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ABSTRACT 

 

According to the Global Burden of Diseases, Injuries, and Risk Factors Study from 2016 acute 

gastroenteritis was the eighth-leading cause of fatalities for all age groups worldwide. While 

bacteria are the main cause in the elderly, viruses preferentially affect children. Set aside the 

most prominent noro-, rota-, adeno-, and astrovirus, in many instances the pathogen causing 

diarrhoeal diseases remains unknown. 

Due to advances in sequencing technology, already known viruses are discovered as 

putative pathogens involved in gastroenteritis, as is the case of aichivirus A1 (AiV-A1). As 

single-stranded positive sense RNA virus, AiV-A1 belongs to the genus Kobuvirus in the 

family Picornaviridae, which includes other significant human pathogens including poliovirus, 

EV-D68, and EV-71. Since its discovery in 1989, AiV-A1 has been detected worldwide, but 

conclusive in vitro data supporting the epidemiological observations linking it to infections of 

the intestinal tract have been missing. 

 In this work, we evaluated various continuous human cell lines for their susceptibility 

to AiV-A1, examined its growth in an organotypic model and in short-term cultivated human 

small intestine-derived explants, as well as shed light on the early events during cell entry. 

We demonstrate for the first time AiV-A1 replication in human stem cell-derived intestinal 

epithelium, substantiating AiV-A1 as a possible causative agent for acute gastroenteritis. AiV-

A1 preferentially infected absorptive and proliferative enterocytes causing only a weak 

antiviral response in combination with insignificant tissue damage. By employing various 

pharmacological inhibitors that block different stages of the intracellular routing pathways, 

we found in monkey-derived Vero cells, that AiV-A1 strongly depends on dynamin for its 
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uptake and to a lesser extent on factors involved in macropinocytosis. AiV-A1 infection 

furthermore requires endosomal acidification and most likely exploits the late 

endosome/lysosome pathway.  
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ZUSAMMENFASSUNG 

 

Die akute Gastroenteritis, eine Erkrankung die mit Diarrhö und Erbrechen einhergeht, wurde 

laut dem GBD-Bericht von 2016 als achthäufigsten Todesursache für alle Altersgruppen 

weltweit eingestuft. Während bakterielle Infektionen die häufigste Ursache für ältere 

Personen darstellt, konstituieren Viren die andere Gruppe von ätiologischen Erregern, im 

Besonderen für Kinder. Neben prominenten viralen Vertretern wie Noro-, Adeno-, Rota-, und 

Astroviren, bleibt jedoch in vielen Fällen von Durchfallerkrankungen das ursächliche 

Pathogen unbekannt.  

  Aufgrund des Fortschritts in der molekularbiologischen Diagnostik werden bereits 

bekannte Viren in Fällen von Gastroenteritis neu entdeckt und als potenzielle Erreger 

verantwortlich gemacht. So auch im Fall von Aichivirus A1 (AiV-A1). Beschrieben als ein 

positives einzelsträngiges RNA-Virus, wird AiV-A1 der Gattung Kobuvirus in der Familie 

Picornaviridae zugeordnet, welche weitere bekannte Humanpathogene beinhaltet, wie 

Poliovirus, EV-D68 und EV-71. Seit der Entdeckung von AiV-A1 in 1989 wird es weltweit 

detektiert, jedoch fehlen konklusive in vitro Daten zur Untermauerung der epidemiologischen 

Beobachtungen. 

 In dieser Arbeit evaluierten wir die Anfälligkeit unterschiedlicher humaner Zelltypen 

für eine Aichivirus A1 Infektion, wir untersuchten sein Wachstum in einem organotypischen 

Model und kurzzeitig kultivierten Dünndarm abstammenden Explantat, so wie die frühen 

Ereignisse des Zelleintritts. Erstens demonstrieren wir die Replikation von AiV-A1 in 

Stammzell-basiertem humanem Dünndarmepithel, welche die Vermutung substanziiert, dass 

AiV-A1 ein weiterer Erreger für akute Gastroenteritis ist. Des Weiteren infizierte AiV-A1 

vorzugsweise absorptive und proliferative Enterozyten, wobei nur ein schwacher Anstieg der 
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antiviralen Antwort gemessen und kein merklicher Gewebsschaden festgestellt wurde. 

Mittels pharmakologischer Inhibitoren, welche unterschiedliche Schritte der intrazellulären 

Transportwege blockieren, konnten wir in von Affennieren stammenden Vero-Zellen zeigen, 

dass die Endozytose von AiV-A1 stark von Dynamin abhängt und im geringeren Maß von 

Komponenten der Makropinozytose. Weiters benötigt die Infektion einen sauren 

endosomalen pH und nützt sehr wahrscheinlich den späten endosomalen-lysosmalen 

Transportweg aus.  
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1. INTRODUCTION 
 

 

Kobuviruses, belonging to the family of Picornaviridae, have been identified worldwide and in 

various host species. Based on epidemiological observations, some members have been 

associated with acute gastroenteritis in humans and animals. However, little to nothing on 

the transmission or pathogenic mechanisms of these viruses is known. To date, the putative 

human pathogen AiV-A1 strain A846/88 is the best-studied kobuvirus. These investigations 

have been largely confined to usage of the African green monkey kidney-derived Vero cell 

line, which is permissive for all human kobuvirus strains. While a few human cell lines were 

identified to support modest replication of a different AiV-A1 strain (AiV-A1 

kvgh99012632/2010), they are all cancer-derived and lack the highly differentiated phenotype 

of the intestinal tract tissue. The current dearth of suitable cell culture systems and of 

susceptible animal models contributes to the overall considerable lack of information on the 

AiV-A1 pathobiology. In recent years, stem cell-based technologies have been developed to 

promote their controlled differentiation into organotypic models resembling the structural 

complexity and cellular diversity of the human small intestine. These models have been 

utilized in the past to study replication of various enteric pathogens but have not yet been 

explored for their suitability to recapitulate AiV-A1 infection of the human intestinal tract.  
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1.1. Kobuviruses 

Kobuviruses belong to one of the largest viral families, Picornaviridae, which comprises 63 

genera including 147 different species (https://talk.ictvonline.org/ictv-

reports/ictv_online_report/positive-sense-rna-viruses/w/picornaviridae). The most 

prominent picornaviral genera are Aphthovirus (e.g. FMDV), Avihepatovirus (e.g. DHAV) 

Cardiovirus (e.g. EMCV), Enterovirus (e.g. EV-A71, EV-D68, CVB3, RV, PV), Erbovirus (e.g. 

ERBV), Hepatovirus (e.g. HAV), Kobuvirus (e.g. AiV) and Parechovirus (e.g. HPeV), Sapelovirus, 

Senecavirus, Teschovirus and Tremovirus.  

 The genus Kobuvirus was established in 1999 and initially contained three different 

prototype strains: (i) aichivirus A1 strain A846/88 (human), (ii) bovine kobuvirus strain U-1 

(cattle) and (iii) porcine kobuvirus strain S-1-HUN (swine) [1-3]. Due to advances in 

sequencing technology, more kobuviruses have been identified in recent years in multiple 

different host taxa such as humans, chiroptera (bats), rodentia, lagomorpha (rabbits), 

artiodactyla, aves and carnivora expanding the genus to six species: Aichivirus A–F [4-10]. The 

word “kobu” is derived from Japanese and means bump or knob due to the characteristic 

bumpy morphology of the virion under electron microscopy [11]. So far, aichivirus A–D have 

been detected in cases of human and animal gastroenteritis [12-15].  It is assumed that 

kobuviral transmission occurs primarily via the faecal-oral route. However, detailed studies 

on the pathogenesis including the cellular tropism, internalisation and dissemination 

pathways are still missing. Additionally, the cell surface receptor remains unknown.  

 

 

 

 

https://talk.ictvonline.org/ictv-reports/ictv_online_report/positive-sense-rna-viruses/w/picornaviridae
https://talk.ictvonline.org/ictv-reports/ictv_online_report/positive-sense-rna-viruses/w/picornaviridae
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1.1.1. Genome organisation 

Basically, all kobuviruses share the same genome organisation (Figure 1) [16]. The full length 

single-stranded, positive-sense RNA of kobuviruses is approximately 8,200 nt long and has 

an unusually high guanine and cytosine content (approximately 59%), reportedly the highest 

among picornaviruses [17]. Furthermore, bioinformatics analyses revealed kobuviruses to 

possess the highest degree of structured RNA among all picornaviruses [18]. The genome is 

flanked by untranslated regions (UTRs) at the 5’ and 3’ end [19]. The 5’ terminus contains the 

covalently attached VPg (viral protein genome-linked) followed by the highly structured 

region termed the internal ribosomal entry site (IRES).  The IRES is located within the 5’ UTR 

and is important for the cap-independent initiation of translation by recruiting ribosomal 

subunits and other host co-factors [20]. While most kobuviruses have a type V IRES, aichivirus 

C has a type IV IRES instead [3, 21]. The VPg is attached via a conserved tyrosine residue and 

is essential for viral RNA synthesis. Additionally, three stem-loop structures (SL-A, SL- B and 

SL-C) were identified in the 5’ UTR to be important for RNA replication and encapsidation 

[19, 22], thus, being the first encapsidation motif to be found in picornaviruses. The 3’ end 

harbours a poly A-tail which conveys genome stability [23]. The genome consists of one ORF 

(approximately 7,300 nt) that encodes a single polyprotein precursor of 2433 aa. This precursor 

is co-, and post-translationally cleaved only by the viral proteases 3C and 3CD into the leader 

(L) protein, the structural proteins P1 (VP0, VP3, VP1) and the non-structural proteins P2 (2A, 

2B, 2C) and P3 (3A, 3B, 3C, 3D) [19, 24] .  
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Figure 1. Schematic representation of kobuvirus genome organisation. The positive-sense, single-

stranded RNA harbours one ORF which is flanked 5’ and 3’ by UTRs. The 5’ UTR is covalently linked 

to the VPg and comprises the highly structured IRES, the 3’ UTR ends in a poly A-tail. The ORF 

encodes one giant polyprotein that is proteolytically cleaved into structural and non-structural 

proteins. VPg, L, and RdRp stand for virus protein genome-linked, leader and RNA-dependent RNA 

polymerase, respectively. This figure was adapted from Springer Nature Customer Service Centre 

GmbH: Springer Virologica Sinica Rivadulla and Romalde (2020) [25] Copyright. 

 

1.2. Aichivirus A1 

The AiV-A1 strain A846/88 was the first kobuvirus to be discovered in 1989 in Japan in faecal 

samples from patients suffering from acute gastroenteritis [14] in a large-scale outbreak in the 

Japanese Prefecture Aichi. It involved the consumption of raw oysters in nine different schools 

with more than 3000 schoolchildren and teachers showing symptoms [26]. The outbreak could 

not be assigned to any known viral or bacterial pathogen at that time. Electron microscopy 

revealed a viral particle, which appeared like an astrovirus and was therefore dubbed 

“cytopathic small round viruses”. In 1998, a complete genome sequencing determined that 

this until then orphan virus belonged to the family Picornaviridae [17] and was subsequently 

classified in the new genus Kobuvirus [1]. Currently, the species Aichivirus A is divided in six 

types: A1–A10, of which the type aichivirus A1 (AiV-A1) is considered a putative pathogen 

for humans. Moreover, the type AiV-A1 is further divided in three genotypes A, B and C [27] 

(Figure 2). Types A2–A10 have been described in different animals [25], thus raising the 

possibility of a potential cross-species transmission. This is a major concern as many 
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pathogens of relevance for the public health are zoonotic as recently seen with the COVID-19 

pandemic [28, 29].  

 So far, AiV-A1 has been detected worldwide such as Europa, Africa, Asia, South and 

North America and Australia and not just in human diarrheal specimens but also in different 

environmental samples (e.g. water, biosolid and shellfish) [25, 30].  Only AiV-A1 genotype C 

has not been found in environmental samples. 

 

 

 

Figure 2. Phylogenetic tree of AiV-A1 genotypes. AiV-A1 is subdivided in three genotypes: A, B 

and C. The phylogenetic tree was constructed using the neighbour-joining method in MEGA 11 

based on full length genome sequences of 14 selected AiV-A1 strains exemplifying the different 

genotypes [31]. The tree describes the strain name, location of identification and GenBank accession 

number. Red asterisks indicate the presently better studied AiV-A1 strains and country of isolation 

(Japan: A846/88 and Taiwan: kvgh99012632/210). Scale bar represents nucleotide substitutions per 

site. More information in Table S1.  
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Genotype A

Genotype C

*
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1.2.1. Epidemiological and clinical observations 

Since its first link with acute gastroenteritis, it has remained unclear if AiV-A1 is to be 

considered an aetiological agent, mainly due to the ambiguity in the epidemiological 

observations. Some surveys frequently co-detected AiV-A1 with other prominent enteric 

pathogens (e.g. norovirus and rotavirus) while others found mono-infections with AiV-A1 

materialising in overall low incidence rates of 0.9% – 4.1% [32-35]. On top of that, many AiV-

A1 infections continued subclinical while others resulted in diarrhoea, abdominal pain, 

nausea, vomiting and fever [14, 36]. Additionally, a chronic AiV-A1 infection, which 

systemically spread to different tissues, was found in a X-linked agammaglobulinemia patient 

suffering from chronic multi-organ disease and chronic kidney failure [37]. Two cases have 

been reported in which, beside intestinal disease, respiratory symptoms were also observed 

[38, 39]. 

Seroprevalence studies around the world determined that 80–95% of adults older than 

40 years have antibodies against AiV-A1 and to a lesser extent at younger age [25]. This 

suggests a frequent circulation of AiV-A1 in different human populations and that exposure 

likely occurs during childhood. Additionally, many seroconverted individuals had 

neutralising antibodies [40]. Cases of AiV-A1 often involved the consumption of shellfish 

including oysters [25]. Studies found a higher prevalence of AiV-A1 when shellfish was 

harvested from sewage-polluted seawater [41].  
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1.2.2. Capsid structure 

Kobuviruses are non-enveloped viruses with a diameter of approximately 300 Å [42]. The 

capsid has a pseudo T=3 icosahedral symmetry exhibiting 2-, 3- and 5-fold symmetry axes. 

Compared to other picornaviruses (e.g. enteroviruses), which are comprised of four capsid 

proteins VP4 (1A), VP2 (1B), VP3 (1C), VP1 (1D), kobuviruses only possess three capsid 

proteins VP0 (1AB), VP3 (1C) and VP1 (1D), each present in 60 copies. The kobuviruses VP0 

is not auto-catalytically cleaved into VP4 and VP2 which falls in line with 11 other 

picornaviruses including human parechovirus [17, 43]. The size of VP0, VP3 and VP1 are 39.1, 

29.9 and 24.2 kDa, respectively.  

 So far, the human AiV-A1 A846/88 is the only kobuvirus for which a high-resolution 

capsid structure is available [42, 44]. The capsid harbours an unusually high proline content 

and has three poly-L-proline type II (PPII) helices, one in VP0 and two in VP1 [42]. The longest 

PPII helix is at the C-terminus of VP1 pointing outwards from the capsid. These PPII helices 

are unprecedented in picornaviruses; for example, some enteroviruses have an arginine-

glycine-aspartic acid (RGD) motif at this approximate position which is important for cell 

adhesion via recognition of integrin [45]. PPII helices are often involved in protein-protein 

interactions such as antigen recognition and signal transduction [46]. Therefore, the long 

external PPII helix could be utilised for cellular receptor recognition or may serve as virulence 

factor. HIV-1 and influenza A virus also possess PPII motifs that are important for their 

pathogenicity [47, 48]. Pre-treatment of AiV-A1 A846/88 or Vero cells with a peptide of the 

long PPII helix reduced CPE by about 40% at 48 h pi suggesting a potential competition for 

binding to the elusive host cell receptor [42].  
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Figure 3. Schematic representation of a picornavirus capsid. (A) Schematic representation of a 

picornavirus capsid displaying the icosahedral asymmetric subunit (blue outline), the 2-, 3-, and 5-

fold symmetry axes (red symbols) and the position of the “canyon” (green circle). The capsid shell is 

formed of sixty protomers comprised of VP1, VP3 and either VP2 and VP4 (e.g. enterovirus) or VP0 

(e.g. kobuvirus). (B) Comparison of capsid surfaces between the genus Enterovirus (poliovirus, 

enterovirus A71, enterovirus D68 and rhinovirus C15a), the genus Hepatovirus (hepatitis A virus) 

and the genus Kobuvirus (aichivirus A1). White triangle outlines icosahedral asymmetric subunit. 

Capsids are rainbow-coloured based on the distance from the capsid centre ranging between 135 and 

160 Å. This figure was adapted from Springer Nature Customer Service Centre GmbH: Springer 

Nature Reviews Microbiology Baggen et al. (2018) [49] Copyright. 

