infection, their sensing is influenced by the status of the culture, with a 

polarized state favoring type-III IFN-mediated immune response. Altogether, I propose 

that low amounts of type-III IFNs are enough to establish an antiviral state in a large 

number of cells, efficiently preventing the spread of a WT or NSP1-deficient rotavirus. 
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On the contrary, the concentrations of type-I IFNs needed to establish an antiviral 

response seem to be high, in addition to the possible implications that the polarized 

nature of T84 cells could have on IFN sensing. 

 

3.3 Rotavirus-induced ADP-mediated calcium waves promote infection 

 

3.3.1 Second rounds of infection take place as colonies and these are not delimited 

by IFN signaling 

 

When tracking the spread of rotavirus over time, it was possible to observe that the 

pattern of infection does not seem to be random, but rather takes place in a conserved 

manner. This highlights the importance of the approach taken in this thesis, in which 

the use of fluorescent reporters and live cell microscopy contributed in ways that 

regular methods cannot, for example immunofluorescence of fixed samples or q-RT-

PCR. During rotavirus infection, it is possible to visualize how the first round of infection 

takes place, and upon death of these cells, a second round of infection takes place in 

the same area where the first infections took place. Taking into account the efficiency 

of the paracrine action of type-III IFNs in establishing an antiviral state in a large 

number of cells, it is possible that new viruses can only infect cells nearby the first 

infection, which did not yet mount an antiviral response. In this scenario, colonies would 

form due to new viruses being able to infect nearby cells and not those farther away, 

which are able to undergo an antiviral state. Nevertheless, the formation of colonies is 

also observed in cells unable to sense type-III IFNs, highlighting that rotaviruses 

evolved IFN-independent tools to enhance and promote infection in the intestinal 

epithelium. 

 

3.3.2 Calcium waves are necessary to allow second rounds of infection 

 

Since the shape of infection colonies resemble the shape of rotavirus infection-induced 

calcium waves recently described by Chang-Graham et al. (2020) 121, a relationship 

between the two phenomena is likely. It has been shown in different publications that 
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the viral protein NSP4 is key in the induction of diarrhea, which is caused by a release 

of Ca2+ from ER reservoirs through the viroporin action of NSP4 118,176,177. An increase 

in cytoplasmic levels of Ca2+ induces the release of ADP, which acts as a signaling 

molecule and binds to the purinergic receptor P2Y1 on neighboring cells, inducing a 

release of Ca2+ from ER reservoirs, expanding the signal. The impact that calcium 

waves have on viral replication and spread of newly produced viruses has not been an 

important focus of previous studies. In this thesis, I evaluated the impact of the NSP4 

protein and subsequent ADP release has on promoting infection of intestinal epithelial 

cells. I have observed that silencing NSP4 through overexpression of a targeted 

shRNA interferes with normal infection and the subsequent formation of infection 

colonies (Figure 29). Absence of NSP4 induces cell collapse during the first round of 

infection, and thus it is likely that a significantly low number of new viral particles is 

produced, reflected in the formation of abnormal colonies (Figure 29). The proviral 

properties of cytoplasmic Ca2+ have been demonstrated in a great variety of viruses. 

It has been shown that cytoplasmic Ca2+ levels play a role in the replication of HIV 178, 

and in the expression of the HCV core protein 179. Moreover, the 2B protein of 

enteroviruses was shown to generate pores in the ER membranes 180, generating an 

influx of Ca2+ from the ER that allows viral replication 181. Importantly, it has been 

shown that early during poliovirus, interplay with the viral genome activates cell death 

programs, but these are aborted as viruses replicate 182,183. Coxsackieviruses mutant 

for the 2B protein, and thus unable to generate an increase in cytoplasmic Ca2+, failed 

to stop these apoptosis programs 180. This is in agreement with the results obtained 

when silencing the rotavirus NSP4 protein, in which failure in increasing cytoplasmic 

Ca2+ caused a cells collapse in T84 cells and a delay in colony formation (Figure 29). 

Although NSP4 prevents cell death, it has been shown to induce diarrhea in mice when 

purified protein was added exogenously, likely due to the damage induced on tight 

junctions upon Ca2+ increase and subsequent leakage through the epithelium 184. 

These mechanisms increase diarrhea and vomiting responses presumably to increase 

viral spread and dissemination along the intestines 121,185. 

Interestingly, blocking ADP signaling through the purinergic receptor P2Y1 by adding 

the agonist molecule BPTU during infection did not allow colonies to form (Figure 26). 

Furthermore, the first round of infection was able to take place, showing that the 

binding of ADP to the P2Y1 receptor may be more relevant for the second round of 

infection to take place. The same phenotype was observed in T84 cells knocked out 
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for the P2Y1 receptor (Figure 27), although the number of infected cells during the first 

round of infection was also significantly reduced, confirming the importance of the 

pathway in promoting infection. These results are in accordance with those carried out 

by Chang-Graham et al. (2020) 121 in MA104 cells, which showed a significant 

decrease in viral yield in either BPTU treated or P2Y1 knock-out cells compared to WT. 

Since the results of this study were obtained through plaque assays, it is not possible 

to identify that this reduction in viral particles originates from an absence of new rounds 

of infection. Previous studies have shown similar scenarios for ATP, in which its 

release during viral infection promotes viral entry or replication. This was shown to be 

the case early during HIV infection, in which ATP released by the infected cells 

facilitates infection, and blocking of the pathway inhibits it 186. Interestingly, Mariët et 

al. (2007) showed that infection of endothelial cells by Human cytomegalovirus (CMV) 

increased the expression levels of P2Y1 and P2Y2, highlighting the importance of 

purinergic signaling during infection 187. Similarly, blocking of the purinergic receptor 

P2X7 in human hepatocytes was shown to prevent infection by human hepatitis B virus 

188.  

 

3.3.3 Tight junction integrity determines rotavirus infectivity level in intestinal epithelial 

cells 

 

Intestinal epithelial cells lacking a functional P2Y1 receptor were shown to have a 

higher immunity towards rotavirus infection, although this was the case only when cells 

were grown at full confluency (Figure 27A). On the contrary, when cells were seeded 

in a sparsper manner, infectivity increased significantly (Figure 27B). These results 

highlighted an intrinsic difference between polarized and non-polarized cells, which 

determines the ability of rotavirus to enter or replicate in these cells. As described in 

section 1.1.2, as epithelial cells come in contact with each other they undergo 

polarization, characterized by the formation of tight junctions between adjacent cells. 

Previous studies have shown how during rotavirus infection, epithelial cells suffer 

rearrangements of their cytoskeleton and damage of some components of their tight 

junctions. Binding of rotavirus to cell receptors induce the formation of stress fibers 

through the activation of RhoA GTPases and the displacement of microtubules to the 

cellular periphery 114. Activation of the RhoA/ROCK/MLC signaling pathway early 
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during infection was shown to alter the distribution of TJ proteins in MDCK cells, and 

also disrupt TJ integrity through contractions of the actomyosin ring 189. Importantly, 

Realpe et al. (2010) have shown that rotavirus infects epithelial cells preferentially from 

their basolateral side, which was reflected on higher infectivity at the edges of cell 

colonies, where there is easier access to their basal side. Moreover, they could 

observe higher infectivity in cultures that were subjected to tight junction damage either 

chemically or physically. Furthermore, an early study has described that integrins are 

key during rotavirus infections, and these molecules have a polarized nature, localizing 

at the basolateral membrane 190. All these studies are in accordance with the results 

obtained in this thesis, since it is likely that rotavirus induces tight junction damage 

early during infection through ADP-mediated calcium waves. Disruption of cell-to-cell 

contacts in the area where first infections took place would allow newly produced 

viruses to more easily reach co-receptors located in the basolateral side of these cells. 

