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ABSTRACT 

Enteroviruses (EVs) cause a wide range of different diseases from the common cold 

to more severe illnesses such as encephalitis, myocarditis, and meningitis. 

Additionally, EVs have been associated with chronic diseases, including post-polio 

syndrome, coeliac disease, dilated cardiomyopathy, and type 1 diabetes (T1D). In 

T1D, insulin producing pancreatic β-cells are destroyed, leading to a disorder of 

insulin production and secretion, thereby a failure to regulate blood sugar. T1D is 

treated by daily insulin injections, and no preventable means exist. 

Genetical factors determine the individual’s susceptibility to develop T1D, but 

environmental factors play an important role in the pathogenesis. EVs are associated 

with the development of T1D in numerous epidemiological studies. More than 100 

different EVs are known, and the association with diabetes is especially linked with 

one subgroup of EVs, Coxsackie B viruses (CVBs). It seems that these viruses target 

pancreatic β-cells and can cause persistent infection that gradually leads to cell 

destruction either by the virus or through an immune response. However, the causal 

relationship between enteroviruses and type 1 diabetes is yet to be conclusively 

confirmed. 

The aim of this study was to establish Coxsackievirus B1 (CVB1) persistent 

infection in pancreatic cell lines. The presence of the virus in these cells was verified 

by detecting viral RNA and proteins from infected cells. The mechanisms of viral 

persistency were further investigated by studying cellular and viral changes during 

the development of persistent infections. The entire proteome of persistently 

infected cells was compared to non-infected cells and the entire genome of the virus  

was sequenced using a next-generation sequencing (NGS) technology. In addition, 

ten antiviral drugs were tested for their efficacy against CVB viruses in acute 

infection models and for their ability to cure persistent CVB infection from 

pancreatic cell lines. 

Established persistent CVB1 infections showed features that are characteristic of 

a carrier state type of persistency, including the production of virus progenies in high 

titers and infection in only a small number of cells. The expression of several 

intracellular and secreted proteins changed dramatically during persistent CVB1 

infection compared to uninfected cells. The Coxsackie and adenovirus receptor 
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(CAR), which is used by CVB1 for internalization was strongly downregulated. Also, 

the proteins that are associated with mitochondrial energy metabolism and regulated 

secretion pathways were downregulated. Persistent CVB1 infection also influenced 

proteins that are associated with β-cell fate and T1D associated proteins. 

Additionally, the changes in cellular proteome differed between the two CVB1 

strains that were used to establish persistent infection. Most strikingly, the antiviral 

innate immune response proteins were strongly upregulated in cells persistently 

infected by the ATCC prototype CVB1 strain but downregulated in cells infected by 

the wild-type 10796 CVB1 strain. 

The NGS analysis of eight persistent infection-derived viruses (PIDVs) 

representing different CVB1 parental strains identified multiple mutations that led 

to amino acid substitutions in PIDVs. The majority of these mutations were located 

in structural virus proteins. One mutation was exclusively associated with the 

development of persistency (K257R in VP1 protein) as it was discovered in all 

PIDVs. 

Certain antiviral drugs were able to eradicate persistent CVB1 infections from 

pancreatic cell lines. Fluoxetine, an antidepressant drug, which has been shown to 

have some anti-EV activity, and Hizentra, which is an immunoglobulin concentrate, 

with neutralizing antibodies against CVB1 were able to eradicate persistent infection 

of both CVB1 strains (ATCC and 10796). Pleconaril and Enviroxime were only able 

to eradicate the CVB1 ATCC strain. 

In conclusion, the persistent CVB1 infection models that were established in this 

study represented the carrier state type of persistency. Persistent CVB1 infection 

markedly changed the cellular protein expression and secretion in pancreatic cells. 

Non-synonymous mutations appeared in the viral structural proteins more often 

than in the non-structural proteins during the development of CVB1 persistency. 

One specific mutation in the VP1 protein, K257R, occurred in all PIDVs. This type 

of persistent infection could also be eradicated by certain antiviral drugs, particularly 

Fluoxetine and immunoglobulin concentrate. Altogether, the study generated new 

information about the virus-cell interactions that play a role in the development of 

persistent CVB infections and antiviral drugs potentially effective in their treatment. 

Based on the results, future efforts can be made to find ways to prevent and treat 

persistent enterovirus infections and related diseases. 
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TIIVISTELMÄ 

Enterovirukset aiheuttavat laajan kirjon erilaisia sairauksia, vaihdellen lievästä 

nuhakuumeesta vakavampiin sairauksiin, kuten aivo-, sydänlihas- ja 

aivokalvontulehdukseen. Lisäksi enterovirukset ovat liitetty kroonisiin sairauksiin, 

kuten polion jälkeiseen oireyhtymään, keliakiaan, krooniseen sydänlihaksen 

rappeumaan ja tyypin 1 diabetekseen. Tyypin 1 diabeteksessa insuliinia tuottavat 

haiman β-solut tuhoutuvat, mikä johtaa insuliinituotannon häiriöön ja verensokerin 

säätelyn häiriöön. Sairautta hoidetaan päivittäin annettavilla insuliinipistoksilla ja sitä 

ei pystytä ennaltaehkäisemään. 

Nykykäsityksen mukaan geneettiset tekijät määräävät yksilön alttiuden sairastua 

tyypin 1 diabetekseen, mutta monet eri ympäristötekijät voivat määrätä sen kenelle 

tauti puhkeaa. Yhteys enterovirusten ja tyypin 1 diabeteksen välillä on havaittu 

lukuisissa epidemiologisissa tutkimuksissa. Enteroviruksia tunnetaan yli 100 erilaista, 

ja tämä yhteys on liitetty erityisesti yhteen virusten alaryhmään, Coxsackie B -

viruksiin (CVB). Näyttää siltä, että nämä virukset hakeutuvat haiman β-soluihin ja 

voivat aiheuttavat siellä pitkittyneen (persistoivan) infektion, joka johtaa solujen 

tuhoutumiseen joko suoraan viruksen vaikutuksesta tai immuunivasteen välityksellä.  

Kuitenkin syy-yhteys enterovirusten ja tyypin 1 diabeteksen välillä on vielä vailla 

lopullista varmistusta. 

Tämän tutkimuksen tavoitteena oli kehittää persistoivan Coxsackievirus B1 

(CVB1) infektion solumalli haimasolulinjoissa. Viruksen läsnäolo osoitettiin 

toteamalla viruksen genomia ja virusproteiineja soluviljelmästä. Persistoivan 

infektion synnyn kannalta oleellisia mekanismeja tarkasteltiin tutkimalla sekä 

isäntäsolussa että viruksessa tapahtuvia muutoksia. Tutkimuksessa testattiin myös 

viruslääkkeiden tehoa akuuttiin ja persistoivaan CVB infektioon solumalleissa. 

Persistoivan infektion aikana tapahtuvia solutoiminnan muutoksia kartoitettiin 

proteomiikan menetelmillä ja viruksessa tapahtuvia muutoksia sekvensoimalla koko 

viruksen koko genomi uuden sukupolven sekvensointimenetelmällä (NGS) infektion 

eri vaiheissa. Viruslääkkeiden tehoa tutkittiin sekä akuutin CVB infektion 

solumallissa käyttäen kaikkia kuutta CVB serotyyppiä että persistoivan CVB 

infektion käyttäen kahta eri CVB1 kantaa ja kahta haimasolulinjaa. 
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Persistoivan CVB1 infektion solumalli luokiteltiin kantajatyyppiseks i 

persistenssiksi, sillä virusta oli viljelmässä suuria määriä, vaikka vain osa soluista oli 

infektoituneita. Solun sisäisten proteiinien ilmentymisessä ja niiden erityksessä 

tapahtui merkittäviä muutoksia persistoivan CVB1 infektion aikana. CVB1 viruksen 

käyttämän Coxsackie- ja adenovirusreseptorin (CAR) sekä mitokondrioiden energia-

aineenvaihduntaan ja solujen eritystoiminnan säätelyyn liittyvien proteiinien 

ilmentyminen laski selvästi persistoivan infektion aikana. Persistoiva CVB1-infektio 

vaikutti myös β-solujen toimintaa sääteleviin proteiineihin, sekä tyypin 1 

diabetekseen yhdistettyihin proteiineihin. Solun proteiinien ilmentymisessä havaittiin 

selviä eroja CVB1 viruskantojen välillä. Esimerkiksi solun luontaisen immuniteetin 

aktivaatiossa oli suuria eroja: ATCC kannan aiheuttama persistoiva CVB1 infektio 

stimuloi näitä antiviraalivasteita kun taas 10796 kannan aiheuttama infektio hiljensi 

niitä. Persistoivan CVB1 infektion aikana kehittyneet mutaatiot, jotka johtivat 

aminohapon muutokseen, sijoittuivat pääosin viruksen rakenneproteiineja 

koodaaville alueille. Tutkimuksessa sekvensoitiin kahdeksan virusta, jotka olivat 

peräisin CVB1 kantojen aiheuttamista persistoivista infektioista. Yksi mutaatio, 

K257R, viruksen VP1-proteiinissa, löydettiin kaikista kahdeksasta sekvensoidusta 

viruksesta. Persistoiva CVB1-infektio pystyttiin häätämään soluista joillakin 

tutkituista viruslääkkeistä. Fluoksetiini, masennuslääke, jolla on havaittu vaikutusta 

Enteroviruksiin, ja Hizentra, immunoglobuliinituote, joka sisältää neutraloivia vasta-

aineita CVB1 viruksia kohtaan, pystyivät häätämään sekä ATCC että 10796 kannan 

aiheuttaman persistoivan CVB1 infektion haimasoluista. Pleconaril ja Enviroksiimi 

pystyivät myös häätämään persistoivan ATCC kannan aiheuttaman infektion. 

Yhteenvetona voidaan todeta, että kehitetyt persistoivan CVB1 infektion 

haimasolumallit edustavat kantajatyyppistä enteroviruksen persistenssiä. Persistoiva 

CVB1 infektio johti merkittäviin muutoksiin solun proteiinin ilmentymisessä ja 

erityksessä Ei-synonyymiset mutaatiot esiintyvät viruksen rakenneproteiineissa 

useammin kuin ei-rakenteellisissa proteiineissa. Erityisesti yksi mutaatio VP1-

proteiinissa, K257R, havaittiin kaikissa persistoivan infektion aikana muodostuneissa 

viruksissa. Persistoiva infektio pystyttiin häätämään Fluoksetiinilla ja Hizentra 

immunoglobuliinituotteella. Tutkimukset tulokset tuovat uutta tietoa persistoivan 

enterovirusinfektion mekanismeista ja viruslääkkeistä, joiden avulla tämäntyyppinen 

infektio voidaan parantaa solumalleissa. Tulosten pohjalta voidaan tulevaisuudessa 

pyrkiä etsimään keinoja persistoivan enterovirusinfektion ja siihen liittyvien 

sairauksien ehkäisyyn ja hoitoon. 
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1 INTRODUCTION 

Enteroviruses (EVs) cause a wide range of diseases ranging from mild illnesses to 

severe conditions. In addition, EVs have been linked to chronic diseases including 

post-polio myelitis, chronic fatigue syndrome, chronic myocarditis, celiac disease, 

and type 1 diabetes (T1D) (1-5). T1D is an autoimmune disease characterized by 

progressive β-cell destruction in the pancreas and a lack of insulin production by 

these cells. The disease currently effects around 15 million people in the world and 

the number of cases is increasing. The disease requires daily insulin injections, and it 

reduces an individual’s average life expectancy. Additionally, it causes huge costs to 

society. Possible ways to prevent the disease have been researched in a multitude of 

animal and human studies but no preventive measures have been discovered. 