 

 

1.2.3. Infection cycle  

The cycle of infection can be divided in four steps: (i) attachment and internalisation, (ii) viral 

RNA translation and polyprotein processing, (iii) viral RNA replication and (iv) virion 

assembly and release. Figure 4 depicts a schematic overview on the life cycle of enteroviruses 

as they are the best-studied enteric picornaviruses.  
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Figure 4. Schematic overview of the enterovirus life cycle. After attachment to the cell surface 

receptor, the virus is endocytosed and routed to a compartment suitable for uncoating and transfer 

of the genomic RNA into the cytoplasm. The genomic RNA is translated into a single polyprotein 

which is cleaved by viral proteases into capsid (VP0, VP1 and VP3) and viral proteins (2A–2C and 

3A–3D). Viral replication is conducted by the RNA-dependent RNA polymerase which synthesises 

negative (-) strand RNA that serves as template for the synthesis of new positive (+) strand genomic 

RNA. While early in infection, they are further used for minus strand synthesis, they are utilised for 

translation or encapsidation into progeny viruses in later stages. Replication occurs in membranous 

organelles known as replication organelles. Capsid proteins self-arrange into protomers and 

pentamers and, with the help of the replication machinery, encapsidate the genomic RNA, forming 

provirions. In most picornaviruses (e.g. enterovirus), the provirions further convert by cleavage of 

VP0 into VP4 and VP2 into mature virions, presumably catalysed by the encapsidated RNA. The 

progeny particles are released either non-lyticly and/or lyticly. This figure was adapted from 

Springer Nature Customer Service Centre GmbH: Springer Nature Reviews Microbiology Baggen et 

al. (2018) [49] Copyright. 
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Attachment and internalisation 

The cell surface receptor(s), which at least in part determine(s) the tissue tropism is/are still 

unknown for AiV-A1. Additionally, the entry mechanism and subsequent endosomal routing 

remain to be characterized. In enteric picornavirus infections, the host usually sheds infectious 

viral particles in the intestinal lumen, which are transmitted by stool and finally taken up 

orally by the next host via contaminated foods or surfaces. In the next host, the virus passes 

through the gastrointestinal tract until it reaches the small intestinal epithelium expressing 

the cognate attachment receptor(s). The receptor(s) interaction triggers internalisation which 

is mediated via endocytosis. Once the particle has been directed to an endosomal pathway, 

cellular factors contribute to the overall uncoating process. During this process the capsid 

proteins undergo a conformational change which results in the ejection of the viral genome 

from the endosome into the cytoplasm [49].  

 

Viral RNA translation and polyprotein processing  

After the arrival of the viral genome in the cytoplasm, the viral translation commences. In 

AiV-A1, the IRES initiates the translation of the one ORF into a single polyprotein that is co-

and post-translationally cleaved by the viral protease 3C and 3CD resulting in viral proteins 

as described above. AiV-A1 A846/88 3C protein is a cysteine protease that contains a catalytic 

triad formed by histidine, aspartate/glutamate, and cysteine which is highly conserved among 

picornaviruses [17]. However, studies showed that the cleavage site between VP1-2A, which 

is normally facilitated by the 2A protein, is insufficiently cleaved by the 3C protein and rather 

a complex of 3CD and 2A proteins is required [24]. Unlike many other picornaviruses, the 

kobuviral L and 2A protein lack protease activity [17]. In poliovirus and other enteroviruses, 
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the 2A protein is involved in genome replication and polyprotein cleavage [24, 50]. 

Interestingly, 2A of AiV-A1 shares a conserved H-NC box motif, occasionally encompassing 

a transmembrane domain, with 11 other picornavirus genera, including human parechovirus 

[51].  This motif is related to the phospholipase PLA2G16 (also known as Hrev107) which has 

been identified as an enterovirus host factor [52-54]. The kobuvirus L protein contributes to 

viral replication and genome encapsidation [55]. Moreover, the L protein of AiV-A1 A846/88  

was classified as a novel class 4 integrated stress response (ISR) antagonist that abrogates 

cellular induced shut-down of translation similar to the beluga whale coronavirus protein 

AcP10 [56].  

 

Replication 

The replication of the genomic RNA is conducted by the 3D protein, an RNA-dependent RNA 

polymerase. Similar to other positive-strand RNA viruses, the replication itself takes place in 

virus generated membranous structures often referred to replication organelles (ROs) [57]. 

For poliovirus, ROs formation requires the viral membrane-associated proteins 2BC and 3A 

that hijack cellular components involved in lipid metabolism resulting in a massive 

rearrangement of cellular membranes [58]. It is thought that the main source are the 

endoplasmic reticulum and the Golgi apparatus, but details on the ROs formation are still 

fragmentary [49]. Recently, AiV-A1 kvgh2010 has been shown to induce autophagic flux in 

A549 cells (human lung carcinoma-derived cell line) resulting in the formation of 

autophagosomes [59]. Importantly, ROs are thought to mask and shield the viral replication 

machinery from the innate immunity and thus from degradation [60].  
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Virion assembly and release  

The encapsidation of the genomic viral RNA is believed to happen in the vicinity of 

membranous compartments such as the ROs and/or autophagosomes [61]. The capsid 

proteins VP0, VP3 and VP1 self-assemble into the 5S protomers and further into the 14S 

pentamers. These pentamers assemble into either empty 75S procapsids or genomic viral 

RNA-containing 150S provirions [62]. The exact mechanism of genomic RNA encapsidation 

for kobuviruses has not been elucidated yet. Nevertheless, the 5’ stem-loop SL-A — the first 

nucleic acid packaging signal to be found in picornaviruses — and the L protein were 

determined to be essential for AiV-A1 A846/88 packaging [22, 63]. Moreover, AiV-A1 VP0 is 

not auto-catalytically cleaved into VP4 and VP2, thus the assembled 150S provirion already 

represents the infectious viral particle.  

 Finally, progeny viruses are released via lytic or non-lytic egress mechanisms [64]. 

While lytic egress results in cell death, non-lytic egress occurs through membranous 

enclosures (e.g. exosome, microvesicles and secretory autophagosomes). Which egress 

mechanism ensues depends on the infected cell line and the picornavirus type.  
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1.3. Endocytic and endosomal pathways 

Endocytosis describes the uptake of fluid, solutes, ligands, components of the plasma 

membrane as well as particles by invagination of the plasma membrane [65]. This allows the 

cell to interact with its environment through nutrient uptake, extracellular milieu sensing, 

maintaining and homeostasis of plasma membrane (PM) composition (chemical aspect) and 

surface area and tension [66]. In general, endocytosis can be separated in two steps: (i) uptake 

mechanism and (ii) endocytic trafficking. After a cargo has been internalised, it is ferried 

through an elaborate network of vesicular-tubular compartments referred to as endosomes. 

The following chapters illustrate endocytic pathways particularly exploited in the context of 

viral infections. 

 

1.3.1. Uptake mechanisms 

Currently, six major types of uptake mechanisms have been described: (i) clathrin-(coated-

mediated endocytosis (CME), (ii) fast endophilin-mediated endocytosis (FEME), (iii) clathrin-

independent carrier/glycosylphosphatidylinositol-anchored protein enriched early endocytic 

compartment (CLIC/GEEC) endocytosis, (iv) macropinocytosis, (v) phagocytosis and (vi) 

caveolin-mediated endocytosis [67] (Figure 5). Several authors also distinguish a lipid raft-

mediated endocytosis, in part by participation of the fotillin-1/2 integral membrane proteins 

[66]. It is of note that not every cell line engages all uptake mechanisms and new pathways 

selectively used in specialized cells are still being described. Additionally, while several 

uptake pathways have unique features, some share components resulting sometimes in a blur 

between the boundaries.  



  – 14 – 

 
Figure 5. Schematic overview of different endocytic uptake mechanisms. In general, the different 

pathways can be divided by the usage of clathrin and dynamin. (i) The adaptor complex, AP2, 

commences CME (clathrin-coated pit-mediated endocytosis) by guiding clathrin to the cytosolic 

receptor domains, orchestrating the formation of a clathrin-coated pits. (ii) FEME (fast endophilin-

mediated endocytosis) is initiated by receptor–ligand interactions and controlled by actin 

polymerization and endophilin A2 recruitment. CME and FEME depend on dynamin for fission of 

vesicles from the plasma membrane. (iii) Caveolae formation requires caveolin and cavin proteins. 

The caveolae neck is stabilised by EHD2. (iv) clathrin-independent carrier (CLIC)/ 

glycosylphosphatidylinositol-anchored protein enriched early endocytic compartment (GEEC) is 

dynamin and clathrin independent and requires galectin for clustering of glycolipids and 

glycoproteins for invagination. (v) Macropinocytosis necessitates receptor stimulation and results in 

the formation of large vesicles. Actin and BAR domains orchestrate CLIC/GEEC endocytosis and 

macropinocytosis. Macropinocytosis also critically depends on the small GTPases ARF6 and Rac1. 

(vi) Phagocytosis involves actin polymerisation and massive membrane protrusions for cargo 

uptake, which is almost exclusively performed by professional phagocytes (neutrophiles, 

macrophages and dendritic cells). After internalisation, the many vesicles fuse with early endosomes 

before being sorted and directed to distinct pathways. This figure was adapted from Springer Nature 

Customer Service Centre GmbH: Springer Nature Nanotechnology Rennick et al. (2021) [67] 

Copyright. 
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 Clathrin-mediated endocytosis (CME) 

CME is the by far best-studied endocytic uptake mechanism which involves the uptake of 

macromolecules such as growth factors, transferrin (iron), low-density lipoproteins 

(cholesterol) [68]. Cargo binding to cognate receptors at the surface leads to receptor clustering 

and/or phosphorylation of their cytosolic domain [69]. This in turn initiates the recruitment of 

soluble clathrin, a scaffold protein, via the adapter complex AP-2 that connects clathrin to the 

plasma membrane, which results in the formation of clathrin-coated pits (CCP) and their 

subsequent maturation into clathrin-coated vesicles (CCV). Beside AP-2, the small GTPase 

dynamin is necessary for the CCV scission in combination with the AP-2 binding protein 

eps15 and the membrane-bending protein amphiphysin [70]. After the formation of CCV, 

clathrin becomes removed by the heatshock protein hsc70 accompanied by ATP hydrolysis, 

making the membrane accessible for fusion with early endosomes. Several rhinoviruses 

including major (e.g. RV-89) and minor (e.g. RV-A2) group representatives have been shown 

to exploit CME for infection via intercellular adhesion molecule 1 (ICAM-1) and low-density 

lipoprotein receptor (LDLR) interaction, respectively [71, 72].  

 

Fast endophilin-mediated endocytosis (FEME) 

FEME is clathrin-independent but dynamin-dependent and is a recently described important 

pathway for rapid endocytosis [73]. Endocytic carrier formation is tiggered by specific ligand-

receptor interaction involving G-protein-coupled receptors such as the IL-2 receptor and 

growth factor receptors (e.g. EGFR). The SH3 domain of endophilin interacts directly or 

indirectly through intermediary proteins with the cognate receptor and is further stabilised 

by the membrane-binding protein lamellipodin. EV-A71 exploits the FEME for infection of 

polarised Caco-2 cells [74].  
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Clathrin-independent carrier / glycosylphosphatidylinositol-anchored protein 

enriched early endocytic compartment (CLIC/GEEC)  

CLIC/GEEC is dynamin and clathrin independent and occurs constitutively in cells featuring 

this pathway. It is a high-capacity pinocytic pathway and does not need a specific ligand-

receptor interaction [75]. Various surface proteins are being internalised via this mechanism 

such as glycosylphosphatidylinositol-anchored proteins (GPI). Intracellularly it is regulated 

by small GTPases Cdc42 and ARF1 and involves the BAR domain protein GRAF1 [76]. At the 

cell surface, it is proposed that clustering of glycosylated proteins or glycosphingolipids is 

facilitated by galectins (carbohydrate binding protein) which coordinate the invagination and 

formation of pleomorphic tubular structures [77]. SV40, an oncogenic DNA virus, is known 

to hijack the CLIC/GEEC mechanism [67]. 

 

Macropinocytosis 

Macropinosomes are formed by plasma membrane protrusions driven by actin assembly 

which results in the enclosure of large extracellular volumes as the macropinosome collapses 

back [78]. Depending on the cell type, macropinocytosis can be a constitutive or an induced 

mechanism [79]. Induction is stimulated by various stimuli such as proteoglycans or G-

protein-coupled receptors and receptor tyrosine kinase family receptors (e.g. EGFR). 

Furthermore, actin ruffling at the plasma membrane is essential as well as the small GTPases 

ARF6 and Rac1. Only a small number of viruses have been reported to utilise this entry 

mechanism for infection.  [80]. Recently, it has been suggested that E30 follows a 

macropinocytic uptake mechanism [81].  
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Caveolin-mediated endocytosis 

Caveolae are the second best-studied entry mechanism substantiated by an extensive 

literature associating it with endocytosis. However, the field remains controversial since 

knockout of caveolar components in any system have not revealed an absolute requirement 

of caveolae for endocytic uptake [82, 83]. It has been proposed that the FEME and the 

CLIC/GEEC pathways may have been mistaken for caveolin-mediated endocytosis, due to 

poor specificity of endocytic inhibitors [67]. Additionally, only a few cargos are proposed to 

depend on caveolae. Caveolae are formed by caveolin and cavin and require accessory factors 

such as the dynamin-related ATPase EHD2. Caveolins are integral membrane proteins and 

found in various different compartments. It is believed that this homogeneous distribution 

contributed to the confusion over the importance of caveolae in endocytic pathways. So far, 

only a few viruses have been reported to preferentially hijack this pathway such as H1N1 

influenza virus and human coronavirus 229E [84-86].  

 

1.3.2. Endosomal trafficking 

After cargo internalisation by one or more endocytic uptake mechanisms mentioned above, 

the vesicles become part of an endosomal network which allows for vectorial transport 

between distinct membranous compartments [70]. The main function of the endosomal 

network is to gather, sort and direct the cargo to their final destination. Upon uptake, the 

initial vesicles undergo homotypic fusion forming early endosomes which conduct the sorting 

process [87]. Ultimately, sorted cargo can be sent back to the cell surface via (i) the recycling 

pathway or is degraded via (ii) the lysosomal pathway (Figure 6). The regulation of 

endosomal trafficking is accomplished by a strict spatial and temporal control of endosomal 

identity [70]. This identity is shaped by a combination of elevating acidification, composition 
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and exchange of phosphatidylinositol phospholipids, Rab family GTPases and various 

effector proteins. Rab proteins are essential regulators for endosomal trafficking [88]. They 

switch between a GTP-bound active state and a GDP-bound inactive state. Furthermore, they 

need to interact with specialised effector proteins to form higher-order molecular assemblies 

to carry out various functions such as vesicle tethering, fusion, budding and motility.  

 

 
Figure 6. Schematic overview of endosomal trafficking exemplified by LDLR and TfR. Upon 

clathrin-mediated internalization of LDLR and TfR, the initial vesicles fuse into early endosomes 

which sort cargo for vectorial transport via endosomal networks. LDLR and TfR lose their cargo, 

LDL and iron, respectively, in the early endosome due to the mild acidic milieu. While LDL is further 

routed towards the lysosome for degradation, the LDLR and TfR are recycled back to the cell surface 

via recycling endosomes (fast route) or via the endocytic recycling compartment (ERC) (slow route). 

Early endosomes mature into late endosomes which can be accompanied by endosomal carrier 

vesicles (ECV). Bafilomycin A1 and EGA arrest the cargo transport from early to late endosomes. 

Nocodazole and ciliobrevin A target the late endosome/lysosome and ERC transport by acting on 

the microtubule and dynein network. Figure was adapted from Conzemius et al. (2016) [89].  
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Well-studied examples of endosomal sorting and trafficking are the LDLR and 

transferrin receptor (TfR) [88]. Both arrive in the early endosome via clathrin-mediate 

endocytosis [90, 91]. Early endosomes are characterized by a mildly low pH from 

approximately 6.8 to 6.3 which is attributed to the V-type vacuolar H+ ATPase pump, which 

actively pumps hydrogen into the endosomal lumen [92]. Additionally, Rab4, Rab5 and the 

Rab5 effector protein early endosome antigen 1 (EEA1) are well-described markers for early 

endosomes [88]. Due to the mildly acidic environment the LDLR and TfR lose their cargo LDL 

and iron, respectively.  

While the LDL remains in the early endosome, the LDLR and TfR, as for most 

membrane proteins and receptors, are routed by Rab4 to one of the two recycling pathways 

which requires extensive tubulation of the early endosome [88]. The recycling endosome has 

the fastest kinetic (t1/2 = 5 min) and a relatively physiological pH. The endocytic recycling 

compartment (ERC) additionally harbours Rab11 and proceeds much slower (t1/2 = 15–30 min) 

and the pH drops below 5.6 [93].  