Moreover, this explains why rotavirus can only infect P2Y1 KO cells when they are not 

seeded at full confluency, since their basolateral side does not need to be exposed by 

calcium wave-mediated TJ damage. 
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3.4 Conclusions and perspectives 

 

The ability of type-I and type-III interferons to prevent the replication and spread of 

enteric viruses along the intestinal epithelium have been investigated in the past. 

These studies have focused on the use of murine models lacking specific interferon 

receptors, or analyzing the immune response mounted by bulk populations of 

commercial cell lines upon infection. Here, I utilized fluorescent reporters and live cell 

fluorescence microscopy to obtain a visual understanding of the timings and extent 

that these types of interferon elicit on intestinal epithelial cells during rotavirus infection 

and spread. I could observe that type-III IFNs establish an antiviral state in a large 

number of cells very efficiently, even in the presence of IFN antagonist viral protein 

NSP1. On the contrary, type-I IFNs could only be produced in the absence of NSP1, 

and the antiviral state established by these cytokines were delayed and not sufficient 

to prevent rotavirus spread. Taking advantage of fluorescent reporters, I could track 

how even when a low number of cells is infected, most of the cells in the culture can 

rapidly go into an antiviral state, highlighting the importance of the paracrine function 

of type-III IFNs in preventing rotavirus spread. It is possible to conclude that the 

intestinal epithelium favors type-III IFNs over type-I IFNs, since their production cannot 

be completely shut down by viruses and small quantities seem to be needed to 

upregulate ISGs. Besides antagonizing the innate immune response, I could observe 

that rotaviruses have evolved other tools to facilitate infection by newly produced viral 

particles. This is shown by the need of calcium wave-mediated mechanisms that define 

the area in which rotavirus can infect cells more easily. Overall I have shown that both 

the IFN antagonizing through NSP1 and the NSP4-mediated calcium waves play a key 

role in maximizing rotavirus infection and spread in intestinal epithelial cells. It is likely 

that rotavirus has evolved these tools to simultaneously increase viral titer whilst also 

destabilizing the cell-to-cell contacts that make the intestinal epithelium a barrier. This 

not only maximizes viral replication in a defined damaged area of the tissue, but also 

generates a ‘leaky epithelium’ that helps the propagation of rotavirus along the 

gastrointestinal tract.  
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4   Materials and methods 

4.1   Materials 

 

4.1.1   General chemicals, media, enzymes and reagents 

Reagents and chemicals not listed below are described in the methods section in which 

they were used. 

  

Table 4: List of chemicals, media, enzymes and reagents 

 Name  Manufacturer 

ADP Sigma-Aldrich 

Agarose Standard Carl Roth 

Ampicillin (100 mg/mL) Carl Roth 

Bovine Serum Albumin New England BioLabs 

BPTU Tocris 

BsmBI New England BioLabs 

Collagen (from rat tail) Sigma-Aldrich 

CutSmart Buffer New England BioLabs 

DAPI Sigma-Aldrich 

dNTP set (100 mM) Thermo Fisher Scientific 

Dulbecco’s Modified Eagle Medium (DMEM) Gibco/Invitrogen 

Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 

(DMEM/F-12) (1:1) (1X) 

Gibco/Invitrogen 

DMSO (Dimethyl Sulfoxide), anhydrous Life Technologies 

EMEM 2X withouth Phenol Red and L-Glutamine Sigma-Aldrich 

Ethanol Thermo Fisher Scientific 

Ethidium bromide solution (10 mg/mL) Carl Roth 
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Fetal Bovine Serum (FBS) Superior Biochrom AG 

Gateway BP-Clonase Enzyme Mix II Thermo Fisher Scientific 

Gateway LR-Clonase Enzyme Mix II Thermo Fisher Scientific 

Gel Loading Dye, purple, 6X New England Biolabs 

HEPES Invitrogen 

Human recombinant IFN-beta1a (IFNβ) Biomol 

Human recombinant IFNλ2 (IL28A) Peprotech 

Human recombinant IFNλ3 (IL-28B) Cell signaling 

Iscove’s Modified Dulbecco’s Medium (IMDM) Gibco/Invitrogen 

Isopropanol Carl Roth 

Kanamycin (50 mg/mL) Carl Roth 

LB agar and medium powder Carl Roth 

Minimum Essential Medium (MEM) Gibco/Invitrogen 

NdeI New England BioLabs 

NEB Buffer 2 New England BioLabs 

NEB Buffer 3.1 New England BioLabs 

NEBuilder HiFi DNA Assembly Master Mix New England BioLabs 

NucleoSpin Gel and PCR clean-up kit MACHEREY-NAGEL 

PenStrep (Penicillin Streptomycin) Gibco/Invitrogen 

Phosphate buffered saline (PBS) Sigma-Aldrich 

Phusion HF buffer (5x) Thermo Fisher Scientific 

Phusion hot start II DNA polymerase Thermo Fisher Scientific 

Poly I:C InvivoGen 

Proteinase K Thermo Fisher Scientific 

Puromycin (10 mg/ml) Sigma-Aldrich 

Quick-Load 1 kb DNA ladder New England Biolabs 
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SOC Outgrowth medium New England Biolabs 

Sodium dodecyl sulfate (SDS) Carl Roth 

SsoAdvanced Universal SYBR Green Bio-Rad 

TritonX-100 Sigma-Aldrich 

Trypsin – EDTA 0,25% and 0,05% Gibco by Life Technologies and 

PAN biotech 

Trypsin from bovine pancreas, TPCK treated Sigma-Aldrich 

T4 DNA Ligase New England Biolabs 

β-mercapoethanol Sigma-Aldrich 

  

4.1.2   Media and buffers 

 

Table 5: List of media and buffers 

Name Composition 

Culture medium for cells DMEM / DMEM-F12 / IMDM / MEM 

5 % FBS 

1 % PenStrep 

LB agar (pH 7.0) 10 g LB agar powder 

150 mL H2O 

LB medium (pH 7.0) 12,5 g LB medium powder 

500 mL H2O 

Phosphate buffered saline (PBS) 10x 137 mM NaCl 

2.7 mM KCl 

10 mM Na2HPO4 

2 mM KH2PO4 

SOC medium 2.66% (w/v) SOB-medium powder 

20 mM D-(+)-Glucose 
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TE Buffer 10 mM Tris-HCl, 1 mM EDTA, pH 8.0 

TNC Buffer pH 8 10 ml 1M Tris-HCl, pH 8.0 (20 mM Tris-HCl)  

10 ml of 5M NaCl (100 mM NaCl) 

0.5 ml of 1M CaCl2 (1 mM CaCl2)  