The current consensus is that the disease process is initiated by one or more 

environmental triggers in genetically susceptible individuals. EVs have been 

repeatedly linked to human T1D and are currently among the prime candidate 

triggers. The genome and proteins of EVs have been detected in the pancreas, blood, 

and intestinal mucosa of diabetic patients. A meta-analysis indicated that the 

detection of EVs is associated with 4-10 times of the increased risk of T1D (6). The 

most plausible mechanism is that EVs can initiate β-cell damage and establish a 

persistent infection in β-cells. This further drives the progression of a β-cell 

damaging process leading to clinical T1D. 

It has been estimated that by eliminating potentially harmful environmental 

factors, up to 80% of T1D cases could be prevented or cured (7). Therefore, there 

is an instant need for the effective means of prevention and cure for the disease. 

This has led to a desire to develop EV vaccines and anti-EV drugs for clinical trials  

to study whether these could decrease the risk of T1D and/or preserve β-cell 

function among patients who have been already diagnosed. 

This study aims to generate new information about the mechanisms of persistent 

EV infection to facilitate the development of new treatments that could be effective 

in the prevention of T1D. A persistent EV infection model was established using 

pancreatic cell lines and the mechanisms of viral persistence were evaluated by 
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examining the changes in both the virus and the host cell. The ability of selected 

antiviral drugs to cure these types of infection was also analysed . 
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2 REVIEW OF LITTERATURE 

2.1 Enteroviruses 

2.1.1 Enterovirus classification and structure 

Enteroviruses (EVs) are small, approximately 30 nm, non-enveloped viruses, which 

belong to the family of Picornaviridae (8). According to the Internal Committee on 

Taxonomy of Viruses (ICTV), picornaviruses include 63 genera, including 

enteroviruses. The enterovirus genus consists of 15 species, namely Enterovirus A-L 

and Rhinovirus A-C. The species Enterovirus A-D and Rhinovirus A-C infects humans. 

EVs have a positive-sense single-stranded RNA (ssRNA) genome inside the 

icosahedral protein capsid (figure 1). The protein capsid consists of pentameric 

subunits (12 in total), which are built-up of five monomers, including a copy of each 

of the four viral proteins, VP1-VP4. EVs have three symmetry axes: the fivefold axis, 

the threefold axis, and the twofold axis. A deep depression called a canyon is formed 

by VP1 proteins encircling the fivefold axis. This canyon is also often the receptor 

binding site (9,10). The VP2 and VP3 proteins are located around the threefold axis. 

The RNA externalization site has been suggested to be located near the twofold axis 

(11). The VP4 is located in the inner surface of the capsid. 

 

Figure 1.  The EV structure. The genome is inside the protein capsid. The genome is attached in a 3B 
(also known as VPg) non-structural protein. The protein capsid consists of 12 pentamers, each 
consisting of five protomers, including four viral structural proteins, VP1-4. (This figure has been 
adapted from http://viralzone.expasy.org/). 
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The EV genome is approximately 7.5 kb long. It has untranslated regions (UTRs) at 

both ends (figure 2). The 5’-UTR is linked to the VPg viral non-structural protein 

(also known as 3B). The 5’-UTR is ~750 nt long and consists of six domains , I-VI. 

It lacks a 7-methyl guanosine cap at the 5’ end. Domain I is the cloverleaf region , 

which controls transcription. Domains II-IV form the internal ribosome entry site 

(IRES), which regulates translation. The 3’-UTR is also associated with the regulation 

of transcription (12,13) and terminates in a poly A tail. EVs have one long major 

open reading frame (ORF), and another recently identified shorter ORF2 located 

upstream from the major ORF (14,15). The viral genome encodes altogether 12 

proteins. Their principal functions are listed in table 1. However, the viral proteins 

have other functions as well, which may differ between different EV species. The 

major ORF is translated into three polyproteins, P1-3, which are proteolytically 

processed into structural viral proteins, VP1-4, and into non-structural proteins 2A-

C and 3A-D. The second ORF2 is translated into a single protein, the ORF2p, which 

is associated with intestinal infection. Its conserved WIGHPV domain is essential 

for protein function (15). The ORF2p is also associated with the enterovirus release 

from the intestinal cells (15). 

 

 
 

Figure 2.  The EV genome and the proteins encoded by the genome, including ORF2p, structural 
proteins VP1-4 and non-structural proteins 2A-C and 3A-D. (This figure has been modified from 
http://viralzone.expasy.org/). 
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Table 1.  Principal function of each viral protein. (Table adapted from (16))  

Protein Function 

VP1-3 Structural proteins, located on the outer surface of the 

icosahedral capsid. 

VP4 Structural protein, located inside the capsid, and associated  

with the viral genome release. 

2A A protease, and important for viral polyprotein and host 

protein cleavage. 

2B A viroporin, which creates pores in the host ER. 

2C A highly conserved protein that plays a vital role in the EV 

lifecycle, is involved in the rearrangement of host cell 

membranes, virus encapsidation, uncoating, RNA 

replication, morphogenesis, and ATPase, helicase, and 

chaperoning activities. However, relatively little is known 

about the pathogenesis in replication or in the innate immune 

system. 

3A Localizes viral replication complexes to vesicle membrane 

surfaces. 

3B Linked to the 5’ end of the viral genome, also known as VPg. 

3C A protease, which cleaves viral precursor proteins, as well as 

host proteins such as the retinoic acid inducible gene I. 

3D A RNA-dependent RNA polymerase, which replicates viral 

RNA. 

ORF2p Facilitates viral replication in intestinal cells and virus release 

from the intestinal cells. 
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2.1.2 The enterovirus infectious cycle 

The EV replication cycle consists of the attachment of the virion to the cell surface 

receptor(s), internalization and the uncoating of the viral genome into the cytoplasm  

followed by translation of viral protein and replication of virus genome (figure 3). 

The progeny virus particles are released from host cells either via cell lysis or by non-

lytic mechanisms. 

The first step is the attachment of the virus particles into one or multiple cellular 

receptors. Different EVs recognize different cell surface receptors (8). Many 

receptors belong to the integrin superfamily, including the coxsackie and adenovirus  

receptor (CAR) used by CVBs (17), and the intracellular adhesion molecule (ICAM-

1) used by the major group of rhinoviruses (18). The poliovirus receptor (PVR or 

CD155), which is used by all three poliovirus types is a cell adhesion protein (19). 

Decay accelerating factor (DAF, or CD55), a receptor for many EVs, functions as a 

co-receptor, for example for CVBs (20). After receptor recognition and attachment, 

the virus is internalized into the cell via receptor-mediated endocytosis, which is 

generally determined by the receptor, and its signaling that regulates the endocytic 

machinery. However, viruses which use the same receptor can enter the cell via 

different routes (21,22). Uncoating, the release of the viral genome, follows virus  

entry. The exact mechanisms of EV uncoating remain largely unknown. In any case 

the membrane-anchored EV releases its genome, which is then transported through 

the endosome membrane into the cytoplasm where translation and replication occur 

(23). Due to the lack of a cap at the 5’ end of the genome, the translation occurs in 

a cap-independent manner. The IRES for viral translation, in the 5’-UTR of the EV 

genome allows the virus bypass shut-off for cap-dependent protein translation (24). 

The major ORF is translated into the polyprotein, which is proteolytically processed 

into three polyproteins P1, P2, and P3. These are further processed into viral 

structural proteins VP1-4 and non-structural proteins 2A-C and 3A-D. The viral 

proteases process the polyprotein co- and post-translationally to liberate mature viral 

proteins. In addition, it has been shown that host proteins may also have some 

proteolytic activity on EV polyprotein (25,26). The second ORF, located upstream, 

is translated into a second ORF protein (15). The P1 polyprotein is cleaved into VP0, 

VP1 and VP3, the subunits of the viral capsid. These together form proteomers, 

which assemble into pentamers and finally into provirion. The polyprotein P2 and 

P3 are processed into viral non-structural proteins 2A-C and 3A-D respectively. The 

replication of viral genomes occurs on virus-modified membranous structures called 

replication organelle (27,28). Finally, the viral genome attached to VPg (i.e., 3B) is 
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packaged into provirion. Prior to the release, the provirion undergoes a maturation 

cleavage where the VP0 structural protein is cleaved into VP2 and VP4 to form the 

mature virion. The viral lifecycle is complete when the virus particles are released 

from the cells by cell lysis or by non-lytic release. EVs can use cellular membranes 

for non-lytic egress (29-31). According to latest studies, EVs can utilize extracellular 

vesicles (32), including exosomes (33) and microvesicles (31,34) for egress. 

Additionally, it has been shown that EVs may spread via cellular protrusions (35). 

 

Figure 3.  The overview of the EV lifecycle. 1.Virus attachment to the receptor(s) (e.g., CAR, PVR, 
ICAM-1). 2.Virus internalization via receptor-mediated endocytosis. 3.Viral genome release by 
uncoating. . 4.Viral genome translation into polyprotein (ORF) and the ORF2 translation into 
ORF2p (5.). 6.Viral polyprotein processing into four structural proteins, VP1-4 and seven non-

structural proteins, 2A-C, and 3A-D. 7. Viral  genome replication on lipid replication organelles via 
a dsRNA intermediate. 8.Viral (+)RNA genome packaging into a viral capsid (or continues 
translation and replication). 9.Virus assembling into provirion. 10. Viral maturation to form mature 

virion (VP0→VP2+VP4). 11.Viral release by the lysis of infected cell or by non-lytic mechanisms. 
(Figure modified from (36)) 



 

24 

2.1.3 Persistent infection 

EVs were long considered to cause only acute, lytic infections. However, multiple 

studies have later shown that EVs are also able to establish persistent infection in 

vivo and in vitro. Persistent EV infections have been identified in tissues and in cell 

models (3,37-41). Also, persisting EV infection have been identified in 

immunodeficient patients (42). EVs can establish two kinds of persistent infections: 

The carrier state and steady state type of persistent infection. In the steady state, all 

the cells are infected, but the virus is unable to complete lytic replication, or the 

replication is very slow, while in the carrier state, only a small fraction of the cells are 

infected, but virus particles are producing in high titers (37,38). However, the 

proportion of infected cells may vary in carrier state persistence, and the number of 

cells positive for viral VP1 or dsRNA may differ (43). Five per cent of persistently 

CVB4-infected 1.1B4 cells (human β-cell line) were positive for viral VP1 protein, 

while around 50% of the cells were dsRNA positive (43). 

In the steady state type of persistent infections, 7 to 49 nt long deletions can 

develop at the UTR in the 5’ end of the genome (44). The translation of these 

terminally deleted mutants is reduced by approximately 50% and the replication level 

is low (45). This kind of persistency has been identified in CVB3-infected primary 

cell cultures, including human and mice cardiac myocytes and mice pancreatic cells  

(44,46). CVBs with terminal 5’-UTR deletions have also been detected in patients  

with idiopathic dilated cardiomyopathy (40). Mutations in the cis-acting replication 

element (CRE) of the 2C protein-coding region [CRE(2C)], which templates the 

addition of two uridine residues to the virus genome-encoded RNA replication 

primer VPg prior to positive-strand synthesis, has been shown to induce de novo 

production of terminal deletions to the 5’ end (47). 