The early endosome continues to mature, accompanied by Rab7 and increasing 

acidification, into a late endosome and cargo is further sorted by inward budding to form 

intraluminal vesicles (ILVs). Late endosomes are often referred to as multivesicular bodies 

[94].  Proteins destined for degradation are sorted into ILVs by the endosomal sorting 

complexes required for transport (ESCRT) which recognises a monoubiquitylation. During 

the maturation phase small vesicles containing nascent Rab7 can fission off from early 

endosome termed endosomal carrier vesicles (ECV) and later fuse again with more stable late 

endosomes [95]. Finally, the late endosome fuses with a lysosome resulting an endolysosome 

in which the cargo is being degraded at approximately pH 4.5 to 4.0. [93]. Late endosomes 
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and lysosomes are marked by heavily glycosylated transmembrane proteins called lysosome-

associated membrane proteins (LAMPs), a key biomarker for their identification [89]. 

The ERC and the late endosome/lysosomal pathway depend on a microtubule network 

for directional transport of their vesicles [96-98]. This is facilitated by motor proteins such as 

dynein that walk from the cell periphery towards the microtubule-organizing centre (MTOC) 

at the microtubules minus ends [99].  

 In the past, the endosomal trafficking of various rhinoviruses have been studied on 

numerous occasions [100]. While LDLR-binding RV-A2 is ferried towards the lysosomal 

pathway where it uncoats in the late endosome, ICAM-1-binding RV-A89 is routed to the 

much longer ERC pathway for genomic RNA release [89, 101, 102]. Interestingly, RV-B14, also 

a major group rhinovirus that requires ICAM-1 for internalisation, uncoats en route to the 

lysosome by rupturing endosomes [103]. It is believed that the stronger affinity of RV-A89 for 

ICAM-1 is responsible for its routing to the ERC, while RV-B14 already dissociates from 

ICAM-1 in the early endosomes and thus, is ferried along the lysosomal pathway [72, 89]. 

Additionally, this exemplifies the complexity of viral endosomal trafficking, since a common 

entry receptor is not a prerequisite for routing to the same endosomal compartment.  

 

1.4. The Antiviral State 

During or after internalisation, viruses are confronted by the innate immunity, which 

consistently keeps a lookout for pathogens, and in case of their detection, raise a cellular 

alarm. While the adaptive immunity requires several days for build-up due to cellular 

activation and proliferation (e.g. T cells and B cells) which results in a highly specified 

targeting of certain molecules, the innate immunity acts rapidly due to their fast activation 

and its continuous state of full functionality [104].  
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 In general, pattern recognition receptors (PRRs) sense pathogen associated molecular 

patterns (PAMPs) which triggers downstream signalling cascades leading to the production 

of interferons (IFNs). IFNs are key players of the innate immunity as they inform on the 

antiviral state by secretion and sensing in a autocrine and paracrine manner which in turn 

induces the expression of interferon-stimulated genes (antiviral effector proteins), in many 

instances ultimately clearing the viral infection (ISGs) [105].  

IFNs are a diverse group of cytokines and currently three main types are being 

differentiated: type I, type II and type III IFN [106]. Type I IFN has been discovered more than 

60 years ago and constitute the largest IFN family in humans with 17 different types: IFN-α 

(13 in humans), IFN-β, IFN-ϵ, IFN-κ, IFN-ω. Additionally, they have the broadest 

functionality such as anti-pathogen activities (antiviral, antibacterial and antifungal), anti-

proliferative functions and modulation of innate and adaptive immunity [107]. IFN type I is 

universally expressed and sensed by the heterodimeric IFN-α receptor 1 and 2 (IFNAR) which 

is expressed on all nucleated cells [108, 109].  

Type II IFN only harbours one member, IFN-γ, which is mainly produced by natural 

killer cells, natural killer T cells (NKT) and innate lymphoid cells (ILCs). Although being a key 

modulator of the cellular innate and adaptive immunity, it is not directly involved in the 

intracellular defence mechanisms [110]. 

Type III IFN have been discovered more recently and were thought to be redundant 

to type I IFN as they share very similar signalling pathways and ISG expression [106]. 

However, research showed that type III IFN elicit distinct mode of actions and functions 

compared to type I IFN. Type III IFN is comprised of four members: IFN-λ1 (IL-29), IFN-λ2 

(IL-28A), IFN-λ3 (IL-28B) and IFN-λ4 [111]. While the function of IFN-λ1, IFN-λ2, IFN-λ3 are 

well established, the role of IFN-λ4 during infection remains controversial [112]. They are 
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expressed by most cell types and they interact with the heterodimeric interferon lambda 

receptor 1(IFNLR1 or IL-28R) and the interleukin 10 receptor 2 (IL-10R2) [113]. However, not 

all cell types can sense type III IFNs as IFNLR1 is mainly found on epithelial cells (e.g. lung, 

intestine, vaginal and hepatocytes) [114].  

PRRs are differentiated based on their sensed PAMP and their location within the cell. 

The most important PRRs for the detection of RNA viruses are: Toll-like receptors (TLRs) 3, 

7, 8 and RIG-like receptors (RLRs) [104]. TLR 3, 7 and 8 are located in endosomes as 

transmembrane proteins detecting single-stranded (ss) and double-stranded (ds) RNA, 

respectively. RLRs are comprised of the retinoic acid-inducible gene I (RIG-I) and melanoma 

differentiation- associated protein 5 (MDA5) and laboratory of genetics and physiology 2 

(LGP2) and located within the cytosol where they detect ssRNA. However, LGP2 lacks the 

caspase activation and recruitment domain (CARD) and thus rather has a regulatory function 

in RLR sensing than signal transduction [115]. 

Due to their different localisation, each PRR interacts with different key adaptor 

proteins to convey the signalling cascade. For TLR3, TLR7/8 and RLRs it is TIR-domain-

containing adapter-inducing interferon-β (TRIF), myeloid differentiation primary response 88 

(MyD88) and mitochondrial antiviral-signalling protein (MAVS), respectively [116]. 

Ultimately, each pathway results in the induction of the protein complexes TBK1/IKK-ϵ and 

IKK-α/β/γ [115, 117]. Tank binding protein (TBK1) and IκB kinase I (IKK-ϵ) phosphorylate the 

transcription factors interferon regulatory factor (IRF) 3 and 7 which leads in homo-

dimerization and their translocation to the nucleus. Concurrently, IKK-α/β/γ induce 

proteasomal degradation of the NFκB inhibitor IκB-α by phosphorylation which confers 

NFκB modification which allows its shuttling to the nucleus. In the nucleus, IRF3, 7, NFκB 
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and other co-factors form the enhanceosome that binds to promotors resulting in type I and 

III IFN transcription  

Translated and secreted type I and type III IFNs act in an autocrine and paracrine 

manner on their cognate receptors triggering the Jak-STAT signalling pathway. The Janus 

family tyrosine kinases Jak1 and Tyk2 phosphorylate the signal transducers and activators of 

transcription (STATs) 1 and 2 allowing for homo- and heterodimerisation and transport to the 

nucleus. While STAT1 dimers bind to the gamma interferon stimulation site (GAS), STAT1 

and STAT2 hetero-dimers further interact with IRF9 forming the transcription factor 

interferon-stimulated gene factor 3 (ISGF3). Both complexes lead to the transcription of ISGs 

and further enhancement of the antiviral state [118]. 

 Overall, infection of the human intestine with enteric viruses leads to a higher 

expression of type III IFN and to a lesser extend of type I IFN [119, 120]. It is currently believed 

that type I IFNs protect from virus dissemination and lamina propria and type III IFNs shields 

the epithelial surface itself [120, 121]. Moreover, ISG expression kinetics are differently 

regulated between type I and III IFN [122]. While type I IFN induces a fast and high magnitude 

in ISG induction, type III IFN is much slower in the expression but more sustained in time. 

This temporal induction of ISGs results in the creation of a unique antiviral environment [120].  

 

1.5. Acute gastroenteritis 

Acute gastroenteritis (AGE) is an inflammation of the mucosal epithelium in the small or large 

intestine [123]. According to the Global Burden of Diseases, Injuries, and Risk Factors Study 

from 2016 AGE was the eight leading cause of death among all age groups with estimated 

1,655,944 deaths and the fifth cause of death in children under 5 years with more than 446,000 

estimated deaths [124].  Despite the significant reduction in mortality in the past 20 years, 
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AGE still poses a major public health issue [125] especially since virus induced diarrhoea is 

not declining [126]. While most deaths occur in developing countries, the health systems in 

developed nations are faced with economic burden due to high rates of hospitalisations [127]. 

AGE manifests in abrupt symptoms such as vomiting, watery diarrhoea and low-grade fever 

[128]. Typically, it is self-limited and recovery occurs within 2–5 days with a treatment focus 

on maintaining patient hydration.  

While bacteria  and protozoa only account for approximately 10%–20% and less than 

10% of AGE cases in children, respectively, viruses are responsible for approximately 70% 

[129, 130]. The most prominent representatives are rota-, noro-, sapo-, astro-, and adenovirus 

[131]. Rotavirus belonging to the family Reoviridae has caused the majority of deaths in 

children worldwide and elicits more severe gastroenteritis than most other enteric pathogens 

[128]. The rotavirus vaccines implemented in 2006 in 95 countries resulted in a 50–90% 

reduction in hospitalisation. Norovirus belonging to the family Caliciviridae is the primary 

cause for AGE among all age groups, including foodborne outbreaks [128]. Noroviruses are 

genetically and antigenically highly diverse, which impedes vaccine development.  

Despite more than 20 viruses having been identified as aetiological agents for AGE, it 

is estimated that in up to 40%–50% of incidences the causative viral agent still remains 

unknown [132-135]. Improved detection methods such as next generation sequencing resulted 

in the discovery of previously unknown enteric viruses [131]. However, their unequivocal link 

to cause AGE still has to be established, as for AiV-A1. Additionally, ambiguous 

epidemiological observations and a lack of suitable cell lines or in vivo models contribute to 

the uncertainty.  
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1.5.1. Human intestinal enteroids 

The discovery of intestinal stem cells producing high levels of leucine-rich repeat-containing 

G protein-coupled receptor 5 (Lgr5+) by Hans Clever’s group in 2007 advanced the field of 

stem cell-based tissue culturing [136]. Nowadays, two possibilities to generate “mini-

intestines” are available: (i) from human adult stem cells by isolating intestinal crypts or (ii) 

from human embryonic or inducible pluripotent stem cells (iPSCs) [137] (Figure 7). Adult 

intestinal crypts are usually obtained from surgical biopsies. While adult stem cells will give 

rise to enteroids (derived from small intestine) or colonoids (derived from colon), iPSCs will 

generate organoids. The main difference is that organoids develop a mesenchymal layer 

essential for maintenance of epithelial tissue identity [138]. After stem cell isolation, they are 

embedded in Matrigel, which serves as a scaffold, and cultured in growth media enriched 

with distinct growth factors: Wnt3a, R-spondin, epidermal growth factor (EGF), and Noggin 

[139]. This will result in the generation of three-dimensional spheroids comprised of a single 

epithelial layer with an enclosed apical lumen and a basolateral exterior. These spheroids can 

be transitioned to culture systems on plates or transwells. Due to their close recapitulation of 

the structural complexity and cellular diversity of the human intestine, organotypic cultures 

allow for more insight into the pathogenesis of viral infections compared to carcinoma cell 

lines and animal models [140]. Additionally, cellular tropism, receptor usage and innate 

immunity can be deeper and more faithfully deciphered compared to previous models [141].  
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Figure 7. Schematic representation of different intestinal stem cell-derived tissue models. Human 

intestinal enteroids and organoids are cultured from adult intestinal crypts containing Lgr5+ cells or 

from iPSCs, respectively. These stem cells are embedded in Matrigel and cultured in growth medium 

containing Wnt3a, R-spondin, epidermal growth factor (EGF), and Noggin. After their maturation, 

they closely recapitulate the structural complexity and cellular diversity of the human intestine. 

Compared to enteroids, organoids possess a mesenchymal layer. Initial enterospheres, with an 

enclosed apical lumen and a basolateral exterior, can be disaggregated and re-seeded in culture 

plates or transwells with an accessible apical site. Indicated in the legend (right site) are the common 

cell types and the so far studied enteric pathogens and their cell tropism. Figure was adapted from 

Kolawole and Wobus (2020) [142].  

  

 

This relatedness to a more natural system allowed for the study of previously unculturable 

enteric pathogens such as human norovirus [143]. Despite the initial successes, not all 

norovirus genotypes (e.g. GII.3) of the highly diverse group could be propagated. It was found 

that the pre-treatment of intestinal epithelium with bile acid was necessary for the replication 

of certain genotypes [144]. Bile acid triggers ceramide production at the cell surface leading to 

ceramide-rich microdomain formation and thus, receptor clustering promoting norovirus 

uptake [145]. Recently, the sever pathology and extensive water loss induced by rotavirus 

infection was found to be due to calcium and nucleotide signalling in human intestinal 
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enteroids [146, 147]. The viral non-structural protein 4 (NSP4) triggers intercellular calcium 

waves that facilitate the secretion of adenosine diphosphate (ADP). Bystander cells recognise 

the ADP via purinergic receptors that again induce intracellular calcium waves. Additionally, 

the release of inositol trisphosphate (IP3) is triggered via phospholipase C, which allows for 

the production of cellular factors (e.g. serotonin). All these factors in combination are the main 

driving forces for acute diarrhoea. The study of different enteroviruses in foetal-derived 

intestinal enteroids showed that E11 induced a massive epithelial disruption [148, 149]. 

Adenovirus was found to preferentially infect goblet cells and it was sensitive to type I and 

type III IFN treatment [150]. More recently, single-cell RNA sequencing (ssRNAseq) of human 

ileal organoids exhibited the elaborated innate immune evasion in SARS-CoV-2 infected cells 

[141]. 
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2. MATERIALS AND METHODS 
 

 

2.1. Cell Lines and Virus Strains 

All cell lines were obtained from ATCC, except the A549 cells. Originally from Sigma, 

(86012804), these were kindly provided by Dr. Walter Berger (Institute of Cancer Research, 

Medical University of Vienna, Austria) and the RKO cells (originally from ATCC, CRL-2577), 

which were a generous gift from Dr. Gijs Versteeg (Max Perutz Labs, Vienna, Austria). Cell 

lines were routinely cultivated in the growth media specified in Table 1 at 37°C in a 5% CO2 

atmosphere. For infection assays, the standard medium was replaced with infection medium 

prior to viral inoculation (Table 1).  

 Viruses used in this study were (i) AiV-A1 strain A846/88 (prepared with the plasmid 

pAV-UCSF (GenBank accession no. JQ281544; kind donation from Joseph L. DeRisi University 

of California at San Francisco, USA [151]) and (ii) CVB3 strain Nancy (kind donation from 

Frank Kuppeveld, University of Utrecht, Netherlands). The AiV-A1 A846/88 is also simply 

referred to as AiV-A1.  
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Table 1. Immortalized cell lines that were tested for AiV-A1 infection. Cell lines were cultivated in 

the respective growth medium, as specified by ATCC, and infected in the correspondently adapted 

infection medium.   

Cell line Tissue Growth medium Infection medium 

HeLa 
Epithelial, 

human cervix 

• DMEM (Gibco, 21063-029) 

• 10% FBS (Sigma, F7524) 

• 1% Pen-Strep (Sigma, 15140-

122) 

• DMEM (Gibco, 21063-029) 

• 2% FBS (Sigma, F7524) 

• 1% Pen-Strep (Sigma, 15140-

122) 

RKO 
Epithelial, 

human colon 

Vero 

Epithelial, 

African green 

monkey 

kidney 

A549 
Epithelial, 

human lung 

• Ham's F-12K Medium 

(Gibco, 21127-022) 

• 10% FBS (Sigma, F   7524) 

• 1% Pen-Strep (Sigma, 15140-

122) 

• Ham's F-12K Medium 

(Gibco, 21127-022) 

• 2% FBS (Sigma, F7524) 

• 1% Pen-Strep (Sigma, 15140-

122) 
T84 

Epithelial, 

human colon 

Caco-2 
Epithelial, 

human colon 

• DMEM (Gibco, 21063-029) 

• 10% FBS (Sigma, F7524) 

• 0.1 mM NEAA (Lonza, 13-

114E) 

• 1% Pen-Strep (Sigma, 15140-

122) 

• 1 mM Pyruvate (Sigma, 

S8636) 

• DMEM (Gibco, 21063-029) 

• 2% FBS (Sigma, F7524) 

• 0.1 mM NEAA (Lonza, 13-

114E) 

• 1% Pen-Strep (Sigma, 15140-

122) 

• 1 mM Pyruvate (Sigma, 

S8636) 

HCEC 

1CT 

Epithelial, 

human colon 

• DMEM and Medium 199 Earle’s, 4+1 (Biochrom, Cat# F0435 and 

Cat# FG0615)  

• 4 mM GlutaMAXTM-1 (100X), (Gibco, Cat# 35050-038)  

• 2% Cosmic Calf Serum (Hyclone, Cat# SH30087)  

• 20 ng/ml EGF (Sigma-Aldrich, Cat# E9644)  

• 10 μg/ml Insulin (Sigma-Aldrich, Cat# I9278)  

• 2 μg/ml Apo-Transferrin (Sigma-Aldrich, Cat# T2036)  

• 5 nM Sodium-Selenite (Sigma-Aldrich, Cat# S5261)  

• 1 μg/ml Hydrocortisone (Sigma-Aldrich, Cat# H0396) 

• 1% Pen-Strep (Sigma, 15140-122) 
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2.2. Aichivirus A1 strain A846/88 Production 
 

2.2.1. In vitro transcription 

AiV-A1 strain A846/88 was generated via transfection of viral RNA obtained by in vitro 

transcription from the plasmid pAV-UCSF into Vero cells; pAV-UCSF carries the full-length 

cDNA of AiV-A1 strain A846/88. The plasmid was processed similarly as in Corbic Ramljak 

et al. (2018) [152]. Briefly, pAV-UCSF (20 µg) was linearized with HindIII, the digest was 

loaded on a 0.5% agarose gel, and run in 0.5x TAE buffer (Table 3) supplemented with 0.5 

μg/ml ethidium bromide. The band corresponding to 11.5 kbp was excised and purified with 

the peqGOLD gel extraction kit (PeqLab, USA). In vitro transcription was performed with the 

T7 Ribomax Large Scale RNA Production System (Promega, USA) for 4 h at 37°C according 

to the manufacturer’s instructions. DNA was removed by RQ1 (provided in the kit) and the 

RNA was recovered with TRIzol reagent (TRIzol, Invitrogen, USA) (see chapter 2.4).   