479.5 ml distilled, deionized water 

Tris-borate EDTA (TBE) running buffer 5x 

(agarose gel electrophoresis) 

60,5 g Tris base 

31 g H3BO3 

3,7 g EDTA 

in H2O 

  

4.1.3   Antibodies 

  

Table 6: List of primary antibodies 

Antibody Source Species Application 

Astrovirus Santa Cruz (#sc-53559) Monoclonal mouse IF: 1:1,000 

Cytochrome C BD Biosciences (#556432) Monoclonal mouse IF: 1:1,000 

Norovirus NSP6 (protease) Generated in cooperation 

with the antibody unit of the 

Genomics and Proteomics 

Core Facility of DKFZ 

Polyclonal guinea 
pig 

IF: 1:5,000 

Protein disulfide isomerase 
(PDI) 

Cell Signaling (#2446) Polyclonal rabbit IF: 1:200 

 ZO-1 Thermo Fisher Scientific (#40-
2300) 

 Polyclonal rabbit IF: 1:1,000 
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Table 7: List of secondary antibodies 

Antibody Source Species Application 

anti-mouse IgG Alexa Fluor 647 Invitrogen (A-21236) Polyclonal goat IF: 1:1,000 

anti-guinea pig IgG Alexa Fluor 568 Invitrogen (A-11075) Polyclonal goat IF: 1:1,000 

anti-rabbit IgG Alexa Fluor 647 Invitrogen (A-27040) Polyclonal goat IF: 1:1,000 

  

  

4.1.4   Plasmids 

  

Table 8: List of plasmids used in this thesis 

Name Resistance Source 

pWPI Puro eGFP-IRF3 Ampicillin / 
Puromycin 

Dr. Binder (DKFZ) 

pENTR221 IRF7 Kanamycin Dr. Binder (DKFZ) 

pWPI puro DEST Ampicillin / 
Puromycin 

Dr. Binder (DKFZ) 

pENTR221 eGFP-IRF7 Kanamycin This thesis 

pWPI Puro eGFP-IRF7 Ampicillin / 
Puromycin 

This thesis 

pENTR221 IRF7-eGFP Kanamycin This thesis 

pWPI Puro IRF7-eGFP Ampicillin / 
Puromycin 

This thesis 

pLV pIFNB-mCherry Ampicillin / 
Puromycin 

Dr. Dijkman (University of Bern) 

pENTR221 pIFNλ2,3-mCherry Kanamycin This thesis 

pLentiX1 Puro pIFNλ2,3-mCherry Ampicillin / 
Puromycin 

This thesis 

pWPI eGFP-NLS-MAVS Ampicillin / 
Puromycin 

Prof. Volker Lohman 

pWPI eGFP-NLS-NdeI-MAVS Ampicillin / 
Puromycin 

This thesis 
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pWPI eGFP-NLS-Astro cleavage 
1-MAVS 

Ampicillin / 
Puromycin 

This thesis 

pWPI eGFP-NLS-Astro cleavage 
2-MAVS 

Ampicillin / 
Puromycin 

This thesis 

pWPI eGFP-NLS-Noro cleavage 1-
MAVS 

Ampicillin / 
Puromycin 

This thesis 

pWPI eGFP-NLS-Noro cleavage 2-
MAVS 

Ampicillin / 
Puromycin 

This thesis 

pTM_HA_Age_NS6 Ampicilin Prof. Dr. Lohmann (Universitätsklinikum 
Heidelberg) 

pENTR221 eGFP-NLS-NdeI-MAVS Kanamycin This thesis 

pENTR221 eGFP-NLS-NdeI-
SEC61B 

Kanamycin This thesis 

pWPI eGFP-NLS-Astro cleavage 
1-SEC61B 

Ampicillin / 
Puromycin 

This thesis 

pWPI eGFP-NLS-Astro cleavage 
2-SEC61B 

Ampicillin / 
Puromycin 

This thesis 

pWPI eGFP-NLS-Noro cleavage 1-
SEC61B 

Ampicillin / 
Puromycin 

This thesis 

pWPI eGFP-NLS-Noro cleavage 2-
SEC61B 

Ampicillin / 
Puromycin 

This thesis 

pLV WT-STAT1 

  

Ampicillin / 
Puromycin 

Addgene (Plasmid #71454) 

  

pLV STAT2 Ampicillin / 
Puromycin 

Addgene (Plasmid #71451) 

pLV IRF9 Ampicillin / 
Puromycin 

Addgene (Plasmid #71452) 

pENTR221 eGFP-STAT1 Kanamycin This thesis 

pWPI Puro eGFP-STAT1 Ampicillin / 
Puromycin 

This thesis 

pENTR221 STAT1-eGFP Kanamycin This thesis 

pWPI Puro STAT1-eGFP Ampicillin / 
Puromycin 

This thesis 

pENTR221 eGFP-STAT2 Kanamycin This thesis 

pWPI Puro eGFP-STAT2 Ampicillin / 
Puromycin 

This thesis 
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pENTR221 STAT2-eGFP Kanamycin This thesis 

pWPI Puro STAT2-eGFP Ampicillin / 
Puromycin 

This thesis 

pENTR221 eGFP-IRF9 Kanamycin This thesis 

pWPI Puro eGFP-IRF9 Ampicillin / 
Puromycin 

This thesis 

pENTR221 IRF9-eGFP Kanamycin This thesis 

pWPI Puro IRF9-eGFP Ampicillin / 
Puromycin 

This thesis 

pLV pMx1-mCherry Ampicillin / 
Puromycin 

Dr. Dijkman (University of Bern) 

pLV pISG56-mCherry Ampicillin / 
Puromycin 

Dr. Dijkman (University of Bern) 

pLV pISG54-mCherry Ampicillin / 
Puromycin 

Dr. Dijkman (University of Bern) 

pENTR221 pMx1-mCherry Kanamycin This thesis 

pLenti X1 Zeo DEST Zeocin Addgene (Plasmid #17299) 

  

pLenti X1 Zeo pMx1-mCherry Zeocin This thesis 

LentiCRISPRv2 blast Ampicillin / 
Blasticidin 

Addgene (Plasmid #98293) 

pCMV-GCaMP5G Kanamycin Addgene (Plasmid #31788) 

pENTR221 GCaMP5G Kanamycin This thesis 

pWPI puro GCaMP5G Ampicillin / 
Puromycin 

This thesis 

LentiCRISPRv2 blast ZO-1 Ampicillin / 
Blasticidin 

This thesis 

LentiCRISPRv2 blast P2Y1 Ampicillin / 
Blasticidin 

This thesis 
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4.1.5   Oligonucleotides and primers 