The carrier state type of persistency seems to result from a co-evolution process 

of the host cell and the virus (37,38). The characteristics for the carrier state type of 

persistency include a resistance to the virus-induced cytopathic effect when 

persistently infected cell cultures are superinfected with the parental virus and there 

is a reduction of the plaques size of persisting virus strains. Additionally, the receptor 

used by the virus seems to be downregulated during persistent infection, which may 

be one of the key factors in the development of EV persistency (37,38). The carrier 

state type of persistent infection also significantly modifies microRNA expression 

(48). These types of persistent infections have been reported as established by CVBs 

in vitro in cardiac (murine) (38), neural (49), intestinal (50) and pancreatic cell lines 

(37,51,52). Interestingly, CVB4 E2 persistent infections in primary human pancreatic 
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ductal cells impair their differentiation into insulin-producing cells (51). Also, the 

infection in pancreatic ductal cell lines led to change in synthesis of microRNA, 

including many which are predicted as the alleged targets of T1D risk genes, possibly 

modulating the expression of these genes. In most cases, microRNA suppress gene 

expression post-transcriptionally by interacting with the 3’ UTR of the target mRNA. 

MicroRNAs has also other mechanisms of action, moreover, including activation of 

gene expression (53). 

Besides CVBs, it has been suggested that poliovirus can persist in the neurons of 

patients, who have survived poliomyelitis. Poliovirus types 1-3 have shown to 

persistently infect neuroblastoma cells (54). Poliovirus may also persist in the primary 

cell culture in human fetal brain cells (55), which can be a valuable ex vivo model for 

rare chronic poliovirus infection and possibly post-poliomyelitis syndrome (55). In 

addition, human rhinovirus (HRV) persistency was identified in vivo, mainly in 

immunosuppressed patients (41,56,57). 

2.1.4 Enterovirus diseases 

EVs are common worldwide and cause a wide variety of acute infections in humans, 

with many remaining asymptomatic or having mild symptoms such as the common 

cold. However, they also cause also more severe conditions, like herpangina, 

pancreatitis, hand-foot-and-mouth disease, myocarditis, meningitis, encephalitis , 

pericarditis, neonatal sepsis and acute flaccid paralysis (58-61). Additionally, EVs 

have been associated with chronic diseases like post-polio syndrome (1), chronic 

fatigue syndrome (2), dilated cardiomyopathy (3), celiac disease (4) and type 1 

diabetes (5,62,63). EVs are common in all age groups but being young increases the 

risk of severe diseases. In addition, the risk of severe disease is higher in males 

compared to females (58). 

EVs are transmitted via fecal-oral and respiratory routes (64). The incubation 

period of EVs is a few days, and primary replications of the virus occur in the upper 

respiratory tract or in the gastrointestinal tract. Most EVs tolerate acidic conditions 

of the stomach and, therefore, can replicate in the mucosal cells of the intestine. In 

temperate climates like in Nordic countries, EV infections follow a seasonal pattern 

when most of the cases are diagnosed during summer and early fall, while in tropical 

areas, the incidence is more constant throughout the year (58,65). 
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2.2 Virus-host interactions 

Like many other viruses, EVs harness the host cell’s metabolism for its own usage 

to produce new infective viruses. The host cell defends itself by a reaction called the 

innate immune response, which fights against different pathogens and clears  

damaged cells, while the virus aims to tame the host cell machinery for its own usage 

it also tends to shut the antiviral responses of these cells . 

2.2.1 Host cell antiviral response 

The virus infection leads to various kinds of antiviral immune responses. A 

mammalian immune system efficiently recognizes invading pathogens and impaired 

host proteins, which are a threat for the host’s homeostasis. The remarkably complex 

system is divided into two distinct defense mechanisms, called innate immunity and 

adaptive immunity, with complex interactions regulating their function. The innate 

immune system provides robust, immediate, and non-specific immune responses i.e., 

through complement activation, pathogen engulfment, induction of type 1 

interferons, and intracellular antiviral responses. Adaptive immunity, in turn, is 

mainly organized around T and B lymphocytes that orchestrate a diverse repertoire 

of antigen-specific recognition receptors and a long-lived immunological memory 

against re-infection. 

When EV enters the body, it first infects cells in the upper respiratory tract or in 

the intestinal mucosa. From here, it spreads to local lymph nodes underneath the 

mucosa. In addition, the infection often leads to viremia when the virus  enters 

bloodstream and hence can spread to secondary organs, such as the pancreas, heart, 

and central nervous system. The virus is recognized by the innate immune system 

via pathogen recognition receptors (PRRs), including toll-like receptors (TLRs), and 

retinoic acid-inducible gene (RIG-I)-like receptors, which recognize pathogen-

associated molecular patterns (PAMPs). EV-specific PAMPs include the ssRNA 

genome released from the EV, which can be recognized by TLR7 and TLR8 (66). A 

replication intermediate double-stranded RNA (dsRNA) is recognized by an 

intracellular vesicle-associated TLR3 and by the sensor melanoma differentiation -

associated gene 5 (MDA5, also known as IFIH1) or retinoic-acid-inducible protein 

I (RIG-I) (67). Binding to PRR activates synthesis and secretion of cytokines like 

type I interferons (IFN) in infected cells. For example, upon EV infection, MDA5 

and/or RIG-I senses viral RNA and becomes activated. Upon activation, these 
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receptors interact with a mitochondrial antiviral signaling protein (MAVS), an 

adaptor molecule localized in mitochondria, peroxisomes and/or mitochondria-

associated membranes. MAVS becomes activated, inducing a downstream signaling 

leading to activation of transcription factors IRF3, IRF7 and NF-κB, which are 

required for the synthesis of type I interferons and proinflammatory cytokines  (68-

71). Cytokines signal the viral infection to the surrounding cells and activate antiviral 

response in these (71). 

Innate immune responses also regulate adaptive immune responses. Besides the 

cytokine synthesis and secretion, the EV-specific PAMPs activate antigen-presenting 

cells (APCs), which include dendritic cells, macrophages, and B lymphocytes. A 

membrane glycoprotein, CD4 (cluster of differentiation 4) -positive T cells recognize 

viral proteins that are bound to HLA class II molecules by APCs, while CD8 (cluster 

of differentiation 8) -positive T cells recognize antigens presented by HLA class I 

molecules, which are presented by these APCs, leading to the robust activation of 

these EV-specific lymphocytes, and subsequently activating EV-specific cytotoxic 

T-lymphocytes and B-lymphocytes (72-74). The adaptive B cell response produces 

antibodies against the virus during acute infection, but it also later protects against 

re-infection by the same virus type. The antibodies inactivate the virus by 

neutralizing viral infectivity and by opsonizing and activating the complement, which 

initiates the destruction of the infected cells (74). The antibody response seems to 

be an important factor in the eradication of the EV infection. Even though EVs 

induce strong cell-mediated immune responses, their role in virus eradication and 

protection against re-infection is less characterized than that of antibodies (75). 

2.2.2 The effect of EVs on the host cell 

EV infection affects several host cells functions that facilitate viral replication (figure 

4) (76). EVs rely on host proteins in their transcription and translation. The shut-

down of the host cell cap-dependent translation is important for successful EV 

infection. The eukaryotic translation initiation factor 4G (eIF4G) is cleaved by 2A 

proteinase during EV infection, causing downregulation of host cell cap-dependent 

translation (77). The EV proteinase 3C cleaves poly(A)-binding protein (PABP), 

which is involved in mRNA circularization to induce multiple translation rounds in 

uninfected host cells. Therefore, the cleavage of PABP interferes indirectly with cap-

dependent translation (78,79). 
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During EV infection, viral proteinases cleave factors involved in RNA 

polymerase I, II and III transcription, leading to the inhibition of host transcription  

(80). RNA polymerase I inhibition remains unknown. TFIIIC binds to promoter, 

leading to the recruitment of TFIIIB, which is recognized by the RNA polymerase 

III. When the RNA polymerase III is recruited at the start site, the TFIIIB is 

dissociated followed by initiation of transcription (81-84). During EV infection, the 

3C proteinase cleaves TFIIIC, which prohibits the recruitment of TFIIIB and RNA 

polymerase III to the start site (85). The TFIIID and TATA-box binding 

transcription factor (TBP), which normally binds to the core promoter in uninfected 

cells, forms an initiation complex. The cleavage of TBP by the EV proteinase 3C 

inhibits RNA polymerase II transcription (86,87). In addition, the cleavage of the 

transcription factor CREB inhibits RNA polymerase II (88). 

 

 

Figure 4.  Effect of EV infection on the host cell. (Figure modified from (76)) 

EV infection subverts the functions of host cell proteins. Host cell proteins, like 

poly(rC)-binding protein 2 (PCBP2), polypyrimidine tract-binding protein (PTB) and 

La autoantigen are usurped to benefit EV replication. Together, these proteins 

enhance the cap-independent translation of the EV RNA. The PCBP2 is involved 

in mRNA stabilization and translation silencing, but also in stimulating the 

translation in uninfected host cells (89). During EV infection, PCBP2 binds into the 

IRES region and forms a ribonucleoporin complex, which is required for viral 
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translation (90). Additionally, PCBP2 interacts outside the IRES and, together with 

proteinase 3CD, forms a ternary complex required for initiation of negative-strand 

RNA synthesis (91). The PTB protein mediates alternative splicing of pre-mRNAs 

and it normally travels between the nucleus and the cytoplasm in uninfected cells  

(92). However, during EV infection, PTB mediates IRES-dependent translation (93). 

The La autoantigen is involved in the transcription initiation and termination of 

RNA polymerase III in uninfected host cells , while in EV infection, it is cleaved by 

proteinase 3C, and its truncated form enhances IRES-mediated translation (94-97). 

In uninfected host cells the La locates in the nucleus but during EV infection it is 

relocalized to the cytoplasm. 

The translation of viral proteins and viral RNA replication does not occur 

simultaneously. Therefore, there is eventually a switch from translation into RNA 

replication (98,99). EV proteinases are also involved in cleaving host cell proteins to 

meditate a switch from viral translation to -RNA replication. Cleavage of host cell 

proteins such as PCBP2 and PTB have been suggested to participate in the switch 

from viral translation to -RNA replication (100,101). 

The EV RNA replication occurs in membranous replication complexes, called 

replication organelles (ROs), which are formed at the site of altered host cell 

membranes (102). The membranes of these ROs are rich in cholesterol, 

phosphatidylinositol-4-phosphate (PI4P) and phosphatidylcholine (PC) 

(28,103,104). It has been thought the membranes involved in these complexes are 

evolved from the endoplasmic reticulum (ER) and Golgi. Coat protein complex I 

and II (COPI and COPII) vesicles are an essential part of ER-Golgi transport in 

uninfected cells (105,106), but they are also involved in ROs formation during EV 

infection (107-109). A secretory pathway, ADP ribosylation factor (Arf)-dependent 

trafficking, is involved in RO formation after the vesicle formation. EV replication 

is dependent on the guanine nucleotide exchange factor 1 (GBF1)-mediated 

activation of Arf (110,111). Also, the BIG1 and BIG2 (Bad in glucose protein 1 and 

2), guanine nucleotide exchange factors are involved in EV replication. EV proteins 

participate in RO formation, EV protein 3A recruits GBF1 and 3CD recruits BIG1 

and BIG2 (112-114), leading to Arf activation and finally into producing uncoated 

PI4P-enriched structures close to ER exit sites, which facilitates membrane binding 

of the viral RNA polymerase, 3D (115). In the replication process for ROs, the 

positive-strand is synthesized first into a negative-strand RNA, which is a template 

for positive-strand synthesis, including the dsRNA intermediate. Interestingly, ROs 

hide dsRNA, which helps EVs in innate immunity evasion (116-118). 
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The EV translation and RNA replication occur in the cytoplasm; therefore, the 

disruption of the nucleocytoplasmic shuttling is advantageous for EVs. Some of the 

host cell proteins needed for viral translation or RNA replication are located in the 

nucleus, or shuttles from the nucleus to the cytoplasm, leading to a requirement for 

the re-localization of these into the cytoplasm during EV infection. For example, for 

proteins like La, PTB and PCBP2, import into the nucleus has been suggested to be 

inhibited during EV infection (119). Nucleocytoplasmic trafficking occurs through 

nuclear pore complexes made up of proteins called nucleoporins. EV proteinase 2A 

has shown to cleave at least nucleoporins 62, 98 and 153, leading to re-localization 

of nuclear proteins into the cytoplasm and inhibition of the import trough nuclear 

pore complexes (120-122). Therefore, accumulation of nuclear proteins into 

cytoplasm enables EVs to utilize these proteins during viral translation or RNA 

replication. 