Size and quality of the in vitro transcript was confirmed by agarose gel electrophoresis; 

two µl of the RNA sample were mixed with 18 µl of the RNA sample buffer and 5 µl of RNA 

loading buffer, the mix was heated for 10 min at 70°C and applied on a 1% agarose gel in 

1xTAE buffer supplemented with 0.5 μg/ml ethidium bromide. 
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Table 2. Buffers used for gel electrophoresis.  

Buffer Composition 

1x TAE buffer 

• 40 mM Tris (pH 7.6) 

• 20 mM acetic acid 

• 1 mM EDTA 

5x MOPS buffer 

• 0.2 M MOPS (pH 7.0)  

• 50 mM sodium acetate 

• 5 mM EDTA (pH 8.0) 

RNA loading buffer 

• 50% glycerol 

• 1 mM EDTA  

• 0.4% bromophenol blue 

RNA sample buffer 

• 10 ml deionized formamide  

• 3.5 ml 37% formaldehyde 

• 2.0 ml 5x MOPS buffer (final concentration 0.7x) 

 

2.2.2. RNA-lipofectamine transfection 

To generate infectious AiV-A1, different cell lines (see Table 1) were transfected with the 

above in vitro transcribed AiV-A1 RNA. The respective cell lines were grown in six-well plates 

to full confluency in the growth media specified above. 1, 2, and 4 µl of lipofectamine 2000 

(Invitrogen, USA) were mixed with 100 µl of Opti-MEM (Gibco, USA). In parallel, three times 

approximately 1 µg (e.g. 1 µl) of viral RNA was mixed with 100 µl of Opti-MEM. Each of the 

above three (1, 2, and 4 µl) lipofectamine mixes was then combined with one of the diluted 

RNA mixes and incubated for 10 min at RT, followed by dropwise addition to the medium of 

the cells and gentle swirling. One well was used as negative control where the viral RNA in 

the transfection mixture was replaced by the same volume of ddH2O. Three days post 

transfection the cells were examined for the presence of a cytopathic effect (CPE) under the 

microscope and the contents of the wells were collected using a cell scraper. Progeny virus 
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was released and crudely purified as described in chapter 2.3., and the viral titre determined 

as detailed in chapter 2.6.. 

 

2.2.1. Large-scale AiV-A1 purification and concentration 

Forty-five T-175 cm2 flasks were infected with a routinely produced, lower titre AiV-A1 seed 

virus stock (at an MOI = 0.1). Three days post infection (pi) approximately 90% of the cells 

were lysed and the flasks were transferred to -80°C. On the next day, the flasks were thawed, 

remaining cells were scraped off with a cell scraper and, together with the medium, collected 

in fresh tubes on ice. From the obtained, about 950 ml primary cell lysate, seed virus was 

produced as described in chapter 2.3.. The following steps were adopted with minor changes 

from a protocol previously established in the lab for large-scale purification of rhinovirus RV-

A2 ([153]). 

The crude AiV-A1 seed virus suspension was centrifuged at 4,000 rpm for 10 min at 

RT (Beckman J6-HC centrifuge and Beckman JS-4.2 swinging-bucket rotor) resulting in a 

pellet and SN. While virus was precipitated from the SN by addition of PEG 6000 to a final 

concentration of 7% followed by an overnight (o/n) incubation at 4°C, the pellet was 

resuspended in 20 ml virus buffer B (VB-B) (10 mM Tris/HCl pH 7.4, 10 mM EDTA) and 

homogenised with 40 strokes in a tight-fitting Dounce homogenizer. The resulting suspension 

was then centrifuged at 4,000 rpm for 10 min at RT in a table-top centrifuge (Eppendorf 5810R 

centrifuge and Eppendorf A-4-81 rotor) and the newly formed SN was combined with the first 

SN-PEG mixture for a second o/n precipitation. 

 The combined mixture was again centrifuged at 4,000 rpm for 30 min at RT (Beckman 

J6-HC centrifuge and Beckman JS-4.2 swinging-bucket rotor); the SN was removed and the 

pellet was covered with 60 ml 20 mM Tris/HCL (pH 7.5), 2 mM MgCl2 (VB-A) and 
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resuspended by sonication in an ultrasonic bath for 3 min. Any insoluble material was 

removed by 30 min spinning at 15,000 rpm at 4°C (Beckman Optima Max-XP ultracentrifuge 

and Beckman TLA-100.3 fixe-angle rotor). Virus was then recovered from the SN by 

ultracentrifugation at 40,000 rpm for 2 h at 4°C a SW45 Ti fixed-angel rotor (Beckmann Optima 

L-80 XP ultracentrifuge). The pellet was resuspended in 500 µl VB-A and transferred to an 

Eppendorf tube. RNase A (Roche, Germany, Ref.: 10109169001) and DNase I (Roche, 

10104159001) were added to a final concentration of 5 mg/ml each and the mixtures were 

incubated for 10 min at RT. Trypsin-EDTA (Sigma, USA, Ref.: 59418C; 250 µl of 0.5% w/v) was 

then added and incubation continued for 5 min at 37°C. Finally, 75 µl of a saturated (~10%) 

N-lauroylsarcosin solution in 10 mM Tris/HCl (pH 7.5), 10 mM NaCl was added and the 

sample was incubated o/n at 4°C. The mixture was then centrifuged for 15 min in a 

microcentrifuge at 14,000 rpm (Eppendorf 5424 centrifuge). The SN (1 ml) was transferred on 

top of a 11 ml continuous 7.5–45% (w/w) sucrose density gradient in 20 mM Tris-HCl (pH 7.5), 

2 mM MgCl2 and centrifuged for 2 h in a SW40 Ti rotor (Beckmann Optima L-80 XP 

ultracentrifuge) at 35,000 rpm and 4°C. 2 ml fractions were taken from the top and 

ultracentrifuged in a SW40 Ti rotor (Beckmann Optima L-80 XP ultracentrifuge) at 35,000 rpm 

for 16 h. Six fractions yielded visible virus pellets. The SN was discarded and each pellet was 

resuspended in 100 µl virus buffer C (50 mM Tris/HCl (pH 7.5), 25 mM NaCl) at RT by several 

times pipetting up and down. An aliquot of 5 µl of each virus sample was analysed by 15% 

SDS-PAGE (Figure 1). Finally, the virus titre was determined via a TCID50 assay (see chapter 

2.6)  
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2.3. AiV-A1 and CVB3 Seed Virus Production 

At appropriate times as indicated in the results, cells transfected with AiV-A1 RNA or 

challenged with infectious AiV-A1 or CVB3 virus were collected in a centrifuge tube together 

with their medium. They were subjected to three cycles of freezing (in liquid nitrogen) and 

thawing (at RT) followed by centrifugation at 4,000 rpm for 10 min in a table-top centrifuge 

(Eppendorf 5810R centrifuge and Eppendorf A-4-81 rotor). Then, freezing and thawing was 

repeated, and the sample was centrifuged a second time at 4,000 rpm for 10 min. Finally, the 

supernatant (SN) was transferred to a new tube; it is referred to as seed virus. Seed virus was 

stored at -80°C until further usage. 

 

2.3.1. AiV-A1 and CVB3 seed virus concentration  

AiV-A1 and CVB3 seed virus produced as described above usually had titres of 2–5 x 107 and 

2 x 108 TCID50/m, respectively. Higher titre seed virus was obtained as follows: Four T-175 

cm2 flasks containing confluent Vero cells were infected with a routinely produced, lower titre 

AiV-A1 or CVB3 seed virus stock (at an MOI = 0.1) for three days, respectively. Seed virus was 

produced as above yielding a total of approximately 60 ml. Virus particles were pelleted by 

ultracentrifugation at 40,000 rpm for 2 hours at 4°C in a SW45 Ti fixed-angel rotor (Beckmann 

Optima L-80 XP ultracentrifuge). After centrifugation, the SN was removed, the pellet was 

covered with 300 µl of virus buffer C (50 mM Tris/HCl pH 7.5, 25 mM NaCl) and left overnight 

for resuspension by passive diffusion. On the next day, the suspension and residual pellet 

were resuspended by multiple pipetting and transferred into a microcentrifuge tube. This 

concentrated seed virus preparation had a titre of about 2 x 108 and 2 x 109 TCID50/ml 

respectively and was used for all infection experiments, when not stated otherwise. 

 



  – 35 – 

2.4. RNA Extraction 

RNA was purified by TRIzol reagent (Invitrogen, USA) according to manufacturer’s 

instructions. In short, 1 ml of TRIzol was added to a sample (e.g. cells, tissue, SN etc.) and 

incubated for 10 min at RT. Chloroform was added, the tube inverted several times and 

incubated for 3 min at RT. The sample was centrifuged at 11,600 rpm for 15 min at 4°C and 

the aqueous phase was transferred to a new microcentrifuge tube. Five-hundred µl 

isopropanol were added, the tube inverted several times and incubated for 10 min at RT, 

followed by centrifugation at 11,600 rpm for 10 min at 4°C. Pellets were washed three times 

with 1 ml of 70% ethanol, vortexed shortly and centrifuged at 9,100 rpm for 5 min at 4°C. 

Remaining ethanol was removed and the pellet was air-dried and suspended in 50 µl of Milli-

Q water (Merck, USA). Samples were stored at -80°C until further use.  

 

2.5. Reverse Transcription and Quantitative PCR 

A two-step RT-qPCR (reverse transcription-quantitative polymerase chain reaction) was used 

to measure host and viral gene expression. Total RNA was extracted using the TRIzol reagent 

and concentrated as described in chapter 2.4.. Nucleic acid concentrations were measured by 

UV-Vis spectrophotometry (DeNovix, USA). The RNA was reverse transcribed using the M-

MLV reverse transcriptase according to the manufacture’s instruction (Promega). In short, 1 

µg of RNA was incubated with 0.5 µg of random hexamer primers (Promega) in a volume 

totalling no more than 15 µl. qPCR was then performed using the GoTaq DNA polymerase 

(Promega) according to the manufacture’s instruction with slight modifications (Table 4). Gene 

expression was calculated by the Pfaffl method [154]. Viral RNA was normalised to the human 

18s rRNA examined by RT-qPCR in parallel.  Table 5 provides a list of the used primers.  
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Table 3. RT-qPCR reaction components and parameters. 

Component Concentration  Step 
Temperature 

(°C) 
Time 

 
5x GoTaq Colourless 

Reaction Buffer 
1x  

Initial 

Denaturation 
95 3 min 

dNTPs Mix, 10 mM each 200 µM, each  Denaturation 95 15 sec 
40 

cycles GoTaq DNA Polymerase 

(5 u/µl) 
0.625 u  

Annealing 

and Extension 
60 1 min 

Syto 82 (5 mM) 5 µM  Hold 4 ∞ 

Primers (100 µM) 0.5 µM, each     

cDNA 1 µg     

ddH2O X     

Total 25 µl     

 

 

Table 4. List of primers used for qPCR analyses.  

Primers Forward 5’-3’ Reverse 5’-3’ 

AiV-A1              

Fw-SQP2 

Fw: GCT CAC CCA ACT CCT CAA 

CT 

SQP2: AGA GGA TAA GGG CTC 

CGG CA 

AiV-A1 Rw-SQP1 
SQP1: TGT ACA ACA CCC ACT CCA 

TGT G 

Rw: TCC ACA GAG AGG GAG TTC 

CTG 

RV-A54 CVB3              

(pan-enterovirus) 
GGC CCC TGA ATG TGG CTA A 

GAA ACA CGG ACA CCC AAA GTA 

G 

GAPDH GAA GGT GAA GGT CGG GAA GAT GGT GAT GGG ATT 

18s rRNA ATC AAC TTT CGA TGG TAG TCG TCC TTG GAT GTG GTA GCC G 

PPIA 
AGA CAA GGT CCC AAA GAC AGC 

AGA 

TGT GAA GTC ACC ACC CTG ACA 

CAT 

IFN-α (all 13 

subtypes) 
TCC ATG AGA TGA TCC AGC AGA ATT TCT GCT CTG ACA ACC TCC C 

IFN-β1 
TTG ACA TCC CTG AGG AGA TTA 

AGC 

TTA GCC AGG AGG TTC TCA ACA 

ATA G 
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IFN-λ1 (IL-29) GGA AGA CAG GAG AGC TGC AAC AAC TGG GAA GGG CTG CCA CAT T 

IFN-λ2/3 (IL-

28A/B) 
GCC AAA GAT GCC TTA GAA GAG CAG AAC CTT CAG CGT CAG G 

Mx1 CACCGTGACGGATATGGTCC TTCCATCTGGAAGTGGAGGC 

Mx2 AACGTGCAGCGAGCTTGTC TGGCTGTTGCTGGAAGGAAT 

IFIT1 ATTTACAGCAACCATGAGTACAAA TCCCACACTGTATTTGGTGTCT 

IFI44L TGC ACT GAG GCA GAT GCT GCG TCA TTG CGG CAC ACC AGT ACA G 

IRF7 CAC TAA CGA CAG GCG AGG C TAT AGG AAC GTG CAG CTC GG 

USP18 GGCTCCTGAGGCAAATCTGT CAACCAGGCCATGAGGGTAG 

 

 

2.6. Viral Titre Quantification  

Viral titres were determined as tissue culture infectious dose 50 (TCID50). Samples containing 

AiV-A1 or CVB3 were serially diluted 10-fold in infection medium (Table 2) and 100 µl of each 

dilution was applied to approximately 80% confluent Vero cells in one well of a 96-well plate. 

Cells were kept at 37°C, 5% CO2 and four to five days pi the development of a CPE was 

observed either by light microscopy (due to the low percentage of CPE at higher virus 

dilutions) or by crystal violet staining (0.2% crystal violet, 150 mM NaCl, 1% formaldehyde). 

TCID50 were calculated according to Reed and Muench (1938) [155].  
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2.7. Susceptibility of Different Cell Lines for AiV-A1  

Each immortalized cell line (see Table 1) was seeded into three wells (designated mock, T0, 

T72; hours pi) of a 24-well plate and grown to 100% confluency. Medium was replaced with 

infection medium and the plate was placed for 30 min at 4°C. Two wells of each cell line 

received AiV-A1 (at an MOI = 0.1) while one well was mock-infected. The cells were incubated 

for 1 h at 4°C with gentle shaking, allowing maximal virus attachment. The cells were then 

washed three times with ice-cold PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.4), infection media was replenished and the “T0 cells” were collected together 

with the SN using a cell scraper. The plate was subsequently placed in a 37°C, 5% CO2 

incubator for triggering a synchronized virus internalisation. Three days pi, the cells (“T72”) 

were examined for the development of a CPE via light microscopy and individually collected 

as above. Finally, the samples were processes as described for seed virus production (chapter 

2.3.) and the titre was determined as TCID50.  

 

2.7.1. Vero cell infection 

Vero cells were infected with either AiV-A1 A846/88 or CVB3 Nancy (at an MOI=0.01) for 1 h 

at 37°C. After incubation, the cells were washed three times with PBS and infection continued 

for 8 h. Resulting CPE was observed via light microscopy.  