Table 9: List of primers and oligonucleotides used for cloning and sequencing 

Number Sequence (5’-3’) Ta (°C) Target 

1 TCCTCCTGATCCTCCCTTGTACAGCTCGTCCATGCC 55-62 pENTR221 
backbone with 
eGFP at the N’ 

terminus 2 GACCCAGCTTTCTTGTACAAAG 65 

3 GGTGGCAGCCTGCTTTTTTG 55-62 pENTR221 
backbone with 
eGFP at the C’ 

terminus 4 ATGGTGAGCAAGGGCGAG 58-65 

5 CAAAAAAGCAGGCTGCCACCATGGCCTTGGCTCCTGAGAGG 58-70 IRF7 to be 
fused at the N’ 

terminus of 
pENTR221 6 TCCTCGCCCTTGCTCACCATGGCGGGCTGCTCCAGCTC 58-70 

7 CAAGGGAGGATCAGGAGGAATGGCCTTGGCTCCTGAG 58-70 IRF7 to be 
fused at the C’ 

terminus of 
pENTR221 8 GTACAAGAAAGCTGGGTCTTAGGCGGGCTGCTCCAGCTC 58-70 

9 GTACAAAAAAGCAGGCTTCGCAACGCGTCATATTCCTGAGTCCTTCCTTGC 65 
pIFNλ2,3 

10 CTCGCCCTTGCTCACCATCCCGGTACCGTCTGTGTCACAGAGAGAAAGGGAG 65 

11 GAAGCCTGCTTTTTTGTACAAA 58-65 pENTR221 
backbone with 
mCherry at the 

C’ terminus 

12 TATGAAATATGGTCGGGTGTTAGCAGTCCATCAAACAAACACTGGGTACACTGG
AGGTGCTGTCCA 

- 
Astrovirus 

restriction site 1 
(Gln567-
Thr568) 13 TATGGACAGCACCTCCAGTGTACCCAGTGTTTGTTTGATGGACTGCTAACACCC

GACCATATTTCA 
- 

14 TATGGAACGTGAGATGAAGGTGCTGCGTGATGAAATCAATGGAATACTTGCACC
ATTCCTACAACA 

- 
Astrovirus 

restriction site 2 
(Glu654-Ile655) 15 TATGTTGTAGGAATGGTGCAAGTATTCCATTGATTTCATCACGCAGCACCTTCAT

CTCACGTTCCA 
- 

16 TATGCTTGGTGACTACGAGCTACAAGGACCTGAGGATCTTGCGGTGCA - Norovirus 
restriction site 1 

(NS1.2-NS3) 17 TATGCACCGCAAGATCCTCAGGTCCTTGTAGCTCGTAGTCACCAAGCA - 

18 TATGTTAGATGAATTTGAACTACAGGGCCCAGCTCTCACCACCTTCCA - Norovirus 
restriction site 2 

(NS3-NS4) 19 TATGGAAGGTGGTGAGAGCTGGGCCCTGTAGTTCAAATTCATCTAACA - 

20 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCCACCATGGTGAGCAAGGGCG
AG 

65 AttB sites are 
added to viral 

cleavage 
reporters 21 GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGTGCAGACGCCGCCG 65 

22 AGCACCAGCACCAGCACCCATATG 59-62 pENTR221 
backbone with 

cleavage 
reporters and 

no MAVS 
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23 CATATGGGTGCTGGTGCTGGTGCTATGCCTGGTCCGACCCC 63 
Sec61B 

24 GTACAAGAAAGCTGGGTCCTACGAACGAGTGTACTTGCCCC 63 

25 ACTGAGACATAGATCTGAGTCCGGACTTGTAC 61 
eGFP 

26 TGTACAAAAAAGCAGGCTTCGCCACCATGGTGAGCAAG 61 

27 TACAAGAAAGCTGGGTCTTATACTGTGTTCATCATACTGTCG 60 
STAT1 

28 ACTCAGATCTATGTCTCAGTGGTACGAACTTC 60 

29 TTCTGACTTCTAAGACCCAGCTTTCTTG 63 
pENTR221 for 

STAT2 
30 ACTGCGCCATAGATCTGAGTCCGGACTTG 63 

31 GTCCCTGGTGTAAGACCCAGCTTTCTTG 64 
pENTR221 for 

IRF9 
32 CTGATGCCATAGATCTGAGTCCGGACTTG 64 

33 ACTCAGATCTATGGCGCAGTGGGAAATG 65 
STAT2 

34 CTGGGTCTTAGAAGTCAGAAGGCATCAAGGG 65 

35 ACTCAGATCTATGGCATCAGGCAGGGCA 68 
IRF9 

36 CTGGGTCTTACACCAGGGACAGAATGGCTG 68 

37 GGAGGATCAGGAGGAATGGTGAGCAAGGGCGAG 62 
pENTR221 

backbone with 
linker and 

eGFP at the C 
terminus 

38 GCAGGCTGCCACCATGTCTCAGTGGTACGAAC 62 STAT1 for 
fusing to a C 

terminal eGFP 
39 CCATGTCCTCCTGATCCTCCTACTGTGTTCATCATACTGTCG 62 

40 GCAGGCTGCCACCATGGCGCAGTGGGAAATG 62 
STAT2 for 

fusing to a C 
terminal eGFP 

41 CCATGTCCTCCTGATCCTCCGAAGTCAGAAGGCATCAAGGG 62 

42 GCAGGCTGCCACCATGGCATCAGGCAGGGCA 62 IRF9 for fusing 
to a C terminal 

eGFP 
43 CCATGTCCTCCTGATCCTCCCACCAGGGACAGAATGGCTG 62 

44 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCCACCATGGGTTCTCATCATCA
TC 

65 
GcAMP5G 

45 GGGGACCACTTTGTACAAGAAAGCTGGGTCTCACTTCGCTGTCATCATTTG 65 

46 CACCCTACAGCATGTGCACGACCG - 
P2Y1 KO 

47 AAACCGGTCGTGCACATGCTGTAG - 

48 CACCATTCTGGTCGATCACACGAT - 
ZO-1 KO 

49 AAACATCGTGTGATCGACCAGAAT - 
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Table 10: List of primers used for qRT-PCR 

Name Sequence (5’-3’) 

IFNβ1 Fw: GCCGCATTGACCATCTAT 

Rev: GTCTCATTCCAGCCAGTG 

IFNλ1 Fw: GCAGGTTCAAATCTCTGTCACC 

Rev: AAGACAGGAGAGCTGCAACTC 

IFNλ2,3 Fw: GCCACATAGCCCAGTTCAAG 

Rev: TGGGAGAGGATATGGTGCAG 

Mx1 Fw: GAGCTGTTCTCCTGCACCTC 

Rev: CTCCCACTCCCTGAAATCTG 

TBP Fw: CCACTCACAGACTCTCACAAC 

Rev: CTGCGGTACAATCCGAGAACT 

  

  

4.2   Methods 

4.2.1   Culture of cells 

I maintained T84 human colon carcinoma cells (ATCC CCL-248) in a 50:50 mixture of 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) and F12 (Gibco) supplemented 

with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) (Gibco). Caco-

2 human colon adenocarcinoma cells (ATCC HTB 37) were grown in DMEM with 10% 

FBS and 1% (P/S). T84 and Caco-2 cells were maintained in T25 flasks coated with 

rat tail collagen and split 1:2 with 0.25% Trypsin/EDTA every 3-4 days. 

I cultured HEK293T human embryonic kidney cells (ATCC CRL-3216) in Iscove’s 

modified Dulbecco’s medium (IMDM) supplemented with 10% FBS and 1% 

penicillin/streptomycin. MA104 cells were maintained in Minimum Essential Medium 

(MEM) (Gibco) supplemented with 10% FBS, 1% P/S and 2 mM L-Glutamine (Gibco). 