2.3 Antiviral drugs against enteroviruses 

Theoretically, every step in the virus life cycle is a potential target for antiviral drugs 

(123). They may inhibit virus replication by targeting virus structural and/or non-

structural proteins or by incorporating the antiviral drug into the viral genome. 

Alternatively, they may inhibit the replication by affecting the functions the virus  

needs for its replication. Many antiviral drugs have shown potential to combat EVs, 

however, none are currently available on the market. This study utilizes drug 

repurposing, which has become of increasing interest. The advantage of drug 

repurposing is an opportunity for a quick transfer into clinical trials, which saves 

time and is cost effective. Also, if the repurposed drug is used in a similar dosage as 

shown by the toxicological and pharmacological data available, it may allow a direct 

entry into phase II clinical trials. In the current study, 10 compounds were studied, 

the majority utilizing drug repurposing. The mechanisms of action of these drugs are 

briefly described below (see also table 2). 

One of the most well-known antiviral drugs against enteroviruses is the capsid 

binding drug Pleconaril, which was originally licensed by ViroPharma in 2001 to 

fight against common cold viruses (human rhinoviruses). It tended to prevent the 

exacerbation of asthma caused by picornaviruses (124). However, it was rejected by 

the US Food and Drug Administration for common cold treatment due to the 

development of resistant virus strains and induction of liver enzymes (125). 

Nevertheless, it has been used successfully to treat severe EV infections in young 
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infants (126). Pleconaril has also shown to have an effect against other EVs. 

Pleconaril binds to the pocket of the virus capsid (123,127), when it inhibits  

attachment and/or uncoating of the virus, depending on the receptor binding site.  

Attachment is inhibited if the receptor binding site is located in the canyon of the 

virus capsid (123). If the receptor binding site resides elsewhere, Pleconaril may still 

inhibit the uncoating of the virus by stabilizing the capsid and preventing the release 

of the viral genome to the cytoplasm of the infected cell. Pleconaril efficacy is 

dependent on amino acid consistency in the pocket (128). Several other capsid 

binders have also been developed. Also, a human immunoglobulin product, 

Hizentra, that includes antibodies that neutralize the infectivity of EVs by preventing 

the attachment of EVs to their cellular receptors was included in this study. 

Other antiviral compounds such as Enviroxime, Favipiravir, Fluoxetine, and its 

active metabolite Norfluoxetine and Ribavirin were also among the tested drugs. 

They inhibit virus viral replication by various mechanisms (129-132). Enviroxime 

binds to the non-structural protein 3A, which has been reported to recruit  

phosphatidylinositol 4-kinase IIIβ (PI4KIIIβ), a critical host factor for viral RNA 

replication (129). Ribavirin was first synthesized in 1972, and, it has been effective 

against a broad range of DNA and RNA viruses. It is used clinically to treat severe 

respiratory syncytial virus infections (133), hemorrhagic fever virus (134), and in 

combination with interferon-α, it has been used to treat chronic hepatitis C virus  

infections (135). However, it has not been licensed for the treatment of EV 

infections. Its antiviral effect is mediated by multiple mechanisms, all leading to 

restriction of virus replication. The characterized mechanisms include the 

incorporation of phosphorylated triphosphate Ribavirin into the viral genome, 

leading to lethal mutagenesis (131), an enhancement of type I interferon responses 

to limit viral infection and to limit viral infection by inducing polyamine depletion 

via the enzyme SAT1 (spermidine-spermine N1-acetyltransferase) through the 

inhibition of inosine-5′monophosphate dehydrogenase (136). Favipiravir inhibits the 

activity of viral RNA polymerase, and it has been shown to have antiviral activity , 

especially against all types and strains of influenza A, B and C viruses (132) but also 

against some other RNA viruses such as arenaviruses (137) and bunyaviruses (138). 

Fluoxetine (with the trade name Prozac) and its active metabolite Norfluoxetine are 

selective serotonin reuptake inhibitors and have been widely used as antidepressants. 

Fluoxetine was discovered to have some anti-EV activity in a large drug screening 

program (130). Fluoxetine and Norfluoxetine inhibit non-structural viral 2C proteins 

(130). Interestingly, Fluoxetine has also cured Coxsackievirus B4 persistent infection 

from human pancreatic, PANC-1 (human pancreatic adenocarcinoma cell line of 
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ductal origin) cells (139). The other tested drugs with antiviral activity included 

Azithromycin, Itraconazole and Lovastatin, which are in clinical use for their 

antibacterial, antifungal and cholesterol synthesis-blocking effects, respectively. The 

exact mechanism of antiviral actions of these drugs remains unclear. Azithromycin 

is a macrolide antibiotic, which has reduced rhinovirus replication via stimulating 

interferon pathway -mediated pattern recognition receptor dependent antiviral 

responses (140,141). Additionally, it has presented antiviral activity against EV71 and 

CVA16 (142). Lovastatin belongs to a group of drugs called statins and works as an 

agent to reduce cholesterol reducing agent. It has been reported to reduce the 

replication of CVB3 in cell models (143). The mechanisms of its action are not 

known but its ability to decrease the expression of the CAR receptor may be one key 

component (143). Itraconazole is an antifungal agent that has been reported to have 

anti-EV activity by targeting the non-structural viral protein 3A (144). It has also 

been reported to inhibit EV replication by targeting oxysterol-binding protein 

(OSBP) likely to cause perturbation into the formation of virus replication organelle 

(145,146). 

Table 2.  Antiviral drugs, their chemical structure and suspected mechanism of action. 

Antiviral drug Drug molecule Mechanism  References 

Azithromycin 

 

•Stimulates antiviral host 
cell response. 
 

(140,141) 

Enviroxime  

 

 

•Targets viral 3A protein. 
•Inhibits viral RNA 
replication by inhibiting 
the replication organelle 
formation. 

(129) 

Favipiravir  

 
 

•Inhibits viral RNA 
replication by inhibiting 
the activity of viral RNA 
polymerase. 

(132) 
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Fluoxetine 

 

•Inhibits viral replication 
by inhibiting viral 2C 
protein. 

(130,147) 

Norfluoxetine 

 

•Inhibits viral replication 
by inhibiting viral 2C 
protein. 

(130,147) 

Hizentra (IgG)  

 

•Hizentra contains IgG 
neutralizing antibodies 
against EVs. 

 

Itraconazole  

 

•Inhibits viral replication 
by inhibiting viral 3A 
protein and/or 
•Inhibits EV replication 
by targeting OSBP. 

(144-146) 

Lovastatin  

 

 

•Mechanism unknown 
but has been studied to 
reduce CAR receptor 
expression. 

(143) 

Pleconaril  

 

 

•A capsid binding drug, 
which inhibits receptor 
binding and/or 
uncoating. 

(148) 
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Ribavirin  
•Several mechanisms, 
including the induction 
of lethal mutagenesis, the 
enhancement of a type I 
interferon response and 
limiting viral infection by 
inducing polyamine 
depletion via the enzyme 
SAT1.  

(131,136) 

2.4 Pathogenesis of type 1 diabetes 

T1D is an autoimmune disease where pancreatic β-cells that produce insulin are 

selectively destructed causing a failure in insulin synthesis and secretion and leading 

to the dysregulation of blood glucose homeostasis. According to current consensus, 

the clinical symptoms appear when approximately 80-95% of the original β-cells  

have been destroyed (149). The incidence and prevalence of T1D varies substantially 

between countries. In Finland, the annual incidence is the highest in the world (about 

60 cases per 100,000 children) (150). According to meta-analysis, which included 193 

studies from different countries and continentals, the overall T1D incidence was 15 

per 100,000 of the population, with a prevalence of 9.5 per 10,000 of the population 

(151). The incidence and prevalence of T1D is increasing worldwide. 

The T1D disease process is usually slow, and the prediabetes phase can last from 

months to several years. It is characterized by the appearance of T1D-associated 

autoantibodies, including insulin autoantibodies (IAA), islet cell cytoplasmic 

antibodies (ICA), glutamic acid decarboxylase antibodies (GADA), islet antigen 2 

antibodies (IA-2A) and zinc transporter-8 antibodies (ZnT8) (152-154). However, 

not all the autoantibody-positive individuals develop T1D, but the risk increases with 

the number or autoantibodies detected (155). The presence of two or more 

biochemical autoantibodies leads to T1D in practically all individuals (156). 

T1D seems to progress sequentially through distinct identifiable stages prior to 

the onset of symptoms (figure 5) (157). In stage 1 T1D, an individual has developed 

two or more T1D-associated autoantibodies, which is characteristic for β-cell 

autoimmunity, but the individual is normoglycemic and asymptomatic. In the other 

asymptomatic stage, stage 2 T1D, the individual still has the islet autoantibodies but 

has glucose intolerance or dysglycemia, as a marker of the loss of β-cell mass or 

function. Stage 3 is the onset of the symptomatic disease. To prevent the 

symptomatic disease, interventions should either prevent the initiation of the β-cell 

damaging process or delay its progression from stage 1 to stage 3 T1D. For example, 

antiviral drugs could be given for individuals with stage 1 or 2 T1D, possibly having 
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a persistent EV infection in the pancreas, to eradicate the virus and prevent their 

progression to symptomatic T1D. 

 

 

Figure 5.  The sequential progression of T1D can be divided into three stages, i.e., 1-3, among which 

stages 1 and 2 are pre-symptomatic. (Figure adapted from (157)) 

2.4.1 Genetic factors 

Genetic factors contribute to the susceptibility to develop T1D (158). Genome-wide 

association studies have identified over 60 gene regions mediating susceptibility to 

T1D (159). These risk genes include the human leukocyte antigen (HLA) genes of 

the major histocompatibility complex (MHC), which account for over 40% of the 

familial inheritance of T1D (160). Particularly, certain combinations of predisposing 

and protecting alleles in the HLA II class DR and DQ gene regions are strongly 

linked with the risk of T1D. Several studies have shown that high risk HLA-DR3-

DQ2/DR4-DQ8 genotype mediates the strongest risk of developing T1D (161,162). 

Besides HLA, other multiple genes have been associated with T1D, including the 

insulin encoding gene (163,164), the cytotoxic T-lymphocyte-associated protein 4 

(CTLA 4) gene locus (165), a protein tyrosine phosphatase, a non-receptor type 22 
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(PTPN22) gene (166) and an interferon-induced with helicase C domain 1 (IFIH1) 

gene (167). 

Altogether, it has been estimated that genes could explain about 50% of the 

overall disease susceptibility (168). However, less than 10% of the individuals  

carrying HLA risk genes will develop T1D (155). According to studies carried out 

among identical twins the disease concordance is only around 40% (169,170). In 

addition, migration from low-risk areas to high-risk areas increases the susceptibility 

to T1D (168). Also, the incidence of T1D has increased in several countries so 

rapidly that it cannot be explained by genetic factors (171). These factors 

indisputably show that environmental factors have a role in the pathogenesis of T1D. 