 

2.8. Pharmacological Inhibition of AiV-A1 Entry and Trafficking 

Vero cells were cultured in 96-well plates to full confluency and pre-treated for 30 min at 37°C 

with different pharmacological inhibitors in the infection medium, known to target various 

endocytic pathways (Table 7 provides a detailed list of inhibitors, their final concentration and 

their cellular target). After the pre-treatment, AiV-A1 (MOI = 10) was added in the presence 
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or absence of the respective inhibitors and further incubated for 24 h at 37°C. As soon as a 

clear cytopathic effect was seen in the solvent control (2% DMSO in infection medium + virus 

(MOI = 10)) the infection was halted by crystal violet staining of the cells. Images of the stained 

plates were recorded using a ChemiDoc (Bio-Rad, USA). Using the “Measure Tool” provided 

in the Fiji plug-in of ImageJ [156], the brightness of the image of each well used in the 

experiment was quantified. The data were processed in GraphPad Prism (Version 8.4.0. (455) 

for macOS) (GraphPad Software, USA) using the equation further below and expressed as [%] 

cell death. The brightness measured for the solvent control plus virus corresponds to 100% 

cell death (survmin; average of four wells), while the brightness of cells treated with the 

respective drugs but no virus was set to 0% cell death in each instance (survmax; average of four 

wells). Cell death (value) was the average brightness of four measurements of cells inoculated 

with virus in the presence of an inhibitor. 

 

 

- value… measurements of IM+DMSO +inhibitor 

+virus 

- survmax…measurements of IM+DMSO 

+inhibitor (no virus) 

- survmin…measurement with IM+DMSO + virus 

(no inhibitor) 
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Table 6. List of pharmacological inhibitors used to target viral intracellular uptake and routing 

pathways. 

Inhibitor Target Uptake/Pathway 
Stock concentration 

(in DMSO) 

Final 

concentration 

Dynasore Dynamin Dynamin-dependent 80 mM 80 µM 

Blebbistatin Myosin II Macropinocytosis 6.8 mM 50 µM 

Filipine Cholesterol Lipid raft 2 mg/ml 5 µg/ml 

Bafilomycin A1 
Vacuolar-type H+ 

ATPase 

ECV-Lysosomal  

5 µM 50 nM 

EGA Late endosome 20 mM 20 µM 

NH4Cl Endosomal pH 1 M (in PBS) 25 mM 

Ciliobrevin A Dynein 
ERC 

100 mM 30 µM 

Nocodazole Microtubules 6 mg/ml 10 µg/ml 

 

 

2.9. Human Intestinal Epithelium Model  
 

2.9.1. Maintenance and infection 

The EpiIntestinal SMI-100 system was purchased from MatTek (Ashland, USA). It 

recapitulates the physiological architecture and the cellular composition of human small 

intestinal tissue and is based on ileum stem cell-derived adult tissue from a human donor. 

This human intestinal epithelium model (HIE) was maintained according to the 

manufacturer’s instructions. In short, at the day of arrival, the HIE transwells were washed 

three times with pre-warmed PBS apically and basolaterally and kept in MatTek maintenance 

medium (composition disclosed) for 24 h at 37 °C prior to infection in order to allow the tissue 

to recover from the transportation stress.  

For infection, HIE inserts were exposed apically and basolaterally either to the AiV-

A1 strain A846/88 or the CVB3 strain Nancy (positive control) with 107 PFU in maintenance 

medium for 1 h at 37°C. The HIE were then washed once in PBS and further cultivated in 

maintenance medium (5 ml basolaterally and 200 µl apically). One infection assay comprised 
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five HIE inserts designated T0, T24, T48, T72, T96, according to the time pi until RNA harvest. 

In 24-hour intervals the basolateral and apical media of all tissues were gently collected and 

replaced by new maintenance medium by gently pipetting at the wall. At the indicated times, 

the respective membrane together with the attached HIE was cut out with a scalpel and 

combined with TRIzol reagent for RNA extraction (see chapter 2.4.). The purified total RNA 

samples were subject to gene expression profiling using RT-qPCR (chapter 2.5.).  

 

2.9.2. Microscopy analyses 

Twenty-four hours pi the media of one HIE insert was removed from both sides and the 

epithelium immediately fixed in 4% paraformaldehyde in PBS for 20 min at RT. The HIE was 

then either processed for orthogonal section imaging, which required cryo-sectioning 

(described further below) or simple top-view imaging of the epithelium.  

The following sections describe the processing of the EpiIntestinal tissue model for 

different staining techniques which was carried out with the help of Irmgard Fischer in the 

histology facility of the Max Perutz Labs.  

 

Cryo-sectioning 

After fixation, the HIE was washed three times with PBS and incubated in 30% sucrose in PBS 

o/n at 4°C. The HIE was subsequently mounted on cryo-molds using the Tissue-Tek OCT-

compound (Sakura, Netherlands) and shock frozen in isopentane cooled by dry ice. The 

frozen epithelium was then cut into 5 µm thick orthogonal sections with a Cryostat Microm 

HM 500 OM (Histocom, Switzerland) and stored at -80°C until further usage.  
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Immunofluorescence 

All steps of the immunofluorescence staining were conducted while the HIE was still on the 

membrane of the transwell insert. After fixation as above, the epithelium was washed three 

times with cold PBS and the cell membrane was permeabilized with 0.25% Triton X-100 in 

PBS for 5 min at RT. The HIE was then washed again three times in PBS for 5 min each and 

transferred into blocking solution (2% BSA, 0.1% Tween 20 in PBS) for 30 min at RT. The HIE 

was subsequently incubated with the primary antibody diluted in blocking solution for 1 h at 

RT and washed again three times with PBS for 5 min each (Table 6 provides a detailed list of 

antibodies, reagents and dilutions). This was followed by incubation with the secondary 

antibody diluted in blocking solution for 1 h at RT. The HIE was then washed once with PBS 

for 5 min and counterstained with Hoechst 33258 (final concentration 1 µg/ml blocking 

solution) for 10 min at RT. Finally, the epithelium was washed three times with PBS for 5 min 

each, the membrane carrying the HIE was cut out using a scalpel and mounted with Prolong 

Glass Antifade Mountant (Invitrogen, P36982, USA).  

For orthogonal section imaging, a cryosection (described above) was thawed at RT and 

washed with PBS for 5 min, followed by quenching in 0.1 M glycine in PBS for 10 min at RT. 

After washing in PBS for 5 min, the section was blocked in 2% BSA in PBS for 30 min at RT. 

Then the primary antibody diluted in PBS and 0.1% Tween 20 was applied for 1 h at RT. After 

washing with PBS for 5 min, the secondary antibody (in PBS, 0.1% Tween 20) was applied for 

1 h at RT. Working dilutions of antibodies were the same as above (Table 6). After washing or 

5 min with PBS, the nuclei were stained with Hoechst 33258 as above. Finally, the section was 

washed once with PBS for 5 min, then with ddH2O and air dried followed by mounting with 

Prolong Diamond Antifade Mountant (Invitrogen, P36961).  
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Immunohistochemistry 

A cryosection (described above) was thawed at RT and washed with ddH2O for 5 min, 

followed by incubation in Dako REAL Peroxidase-Blocking Solution (DAKO, S2023, USA) for 

7 min at RT and washed again three times with TBS (1.4 M NaCl, 26 mM KCl and 247 mM 

Tris pH 8.0). The section was blocked with 2% BSA in TBS for 1 h at RT and further incubated 

with the dsRNA-specific monoclonal antibody J2 (2 µg/ml in TBS and 0.1% Tween 20). After 

three washes in TBS, the section was incubated with the secondary antibody conjugated to 

biotin (DAKO, E0413, 1:200 in TBS and 0.1% Tween) for 30 min at RT. The section was washed 

again 3 times for 5 min each with TBS and then incubated with 120 µl of avidin-biotin-complex 

(ABC) reagent for 30 min at RT.  

For J2 signal detection, the section was first washed 3 times with PBS for 5 min each; a 

few drops of DAB+ (Dako, K3468) were then added to the section and incubated for 2 min. 

Signal development was observed continuously under the microscope. When the signal was 

strong enough, the reaction was stopped with ddH2O.  

For the detection of sulphated and carboxylated proteoglycans (mucus, goblet cells, 

etc.), the section was washed with ddH2O for 5 min, followed by incubation in alcian-blue 

solution (Merck, 1.01647.0500, USA) for 5 min. Then the section was washed again with 

running tap water for 3 min and rinsed with ddH2O.  

Counterstaining was conducted with nuclear fast red-aluminum sulfate solution 0.1% 

(Sigma, 1001210500) for 10 min, residual stain was washed off with running tap water for 5 

min and the section was rinsed with ddH2O. For storage, the section was dehydrated through 

immersion into 50%, 70% and 100% EtOH in ddH2O, for 1 min each. It was then incubated in 

n-butyl acetate for 5 min, air-dried and mounted with Eukitt mounting medium. 
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Table 5. List of primary and secondary antibodies. All antibodies used for immunofluorescence and 

immunohistochemistry analyses of human intestinal epithelium and patient-derived intestinal tissue 

are shown with their respective working dilutions.  

Primary ABs 

Target Cell type/Name Company 
LOT-

Number 

Antibody 

type 

Concentration.  

(Dilution) 

dsRNA J2 
English & 

Scientific 

Consulting 

J2-1301 monoclonal 2 µg/ml (1:500) 

AiV-A1 viral capsid 

protein VP1  

Gift from Dr. Tsung-Hsien Chang, Taiwan 

Chen et al. (2013) [157] 

polyclonal, 

rabbit 

serum 

1:500 

Apolipoprotein A1 

(ApoA1) 

Absorptive 

enterocyte 
Invitrogen PA5-88109 polyclonal 20 µg/ml (1:50) 

Ki-67 
Proliferative 

enterocytes 
Abcam ab15580 polyclonal 1:500 

Secondary ABs       

DyLight 488 

donkey anti-rabbit 

IgG (H+L) 

 
Thermo 

Scientific 
SA5-10038  1 µg/ml (1:500) 

Alexa Fluor 594 

donkey anti-mouse 

IgG (H+L) 

 Invitrogen A21203  2 µg/ml (1:1000) 

Biotin - Rabbit 

F(ab')2 
 DAKO E0413 polyclonal 1:200 

Other staining 

Nucleus Hoechst 33258 Sigma 86140-5  1 µg/ml 

 

 

2.9.3. Cytotoxicity assay 

For measurement of virus-induced cell death in the HIE, a LDH-GloTM cytotoxicity assay kit 

(Promega) was used. After infection with AiV-A1 A846/88, the apical SN was collected in 24-

hour intervals from infected and non-infected (Mock) epithelium and initially diluted 1:5 in 

LDH Storage Buffer (200 mM Tris-HCl pH 7.3, 10% Glycerol, 1% BSA) to reduce enzymatic 
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degradation when stored at –20 °C. As positive control (maximum cell death), epithelia were 

exposed to Triton X-100 in maintenance media (final concentration 0.25%) for 30 min at RT. A 

standard curve, using the LDH positive control included in the kit, was established to 

determine the linear range of the assay. The maximum cell death samples were serially diluted 

to fit within the linear range and to infer the necessary dilution factor to be used in the 

measurement of the LDH activity for the viral infected HIE samples. Based on that outcome, 

the dilution factor was set to 1:2000 for all samples. The measurements were carried out 

according to manufacturer’s instructions in 96-well plates in a Synergy H1 plate reader 

(BioTek, USA).  

 

2.10. Patient-Derived Intestinal Tissue 

A single sample of human intestinal tissue was obtained by Univ. Prof. Dr. Martin 

Klimpfinger from the KFJ hospital in Vienna. It consisted of a routine biopsy specimen 

obtained during a Whipple`s operation from an anonymous patient without any possibility 

of backtracking. Therefore, the approval of an ethics committee of the town of Vienna was not 

required according to the managing director Reinhard Undeutsch. Immediately after sample 

collection, the tissue was washed thoroughly with ice-cold Krebs-Henseleit buffer (KHB) 

prepared according to de Graaf et al. (2010) [158] (118 mM NaCl, 5 mM KCl, 1.1 mM MgSO4, 

1.25 mM CaCl2, 1.2 mM KH2PO4, 25 mM NaHCO3, 25 mM D-glucose, 9.0 mM Hepes, pH 7.4). 

The layers of serosa, muscularis and submucosa were removed and the tissue was further cut 

into smaller pieces (approximately 1 x 1 cm). The tissue was then cultured in RPMI 1640 

medium (Gibco, 11875093) containing 10% FBS (Sigma, F7524) and 1% Pen-Strep (Sigma, 

15140-122) and incubated at 37°C and 5% CO2. For infection the tissue was incubated with 107 

PFU of AiV-A1 A846/88 for 1 h at 37°C. After incubation, the tissue was washed with KHB 
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buffer and the infection continued at 37°C in RPMI 1640. Twenty-four hours later the tissue 

was fixed in 4% formaldehyde in PBS at 4°C o/n and further processed for cryo-sectioning and 

immunofluorescence staining as outlined above (chapter 2.9.2.)  

  

2.11. Statistical Analyses 

All statistical analyses were performed with GraphPad Prism. Data are shown as mean ± 

standard deviation (SD). Shapiro-Wilk analysis was used to check for normal distribution of 

data for parametric testing. Two-tailed student’s t-test, one-way and two-way ANOVA with 

Dunnett’s and Sidak’s test for multiple comparisons were used to determine statistical 

significance.  
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3. RESULTS 
 

 

3.1. AiV-A1 A846/88 Production and Sequence Confirmation 

For studying the early events of the AiV-A1 A846/88  life cycle, infectious virus was produced 

using the plasmid pAV-UCSF, which contains the full length cDNA of AiV-A1 [151]. AiV-A1 

RNA was in vitro transcribed from the linearized plasmid (Figure S2), recovered by TRIzol 

reagent and analysed by agarose gel electrophoresis (Figure 8A). One distinct band was 

recognisable and according to the DNA ladder, the size of the transcribed RNA fragment was 

in the expected range of approximately 8,000 bp. Additionally, the positive control, an RNA 

transcribed from the linearized cDNA included in the kit, exhibited a distinct band at the 

expected range of approximately 1,800 bp. To confirm the AiV-A1 strain authenticity (e.g. to 

exclude inadvertent production of an other picornaviruses used in the lab as a result of 

contamination), the AiV-A1 RNA was reverse transcribed into single-stranded cDNA and 

used as a template for a qPCR with two different sets of primers amplifying fragments within 

the coding region of the structural proteins VP0 or VP3. The amplicons were separated on an 

agarose gel and exhibited the expected size of 887 bp and 461 bp, respectively (Figure 8B). 

Total yeast RNA (Roche, 10109223001) was processed in the same way and served as negative 

control. Sanger sequencing further confirmed the identity of these two partial sequences with 

the GenBank entry for the AiV-A1 A846/88 (accession no. JQ281544) (Figure S1). 

Infectious viral particles were obtained by transfecting Vero cells with AiV-A1 RNA. 

Three days post transfection the contents of the wells were subjected to freeze and thaw cycles 

for the release of the still mostly cell-associated progeny virus into the medium. The recovered 

AiV-A1 was further propagated in Vero cells grown in forty-five 175 cm2 flasks. Progeny 
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virions were recovered by freeze-thawing as before, resulting in a substantially higher yield 

of infectious material. This was subject to a multi-step purification procedure, consisting of a 

series of centrifugations, PEG-precipitation and a sucrose density gradient step. Selected 

gradient fractions were combined and analysed by SDS-PAGE and stained with Coomassie 

brilliant blue (Figure 8C). AiV-A1 is one of a few picornaviruses whose mature capsid consists 

of only three structural proteins (VP0, VP3 and VP1); the other members in this family further 

cleave VP0 into VP4 and VP2, which then renders them infectious [43]. As expected, the gel 

image revealed three protein bands corresponding to the calculated molecular weights 39.1 

kDa (VP0), 29.9 kDa (VP1), and 24.2 kDa (VP3), respectively. The bands of VP3 and VP1 were 

recognisable in almost all fractions, while VP0 was barely visible in fractions 1–4 and gave a 

faint signal in fractions 9–10.  This is presumably related to its amino acid composition 

determining the extent of Coomassie blue binding [159]. Despite the extensive purification 

consisting of several orthologous methods, residual cellular proteins were still detectable in 

the AiV-A1 containing fractions, though the top fractions (#1–5) contained more 

contaminating cellular material than the bottom fractions (#7–12). Taken together, sequencing 

analysis and SDS-PAGE both confirmed production of AiV-A1 from the infections cDNA 

clone. 
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Figure 8. Verification of AiV-A1 production by RT-qPCR and SDS-PAGE. (A) In vitro transcribed 

AiV-A1 RNA (8000 bp) from the linearised pAV-UCSF plasmid. The control is an in vitro transcribed 

RNA (1800 bp) from the linearized plasmid included in the kit. Displayed is a 1% agarose gel. (B) 

AiV-A1 RNA was reversed transcribed and regions encoding parts of the structural proteins VP0 

and VP3, respectively, were amplified by qPCR using two different primer sets. The amplicons were 

visualised by a 1% agarose gel. Total RNA from yeast was used as negative control. The predicted 

lengths of the amplicons were 887 bp (Fw-SQP2 primers) and 461 bp (Rw-SQP1 primers), 

respectively, and the corresponding bands are indicated by arrows. (C) Following upscaling of AiV-

A1 seed virus production, the infectious material was finally purified on a continuous sucrose 

gradient. Fractions taken from the top (1-12) where combined as indicated and aliquots applied onto 

a 15% SDS-PAGE gel. The gel was stained with Coomassie brilliant blue.  
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3.2. AiV-A1 Features a Distinct CPE and Strain-specific Cell Tropism  

During the first infection studies of Vero cells with AiV-A1 it was noticed that the appearance 

of the CPE was different from CVB3 Nancy. Vero cells infected at MOI = 0.01 at 8 h post 

infection (pi) exhibited granular material surrounding individual damaged cells, resembling 

vesicles (Figure 9A–B). In contrast, CVB3 infected cells were well-rounded without any 

material in their vicinity (Figure 9C).  It is conceivable that the granular material around AiV-

A1 infected Vero cells corresponds to apoptotic bodies due to the large size of the vesicles and 

the ensuing cell death [160]. Other types of extracellular vesicles such as exosomes and 

microvesicles are much smaller (range between 40–500 nm) and are linked with cell survival 

[64]. For CVB3, the cells were not surrounded by granular material following cell death. It has 

been shown that different enteroviruses (including CVB3) induce the formation of various 

types of vesicles depending in the cell line they infect [64]. However, the exact nature of the 

AiV-A1 generated vesicles remains to be examined.  
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Figure 9. AiV-A1 infected Vero cells are surrounded by granular material. Vero cells were infected 

with either (A–B) AiV-A1 or (C) CVB3 (MOI = 0.01) and visualised 8 h pi by light microscopy. (B) 

Close up of one AiV-A1 infected Vero cell; note the granular material surrounding the cell. White 

boxes indicate zoomed areas. Scale bars, 50 µm. 