Lunet cells were cultured in DMEM with 5 µg/mL Zeocin (for selection of cells 

overexpressing a T7 polymerase), 10% FBS and 1% (P/S). These three cell lines were 

kept in T75 flasks and split 1:10 at 90% confluency using 0.05% Trypsin/EDTA. 
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All cells were kept at 37°C with a constant humid atmosphere containing 5% CO2 and 

21% O2. 

  

4.2.2   Viruses and viral infections 

WT and NSP1-deficient rotaviruses expressing fluorescent markers were a kind gift 

from John Patton (Indiana University). I amplified, purified and tittered these viruses in 

MA104 cells as previously reported 191. Briefly, I cultured MA104 cells in T150 flasks 

until confluency was reached. Cells were washed twice with serum-free MEM medium 

and 3 mL of serum-free MEM containing 2 µg/mL trypsin (Sigma) and 10 µL of rotavirus 

stock were added. I rocked the flasks every 10 minutes for one hour, and added 20 mL 

of serum-free MEM containing 0.5 µg/mL trypsin. Most flasks showed 5-10% infection, 

and viruses were left to replicate for 4-5 days until monolayers were completely 

detached. I freeze-thawed the flasks three times by placing them with their caps loose 

at -80°C until freezing completely, and then in an incubator at 37°C until thawing 

completely. I collected the media into 50 mL Falcon tubes, spun them down for 5 

minutes at 2,000 rpm and semi-purified it with a sucrose gradient (35% sucrose in TNC 

Buffer). To achieve this, 35 mL of supernatants are aliquoted into 25×89 mm 

ultracentrifuge tubes (Beckman), and 2 mL of 35% sucrose are added carefully at the 

bottom using a 2-mL pipette. More supernatant was then added to fill the tube and 

centrifuged in a SW32Ti rotor for 2 hours at 27,000 rpm and 4°C. Supernatants were 

then discarded by inverting the tubes and each pellet was resuspended in 1 mL of TNC 

buffer. All resuspended pellets can be combined into 15 mL Falcon tubes and 

sonicated carefully on ice with a microtip probe to homogenize the suspensions. Semi-

purified stocks were maintained at 4°C without loss in titer. 

I tittered the semi-purified stocks by carrying out a plaque assay on MA104 cells and 

quantifying the plaque-forming units. 300,000 MA104 cells were seeded per well of 6-

well plates and incubated until confluence was reached. 400 µL of semi-purified stock 

were incubated at 37°C for 1 hour in the presence of 10 µg/mL of trypsin. For ten-fold 

serial dilutions, eight Falcon tubes were prepared and 2.7 mL of serum-free MEM 

added to each. 300 µL of activated virus were added to the first tube, vortexed, and 

300 µL taken into the second tube, until reaching a 10^-7 dilution. MA104 cells were 

washed twice using serum-free media, and 1 mL of each dilution added to cells in 
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duplicates. Infection was carried out for 1 hour, rocking the plates every 10 minutes for 

even distribution of viruses. After infection, cells were washed once with serum-free 

media, the media was aspirated and cells were covered with agarose as follows. 1.2% 

agarose was melted by microwaving, 10 mL were aliquoted into Falcon tubes (one per 

6-well plate) and kept at 55°C in a water bath to avoid solidification. One at a time, 

Falcon tubes were taken to RT for 10 seconds, 10 mL of serum-free 2X EMEM 

containing 0.5 µg/mL trypsin were added, and 3 mL of the mix were gently added to 

each well. After the agarose solidified, 6-well plates were taken to the incubator and 

kept upside down at 37°C for 4 days. For visualization of plaques, 2 mL of a 1:1 mixture 

of 1.2% agarose and serum-free 2X EMEM containing 50 µg/mL neutral red were 

added on top of the first agarose layer and incubated for 16 hours at 37°C. One or two 

dilutions are selected for quantification of plaques, and the PFU/mL are calculated as 

follows: 

30 x 1/(dilution factor) x 1/(1 mL = volume of infection media) = PFU/mL 

All rotavirus infections were carried out following the same procedure. First, I activated 

the rotavirus stock by adding the virus to serum-free media containing 2 µg/mL trypsin 

and incubated it at 37°C for 30 minutes in the absence of cells. Then, I washed cells 

twice with serum free media and added a volume of infection media depending on the 

well size used: 30 µL for 96 well plates, 100 µL for 48 well plates and 900 µL for 6 well 

plates. Unless stated otherwise, I rocked the plates every 10 minutes for 30 minutes. 

Following the 30 min infection, I aspirated the infection media and re-added serum-

free media containing 1 µg/mL trypsin. All MOIs mentioned in the results section were 

calculated in MA104 cells. 

I amplified human astrovirus in Caco-2 cells by growing cells to full confluency in T75 

flasks, adding 100 µL from previous stocks and waiting for cells to show cytopathic 

effects. When cells started to detach, I freeze-thawed flasks three times from 37°C to 

80°C, spun down the media and aliquoted the supernatant for future use. Mammalian 

orthoreovirus (MRV) was amplified and purified through a CsCl gradient previously in 

the group 192. I carried out infections with astrovirus and MRV by adding the viruses at 

the indicated MOIs in media and adding it to the cells. 
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4.2.3   Cloning 

4.2.3.1   Restriction cloning 

Restriction cloning was carried out following manufacturer’s instructions. In the case of 

NdeI restriction for generation of viral cleavage reporters, 1 µg of plasmids were 

incubated at 37°C for 1 hour in CutSmart Buffer before annealing. For generation of 

CRISPR/Cas9 KO vectors, 2 µg of the LentiCRISPRv2 blast vector were incubated in 

2.5 µL of 10X NEB Buffer 3.1, 1 µL of BsmBI in NEB Buffer 3.1 and nuclease-free 

water to 25 µL of final volume. The reaction was carried out for 1 hour at 55°C. This 

generates an empty backbone of 12,983 bp and a smaller fragment of 1,890bp, which 

can be separated and purified from a 1% agarose gel through electrophoresis and gel 

purification. 

For annealing of oligonucleotides to empty backbones, the following overhangs are 

added at the 5’ end of guide sequences: 

Forward oligo: CACC + guide sequence 

Reverse oligo: AAAC + complementary sequence of guide sequence  

 

2.5 µg of forward oligos and 2.5 µg of reverse oligos were first incubated in 5 µL of 

NEB Buffer 2 and 40 µL of nuclease-free water for 5 minutes at 95°C. The mix was 

cooled down at room temperature before proceeding. 2 µL of oligos mix were 

incubated with 150 ng of digested vectors, 2 µL of T4 Ligase buffer, 1 µL of T4 Ligase 

and nuclease-free water for a final volume of 20 µL. The reaction took place for 2 hours 

at room temperature and the entire volume was used for bacterial transformation (see 

section 4.2.4). 

 

4.2.3.2   HiFi DNA Assembly 

DNA fusion was carried out through HiFi DNA Assembly (New England BioLabs) as 

per manufacturer's instructions. I first amplified the sequences of interest through PCR 

using primers shown in section 4.1.5 at the indicated annealing temperatures. 