Hence, the well accepted current consensus is that genes determine the susceptibility 

to the development of T1D, but the disease is triggered by some yet unidentified 

environmental factors (63). 

2.4.2 The environmental factors and T1D 

Several environmental factors have been associated with the development of T1D. 

Dietary factors like dairy products and gluten have been among the most studied. 

The incidence of T1D has shown an inverse correlation with the duration of breast 

feeding (172,173). Also, early exposure to supplementary milk feeding is associated 

with an increased risk of T1D (174). Particularly, the role of cow’s milk proteins , 

including beta casein (175), bovine serum albumin (176,177), β-lactoglobulin (178), 

and cow’s insulin (179,180) have been suggested as potential triggers of T1D. 

However, a large randomized double-blinded intervention TRIGR -study (Trial 

to reduce IDDM in the genetically at risk) showed that neither the appearance of 

T1D-associated autoantibodies or T1D differed between children who received a 

hydrolyzed casein formula without whole cow’s milk proteins compared to children 

who received conventional cow’s milk-based formulae (172,181). In addition, the 

risk of T1D was not reduced by delayed exposure to gluten in a clinical trial 

(180,182). The possible role of vitamin D has been proposed in numerous studies. 

For example, supplementing with vitamin D has been associated with a reduced risk 

(183). However, large prospective studies have generated conflicting results (184-

186), and the possible role of vitamin D in the pathogenesis of T1D has remained 

open. In addition, some toxins like N-nitroso compounds formed from dietary 

nitrites have been linked to an increased risk of T1D (187). However, evidence for 

the possible role of toxins in human T1D is still scarce. 
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Certain viruses, such as the rubella virus (188,189), mumps virus (190), 

cytomegalovirus (191), and rotavirus (192) have been reported as associated with 

T1D. The first findings suggesting the possible role of viruses came from studies 

showing that children with congenital rubella had an increased risk of T1D. 

Currently, EVs are considered as the main suspects for viral triggers  of T1D 

(7,63,75,193-195). EVs have been associated with T1D in large epidemiological 

studies where EVs have been detected from T1D patients more often than from 

control individuals using various technologies, including serological studies (75,194) 

and direct virus detection from the pancreas (196-199), blood (200) and intestine 

(201,202). Most importantly, large prospective birth cohort studies have repeatedly 

found this association (203,204). They have also documented an excess of EV 

infections before the appearance of autoantibodies suggesting that EVs may 

contribute to the initiation of islet autoimmunity. 

Among all different EV types, one subgroup of EVs, namely CVBs, is associated 

with the risk of T1D (205,206). The association was first discovered in 1960 by the 

pioneering work of D.R. Gamble and K.W. Taylor (207,208). CVBs includes six 

serotypes, named CVB1-6. Specifically, CVB1 and CVB4 viruses have shown this 

association (75,194,195). The current hypothesis is that these viruses establish a 

persistent infection in pancreatic cells, which leads to cell damage via virus-induced 

inflammation or by direct viral effects on the cell (46,195,202,209,210). Around 60-

80% of T1D patients are positive for EV protein in β-cells (196). Also, it has been 

suggested that pancreatic ductal cells may act as sites for EV persistence and 

occasionally enable the spreading of the virus into β-cells (211) but they might also 

participate in cell-to-cell signaling leading to β-cell destruction and defects in insulin 

homeostasis. 

In summary, several environmental factors have been studied as potential risk or 

prospective factors for T1D. However, even if there is a consensus about the 

importance of environmental factors in the pathogenesis of T1D, and certain 

environmental factors have been associated with T1D, causality has not been proven 

for any of these. Recently, new efforts have been taken to carry out intervention 

studies to evaluate a possible causality. A vaccine against T1D-associated CVBs is 

currently being tested in a phase 1 clinical trial (PROVENT trial). Additionally, anti-

EV therapy, with a combination of two antiviral drugs, Pleconaril and Ribavirin, is 

in progress among newly diagnosed T1D patients (DIVIDIntervention) to test the 

hypothesis that the eradication of persistent EV infection from the pancreas 

improves the function of β-cells. 
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3 AIMS OF THE STUDY 

The aims of the study are to: 

I. Establish persistent infection in pancreatic cell lines using T1D associated 

EVs, particularly CVB1. 

II. Characterize changes in cellular protein expression and secretion during 

persistent CVB1 infection. 

III. Characterize mutations in the viral genome during persistent CVB1 

infection. 

IV. Identify antiviral drugs that are effective against acute CVB infection in cell 

models. 

V. Identify antiviral drugs that can clear persistent CVB1 infection from 

pancreatic cell lines. 
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4 MATERIALS AND METHODS 

4.1 Cells 

PANC-1 is a human epithelial cell line established from a pancreatic carcinoma of 

ductal origin. The cells are culture in Dulbecco’s modified Eagles medium (DMEM ) 

(Sigma-Aldrich, Saint Louis, Missouri, USA) supplemented with 10% fetal bovine 

serum (FBS) (Sigma-Aldrich) and 0.5% of penicillin-streptomycin (PenStrep) 

(Sigma-Aldrich) antibiotics in 5% CO2 +37C. 1.1B4 is a human pancreatic hybrid 

β-cell line established by electrofusion of a primary culture of human pancreatic islets  

with PANC-1. The cells were cultured in DMEM, supplemented with 10% FBS and 

0.5% PenStrep in 5% CO2 +37C. PANC-1 and 1.1B4 cells were a kind gift from 

Professor Didier Hober, University Lille2, Lille, France. 

A549 cells is a human lung carcinoma cell line from American type culture 

collection (ATCC, Virginia, USA). The cells were cultured in Ham’s F12 (Sigma-

Aldrich) medium supplemented with 10% FBS and 0.5% PenStrep in 5% CO2 

+37C. Green Monkey Kidney (GMK) cells obtained from ATCC are culture in 

Modified Eagles medium (MEM) (Sigma-Aldrich) supplemented with 10% FBS and 

0.5% PenStrep. CHO is a Chinese hamster ovarian cell line, which is human CAR- 

and DAF-deficient cell line. CHO-CAR cells are stably transfected CHO cells  

expressing CAR receptor (212). The cells were cultured in DMEM, supplemented 

with 10% FBS and 0.5% PenStrep in 5% CO2 +37C. CHO and CHO-CAR cells  

were obtained as king gifts from Professor Michael Lindberg, Linnaeus University, 

Kalmar, Sweden. 

4.2 Viruses 

CVB serotypes, CVB1-6, prototype strains were obtained from ATCC, here after 

referred as CVB1-6 ATCC. Additionally, three clinical isolates were used in the thesis 

project including CVB1 10796 isolated from Argentina in 1983, CVB1 10797 

isolated from USA, Connecticut, in 1984 and CVB1 10802 isolated from Argentina 

in 1998 (213). These virus strains were isolated at different geographic locations and 
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times, and their ability to induce innate immune responses has been shown to differ 

from each other. ATCC and 10802 strains induced strong innate immune responses 

in cultured white blood cells while 10796 and 10797 induced weak responses (213). 

Moreover, two of the strains (strains 10796 and 10802) have also been studied for 

their ability to damage cultured human pancreatic islets and β-cells. The strain 10802 

caused more aggressive infection and reduction in insulin synthesis (214). 

4.3 Persistent infection 

4.3.1 Establishment of viral persistent infection cell models 

Several persistent infection cell models were established in this thesis project. 

PANC-1, pancreatic ductal cell line, and 1.1B4, pancreatic β-cell line, cells were 

persistently infected with different CVB1 strains. The persistent infection was 

established with ATCC prototype strain and with three clinical isolates CVB1 10796, 

10797 and 10802 on PANC-1 cells (213). The CVB1 ATCC strain and two clinical 

isolates CVB1 10796 and 10802 were used to establish the persistent infection on 

1.1B4 cells. The protocol is primarily published by Sane et al. (52). The cells are first 

infected, causing primary infection, and then cultures were maintained by washing 

the cells three times a week with Hank’s balanced salt solution (HBSS) (Sigma-

Aldrich) and harvested once a week by scraping with Greiner Bio-one cell scraper. 

Cells and cell culture supernatant samples were collected for verification of viral 

infection. 

4.3.2 Detection of persisting virus 

4.3.2.1  RT-qPCR 

Presence of the virus from the infected cells and cell culture supernatant was 

identified by semi-quantitative real time reverse transcriptase PCR technique, later 

referred as RT-qPCR. The viral RNA was first extracted from cells samples and from 

supernatant samples using RNeasy96 kit (Qiagen, Hilden, Germany). The RT-qPCR 

was carried out using QuantiTect Probe kit (Qiagen). The RT-qPCR run was 
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performed according manufactures instruction by using Taqman chemistry. The 

used primers and probes are listed in the table below (Table 3). 

Table 3.  Primers and probes used in the RT-qPCR to detect CVB1 genome from the cell - and 
cell culture supernatant samples. 

Primers 

Forward primer CGG CCC CTG AAT GCG GCT AA 
Reverse primer GAA ACA CGG ACA CCC AAA GTA 

Probes 

Probe 1 FAM-TCT GTG GCG GAA CCG ACT A-TAMRA 
Probe 2 FAM-TCT GCA GCG GAA CCG ACT A-TAMRA 

4.3.2.2  Plaque assay 

Virus quantity was measured from the infected cells and from the cell culture 

medium by traditional plaque assay. It determines virus quantity by the amount of 

plaque forming units (pfu) in the sample. Plaque assay was also utilized to monitor 

the plaque phenotype by measuring the size of the plaques formed by the tested virus  

strains. The method has earlier been described by Amirbabak Sioofy-Khojine et. al. 

(194). The GMK cells were cultured on a 12 well plate. Serial dilutions of the virus  

stock were made into HBSS supplemented with 2% of HEPES (1M) and 0.6% of 

FBS. The virus dilutions were transferred onto GMK cells  and incubated for 1 h at 

37°C. Then the virus dilution was removed, and the cells covered with semisolid 

media (MEM, supplemented with 0.67% carboxymethyl cellulose) (Sigma-Aldrich) 

followed by an incubation for 2 days at 37°C in the CO2 incubator. The medium was 

discarded from the well and replaced by crystal violet stain containing 0.25% (w/v) 

crystal violet (Crystal violet aqueous 1% solution) (Electron Microscopy Sciences , 

Hatfield, England), 0.5% (v/v) formalin (Oy FF-Chemicals Ab, Finland), 10% (v/v) 

ethanol Aa (Altia Industrial, Helsinki, Finland), 35mM Tris base (Trizma®Base) 

(Sigma-Aldrich) and 0.5% (w/v) CaCl2 (J.T. Baker) and incubated with the stain for 

30 min at room temperature. Excess stain was washed with water. Finally, the 

plaques were calculated to determine pfu/ml value in each sample. The well plates  

were also recorded to follow plaque phenotype over the time. 
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4.3.2.3  Immunostaining 

Immunofluorescent staining was performed to verify the presence of the virus from 

persistent infection models. Cell samples of persistent infection models were 

collected for immunofluorescent staining from several time points. The cell samples 

were harvested by scraping and fixed over night at 10% formalin (Oy FF-Chemicals  

Ab, Finland) followed by paraffin embedding. The cell samples were immunostained 

by rat monoclonal 3A6 antibody (215), which binds to EV VP1 viral protein and by 

commercial J2 mouse monoclonal antibody (Scicons, Budapest, Hungary), which 

detects dsRNA. Imaging of the samples was done by Olympus IX51 Fluorescence 

Microscope. 