 

 

Chen et al. (2013) [157] reported an AiV-A1 strain isolated from a diarrheal patient in 

Taiwan (kvgh99012632/2010; GenBank accession no. JX564249), designated here as the 

Taiwanese strain (AiV-A1 kvgh2010) with the potential to infect various human cancer cell 

lines inclusively of intestinal and respiratory tissue origin. Since the AiV-A1 strain used in this 

thesis work (A846/88, GenBank accession no. AB040749.1) differs in a number of amino acids 

in structural and non-structural proteins, it was of interest to examine its cell tropism. Various 

immortalised cell lines, including frequently used intestinal, were analysed for permissivity 

to support AiV-A1 A846/88 infection. The respective cell lines were pre-cooled to 4 °C for 30 

min and then exposed to AiV-A1 (MOI = 0.1) for 1 h under shaking allowing for attachment. 

A 

C 

AiV-A1 A846/88  MOI 0.01 

8 h p.i. 

CVB3 Nancy MOI 0.01 

8 h p.i. 

Zoom 

Zoom 

B 
AiV-A1 A846/88  MOI 0.01 

8 h p.i. 
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After this incubation, loosely bound virus was washed off with cold PBS. A synchronized 

infection was initiated by warming to 37 °C and allowed to proceed for 3 days. Supernatant 

(SN) and cells were collected and subjected to freeze-thawing cycles. Following removal of 

cell debris by low-speed centrifugation, the titre of the progeny virus was measured as TCID50. 

Of all cell lines tested, only Vero cells exhibited an increase in viral titre (Figure 10A). None of 

the human derivatives, including A549 (lung carcinoma-derived) and T84 (colon carcinoma-

derived) were susceptible compared to the reports for AiV-A1 kvgh2010. Additionally, no 

CPE was recognisable via light microscopy in any of the cell lines.  

These results suggested that infection of the examined human cell lines by AiV-A1 

A846/88 was blocked at one or more steps of the virus life cycle such as cell entry. To test this 

hypothesis, each of the cell lines used in the infectivity assay were transfected with 1 µg of 

AiV-A1 A846/88 RNA and different amounts of lipofectamine. Three days post transfection 

the contents of the wells (cells and SN) were collected for seed virus production. TCID50 

measurements clearly indicated that all transfected cell lines produced infectious particles 

(Figure 10B). Vero cells expectedly showed a 2 log10 higher titre compared to the similarly 

transfected human cells lines. Since these African green monkey kidney cells are fully 

permissive for AiV A846/88, the progeny virions initially produced by the small number of 

transfected cells can further infect still untransfected or non-infected cells during the 3-day 

multi-cycle infection, thereby massively amplifying the viral titre.  

Taken together, Vero cells infected with AiV-A1 became surrounded by granular 

material corresponding to vesicles after the first cycle of infection. Although the exact nature 

of theses vesicles remains to be investigated, they appear to be apoptotic bodies based on their 

size and the overall cell shrinkage and cell death. Various standard immortalized cell lines, 

including prominent colon-derived, failed to support productive infection. The lack of 



  – 53 – 

permissivity for AiV-A846/88 was most likely due to the absence of the receptor and/or other 

factors required during the initial entry/uncoating steps of viral infection, which were 

bypassed by viral RNA transfection.  

 

 
Figure 10. AiV-A1 A846/88 did not infect several prototypic human carcinoma-derived cell lines. 

(A) Virus was pre-absorbed (MOI=0.1) to the indicated cell lines for 1 h at 4°C. After incubation, the 

cells were washed and the well contents from 0 h pi (T0) and 72 h pi (T72) were collected separately 

for production of seed virus; virus titre was determined as TCID50. Note, no titre was detected for 

1CT cells at 72 h pi. N=3. (B) Each cell line was transfected with 1 μg of AiV-A1 RNA with different 

amounts of lipofectamine 2000 (1, 2 and 4 μl) and after three days the well contents were collected 

for seed virus production; the titre was determined as TCID50 as above. Each bar represents the 

average from the three different lipofectamine amounts (the individual transfection data are shown 

in Figure S3). Displayed are the mean ± SD.  

 

 

 

 

 

 

 

V
er

o

A
54

9

C
ac

o-2
 

T84

R
K
O

1C
T

H
eL

a

0

1

2

3

4

5

6

7

8

9

AiV-A1 A846/88

lo
g

1
0
 T

C
ID

5
0
/m

l

0 h p.i.

72 h p.i.

V
er

o

A
54

9

C
ac

o-2
T84

R
K
O

H
C
E
C
 1

C
T

H
eL

a

0

1

2

3

4

5

6

7

lo
g

1
0

T
C

ID
5

0
/m

l

AiV-A1 A846/88

Vero

A549

Caco-2

T84

RKO

HCEC 1CT

HeLa

A B 



  – 54 – 

3.3. AiV-A1 Infection in Vero cells Requires Dynamin and a Low pH  

For infection, picornaviruses normally gain access to the target cell via different endocytic 

pathways suitable for their uncoating [161]. The entry mechanism and intracellular trafficking 

of AiV-A1 have not been described yet. To fill this gap, we have started to identify the 

pathway(s) exploited by AiV-A1 A846/88 for productive infection of Vero cells, using a 

number of well-characterized pharmacological inhibitors. 

 Vero cells were pre-incubated for 30 min at 37°C with various cell-permeable small 

molecules that target key players of distinct entry or routing mechanism. The cells were 

subsequently challenged with AiV-A1 (MOI = 10) in the continuous presence of these drugs. 

Infection was allowed to proceed at 37°C for 24 h and cell survival was assessed by crystal 

violet staining and quantified with ImageJ. Although the incubation time of the inhibitors was 

long, the majority of drugs without the presence of the virus had no cytotoxic effect on the 

cells at the used concentrations (Figure S4). Only NH4Cl, dynasore, blebbistatin and 

nocodazole induced a 10%, 19%, 26% and 37% cell death without virus, respectively.  

Dynasore, a well-known inhibitor of the small GTPase isoforms dynamin I and II [162], 

which is essential for clathrin-, and endophilin-mediated endocytosis [67], completely 

prevented cell death (Figure 11A). Blebbistatin, which targets non-muscle myosin II required 

for membrane blebbing and ruffling during macropinocytosis [163] reduced cell death by 

almost 50% (Figure 11B). Addition of filipin, which aggregates cholesterol in the membrane 

[164], decreased virus-induced cell death only slightly (Figure 11C), indicating that lipid rafts 

contributed only little if at all to AiV-A1 internalisation. 

Acidification is essential for endosomal maturation along the different trafficking 

pathways [165, 166] and is brought about by the vacuolar-type H+-ATPases. Furthermore, 

rhinoviruses and EV-A71 depend on low endosomal pH for uncoating and genome release 
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[100, 167]. Using bafilomycin A1, an inhibitor of the proton pump, and NH4Cl, a 

lysosomotropic agent that neutralizes the acidic environment, revealed a strong dependence 

of AiV-A1 on a low vesicular pH for productive infection (Figure 11D). In presence of EGA 

(4-bromobenzaldehyde N-[2,6-dimethylphenyl] semicarbazone), an inhibitor acting at the 

stage between early and late endosome [168], cell death diminished by almost 90% (Figure 

11D). Finally, we treated the cells with nocodazole and ciliobrevin A to elucidate if AiV-A1 

was ferried towards the endocytic recycling compartment (ERC). Depolymerisation of 

microtubule networks by nocodazole resulted in a minimal decrease of cell death, while the 

inhibition of the motor protein dynein by ciliobrevin A reduced the virus-mediated cell death 

by approximately 30% (Figure 11E).  

In conclusion, in Vero cells, AiV-A1 strictly depends on dynamin for entry and on low 

endosomal pH for infection. Additionally, macropinocytosis appears to be exploited to a 

smaller degree.   
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Figure 11. AiV-A1 is likely routed towards the lysosomal pathway and requires a low pH for 

infection. Vero cells were pre-treated with pharmacological inhibitors as indicated for 30 min at 

37°C. Cells were subsequently challenged with AiV-A1 (MOI=10) in the presence (DMSO control) or 

absence of the inhibitors. The infection was allowed to continue at 37°C and was finally stopped after 

24 hours using crystal violet staining. At that time the Vero cells without inhibitor treatment (solvent 

control) showed a distinct CPE. Using the ImageJ Measurement Tool, the brightness of the stain was 

quantified and used for calculation of [%] cell death with GraphPad Prism. The solvent control + 

virus corresponded to 100% cell death, while the cells treated with the respective drugs in absence 

of AiV-A1 were set to 0% cell death. However, cytotoxicity was detected in non-infected NH4Cl, 

dynasore, blebbistatin and nocodazole treated cells, respectively (Figure S4). Displayed is the mean 

± SD from one independent experiment with each condition conducted in quadruplicates. Statistical 

significance was determined by one-way ANOVA with Dunnett’s analysis for multiple comparisons 

(compared to solvent control).         
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3.4. Replication of AiV-A1 in Human Intestinal Epithelium  

The Taiwanese AiV-A1 strain was recently found to replicate in primary mouse intestinal 

epithelial cells cultivated in 2D and to a lesser extent in the human colon cancer-cell line T84 

[169]. As demonstrated further above, none of the human colon cancer cell lines tested by us 

were permissive for AiV-A1 A846/88. However, these cultured cells do not closely recapitulate 

the intestinal tissue in architecture and cellular diversity. To overcome this caveat, replication 

of AiV-A1 A846/88 was investigated here for the first time in a stem-cell derived human small 

intestinal epithelium model (EpiIntestinal, MatTek). Importantly, this 3D system features an 

organisation and cellular diversity similar to authentic human small intestinal tract tissue 

[170] and has already been used for studying the tropism of the distantly related enterovirus 

A71 (EV-A71) [171]. Drummond et al. (2017) described that human foetal-derived intestinal 

enteroids could be productively infected with CVB3 from the basolateral side with the strain 

RD [149]. As shown next, the CVB3 strain Nancy available in the lab was able to robustly 

replicate in the EpiIntestinal system and hence served as a positive control for all experiments 

with AiV-A1 A846/88.  

Since no information for a possibly preferred apical or basolateral entry was available 

for AiV-A1, infection was initiated simultaneously from both sides. EpiIntestinal tissue inserts 

(in the following termed human intestinal epithelia (HIE)) were infected with 107 PFU of CVB3 

Nancy or AiV-A1 A846/88 for 1 h at 37°C. The tissues were washed once with PBS to remove 

unbound virus and the infection allowed to proceed at 37°C. The apical and basolateral SN of 

all the tissues in the wells were collected in 24-hour intervals for titration of de novo produced 

viral particles and replaced with fresh maintenance media. The latter followed MatTek´s 

recommendation for the EpiIntestinal system of media replenishment after a maximum of 48 

h in culture. At the indicated time points, the respective membranes with the attached HIE 
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were cut out from the inserts for extraction of total cellular and viral RNA. The RNA samples 

were then used in an RT-qPCR for quantification of newly produced CVB3 and AiV-A1 plus-

strand RNA at each collection time point pi, establishing a replication profile for each of the 

two picornaviruses. 

 

 

Figure 12. AiV-A1 moderately replicates in HIE. HIE were simultaneously infected from the apical 

and basolateral side each with 107 PFU AiV A846/88 or CVB3 Nancy for 1 h at 37°C. After viral 

challenge, the epithelia were washed once with PBS before continuing the infection at 37°C. In 24-

hour intervals the basolateral and apical media of all HIE (T0–T96) were collected and replaced by 

new maintenance medium. At the indicated time points, the respective membrane was cut out for 

total RNA extraction. (A and D) Plots of the viral titres in the apical and basolateral SN collected 

from infected HIE in 24-hour intervals. Note that in (A and D) no progeny virus was detected for 

some time points in the basolateral SN. Each individual symbol represents the result of an individual 

HIE insert. (B and E) Graphs showing the average cumulative amount of virus produced per HIE 

insert at each time point pi. It was calculated by summing up the mean virus titres in the apical 

medium per HIE insert obtained at the previous time points until the indicated times pi. (C and F) 

Replication profile of vRNA in the epithelium over time determined by RT-qPCR. In (C) N=1 and in 

(F) N= 3 for every time point. Fold change was calculated according to the Pfaffl method.  Data in (B) 

and (E) are shown as the mean ± SD.  
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The CVB3 Nancy control gave rise to robust apical titres of 107 – 108 TCID50/ml every 

24 hours over a period of four days (Figure 12A). The relatively high titre at T0 must stem 

from attached input virus particles which did not internalize during the first hour of 

incubation at 37°C and therefore preserved their infectivity. They were evidently recovered 

on collecting the medium at T0. Their contribution to the much higher titres measured at later 

times is negligible. At the basolateral side no infectious particles could be detected except at 

T0 for the same reason stated above and, to a considerably lesser extent, at T96 (related to 

some progeny virus). The average cumulative amount of apically released CVB3 per HIE 

insert and time pi was calculated by adding up the average apical titre per HIE insert 

measured at consecutive 24 h intervals until the indicated time after infection. It exceeded 108 

TCID50/ml at 96 h pi (Figure 12B). A similar steady increase over time was observed for the 

accumulation of the intracellular viral RNA (vRNA) (Figure 12C). In contrast, the titre of 

apically released AiV-A1 peaked at 24 h pi, reaching 105 TCID50/ml, followed by a steady 

decrease until 72 h pi, eventually levelling off at 96 h pi (Figure 12D). The appreciable T0 titre 

is again most likely attributable to non-internalized infectious virions at least partially 

recovered on collection of the supernatant. At the basolateral side, apart from the T0 titre 

arising for reasons stated above, only low to no amounts of infectious particles were detectable 

from 24 to 96 h pi. The calculated average titre of the apically accumulating AiV-A1 did not 

increase progressively from 0 to 96 h pi as found for CVB3, due to the drastically lower 

amounts of infectious particles released after 24 h of infection (Figure 12E). 

Overall, the apical release of virus particles by the infected HIE was the dominant 

mode for both, AiV-A1 and CVB3. However, AiV-A1 infection resulted in an approximately 

2 logs10 lower titre. Unexpectedly, the amount of vRNA extracted from the AiV-A1 infected 

HIE did not increase from T0 onward as observed for CVB3. The vRNA instead exhibited a 
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steady decline starting at T0 until 72 h pi, followed by a slight, variable increase at 96 h pi. The 

average drop at T96 was approximately 2.5 times compared to T0 (Figure 12F). As discussed 

in more detail later, the discrepancy between the titre and vRNA measurements of AiV-A1 

compared to CVB3 may be attributable to the background of RNA genomes of non-

internalized AiV-A1 remaining attached to the HIE,  

To independently confirm AiV-A1 growth in the HIE, an immunofluorescence 

analysis was carried out with the double-strand RNA specific monoclonal antibody (mAb) J2. 

It was previously shown that this antibody specifically detects the partially double-stranded 

replicative intermediate RNA arising during the replication of positive-sense viruses 

including picornaviruses [172, 173]. Both AiV-A1 and CVB3 exhibited a significant number of 

infected cells at 24 h pi with the mAb J2 dsRNA signal displaying a typical pattern of distinct 

foci surrounding the nucleus (Figure 13A) [174]. These results clearly demonstrate that AiV-

A1 actively replicated in the HIE at 24 h pi, at the peak of apical virus release. Notably, 

examination of orthogonal sections of the infected epithelia located the replication factories 

detecetd by the mAb J2 for both picornaviruses at the apical side.  