Reactions were carried out in a volume of 50 µL, using a Phusion High-Fidelity DNA 
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Polymerase (New England BioLabs). The time of extension was 30 seconds per kb of 

target sequence. I then ran the entire reaction in a 1% agarose gel and purified the 

DNA using a NucleoSpin Gel and PCR clean-up kit (MACHEREY-NAGEL). The 

amount of DNA was determined using a NanoDrop Lite spectrophotometer (Thermo 

Scientific). The pmols/µL found in each reaction were then calculated using Promega 

Biomath Calculators. When fusing two fragments, 0.05 pmols of the vector was 

combined with 0.1 pmols of the insert. When three fragments were fused, 0.03 pmols 

of the vector was combined with 0.06 pmols of each insert. When fusing four 

fragments, 0.05 pmols of each sequence was combined. Nuclease-free water was 

used to reach a final volume of 10 µL and 10 µL of NEBuilder HiFi DNA Assembly 

Master Mix was added for 1 hour at 50°C. 1 µL of DpnI was then added and incubated 

for 1 hour at 37°C to eliminate template DNA from the mix. Bacteria were then 

transformed with the entire reaction (see section 4.2.4). 

 

4.2.3.3   Gateway cloning 

Generation of entry and lentiviral vectors was carried out through Gateway cloning 

(Thermo Fisher Scientific) as per manufacturer’s instructions. For generation of an 

entry vector (pENTR221), I either built it directly through HiFi DNA assembly, or the 

fragment of interest was first amplified with flanking AttB sites through PCR. To achieve 

this, the following sequences were added as overhangs at the 5’ end of primers: 

 

Forward AttB sequence: GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCCACC 

(kozak sequence in bold, optional) 

Reverse AttB sequence: GGGGACCACTTTGTACAAGAAAGCTGGGTC 

150 ng of this fragment were then mixed with 150 ng of a pDONR221 vector, TE Buffer 

pH 8 was added to a final volume of 8 µL and then 2 µL BP Clonase II enzyme mix 

were added. The reaction was incubated for 1 hour at 25°C and stopped with 1 µL of 

Proteinase K at 37°C for 10 minutes. For generation of a lentiviral vector, 150 ng of the 

entry vector pENTR221 containing the sequence of interest were incubated with 150 

ng of the destination lentiviral vector. TE Buffer pH 8 was added to a final volume of 8 
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µL and then 2 µL LR Clonase II enzyme was added and the mixture was incubated for 

1 hour at 25°C. The reaction was stopped by adding 1 µL of Proteinase K to the mix 

for 10 minutes at 37°C. The entire BP or LR reaction are used for transformation of 

bacteria (see section 4.2.4). 

 

All plasmids were evaluated using SnapGene to verify the correct design of primers 

and reading frame of fusion proteins. 

  

4.2.4   Bacteria transformation 

For amplification of vectors generated through DNA cloning, Subcloning Efficiency 

DH5α bacteria (Thermo Fisher Scientific) were used. I first aliquoted the bacteria stock 

on ice into 50 µL aliquots and used one for each transformation. Bacteria were mixed 

carefully with the plasmid of interest and left on ice for 30 minutes, then they were heat-

shocked at 42°C for 25 seconds and taken back to ice for 2 minutes. I added 250 µL 

of SOC medium to each tube close to a flame and left the bacteria to grow for 1 hour 

at 37°C in a tube shaker. The entire reaction was plated afterwards on LB agar plates 

containing antibiotics and left to grow at 37°C overnight. Individual colonies were 

picked from the plates, grown in 5 mL of LB medium for 14 hours and plasmid 

extraction was carried out using a NucleoSpin plasmid kit (MACHEREY-NAGEL). In 

the event that larger amounts of a plasmid were needed, 50 µL from the previously 

cultivated bacteria were added to 100 mL of LB medium in an Erlenmeyer flask and 

grown overnight at 37°C. In this case, plasmid purification was carried out using a 

NucleoBond Midi kit. The plasmids of interest were then sent for sequencing to confirm 

their identity and bacteria were frozen at -80°C in a 1:1 mix with 60% glycerol for long-

term storage. 

  

4.2.5   Transfection, transduction and lentivirus production 

 

Transfection of plasmids and poly I:C was carried out on cells seeded at half 

confluency in 24-well plates. First, 2 µL of Lipofectamine 2000 were incubated with 48 
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µL of Opti-MEM in an eppendorf tube for 5 minutes. In another tube, 800 ng of plasmid 

were added to 50 µL of Opti-MEM and the contents of the two tubes were mixed 

carefully and incubated for 20 minutes. In the case of poly I:C, a mixture of 500 ng of 

high molecular weight poly I:C and 500 ng of low molecular weight poly:IC are used. 

500 µL of fresh media were added to cells, and the transfection mix was added 

dropwise. Cell media was changed after 8 hours and cells were imaged 24 hours post 

transfection. 

 

For production of lentiviruses, HEK293T cells were seeded in cell culture treated 10 

cm dish two days before transfection. Upon reaching 50-60% confluency, 48 µL of 

polyethylenimine (PEI) were incubated with 202 µL of Opti-MEM for 5 minutes. In 

parallel, 4 μg of each helper plasmid pMD2.G and psPAX2 were combined with 8 μg 

of lentiviral vector in 250 µL of Opti-MEM. The contents of the tubes were then 

combined carefully and incubated for 20 min. 10 mL of fresh media were added to the 

cells, and the transfection mixture added dropwise. 8 hours after transfection the media 

was replaced. 3 days post transfection, the supernatants were collected and 

centrifuged at 4,000 g for 5 minutes to remove cells. Supernatants were then filtered 

through 0.45 µm filters (Millex-HA, 0.45μm, Millipore, SLHA033SS), moved to 14x95 

mm Ultra-clear centrifuge tubes (Beckman Coulter), and concentrated by 

ultracentrifugation at 27,000 rpm for 2 hours in a SW40 Ti rotor (Beckman Coulter). 

Supernatants were discarded by inverting the tubes, 100 µL of Opti-MEM were added 

and centrifuge tubes were left in ice at 4°C overnight. 20 µL aliquots were prepared 

and stored at -80°C. 

 

Lentiviral transduction was carried out in cells seeded at low confluency, using 300,000 

cells per well of 6-well plates. One aliquot of lentiviruses was added to 2 mL of media 

containing 10 µg/mL polybrene and cell media was replaced with transduction media. 

Three days post transduction, cell media was replaced with antibiotic-containing media 

for selection. The concentrations of antibiotics used for T84 cells were: 10 µg/mL 

puromycin, 10 µg/mL blasticidin, 500 µg/mL neomycin (G418), 100 µg/mL zeocin. For 

CaCo2 cells 10 µg/mL puromycin were used, and 1 µg/mL puromycin for Lunet cells. 
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4.2.6   Site-directed mutagenesis 

  

The pWPI eGFP-NLS-MAVS lentiviral vector was modified by inserting a restriction 

site for the NdeI restriction enzyme in between NLS and MAVS. I designed primers 

containing the restriction site CATATG in between the target sequence: 

Forward primer (5’-3’): caaagtgaagcttcgaattctcCATATGggtgctggtgctggtgctgg 

Reverse primer (5’-3’): ccagcaccagcaccagcaccCATATGgagaattcgaagcttcactttg 

These primers were ordered with a phosphorylation at the 5’ terminus for ligation of 

the nick generated after amplification. PCR was carried out with a Phusion hot start II 

DNA polymerase using an annealing temperature of 65°C. Due to the large size of the 

target vector (approximately 12 kb), successful generation of the mutated plasmid is 

very low. Several PCR reactions were carried out simultaneously and the entire 

reactions used for bacteria transformation until a colony was obtained. 