Besides immunofluorescent staining, immunohistochemistry was utilized to 

detect EV VP1 protein from the persistently infected cells during various stages of 

the infection. An automated immunostaining was performed for the formalin-fixed 

paraffin-embedded (FFPE) cell samples using a commercially available mouse 

monoclonal antibody (clone 5-D8/1, product code M 7064) (Agilent Dako, Santa 

Clara, California, USA), as previously described (198). Imaging was done using an 

Olympus BX-60 microscope. 

4.3.3 Resistance to superinfection 

The capability of persistently infected cells to get superinfected with the same CVB1 

strain that was causing persistent infection, or with another CVB serotype, was 

studied in the superinfection experiments. In these experiments PANC-1 cells  

persistently infected with either CVB1 ATCC or CVB1 10796 strains were 

superinfected with fresh CVB1 ATCC strain or CVB3 virus with multiplicity of 

infection (MOI) 100. The cytopathic effect was visualized by regular light 

microscope and by crystal violet staining 2 days p.i.. 

4.3.4 CAR receptor usage 

The ability of the persistent infection derived viruses (PIDV) ability to infect CAR-

deficient CHO cells and CHO-CAR cells expressing human CAR receptor was 

tested. CHO and CHO-CAR cells were cultured on coverslips and infected by 

PIDVs collected from CVB1 ATCC and CVB1 10796 persistent infections for 6h at 

37°C in the CO2 incubator. The presence of infected cells was verified by 
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immunostaining. The infected cells were fixed by 4% paraformaldehyde (PFA) and 

immunostained by rat monoclonal 3A6 antibody, detecting EV VP1 capsid protein 

(215). Additionally, infected CHO and CHO-CAR cells were monitored for 24h to 

detect cytopathic effect due to virus infection. 

4.4 Host cell evolution in persistent infection 

Evolution of the host cell in persistent infection was studied by proteomics analyses 

in collaboration with Professor Riitta Lahesmaa, Dr. Niina Lietzen, M.Sc. Karoliina 

Hirvonen and M.Sc. Tanja Buchacher in the University of Turku, Finland. Host cell 

evolution studies included targeted study settings, including e.g., quantitative PCR, 

immunofluorescent staining, western blot and in situ hybridization, based on 

proteomics data. The study included PANC-1 cells persistently infected with CVB1 

ATCC or 10796 and non-infected control cells, which were treated alike. 

4.4.1 Proteomics 

The proteomics procedure is described in detail in the publication I (216). Two 

different sample types were analyzed including the cell pellets and cell culture 

supernatants. 

4.4.1.1  Sample collection for proteomics 

The persistently infected PANC-1 cells and non-infected control cells were cultured 

in serum free DMEM supplemented with PenStrep four days prior to the 

experiment. For the proteomics analysis dry cell pellets and cell culture supernatants  

were collected for the analyses host cell proteome and secretome. Three biological 

repeats of persistently infected cells and non-infected control cells were collected for 

proteomics analysis 300-322 days p.i.. The cells were collected by mechanically 

detaching them from the plastic (scraping) followed by pelleting them using 10 min 

centrifugation at 2500 rpm (Heraeus Christ) and storing the cells at -80°C. The 

collected cell culture supernatants were cleared by centrifugation (Heraeus Christ 

centrifuge, 2500 rpm, 10 min) and stored at -80°C. ToxiLight™ Non-destructive 

Cytotoxicity BioAssay Kit (Lonza, Basel, Switzerland) was utilized to estimate cell 
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viability from supernatant samples collected two days prior to cell sample collection 

for proteomics. 

4.4.1.2  Cell pellet lysis and digestion 

To denature proteins and inactivate the virus, the cell pellets were lysed in 4 % SDS 

and 0.1 M dithiothreitol (DTT) in 0.1 M Tris HCl, pH 7.6 and incubated for 5min 

at 95°C. The lysates were clarified by centrifugation at 16 000 g at 20°C for 20 min, 

and the supernatant containing the extracted proteins was collected. Around 60 µg 

of protein lysate was processed further. Detergent removal and protein digestion was 

done using modified filter assisted sample preparation (FASP) protocol (217). 

4.4.1.3  Cell culture supernatant digestion 

First the cell culture supernatant samples were concentrated in 10 kDa Amicon 

Ultra-15 Centrifugal filter units (Merck Millipore, Burlington, Massachusetts, USA) 

by centrifugation at 3 220 g at 4°C for 1 h. Then the virus was inactivated from 

samples by heating for 5min at 95°C. The samples were further concentrated using 

3 kDa Amicon Ultra-0.5 Centrifugal filter units (Merck Millipore) by centrifugation 

at 14 000 g at 20 °C for 1 h. The buffer was changed into 8 M urea in 0.1 M 

ammonium bicarbonate and centrifuged at 14 000 g at 20°C for 45 min. The 

disulphide bonds were then reduced by incubation at 37°C for 1h in 5 mM DTT in 

0.1 M ammonium bicarbonate. Then the samples were alkylated by incubating the 

samples in dark at room temperature for 30 min with 13 mM iodoacetamide in 0.1 

M ammonium bicarbonate. Then 0.1 M ammonium bicarbonate is added to the 

samples to decrease urea concentration below 1.5 M. The proteins are digested by 

trypsin (Promega, Madison, Wisconsin, USA) (enzyme to substrate ratio 1:20) in 

incubation at 37°C overnight. After incubation the pH is reduced to pH 3 to 

inactivate the trypsin. Sep-Pak® C18 cartridges (Waters, Milford, Massachusetts, 

USA) was utilized for desalting and finally the samples were dried in a speed vacuum 

centrifuge. 
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4.4.1.4  Mass spectrometric analyses 

The dried cell lysates and cell culture supernatants samples were dissolved into 

solution containing 2% formic acid and 2% acetonitrile prior to the mass 

spectrometry. The used protein content of the samples, measured by NanoDrop-

1000 UV-spectrometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA), 

used in liquid chromatograph mass spectrometer (LC-MS/MS) analysis was around 

250 ng. Mass spectrometric device used in analyses was EASY-nLC 1200 liquid 

chromatograph connected to Q Exactive™ HF Hybrid Quadrupole-Orbitrap™ and 

equipped with a nano-electrospray ion source (Thermo Fischer Scientific)(216). 

4.4.1.5  Data processing and analysis 

The raw data obtained from the LC-MS/MS was processed by MaxQuant software 

(218) version 1.5.5.1. with the following parameters: two miss cleavage allowed, 

cystine carboxymethylation was specified as a fixed modification and methionine 

oxidation and N-terminal acetylation as variable modifications, trypsin digestion was 

also set as a specific factor. A “match between runs” function was used, but 

otherwise default settings were used. Searches were conducted against the 

Andromeda peptide search engine (219) was used against a combined database of 

SwissProt human and TrEMBL enterovirus sequences (version June 2018, 80862 

entries) together with indexed Retention Time peptide sequences and a common 

contaminants database. Then the data was further analyzed with Perseus software 

(220). Normalized label-free quantification intensities were used and proteins with 

false discovery rate < 5% and |fold-change| > 1.5 were considered significantly 

differentially expressed. 

The functional data analysis was performed using Ingenuity Pathway Analysis  

(IPA, www.qiagen.com/ingenuity, Qiagen) and DAVID Functional Annotations 

(221) tools. IPA pathways with p-value <0.01 and Gene Ontology classes with 

DAVID FDR <0.05 and were limits when considered as significantly enriched. For 

predicting proteins with a secretory signal peptide, a neural network based SignalP 

(version 4.1) software was utilized (222). For distinguishing between signal peptides 

and transmembrane regions, both SignalP-TM and SignalP-noTM networks were 

used. 
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4.4.2 Quantitative real time-PCR  

Cell samples collected for the proteomics analysis were utilized for target gene RT-

qPCR analyses. First, the total RNA was extracted from the samples using the 

AllPrep DNA/RNA/miRNA Universal Kit (Qiagen). The samples were then 

treated with DNase I (Invitrogen, Carlsbad, California, USA) prior to cDNA 

synthesis and the SuperScript II Reverse Transcriptase (Invitrogen) was used for 

cDNA synthesis. Finally, KAPA™ probe fast qPCR Master Mix (Kapa Biosystems, 

Wilmington, Massachusetts, USA) and Universal ProbeLibrary probes (Roche 

Applied Science, Penzberg, Germany) with custom ordered primers (table 4) were 

used to perform quantitative PCR (qPCR). 

Biosystems QuantStudio 12K Flex Real-Time PCR System utilized in qPCR run 

program having 10 minutes enzyme activation and 40 cycles of 15 sec 95°C, 1 min 

60°C. Triplicates were made of each reaction and the cycle threshold values were 

normalized gains the housekeeping gene (GAPDH, Glyceraldehyde-3-Phosphate 

Dehydrogenase) and expressed as deltaCt = (CtGene−CtGAPDH). 

Table 4.  RT-qPCR probes and primers for detecting interferon lambda 1 (IFNL1), secretogranin-

3 (SCG3), chromogranin B (CHGB) and carboxypeptidase E (CPE) genes. 

IFNL1 

5’-probe-3’ Universal Probelibrary probe #79 
5’-primer1-3’ 5' - ggcctgtatccagcctca -3' 
5’-primer2-3’ 5' - ctggaggcatctgtcacctt- 3' 

SCG3 

5’-probe-3’ Universal Probelibrary probe #47 
5’-primer1-3’ 5’ - gagtggattggatcataaatttcaa - 3’ 
5’-primer2-3’ 5’ - atgaagtagcagaggttttacaaaaat - 3’ 

CPE 

5’-probe-3’ Universal Probelibrary probe #3 
5’-primer1-3’ 5’ - gaaagtggcagttccttacagc - 3’ 
5’-primer2-3’ 5’ - ttttgaactggagtcattttctga - 3’ 

CHGB 

5’-probe-3’ Universal Probelibrary probe #79 
5’-primer1-3’ 5’ - ttctgaggagccggtgag - 3’ 
5’-primer2-3’ 5’ - gaactcgaaaacttggctgc - 3’ 
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4.4.3 Western blot analyses 

Cell lysates collected for proteomics were utilized in western blot (WB) analyzes. The 

aim of the WB analyze was to verify if the eIF4G is cleaved during persistent 

infection. The samples were run on Mini-PROTEAN® TGX™ Precast Protein 

Gels (BioRad Laboraotries, Hercules, California, USA) and subsequently transferred 

to polyvinylidene fluoride membranes (Trans-Blot Turbo Transfer Packs) (BioRad 

Laboratories). The membranes were stained with eIF4G (#2617) primary antibody 

(Cell Signaling Technologies, Denvers, Massachusetts, USA). 

4.4.4 Live cell immunofluorescent staining 

Mitochondrial network morphology of PANC-1 persistently infected with CVB1 

(ATCC and 10796) and non-infected control cells, was visualized by 

immunostaining. Persistently infected cells were plated on 2% gelatin (Sigma-

Aldrich) coated coverslips. Live cells were incubated for 45 min at 37C and 5% 

CO2 in 20 nM Mitotracker Red CMXRos (Life Technologies, Carlsbad, California, 

USA) -DMEM solution, which accumulates in the mitochondria based on the 

membrane potential. The dye was removed by rinsing with PBS. Imaging was done 

using an Olympus IX51 Fluorescence Microscope. 