Chen et al. (2013) [157] generated a polyclonal antibody against the AiV-A1 capsid 

protein VP1 using the AiV-A1 kvgh2010 strain. By employing this antibody (a gift from Dr. 

Tsung-Hsien Chang, Taiwan) together with the mAb J2, newly synthesized VP1 was 

frequently detected in the AiV-A1 infected HIE which stained positive for dsRNA. In a 

number of instances the VP1 signal was in close proximity to the mAb J2-stained replication 

centres resulting in a signal overlap, revealed as yellow fluorescence speckles upon merging 

the fluorescent images of the red (dsRNA) and green (VP1) channel (24 h pi; Figure 13B).  
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The number of AiV-A1 infected cells remained relatively stable over the 4 days of 

observation with an average of approximately 3%, in line with the persistent detection of 

vRNA by RT-qPCR and the ongoing apical virus release over the same period (Figure 13C). 

 
Figure 13. AiV-A1 replicates at the apical side of HIE. (A) Top-view and orthogonal sections of HIE 

infected with AiV-A1 and CVB3 (each 107 PFU) were evaluated 24 h p.i. by immunofluorescence for 

dsRNA using the mAb J2 antibody (red). Nuclei (cyan) and actin (green) were stained with Hoechst 

and phalloidin, respectively. Scale bars, 10 µm. (B) Immunofluorescence images stained for dsRNA 

(red) and viral capsid protein VP1 in HIE 24 h after AiV-A1 challenge (107 PFU). Scale bar, 10 µm. 

(C) Quantification of AiV-A1 VP1 positive cells in HIE (107 PFU) per 10 fields of view for each time 

point. N=3.  One-way ANOVA with Dunnett’s test for multiple comparisons was used for statistical 

analysis (compared to 24 h pi). Shown is the mean ± SD. (D) Quantification of CVB3 dsRNA positive 

cells in HIE per 13 fields of view 24 h pi. N=1.  
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The inapparent increase of infected cell is likely owing to the low overall virus production as 

reflected by the modest titres measured in the apical supernatants at sampling times beyond 

24 h pi. The infection rate of CVB3 was only determined at 24 h pi and corresponded to 

approximately 2% infected cells (Figure 13D).  

 Since only a small fraction of cells within the HIE tissue became infected by AiV-A1, 

whose number remained practically unchanged until at least 96 h pi, a strong innate immune 

response may have curtailed virus propagation. This was assessed by quantifying the type I 

and type III IFN responses at the transcriptional level through RT-qPCR. Type I and Type III 

interferon production are the main antiviral signalling pathways in mucosal epithelia 

triggered during viral infection and primarily involved in viral clearance [105, 175]. 

Additionally, we quantified the downstream activation of selected interferon stimulated 

genes (ISGs) in response to IFN signalling. These are frequently chosen in similar analysis. 

Total RNA extracted from AiV-A1 and CVB3-infected HIE at the indicated times pi served as 

sample. 
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Figure 14. AiV-A1 induces only a weak antiviral response in HIE and does not damage the 

epithelial barrier. (A-B) Heat map of IFN and ISG gene expression analyses by RT-qPCR in HIE after 

AiV-A1 and CVB3 (each 107 PFU) infection, respectively. Fold change was calculated according to 

the Pfaffl method. In (A) N=1 and in (B) N=3. Asterisks and rhomb symbol indicate significant 

transcript upregulation and downregulation, respectively. Significance was determined by Student’s 

t-test compared to T0. Raw data is display in Figure S5. (C) Measurement of cell death by apically 

released LDH at indicated time points after AiV-A1 infection in HIE. N=3. Two-way ANOVA with 

Sidak’s test for multiple comparisons was used for statistical analysis (Mock vs. AiV-A1 at each time 

point). Displayed are the mean ± SD. (D) Immunohistochemical micrographs of HIE orthogonal 

sections stained with alcian blue (blue) and nuclear fast red-aluminum sulfate solution 0.1% (red) 

were evaluated for dsRNA (brown, black arrow) via mAb J2 and DAB colourisation 24 h pi. Black 

boxes represent zoomed areas shown at the right. 
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resulted in a strong induction of type I and type III IFNs, including several important ISGs. 

The strongest increase was detected for the mucosa-associated IFNλ1 and the antiviral effector 

protein IFIT1 (Figure 14A and S5). AiV-A1 on the other hand, displayed a strong variability 

between the three independently produced batches with an overall much lower induction of 

all selected innate immune response genes compared to CVB3 (Figure 14B and S6). The third 

tissue batch exhibited the strongest upregulated transcripts while with the first batch most 

transcripts were downregulated. Nevertheless, IFNλ1 and the ISG Mx2 were significantly 

upregulated at 24, 96 and 96 hours pi. By contrast, USP18 was significantly downregulated at 

48 and 72 h pi. Moreover, time points 24 h and 96 h pi exhibited the most upregulated 

transcripts while at 48 h and 72 h pi the most downregulated transcripts were evident.  

Several enteric viruses have been reported to cause cell death in the intestinal 

epithelium resulting in an overall loss of epithelial integrity (e.g. E11, SARS-CoV-2, rotavirus) 

[141, 146, 149] By contrast, CVB3-RD (selected for growth in human myosarcoma-derived RD 

cells ([176]) did not affect the epithelial integrity at 24 h pi.[149]. The impact of AiV-A1 

replication on the HIE viability as readout for cell damage and its overall integrity was 

therefore assessed by using a bioluminescence assay, which quantifies the amount of LDH 

released by destructed cells into the apical supernatant. Twenty-four hours cultured HIE 

tissues treated with Triton X-100 served as positive control. No increase of LDH activity in the 

apical supernatant was detected at any time point after AiV-A1 infection compared to 

uninfected tissues (Figure 14C), similar to the results reported by others for CVB3-RD as 

mentioned above.  Immunohistochemical micrographs at 24 h pi furthermore confirmed that 

the epithelial integrity was preserved for both viruses beside dsRNA detection via mAb J2 

antibody and DAB colourisation (Figure 14D).  
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Figure 15. AiV-A1 infects absorptive and proliferative enterocytes and replicates in patient-

derived ileum. (A) Immunofluorescence micrographs of HIE after AiV-A1 and CVB3 infection (each 

107 PFU) co-stained for dsRNA (red) and for the absorptive or proliferative enterocyte marker ApoA1 

and Ki-67, respectively (green). Dashed lines indicate cell outlines. Scale bars, 10 μm. (B) Patient-

derived distal ileal tissue immunostained for dsRNA (red) after AiV-A1 infection (107 PFU). Dashed 

lines indicate luminal interface. White boxes represent zoomed areas shown at the right. Scale bars, 

10 µm. 
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Previous studies on E11 and EV-A71 found that they preferentially infect enterocytes, 

enteroendocrine cells and goblet cells, respectively. [148, 149]. The intestinal tract tissue 

tropism of AiV-A1 and CVB3 is still elusive. Enterocytes constitute the main population in the 

HIE and were therefore examined for their ability to support infection by these two 

picornaviruses. Enterocytes exhibit different subpopulations, which can be broadly assigned 

to a mature and inmature lineage [141]. Mature (absorptive) enterocytes predominantly 

express genes related to carbohydrate or lipid transport found in resting cells while immature 

(proliferative) enterocyte upregulate genes involved in mitosis [177]. Apolipoprotein A1 

(ApoA1), a structural protein component of the high-density lipoprotein (HDL) particle 

involved in cholesterol transport [178] was thus used as marker for the immunostaining of 

absorptive enterocytes. Ki-67 served as specific marker for the immunodetection of 

proliferative enterocytes. It is a nuclear protein expressed in different stages of the cell cycle 

but not in resting cells and is commonly used to distinguish these type of cells [179]. 

Immunofluorescence staining of HIE inoculated with AiV-A1 or CVB3 at 24 h pi revealed that 

all dsRNA positive cells were either positive for ApoA1 or Ki-67. This result showed for the 

first time that both, absorptive and proliferative enterocytes, are susceptible for AiV-A1 and 

also CVB3 (Figure 15A).  

 Finally, human intestinal tissue was acquired at surgery in order to confirm 

permissivity for infection by AiV-A1 in a model most closely related to a natural infection. A 

patient-derived ileal slice was challenged from the apical side with 107 PFU of AiV-A1 

inoculum and kept at 37°C, 5% CO2. The tissue was not oxygenated, which resulted in 

localised necrotic changes. Notwithstanding, in the remaining intact areas several dsRNA 

positive cells could be visualized with the mAb J2 by immunofluorescence microscopy at 24 
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h pi (Figure 15B). The signal was located in intact villi at the apical side near the luminal 

interface and displayed distinct foci.  
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4. DISCUSSION 
 

 

Virus induced acute gastroenteritis is a continuing public health issue resulting in high 

mortality worldwide. While many cases can be assigned to a pathogen, in a substantial 

number of incidences the aetiological agent remains unknown. Aichivirus A1, belonging to 

genus Kobuvirus within the family Picornaviridae was first described in 1989 in Japan during 

a large outbreak of gastroenteritis [14]. However, it has remained unclear if AiV-A1 is truly 

an aetiological agent of acute gastroenteritis. Furthermore, while its replication and assembly 

have been explored in some detail in the past ([44, 50, 63]), practically nothing is known about 

the early steps of its life cycle leading to productive infection of host cells. In this thesis work, 

we have identified candidate pathways of AiV-A1 internalization and intracellular trafficking 

in Vero cells routinely used to amplify this virus. Furthermore, we show for the first time that 

AiV-A1, while unable to grow in several prototypic human colon cancer-derive cell lines, 

specifically replicated in enterocytes of a human small intestinal epithelium model. Our 

results are therefore in support of epidemiological reports placing AiV-A1 in the list of human 

enteric pathogens.  
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4.1. Egress and Cell Tropism of AiV-A1 

Viruses have a number of ways to achieve the egress of progeny virions which generally can 

be divided in lytic and non-lytic mechanisms [64]. Which type of mechanism prevails in the 

end is highly variable and is influenced by the viral strain and the cell type being infected. 

Enteric picornaviruses (e.g. CVB3, EV-A71, HAV) have been well described in this regard, 

which engage both lytic (apoptosis and necrosis) and non-lytic (exosomes, microvesicles and 

secretory autophagosomes) egress mechanisms. Additionally, these mechanisms are being 

exploited for the dissemination of infectious particles [64].  

The observed large granular materials corresponding to vesicles around AiV-A1 

infected Vero cells resemble apoptotic bodies due to their large size, cell shrinkage  and cell 

death (Figure 9A–B) [160]. As to why CVB3 infected Vero cells did not exhibit these vesicles 

is unclear. While in Hela and COS-1 cells, CVB3 triggers apoptosis, polarized Caco-2 cells 

infected with CVB3 strain RD undergo necrotic cell death [180-182]. The exact nature of the 

AiV-A1 induced vesicles remains to be investigated and whether they perhaps contain 

infectious virions. This would then rather point to an exosomal origin as a means of bulk virus 

dissemination.  

Although AiV-A1 is considered a putative agent of acute gastroenteritis, four human 

colon carcinoma-derived cell lines (Caco-2, T84, RKO and HCEC 1CT) tested by us did not 

produce a significant viral titre 3 days pi following challenge by the A846/88 strain (Figure 

10A). By contrast, transfection with in vitro transcribed AiV-A1 A846/88 RNA yielded elevated 

titres, suggesting that infection was restricted at an early stage of the virus life cycle (Figure 

10B). This may be taken to indicate that theses cell lines lack the still elusive entry receptor or 

that it is expressed at a very low level insufficient for significant progeny virus production. 

The poor susceptibly of A549 cells for SARS-CoV-2 infection was found to be due to a very 
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low expression of the ACE2 receptor [183-185]. Of note, AiV-A1 kvgh2010 (Taiwanese strain) 

productively replicated in isolated mouse intestinal epithelial cells and to a lesser extent in 

T84 cells [169].  The various amino acid differences in the capsid of the two AiV-A1 strains 

could be an explanation for the difference in infectivity of T84 cells, perhaps broadening the 

repertoire of receptors recognized by this strain on its host cells. 

 

4.2. Entry and Cellular Trafficking of AiV-A1  

Characterising the entry and intracellular routing of a virus is essential for understanding the 

underlying pathogenesis and necessary for the development of potential antiviral treatments. 

Picornaviruses have been described to utilise a variety of different cellular entry and routing 

pathways [161], depending on the cell type and the respective member of this large family. 

Group B coxsackieviruses are a very good example of this diversity. While in polarised 

intestinal epithelial cells CVB entry is dynamin-independent and lipid raft-dependent, 

combining features of caveolar endocytosis and macropinocytosis, uptake into polarized 

endothelial cells requires dynamin II and caveolar endocytosis [186].  

 In the absence of a suitable intestinal cell line supporting AiV-A1 replication, the fully 

permissive Vero cells were used to gain first insight into the entry pathway(s) of this putative 

pathogen. We found that AiV-A1 A846/88 uptake into this African green monkey kidney cell 

line is highly dynamin dependent (Figure 11). This suggests that its endocytosis is mediated 

by either clathrin or endophilin, since both pathways require the GTPase for membrane fission 

[67]. Fast endophilin-mediated endocytosis (FEME) has recently been described as a crucial 

pathway for rapid endocytosis and is clathrin independent but dynamin dependent [73]. It 

was shown that EV-A71 uptake in polarized Caco-2 is endophilin-A2-mediated [74]. 

However, dynasore, though nominally an inhibitor of dynamin I/II, reportedly has off-target 
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effects, potentially impairing actin and thus macropinocytosis and phagocytosis [187]. Indeed, 

cell death was also reduced by almost 50% when AiV-A1 infected cells were treated with the 

myosin II inhibitor blebbistatin, indicating the involvement of macropinocytosis. To precisely 

unravel the dynamin-dependent entry, future experiments designed to achieve clathrin or 

endophilin A2 depletion by knowdown/out or dominant negative form must be conducted 

[73, 188, 189]. Additionally, a co-localisation with labelled high molecular dextran would 

furnish the involvement of macropinocytosis [190].  

 At the level of intracellular routing for uncoating, AiV-A1 was strongly dependent on 

endosomal acidification as exemplified in the drastic inhibition of virus production by 

bafilomycin A1 and ammonium chloride. Zhu et al. (2016) [42], however, showed that 

exposure of AiV-A1 A846/88 to acidic buffers did not render its genome accessible for RNA 

binding probes at pH levels found in early to late endosomes. This suggests that, in addition 

to endosomal acidification, a cellular receptor is likely assisting AiV-A1 uncoating. A 

precedent is EV-A71, which is also stable at low pH and likewise depends on a receptor 

combined with an acidic milieu to trigger conformational changes affording genome release 

[42, 191].  

Additionally, the inhibitor EGA strongly decreased cell death of AiV-A1 infected cells. 

EGA is a aryl semicarbazone, which blocks trafficking between the early and late endosome, 

and therefore transfer towards lysosomes [168]. Although the cellular target remains 

unknown, the blockage is not achieved by elevating endosomal pH as for lysosomotropic 

agents (e.g. bafilomycin A1 and ammonium chloride). When combining the findings with 

EGA and NH4Cl with the small reduction of virus-induced cell death upon treatment with 

nocodazole and ciliobrevin A, it seems likely that AiV-A1 is routed along the lysosomal 

pathway. This hypothesis is corroborated by studies done with RV-A2 and RV-B14, which 
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both utilise the lysosomal pathway for infection of HeLa cells [89]. In each instance, treatment 

with EGA and NH4Cl reduced viral infection, while ciliobrevin A and nocodazole had no 

significant effect. Future co-localisation studies with Rab5 or EEA1 (early endosome marker), 

Rab7 (late endosome marker) and LAMP-1 or 2 [89, 192] in combination with anti-AiV-A1 

antibody will be required to confirm the pathway tentatively proposed for intracellular AiV-

A1  trafficking and for revealing its precise site of uncoating. 

 

4.3. Infection of Human Intestinal Epithelium 

4.3.1. Aichivirus A1 strain A846/88  

Previously, it was shown that AiV-A1 kvgh2010, a strain isolated from a Taiwanese 

gastroenteritis patient, could grow in the human colon-derived T84 cell line [157, 169]. The 

same strain could also infect isolated primary murine intestinal epithelial cells, resulting in 

titres of about 107 TCID50/ml over a period of two days. [169]. Our data importantly extend 

these findings by unequivocally demonstrating that AiV-A1 A846/88 is able to infect human 

stem cell-derived small intestinal tissue and short-term cultivated tissue slices prepared from 

a human intestinal tract biopsy. These findings considerably substantiate epidemiological 

observations claiming that AiV-A1 is an aetiological agent of acute gastroenteritis in humans. 

As already noted before, four human colon cancer-derivatives including T84 cells were 

resistant to infection by AiV-A1 A846/88. This suggests that the receptor(s) required for 

binding/internalization is/are massively downregulated in these dedifferentiated cell lines. 