  

4.2.7   Indirect Immunofluorescence (IF) assay 

Following experimental set-up, cells were fixed with 2% PFA for 20 minutes at room 

temperature. Cells were washed three times with PBS, and permeabilized using 0.5% 

Triton X-100 for 10 minutes. Blocking was carried out using 3% BSA/PBS for 30 

minutes at room temperature, and incubated with primary antibodies in 1% BSA/PBS. 

Cells were washed three times with PBS and incubated with secondary antibodies and 

DAPI in 1% BSA/PBS for 20 minutes in the dark. Cells were washed and PBS was 

added to prevent drying. A PerkinElmer spinning disk confocal microscope was used 

for imaging fixed samples. 

 

4.2.8   RNA-FISH 

RNA-FISH probes tagged with the fluorescent dye Quasar 670 were synthesized by 

Stellaris, and were designed manually to target the entire genome of SA11 rotavirus. 

Four probes were designed per gene, except for NSP4 which has three and NSP5 that 
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has five (Table 11). RNA-FISH probes were dissolved in 400 µL of TE Buffer to obtain 

a 12.5 μM stock. Rotavirus-infected cells were fixed with 2% PFA for 20 minutes at 

room temperature, washed twice with 1X PBS and permeabilized in 70% ethanol for 1 

hour at 4°C. 70% ethanol was discarded and 100 µL of complete wash buffer A 

(Stellaris) prepared as follows was added to cells at RT for 5 minutes: 2 mL Stellaris 

RNA FISH Wash Buffer A (#SMF-WA1-60), 7 mL nuclease-free water and 1 mL 

deionized formamide (Thermo Fisher Scientific). Complete wash buffer A was 

aspirated and replaced with 100 µL of 10% (vol./vol.) deionized formamide in 

hybridization buffer (Stellaris #SMF-HB1-10) containing a 1:100 dilution of RNA-FISH 

probes for 4 hours at 37°C. To prevent evaporation, 48-well plates were sealed with 

parafilm and covered on wet tissue paper during hybridization. Hybridization buffer was 

then aspirated and 100 µL of complete wash buffer A was added to each well for 30 

minutes at 37°C in the dark. To stain the nuclei, buffer was aspirated and 5 ng/mL 

DAPI in wash buffer A is added for 30 minutes at 37°C in the dark and aspirated. 100 

µL of wash buffer B (Stellaris, #SMF-WB1-20) was added per well at RT for 5 minutes 

and aspirated. A drop of VECTASHIELD Mounting Medium (Vector laboratories, #H-

1000-10) was added to preserve fluorescence. 

 

Table 11: List of RNA-FISH probes targeting the SA11 rotavirus genome 

Gene Probe sequence 

VP1 CTTTCGCATACTTCACCAAT  

ATCTGTACTTTGCGTTATGC  

GCATAGTTATCATCTCCATC  

GTTTCTCTTACATCGTTCGA 

VP2 TAGGCAATTGTTTCGGTTCA  

CTCCATCAGGAAGAGTATCT  

CGTAGCATTTCCAATTAGCA  

ACATTTGGTCATCTGGTACT  

VP3 AAGCGTCGTTCAATCTGTTC  

ATGTTAATTTCCATCCAGGT  

AGAGTCCTAAACAACCGTCG  

GTAGCAGATTCCGAAAACCT 

VP4 ACCTTCAACAATTACGCCAG  

AATAATGTGCTGTCCTAGCG  

AGTCATCATTTGATGGCACT  

CTCCTAACTGCCTTTCTAAA   

VP6 CAATTTTGTCTCTAGCGTCT  

CCATGCATACATTGTCTACA  

CATGTTTGGTGGTCTCATTA  
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AAGACTGGTCCAACTGGTAT  

VP7 GAGCCTGTGATTGGAAGATT  

AATATACGGATCCAGTTGGC  

TTGTGACATCCAGCTTATGA  

CAGTTAATTCGCATCATCCG   

NSP1 AGGAAGCATCTTCTGTTCTG  

CCTACATTCTCTTTGCTTTA  

CTGGATATCGGAAGCATTGC  

CAACTGACACTGGCGACATG   

NSP2 ACTTATCCATGTCCTTTTTG  

TCCTGTGGATTTTCTTTACG  

AAATGCATACCAGTTTTGCC  

AAGCCATCATCATCCTCAAA   

NSP3 ATCTTGAGCATCAACCACTG  

ATTCCCATATTCTCAAGAGC  

CTGCTCTAGAAGTATCAGCA  

GTTTGTTTACATCCTCATCT   

NSP4 TTGAGGTCGGTAAGCTTTTC  

GAAAATACGCCATTCCTGGA  

TGTCCATTTGCTTTTCTATC 

NSP5 ACTGTAGCGCTTTAAAAGCC  

AGGAAGACTCGTCACGTCAA  

GTTCACTCCTACCAATAGAT  

AGCAGAATCAGATGGTCCAA  

AACTGGTGAGTGGATCGTTT 

 

 4.2.9   RNA extraction, cDNA and qRT-PCR 

 

T84 cells were lysed using a NucleoSpin RNA extraction kit (MACHERY-NAGEL) 

following manufacturer’s instructions and the amount of total RNA was measured using 

a NanoDrop Lite spectrophotometer (Thermo Scientific). 100 ng of RNA were used to 

synthesize cDNA using an iScript cDNA Synthesis kit (Bio-Rad Laboratories) following 

manufacturer’s instructions: 100 ng of RNA in 15 µL of nuclease-free water, 4 µL of 

iScript reaction buffer and 1 µL of reverse transcriptase. The reaction was carried out 

in a thermal cycler (Biorad), using the following program: Priming for 5 min at 25°C, 

reverse transcription for 30 minutes at 42°C and reverse transcription 

termination/inactivation for 5 min at 85°C.  

 

The reverse transcribed cDNA was diluted 1:1 in nuclease-free water, and q-RT-PCR 

was carried out SsoAdvanced Universal SYBR green Supermix (Bio-Rad), using the 

following scheme: 7.5 µL of SsoAdvanced Universal SYBR Green Supermix, 1.9 µL of 
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forward primer (2 µM), 1.9 µL of reverse primer (2 µM), 1.7 µL of nuclease-free water 

and 2 µL of cDNA. The reaction was carried out for 40 cycles using the following 

program: activation for 30 sec at 95°C, melting for 5 sec at 95°C, primer annealing and 

elongation for 30 sec at 60°C and plate read. The expression levels of genes of interest 

were analyzed using the Bio-Rad CFX Manager 3.0 and normalized to the levels of the 

housekeeping gene TBP. 