4.4.1 In situ -hybridization 

FFPE samples of PANC-1 cells persistently infected with CVB1 (ATCC or 10796) 

and non-infected control cells were collected from two different time points (102 

days and 228 days post infection). A commercial QuantiGene ViewRNA in situ 

hybridization -technique (Thermo Fisher Scientific) was applied to detect a viral 

pattern recognition receptor IFIH1/MDA5 (#VA1-13031) (Thermo Fisher 

Scientific) in FFPE samples. The process was done according to the manufacturer’s  

instructions as described previously (223). First, the samples were deparaffinized, 

dehydrated and rehydrated, after which they were boiled for 10 min and incubated 

with proteinase for another 10 min. Subsequently, the target-specific probes were 

hybridized for 2 h at 40°C using ThermoBrite® (Leica Biosystems, Wetzlar, 

Germany). After hybridization the signal was amplified with alkaline phosphatase -

labeled probes and visualized under both brightfield and fluorescent lights with 

Olympus BX-60 microscope. 
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4.5 Genomic evolution of viral genome 

The genomic evolution of CVB1 during persistent infection was analyzed by next 

generation sequencing method (NGS). The NGS was done from the parental strain 

and from additional two time points, called TP1 and TP2, which were approximately 

5-7 and 12-months post infection. The NGS method is briefly described in 

publication II (224) and it is based on published method (224,225). 

4.5.1 Next generation sequencing 

First, the virus RNA was extracted from the supernatant samples using QIAamp 

Viral RNA Mini kit (Qiagen) according to manufacturer’s instructions. Next the 

RNA was reverse transcribed to cDNA with ImProm II reverse transcriptase 

(Promega, Madison, Wisconsin, USA). Then the second strand was synthesized by 

adding 5'-end exonuclease negative Klenow fragment (Promega) in final 

concentration of 2.5 units/ reaction and incubating for 1h at 37C. The step was 

followed by Klenow fragment inactivation for 10 min at 75C. 

Then the excess primers and nucleotides were purified by Exo-SAP treatment, 

including SAP-recombinant protein and exonuclease I with the double-stranded (ds) 

transcripts in incubation for 60 min at 37C and for 15 min at 75°C. Then AmpliTaq 

Gold chemistry (Applied Biosystems, Foster City, California, USA) was utilized to 

amplify the ds-transcripts with the tags in PCR program shown in table 5 modified 

from method used in the analysis of virome (224). 

Table 5.  PCR program for amplifying ds-transcripts with tag using AmpliTaq Gold chemistry. 

PCR program 

 95°C 5 min 

20 cycles 95°C, 1 min 
55°C, 1 min 
72°C, 2 min 

 72°C 10 min 
 4°C infinity 

Then the formed libraries were purified and size selected. In this step Agencourt 

AMPure XP (Beckman Coulter, Brea, California, USA) was mixed with ds-transcript 

in 0.5x ratio and incubated for 5-10 min at room temperature. Then the beads were 

separated from the solution by placing the reaction onto Agencourt Magnet plate, 

which was subsequently placed onto Agencourt SPRIPlate Super Magnet Plate. The 
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amount of the DNA was measured with Quant-iT™ dsDNA High-Sensitivity Assay 

Kit (Invitrogen) using Qubit™ Fluorometer (Invitrogen). The samples were diluted 

into 0.2 ng/µl of DNA. 

Then the libraries were processed using Nextera XT DNA Sample Preparation 

Kit (Illumina, San Diego, California, USA) applying of twenty-four samples per a 

sequencing run indexing strategy. The manufacturer’s instructions were followed 

until the normalization step. Briefly the following steps are included: tagmentation, 

library amplification and purification using Agencourt AMPure XP. Then the quality 

of the samples was analyzed using Fragment Analyzer by following Fragment 

Analyzer NGS&RNA Analysis Kit’s instructions (Agilent, Santa Clara, California, 

USA). 

Prior to sequencing the samples were diluted based on concentrations assessed 

by KAPA Library quantification kit (Illumina) before and after the pooling of the 

samples. Libraries were sequenced by MiSeq instrument (Illumina) applying the 

Nextera XT v2. 250x250-cycles sequencing kit (Illumina). 

4.5.1.1  Sanger sequencing 

Earlier the genome of different CVB1 strains has been sequenced by sanger 

sequencing in Tampere laboratory (unpublished). The obtained sequences were used 

as template in this study to build-up the obtained reads from NGS to full length 

virus genome sequences. 

4.5.2 Analysis of sequence data  

The sequencing data quality was determined by FastQC-0.11.7 and subsequently the 

reads were trimmed by Trimmomatic-0.36.0. based on the quality. PCR and optical 

duplication reads were removed by Clumbify tool on BBTools-37.96. Obtained 

reads were aligned by BWA-0.7.17 with strain-specific reference sequences created 

by Sanger sequencing. Samtools-1.6. was utilized for alignment filtering and sorting. 

SNPs (single-nucleotide polymorphism) was identified by Breseq-0.31.1 run in 

polymorphism mode having a threshold of five for forward and reverse-strand reads. 

Additionally, it was set that at least 5% of the obtained reads must appear with the 

alternative allele to identify mutation at the site. Custom scripts were used for cutting 

of the synonymous SNPs. Obtained sequences were aligned by Clustal omega online 

tool, and CVB3 Nancy strains (sequence obtained from NCBI, NC_038307.1) was 
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included in the alignment. GeneDoc program was used to translate the alignments  

into amino acid (AA) sequences. 

4.5.3 3D modelling of CVB1 protein structure 

The CVB1 virus was 3D modelled to visualize the locations of the mutations on the 

virus capsid surface. First, the capsid region from the genome was extracted using a 

custom-made Python script. Then two CVB3 X-ray diffraction templates, 4GB3 and 

COV1, (obtained from Protein Data Bank) was used as a template for 3D modelling 

of CVB1. Then 20 models were created using Modeller-9.20 (226), among which the 

one having lowest DOPE score was chosen for visualization (227). The CVB1 3D 

model was visualized by ChimeraX. 

4.6 Studies with antiviral drugs 

Antiviral drugs were tested in acute infection model and in persistent infection model 

(figure 6). In the first phase ten potential antiviral drugs were tested using acute 

infection model with all CVB1-6 (ATCC) serotypes and additionally with CVB1 

10796 clinical isolate. In the second phase the most potential drugs were tested in 

persistent infection model based on PANC-1 cells persistently infected with CVB1 

strains ATCC and CVB1 10796. 

 

 



 

51 

 

Figure 6.  Schematic illustration of antiviral study. 

4.6.1 Virus purification 

CVB serotypes were first partially purified prior to their use in antiviral drug testing. 

The CVBs were propagated on GMK cells and after complete cytopathic effect 0.3% 

of sodium deoxycholate (Sigma-Aldrich) and 0.6% Nonident (N)P-40 (Sigma-

Aldrich) were added to degrade lipid structures. The culture medium was collected 

and freeze-thawed for three times followed by clarification by centrifugation for 

3,000 rpm for 15 min and filtering through a 0.2 µm filter. Virus was loaded on the 

top of 30% sucrose cushion gradient and ultracentrifuged for 6-14 h at 32,000 rpm 

at 4C, by Beckman ultracentrifuge, rotor SW32Ti. Supernatant was discarded and 

the pellet dissolved into R-buffer using magnetic stirring at 4C. Dissolved virus prep 

was filtered through 0.2 µm filter and centrifuged at 13,000 rpm in Eppendorf bench 

top centrifuge for 5 min at 4C. Supernatant was collected and further diluted into 

HANK’s-HEPES medium. 

4.6.2 Tested antiviral drugs 

Ten drugs were included in the studies based on their previously reported anti-EV 

effect (132,140,143,144,148,228-230). Azithromycin dihydrate (Azithromycin, 
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product code PZ0007), Fluoxetine (F132), Norfluoxetine (F133), Itraconazole 

(I6657), Lovastatin (1370600), Pleconaril (SML0307), and Ribavirin (R9644) were 

purchased from Sigma-Aldrich. Enviroxime (4933161) was obtained from Advanced 

Technology and Industrial Co., Ltd., (Hongkong), and Favipiravir (product code 

C8705) from Cellagen Technology (San Diego, California, USA). Concentrated 

human IgG product (Hizentra; 200mg/ml, CSL Behring GmbH), prepared from 

human′s blood plasma, containing 200 mg/ml immunoglobulin (at least 98% 

immunoglobulin G), confirmed to neutralize ATCC prototype stains of CVB1 at 0.2 

mg/ml, CVB2 at 0.2 mg/ml, CVB3 0.2 mg/ml, CVB4 0.05 mg/ml, CVB5 0.8 ml/ml 

and CVB6 3.1 mg/ml concentration in GMK cells using classic plaque reduction 

assay (see section 4.3.2.2) (194). Ribavirin was dissolved in sterile water to prepare a 

200 mM stock solution and it was stored at 4°C for future use. All other compounds 

were dissolved in DMSO (Sigma-Aldrich) to prepare 20-200 mM stock solutions 

that were stored at 4°C until used. 

4.6.3 Antiviral drug cytotoxicity 

The cytotoxicity of the antiviral drugs was assessed using human A549 cells. The 

cells were cultured on 96-well plate (Thermo Fisher Scientific Nunc A/S) in density 

of 40,000K cells/ well cultured on HAM’s F12 supplemented with 10% FBS and 

PenSter. Medium was discarded two days later and replaced by fresh medium 

without antibiotics. The antiviral drugs were diluted on separate round 96-well plate 

(Thermo Fisher Scientific Nunc A/S) and transferred on top of cells with final 

concentrations listed on table 6. The drugs were incubated on cells for 48 hours at 

37ºC in a humidified atmosphere containing 5% CO2. The medium was discarded 

and replaced by crystal violet solution, which content is described in section 4.3.2.2 . 

The crystal violet solution was incubated on cells for 30 min at room temperature. 

The crystal violet stain precipitates into remaining living cells and the excess stain 

solution was washed away with water. Finally, the remaining crystal violet was 

solubilized by 1% (w/v) SDS (Sigma-Aldrich) in PBS. The absorbance at 595 nm of 

the suspension was measured on a microplate reader (Perkin Elmer Victor2V 

Multilabel Counter 1420-040, Waltham, Massachusetts, USA) as a marker of live 

cells. The relative cell viability value was calculated comparing the absorbance values  

of the test wells to those of mock-infected wells representing 100% cell viability 

using Microsoft Excel. . GraphPad Prism (GraphPad Software) program was utilized 

to calculate half-effective concentration (EC50). 
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Table 6.  Antiviral drugs and used concentrations in cytotoxicity -and in acute infection assays. 