This is strikingly similar to rhinovirus C, which grows only in primary airway tissue explants 

and highly differentiated human airway epithelial cells cultivated at air-liquid interface [193, 

194] 
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Susceptibility of the EpiIntestinal tissue model to enteric viruses was confirmed by its 

productive infection with CVB3 Nancy. The level of intracellular viral RNA (vRNA) 

expectedly increased over time pi, correlating with a steady increase in cumulative virus titre. 

By comparison, the vRNA and the titre measurements of AiV-A1 produced by this HIE system 

showed a strikingly different course, where the intracellular vRNA exhibited a peak at 24 h pi 

and then dropped despite a continuous low titre progeny virus production. This may be 

explained by background vRNA in the form of non-internalized AiV-A1 remaining attached 

to the HIE, despite the removal of a substantial amount of virus during collection of the 

medium at T0 (resulting in the T0 titre) (Figure 12). A likely reason could be the unspecific 

capture of infectious particles in the mucous layer formed apically, which was probably only 

incompletely removed by the gentle washing step. This background vRNA conceivably 

obscured a low-level viral replication examined by RT-qPCR when using total RNA samples 

(Figure 12F). The background presumably gradually diminished over time pi due to the 

successive medium collection steps until likely disappearing at about 72 h pi. After this point, 

the detected small amounts of vRNA remained constant, indicative of a low-level productive 

infection. Notably, AiV-A1 kvgh2010 vRNA exhibited a comparable drop of approximately 2 

times in infected T84 cells and remained stable for three days (later time points were not 

investigated by these authors) [169]. In contrast, primary murine intestinal epithelial cells 

allowed a continuously increased replication of AiV-A1 kvgh2010 for two days [169], similar 

to our results with CVB3 Nancy in HIE. In future experiments, photosensitive compounds 

(e.g. neutral red, acridine orange) could be incorporated into viral particles during virus 

production. These particles can be rendered non-infectious when exposed to light at certain 

wavelengths, which may help to drastically reduce the interfering vRNA background 

observed in our study [148, 195, 196]. 
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In the past, EV-A71 has been shown to preferentially infect HIE from the apical side 

whereas human parechovirus (HPeV) infect human airway epithelium (HAE) from the 

basolateral side [148, 197]. While not yet known for AiV-A1, we did not determine the 

preferred entry side for infection of the HIE due to the high costs of these tissue equivalents. 

We instead discovered the preferential release of AiV-A1 progeny from the apical side (Figure 

12D). A preferentially apical release of progeny virions from the infected EpiIntestinal tissue 

was also observed for CVB3-Nancy. Several other enteric picornaviruses similarly favour 

apical exit of newly produced particles [148, 198, 199]. In contrast, Roodsant et al. (2020) [200], 

besides apical release, also observed a significant basolateral exit in HIE for EV-A71 strain C1 

91-480 (Good et al. (2019) [148] used EV-A71 strain 1095). However, passive leakage caused 

by a loss in epithelium integrity was found to be responsible, potentially induced by a larger 

membrane pore size (approximately ten times compared to Good et al. [2019]). Alternatively, 

the usage of different EV-71 virus strains may underly their variability in polarised cell 

release. A dominantly apical egress was also observed for various other unrelated enteric 

viruses such as rotavirus (Reoviridae) [201], hepatitis E virus (Herpeviridae) [202] and SARS-

CoV-2 [203].  

The induction of the antiviral state during the AiV-A1 infection in HIE was less 

pronounced compared to CVB3 (Figure 14A–B). Since the number of infected cells of the 

EpiIntestinal system at 24 h pi was comparable between the viruses (Figure 13C–D), the 

distinctly different induction of innate immunity genes might potentially correlate with their 

different replication rate and thus production of dsRNA recognized by PRRs. Similar 

conclusions were drawn for differences in the innate immune response towards SARS-CoV-2 

in human bronchial epithelial models [183, 204]. Nevertheless, we measured a significant, but 

rather very weak, upregulation of IFNλ1 and Mx2 in AiV-A1 A846/88 infected HIE. The IFNλ 
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upregulation is typical for mucosal surfaces. [120, 205]. Previous studies in T84 cells with AiV-

A1 kvgh2010 exhibited an inconsistent upregulation of type I IFN and RIG-like receptors 

(RLRs) [169], similarly as found for the AiV-A1 A846/88 used in our work with HIE. Also, 

infection of murine intestinal epithelial cells by AiV-A1 kvgh2010 elicited only a moderate 

type I and III IFN signalling, followed by upregulation of some ISGs [59, 169]. Furthermore, 

Chang et al. (2019) [169] observed that infections of the murine intestinal epithelial cells with 

higher MOI of kvgh2010 significantly reduced the antiviral response. The antiviral state 

established in A549 cells (lung carcinoma-derived) infected with AiV-A1 kvgh2010 was also 

moderate compared to the exposure with the viral dsRNA analogue polyI:C [59]. The authors 

further found that in these cells, the AiV-A1 kvgh2010 non-structural protein 3C effectively 

downregulated the expression of several co-factors along the RLR signalling pathway (e.g. 

RIG-I, MDA5, MyD88, IKK-ϵ, TBK1, MAVS, IRF3, IRF7), thus damping the antiviral 

machinery. Previous studies on other enteroviruses 3C proteins (e.g. from CVB3) revealed a 

similar specific targeting of the RLR signalling pathway [206]. 

Despite their well-described repertoire of countermeasures to dampen the innate 

immunity, different stem cell-derived enteroids and organoids infected with enteroviruses 

E11, EV-A71 and CVB strains exhibited a strong type I, type III IFN and ISG response [148, 

149, 206-208]. As already mentioned before, we observed a similar upregulation of innate 

immune response genes in the EpiIntestinal system infected by the CVB3 Nancy strain. 

However, human foetal-derived intestinal enteroids exhibited no antiviral response when 

infected with the strain RD of CVB3 [209]. The reason underlying these strain-specific 

differences are only incompletely understood and may range from different cleavage 

efficiencies of the virus-encoded proteases to differences in the recognition of their dsRNA 

intermediates.   
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In addition to the weak antiviral state, we observed no loss of the epithelial barrier 

over four days in AiV-A1 infected HIE (Figure 14C–D). Notably, AiV-A1 kvgh2010 infected 

primary mouse intestinal epithelial cells also remained intact over a comparable time frame 

[169]. EV-A71 and human norovirus were similarly reported not to disrupt the integrity of the 

intestinal mucosa [128, 148], despite the detection of minor cell death for multiple human 

norovirus GII.4 variants [144]. In contrast, E7, E11, SARS-CoV-2 and rotavirus disrupt the 

intestinal epithelium [141, 146, 149, 210]. It is still elusive why certain viruses provoke a loss 

in epithelial barrier and others not. 

By immunofluorescence microscopy analysis of AiV-A1 infected HIE, we co-localised 

the viral dsRNA with distinct markers for absorptive (ApoA1) and proliferative (Ki-67) 

enterocytes at the apical side (Figure 13A, 14D and 15A). Single-cell transcriptomics analyses 

on SARS-CoV-2 infected human intestinal organoids delineated immature enterocytes type 2, 

a subpopulation of enterocytes which is not yet terminally differentiated, as the prime target 

[203]. It remains to be shown, whether these correspond to the AiV-infected proliferative 

enterocytes. The spectrum of infected intestinal tract cells substantially varies among different 

enteric viruses in an unpredictable manner. For example, in situ hybridisation studies on small 

intestinal tissue from immunocompromised patients positive for norovirus found enterocytes, 

epithelial regions above the GALT and enteroendocrine cells to be infected [144, 211]. 

Rotavirus infects enterocytes and enterochromaffin cells, a subpopulation of the 

enteroendocrine cell lineage [212, 213]. Enteroviruses E11 and EV-A71 (strain 1095) primarily 

replicate in enterocytes, enteroendocrine and goblet cells in human intestinal enteroids, 

respectively [148, 149], while Zhao et al. (2021) [207] concluded that EV-A71 (strain MY104-9-

SAR-97) also infected enterocytes due to co-localisation of VP1 with the general epithelial 

marker villin (VIL1). Additionally, we located AiV-A1 A846/88 infected cells in thick-cut 
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patient-derived ileal slices (Figure 15B). However, the quality of the sample was not sufficient 

for a precise determination of the infected cell type. For a future high quality staining, 

precision-cut tissue needs to be prepared [214]. 

In summary, our data show for the first time the infection of a HIE model by AiV-A1, 

and thus substantiate the epidemiological observations that AiV-A1 is a causative agent for 

acute gastroenteritis in humans. Nevertheless, several unanswered questions remain. Further 

studies will be needed to elaborate on the untypical viral growth kinetics regarding viral 

shedding, RNA replication and tissue spread. Additionally, the precise reason for the weak 

innate immune response against AiV-A1 in human intestinal cells remains to be investigated. 

Since the innate immune response may vary between infected and bystander cells, single-cell 

RNA sequencing would provide an excellent tool to uncover these details in depth as it has 

been recently done for SARS-CoV-2 and astrovirus [141, 215].  

 

4.3.2. Coxsackievirus B3 strain Nancy 

Although CVB3 strain Nancy was primarily utilised as a positive control for the study of AiV-

A1, we were able to expand the knowledge on the pathogenesis of CVB3 in the human small 

intestine in regard to its replication over an extended period of time and the ensuing innate 

immune response. Drummond et al. (2017) first described the replication of CVB3 with the 

strain RD in human foetal-derived intestinal enteroids but only until 24 h pi [149]. 

CVB3 Nancy readily replicated for four days in the HIE shedding high amounts of de 

novo produced infectious particles into the apical compartment every 24 hours (Figure 12A–

C). Furthermore, CVB3 preferentially egressed from the apical side as previously reported for 

EV-A71 and HPeV [148, 197]. The number of infected cells was approximately 2% at 24 h pi 

(Figure 13D) and the replication centres were located at the apical side (Figure 13A and 14D). 
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Furthermore, we identified for the first time absorptive and proliferative enterocytes to be 

infected by CVB3 (Figure 15A). Interestingly, although AiV-A1 and CVB3 replicated in the 

same intestinal cell types, both viruses behaved completely different in regard to growth 

kinetics and antiviral induction (Figure 12 and 14). Therefore, the observed differences must 

be attributed to intrinsic features of each virus rather than to external factors.  

Despite the increasing replication of CVB3 over time, IHC micrographs presented no 

loss in epithelial integrity 24 h pi compared to E11 investigated by others (Figure 14D) [149]. 

Nevertheless, infectious particles were again present at the basolateral side at 96 h pi, which 

could indicate a virus-induced cell lysis in the epithelium at a later point resulting in non-

directional virus release (Figure 12A).  

Furthermore, we measured a high elevation of the type I and type III IFN gene 

expression, which was contrary to the observations by Drummond et al. (2017) [149] (Figure 

14A). IFNλ1 was the most highly induced gene, similar to AiV-A1 but of significantly greater 

magnitude, which consequently resulted in a substantially increased expression of ISGs. The 

lack of an antiviral response in Drummond’s human foetal-derived enteroids could be 

explained by a difference in viral strain (CVB3 strain RD) or by organoid culturing. The latter 

is a known issue due to non-standardised culture conditions for differentiation and 

maintenance [140].  It is of note that despite the strong innate immune response, the CVB3 

infection was not cleared after four days. In contrast, the decreased replication of EV-A71 over 

four days in HIE was attributed to type III IFN signalling [148].  

Our observations with CVB3 may be taken to indicate a perhaps non-lytic persistent 

infection similar to other enteric viruses (e.g. human adenovirus [216] and SARS-CoV [217]). 

While not mentioned in the section on AiV-A1, a persistent infection may also underly the 

continuous low-level production of viral progeny by the infected EpiIntestinal system. Some 
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support for this hypothesis comes from investigations of other picornaviruses. Though 

typically exhibiting a lytic life cycle, they can also persistently infect certain cell types and 

tissues [218-222]. Several chronic diseases (e.g. chronic cardiomyopathies [223, 224], type 1 

diabetes [225, 226] and post-polio syndrome [227, 228]) are associated with the persistent 

infection caused specifically by group B coxsackieviruses [229]. Longer infection times in 

different HIE model systems would be required to substantiate the proposed persistent 

infection by CVB3 and perhaps also AiV-A1, since the EpiIntestinal system lasts not longer 

than two weeks.  
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APPENDIX 
 

 

Table S1. Selected AiV-A1 strains used for phylogenetic tree construction.  

Strain 
GeneBank 

ID 
Genotype Country Sequencing Reference 

16317x87 MF947441 B Vietnam VP1 [28] 

A846/88 1998 AB010145.1 A Japan 3CD [17] 

A846/88 2001 AB040749.1 A Japan 3CD [19] 

BAY/1/03/DEU AY747174.1 A Germany 3CD [230] 

Chshc7 FJ890523 B China 3CD [231] 

D/VI2169/2004 GQ927704.2 B Germany 3CD [232] 

D/VI2244/2004 GQ927712.2 B Germany 3CD [232] 

D/VI2287/2004 GQ927711.2 A Germany 3CD [232] 

D/VI2321/2004 GQ927706.2 B Germany 3CD [232] 

D/VI2359/2004 GQ927705.2 B Germany 3CD [232] 

FSS693 MG200054.1 B Australia 3CD [233] 

Goiania/GO/03/01/Brazil DQ028632.1 B Brazil 3CD [230] 

kvgh99012632/2010 JX564249.1 A Taiwan VP1 [157, 233] 

Rn48/2002 EU159259.1 C France VP1 [27] 
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A 

 

B 

 

Figure S1. Strain authenticity of in vitro transcribed AiV-A1 A846/88 RNA. The in vitro transcribed 

RNA of AiV-A1 A846/88 from the plasmid pAV-UCSF was reverse transcribed into single-stranded 

cDNA and used as a template for a qPCR with two different sets of primers (A) RW–SQP1 and (B) 

Fw–SQP2. The resulting amplicons were sanger sequenced to confirm the identity of the two partial 

sequences with the GenBank entry for the AiV-A1 A846/88 (accession no. JQ281544). Sequencing 

alignment was done with Clustal Omega [234].  
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Figure S2. Plasmid map of pAV-UCSF containing the cDNA clone of AiV-A1 strain A846/88. 

Primers used for strain authentication are displayed in violet.  

Primers 
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Figure S3. Transfection of AiV-A1 RNA into human cell lines yields higher titres than infection. 

Each cell line was transfected with 1 μg of AiV-A1 RNA with different amounts of lipofectamine 

2000 (1, 2 and 4 μl) and after three days the well contents were collected. Seed virus was produced 

from well contents and the titre was determined by TCID50. Each bar represents the three different 

lipofectamine amounts.  
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Figure S4. AiV-A1 is likely routed towards the lysosomal pathway. 96-well plates of Vero cells 

were pre-treated with different pharmacological agents (solved in DMSO) for 1 h at 37°C, before 

being challenged with AiV-A1 (MOI = 10) for 24 hours at 37°C in the presence of the inhibitors. The 

infection was stopped using crystal violet staining when the cells without inhibitor treatment 

(solvent control) showed distinct CPE. (A–B) Cytotoxicity analyses of respective drugs in uninfected 

cells. (C) Comparison of infection efficiency between IM and solvent control (IM+DMSO). Using the 

Measure Tool of the Fiji plug-in of ImageJ, the amount of cell death was measured by the crystal 

violet stain, normalized in GraphPad Prism and displayed as [%] cell death. Solvent control plus 

virus was arbitrarily set to 100% cell death and non-infected wells with the respective drugs were set 

to 0% cell death. Displayed is the mean ± SD from one independent experiment with each condition 

conducted in quadruplicates. 
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CVB3 immune response 

 

 

Figure S5. CVB3 Nancy induces a strong antiviral state in HIE. HIE were infected apically and 

basolaterally with 107 PFU of CVB3 Nancy for 1 hour at 37°C, simultaneously. At indicated time 

points pi, the RNA was extracted from HIE and the induction of the antiviral state was elucidated 

by RT-qPCR. (A-D) Shown is the IFN signalling. (E) Displayed is the ISG signalling. Human 18s 

rRNA was used as housekeeping gene. Fold change was calculated according to the Pfaffl method. 

Each time point represents an independently prepared HIE. 
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AiV-A1 immune response 
 

 

Figure S6. AiV-A1 triggers a weak type III IFN and ISG signalling in HIE. HIE were infected 

apically and basolaterally with 107 PFU of AiV-A1 for 1 hour, simultaneously. At indicated time 

points post infection, the RNA was extracted from HIE and the induction of the antiviral state was 

elucidated by RT-qPCR. (A-D) Displayed is the IFN signalling. (E) Shown is the ISG signalling. 

Human 18s rRNA was used as housekeeping gene. Fold change was calculated according to the 

Pfaffl method. Each individual symbol represents an independently produced HIE prepared in three 

batches. Asterisks (black) indicate statistical significance calculated by Student’s t-test (*P < 0.05, **P 

< 0.01). 
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