 

 4.2.10   HEK-Blue assay 

For detection of interferons in supernatants, I have made use of the HEK-Blue reporter 

cell lines developed by InvivoGen, HEK-Blue IFN-α/β for type-I IFNs and HEK-Blue 

IFN-λ for type-III. Cells were maintained in culture as described in section 4.2.1, 

avoiding full confluency and high passage numbers (above passage 20). Since HEK-

Blue IFN-α/β cells are able to respond to type-III IFNs, I first generated a modified cell 

line by knocking-out the IFN Lambda receptor I (IFNLR1) with our previously generated 

lentiviral vector (sgRNA #2 from 156). I seeded HEK-Blue IFN-α/β cells in 6-well plates 

at low confluency (approximately 10-20%) and transfected them with the lentiviral 

vector. For each well, 34 µL of Opti-MEM are incubated with 8 µL of PEI for 5 minutes 

in an Eppendorf tube; in a second tube, 1 µg of plasmid is added to 34 uL of OptiMEM 

and the tubes are combined carefully and incubated for 20 minutes. Media is then 

aspirated from the wells and slowly replaced with 1 mL of fresh media, to which the 

transfection mixed is added dropwise while rocking the plate. 8 hours after transfection, 

I changed the media and gave the cells 2 days to express resistance to hygromycin. 

Cells were then split and moved to T25 flasks at different densities, giving them 1 day 

to recover and attach. A flask with cells at approximately 25% confluency was selected 

and treated with 200 µg/mL hygromycin, replacing the media every 2 days and 

avoiding confluency by splitting cells into larger flasks. I avoided adding hygromycin 

on cells after splitting them and waited for them to attach, since I have observed that 

they are sensitive to the antibiotic before proper attachment to the flask. Cell death 

occurred after 3-4 days of treatment, and the selected cell line showed no response to 

type-III IFNs, being named HEK-Blue IFN-α/β IFNLR1-/-. This cell line was then 

maintained in cultured in the presence of 10 µg/mL blasticidin, 1 µg/mL puromycin and 

200 µg/mL hygromycin. HEK-Blue IFN-λ cells were cultured in the presence of 10 

µg/mL blasticidin, 1 µg/mL puromycin and 100 µg/mL zeocin. 
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To carry out HEK-Blue assays, the supernatants of interest and the one used to culture 

HEK-Blue cells need to match and contain heat inactivated serum. I prepared 

DMEM/F12 medium containing 1% P/S and 10% FBS previously inactivated in a water 

bath at 56°C for 30 minutes, and used it to culture both T84 and HEK-Blue cells. One 

day before the assay, 25,000 HEK-Blue cells were seeded per well of a 96-well plate, 

with extra 12 wells for the standard curve were seeded in duplicates. If the 

supernatants are frozen, the standard curve needs to be prepared in the same 

conditions and frozen before thawing all samples for the assay. 50 µL of sample are 

added carefully to each well for 24 hours. For the type-I IFNs standard curve, I treated 

HEK-Blue cells with five 1:1 serial dilutions of IFNβ1 starting at 10,000 IU/mL and 

leaving the last dilution without IFNs. For the type-III IFNs standard curve, I used five 

1:3 dilutions of 1:1 mixture of IFNλ2 and IFNλ3 starting at 100 ng/mL total, leaving the 

last wells empty as controls. For the colorimetric assay, QUANTI-Blue (InvivoGen) was 

used to determine the amount of Secreted embryonic alkaline phosphatase (SEAP). 

First, the supernatant from each well was pipetted up and down several times and 30 

µL were transferred to a new 96-well plate. I added 120 µL of QUANTI-Blue media to 

each well with a multi pipette, covered the plates with aluminum foil and kept them at 

37°C to accelerate the reaction. Plates were checked every 5 minutes until the 

standard curve started changing from pink to blue, and plates were scanned at 620 nm 

with a Biorad iMark microplate reader. The amount of IFNs was determined by 

comparison to the standard curve. The presence of rotavirus in supernatants did not 

alter the assay, since infected HEK-Blue cells do not seem to produce detectable levels 

of IFNs. 

 

 4.2.11  Live cell fluorescence microscopy and image analysis 

T84 cells were seeded in 48-well plates at full confluency 24 hours before experiments. 

Cells were infected as previously described, and the spread of viruses and activation 

of fluorescent reporters were imaged over time using a Celldiscoverer 7 (Zeiss). Cells 

were kept at 37°C and 5% CO2 during all experiments. For rotavirus infection and 

spread, UnaG was imaged with a 470 nm LED lamp at 30% laser power and 300 ms 

exposure time. H2B-mCherry was imaged with a 590 nm LED lamp at 50% laser power 

and 300 ms exposure time. For visualization of activation of the pMx1-mCherry 

reporter, H2B-mTurquoise was imaged using a 420 nm LED lamp at 50% laser power 
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and 300 ms, UnaG using a 511 nm LED lamp at 50% and 300 ms, and pMx1-mCherry 

with a 590 nm LED lamp at 60% laser power and 500 ms. Quantifications of infection 

and quantification of Mx1-mCherry positive cells were carried out using ilastik 

(https://www.ilastik.org) to generate object masks using the H2B-tagged nuclei as 

reference. The basal fluorescence of the reporters was subtracted from infected or 

treated samples in Fiji (https://fiji.sc) based on the levels found in mock treated 

samples. To determine the values used to separate positive from negative cells, the 

mean intensity of fluorescence found in nuclei was measured in mock treated and 

treated samples. CellProfiler (https://cellprofiler.org) was then used to measure the 

mean intensity of fluorescence in all objects found in the masks (nuclei) in all 

conditions, and positive cells were quantified using the threshold values obtained from 

Fiji. 
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6    List of abbreviations 

 

AJ Adherens junctions 

CARD Caspase activation and recruitment domain 

cGAMP Cyclic GMP-AMP  

cGAS Cyclic GMP-AMP synthase  

DLP Double-layered particle (rotavirus) 

ER Endoplasmic reticulum 

GTPase Guanosine triphosphatase 

HCV Hepatitis C virus 

IEC Intestinal epithelial cell 

IFN Interferon 

IFNAR1 Interferon-α receptor 1 

IFNAR2 Interferon-α receptor 2 

IFNGR1 Interferon-γ receptor 1 

IFNGR2 Interferon-γ receptor 2 

IFNLR1 Interferon-λ receptor 1 

IP3 Inositol-1,4,5-trisphosplate  

IRF Interferon regulatory factor 

ISG Interferon stimulated genes 

ISGF3 IFN-stimulated gene factor 3 

ISRE IFN-stimulated regulatory elements 

JAK Janus kinases  

LGP2 Laboratory of Genetics and Physiology 2 

MDA-5 Melanoma differentiation-associated protein 5  

NF-kB Nuclear factor kB 

NLS Nuclear localization sequence  

PABP PolyA binding protein 

PAMP Pathogen associated molecular pattern 
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Poly I:C Poly-inosinic:cytidylic acid 

PRR Pattern-recognition receptor 

RIG-I Retinoic acid-inducible gene I  

RLR RIG-I-like family of receptors 

SERCA Sarco/endoplasmic reticulum calcium pump  

STAT Signal transducer and activator of transcription  

TBP TATA-binding protein 

TJ Tight junction 

TLP Triple-layered particles (rotavirus) 

TLR Toll-like receptor 

VSV Vesicular stomatitis virus  

ZO Zonula occludens  

 