Antiviral drug Tested concentrations 

Azithromycin 3.13, 6.25, 12.5, 25, 50 and 100 µM 
Enviroxime 0.047, 0.094, 0.188, 0.375, 0.75 and 1.5 µM 

Favipiravir 12.5, 25, 50, 100, 200 and 400 µM  
Fluoxetine 1.56, 3.13, 6.25, 12.5, 25 and 50 µM 
Norfluoxetine 1.56, 3.13, 6.25, 12.5, 25 and 50 µM 

Hizentra 0.125, 0.25, 0.5, 1, 2 and 4 mg/ml 
Itraconazole 0.78, 1.56, 3.13, 6.25, 12.5 and 25 µM 

Lovastatin 0.01, 0.05, 0.1, 0.5, 1 and 5 µM 
Pleconaril 0.01, 0.05, 0.1, 0.5, 1 and 5 µM 
Ribavirin 0.078, 0.156, 0.313, 0.625, 1.25 and 2.5 mM 

4.6.4 Effect of antiviral drugs in acute infection model 

4.6.4.1  Effect on Coxsackie B group viruses 

Antiviral drugs were tested in acute infection model using a protocol that measures 

the development of cytopathic effect in human lung adenocarcinoma cells (A549 cell 

line). The cells were cultured at a density of 40,000 cells/well in a 96-well plate 

(Thermo Fisher Scientific Nunc A/S), maintained in HAM′s F12 medium 

supplemented with 10% FBS and 0.5% of PenStrep. The medium was changed prior 

to the assay into full medium without antibiotics. Hizentra and Pleconaril, the two 

capsid interfering drugs, were incubated for 1 h with the virus prior to the infection, 

because of their mechanism of action. Azithromycin and Lovastatin were added on 

cells 24 h prior to the infection (140,143). For other drugs the pre-incubation time 

on cells was 1 h. The infection dose was adjusted to a level nearly causing 100% 

cytopathic effect at 48 h post infection (p.i.). Each drug concentration was tested in 

triplicate wells and each test run contained control wells including the virus infection 

in the absence of the drugs. The cells were incubated for 48 h at 37ºC in a humidified 

atmosphere containing 5% CO2. After the incubation the cells are stained by crystal 

violet solution and the cell viability is analyzed as described above in section 4.6.3. 

4.6.4.2  Effect on different Coxsackievirus B1 strains 

The CVB1 ATCC and CVB1 10796 strains were analyzed using the acute infection 

assay as described above in section 4.6.4.1. However, a greater virus amount was 
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used for infection (~2×106 pfu/ml), to reach virus loads that were seen in the 

persistent infection models. 

4.6.4.3  Quantification of antiviral effect 

The half effective dose (ED50), the concentration in which half of the cells are 

rescued from the cell death caused by viral infection, was used to define effective 

concentrations of each drug. Each experiment was performed in triplicated wells. 

The dose response curves were visualized using GraphPad prism (version 5.02). The 

log(agonist) vs. response function based on a non‐linear regression method was 

utilized, was used to generate the graphs. The ED50 is only applicable if it achieves  

50% blockage of virus infection in some concentration. 

Besides the ED50 values, also half maximal effective concertation (EC50) and half 

maximal cytotoxic concentration (CC50) were determined using GraphPad prism. 

The CC50 is the concentration, which causes death of half of the uninfected cells. 

The EC50 is half of the 100% effect the drug can reach; in this case it was mainly 

applicable in cases in which the drug reached 100% effect or nearly full effect. 

4.6.5 Effect of antiviral drugs in persistent infection models 

4.6.5.1  Effect on persistent Coxsackievirus B1 infection 

After prescreening of antiviral activity in the acute infection model, the active drugs 

were tested in the chronic infection cell model. The chronic CVB1 infection was 

established in PANC-1 cell line and stabilized by passaging persistently infected cells  

continuously for almost one year. After establishing stable models, the persistently 

infected cells were sub-cultured on 12-well plates (Thermo Fisher Scientific Nunc 

A/S) and the tested drugs were diluted directly into the culture medium containing 

DMEM supplemented with 10% FBS and 0.5% of PenStrep. This medium was 

renewed three times a week. The cells were passaged once a week by scraping. Cell 

culture supernatant samples were collected during each time the medium was 

changed and the cell samples were collected during each passage. Cells were treated 

with the drugs for 8 weeks and were monitored for additional 4 weeks after the 

termination of antiviral treatment. The collected supernatant and cell fractions were 

analyzed by RT-qPCR to detect viral RNA. The following drugs and concentrations  
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were tested: Ribavirin (0.001, 0.01, 0.5, 1, 1.5, 2 and 2.5 mM), Pleconaril (0.001, 0.01, 

0.1, 0.5, 1, 2.5, 5 and 10 µM), Fluoxetine (0.5, 1, 5, 10, 15 and 20 µM), Enviroxime 

(0.003, 0.03, 0.3, 3, 9 and µM), Hizentra (0.125, 0.25, 0.5, 1, 2, 4, 10 and 20 mg/ml), 

Itraconazole (5, 10 and 20 µM) and Lovastatin (1, 5 and 10 µM). The results were 

confirmed in three independent experiments, except Itraconazole and Lovastatin, 

which were tested only once. 

4.6.5.2  Sanger sequencing 

The VP1 sequencing was performed for CVB1 ATCC and 10796 strains using 

protocol earlier published by Oberste et. al. (231). Additionally, the VP1 sequencing 

was performed for the samples collected from multiple time points across the 

Pleconaril treatment on persistently infected cells, to study Pleconaril associated 

amino acids and especially AA92 in VP1, which has been shown to effect on 

Pleconaril efficiency. 

4.6.5.3  Re-infection of cured cells 

Persistently infected PANC-1 cells were cured by the treatment by 15 µM of 

Fluoxetine. Eradication of the virus was verified by RT-qPCR and immunostaining 

confirming that the cells were virus free. The cured PANC-1 cells were then infected 

with fresh CVB1 ATCC virus with MOI100. The cells were fixed by 4% PFA and 

immunostained with commercial antibody (clone 5-D8/1, product code M 7064) 

(Agilent Dako), which binds to EV VP1 capsid protein. 
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5 RESULTS 

5.1 Verification of viral persistency in pancreatic cell lines 

Altogether, eight persistent EV infection models have been established during this 

thesis project using four different CVB1 strains in two different pancreatic cell lines, 

PANC-1 (a pancreatic epithelial cell line), and 1.1B4 (a pancreatic β-cell line). Four 

strains of CVB1 (the ATCC prototype strain, 10796, 10797, and 10802) were used 

to infect PANC-1 cells. The CVB1 ATCC strain was used to establish two 

independent persistent infections in PANC-1 cells, separated later as experiment 1 

(E1) and experiment 2 (E2). Three stains of CVB1 (ATCC, 10796 and 10802) were 

used to infect 1.1B4 cells. The PIDVs that originated from different cell lines are 

hereafter referred to as “strain code-PIDV[cell line]”. 

The presence of the virus was monitored by quantifying viral RNA using RT-

qPCR from regularly collected cell culture medium samples. The cells were first 

infected, causing acute infection. Acute infection caused strong cytopathic effect in 

PANC-1 cells and in 1.1B4 cells infected by CVB1 10796. In this persistent infection 

models, the viral genome copy numbers dropped first in the beginning, probably due 

to the massive cell death and lack of host cells. The remaining cells were washed 

regularly by HBSS. After the cells replenish following the initial acute infection 

phase, the copy numbers stabilized to the range of around 108-109 copies/ml (around 

170-1700 copies/cell) (figure 7a). The replenished cells were washed and passaged 

regularly. The presence of the virus was also monitored using different labelling 

methods. The EV VP1 protein was visualized by immunofluorescent staining and 

by immunohistochemistry. The amount of dsRNA produced during the infection 

was visualized by immunofluorescent staining. According to these imaging analyses, 

a share of the cells showed as virus positive (figure 7b). Despite the multiple methods 

of analysis, the exact quantity of persistently infected cells remains unknown. 

However, based on later stage of the persistent CVB1 infection (12.7–14.2 months 

post-infection) estimation of VP1 positive cells was 22.9 ± 13.7%. The VP1 

positivity ranged between the persistently infected cell models in that certain time 

point from 7.1 ± 0.5% in the CVB1 10796 persistent infection in 1.1B4 cells to 41.7 

± 9.8% in CVB1 10797 in PANC-1 cells. The plaque size was studied using culture 
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medium samples by plaque assay. The plaque size of the PIDVs reduced over the 

time except in the case of prototype CVB1-derived ATCC-PIDV[1.1B4] which showed 

no clear changes in the plaque size during the follow-up time. The change in the 

plaque size was most obvious in 10796-, 10797- and 10802-PIDVs, partly because 

these had larger plaques in the beginning. When PANC-1 cells that were persistently 

infected with CVB1 ATCC or CVB1 10796 were superinfected with CVB1 ATCC 

or CVB3 ATCC (Nancy strain), no cytopathic effect was observed 2 days post 

infection. Altogether, these are typical characteristics of carrier state persistent 

infection previously described during persistent CVB4 infection in human and 

animal cell lines(37,38,232). 

 
 



 

58 

 

Figure 7.  A. Viral genome copy numbers in each persistent infection model over time. The copy 

numbers of each time point were measured by RT-qPCR. After 3-4 weeks the copy number 

eventually stabilized to the level of approximately 108 to 109 copies/mL, corresponding to 170-1700 
copies/cell. In the top graphs the timeline starts after addition of fresh PANC-1 cells into cultures 
indicated by an arrow, leading to strong cytopathic effect and transient drop in copy number due to 
cell lysis. The genome copy number dropped also in PANC-1 cultures infected with CVB1 10797 

and 10802, and in 1.1B4 infected with CVB1 10796 after initial infection. B. Visualization of VP1 
protein (red) and dsRNA (yellow) from CVB1 persistently infected cells in selected time points (3.4–
4.7 months post-infection corresponding time point 1, TP1, and 12.7–14.2 months post-infection 

corresponding TP2) and in uninfected control cells (CNTRL). Figure is modified from figure 1 and 
2 from Publication II. 

5.2 Host cell modifications during the development of CVB1 
persistency 

The host cell modifications were studied by collecting both cells and the cell culture 

medium from two persistent infection models in PANC-1 cells by CVB1 ATCC or 

10796 strains, as well as the samples from uninfected PANC-1 cells. The cell lysates  

and cell culture supernatants were analyzed using mass spectrometry-based 

proteomics to identify changes induced by virus persistency. 

The results of the proteomics analysis are summarized in figure 8. One of the 

main findings was that the antiviral host response differed markedly between CVB1 

ATCC and CVB1 10796 persistent infections. This was seen as an upregulation of 
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some innate immune response markers such as interferon lambda 1 and its 

downstream targets during CVB1 ATCC persistent infection, while those targets  

were downregulated during CVB1 10796 persistent infection. In addition, the 

mitochondrial energy metabolism was strongly downregulated during CVB1 

persistency by both virus strains. Also, proteins involved in mitochondrial fusion 

process were downregulated particularly in CVB1 10796 persistent infection. The 

CVB receptor, CAR, was only detected in uninfected control cells, but was strongly 

downregulated in CVB1 persistent infection by both virus strains. In addition, 

regulated secretion pathway effectors were downregulated in CVB1 persistent 

infection. Proteins associated with the β-cell fate were either significantly upregulated 

or downregulated in persistent infection by both CVB1 strains . 

 

 

Figure 8.  Summary of the results from proteomics analyses of persistently CVB1 infected cells. The 
horizontal line describes the level of non-infected cells and the arrows are pointing either up, 

expressing upregulation, down expressing downregulation, or in both directions indicating a 
modified expression (either upregulated or downregulated in comparison to non-infected cells). 

5.2.1 Expression of cellular proteins during persistent CVB1 infection 

CVB1 persistent infection had a prominent influence on the expression of several 

host cell proteins. In a proteomics analysis, altogether 5130 distinct intracellular 

protein groups were identified in PANC-1 cell lysates of uninfected control cells, 

and CVB1 ATCC and 10796 persistently infected cells. From the cell culture medium 



 

60 

of the same cell cultures, altogether 3181 secreted protein groups were identified 

(secretome). Significant changes in intracellular protein expression and in protein 

secretion were observed during persistent infection. Altogether 688 intracellular 

proteins were upregulated in persistently infected cells, and 2001 proteins were 

downregulated. The number of upregulated proteins common for both CVB1 strains 

was 85 and for downregulated proteins, the number was 520. Altogether 919 

secretome proteins were upregulated and 630 downregulated, of which 166 and 197 

were changed similarly by both CVB1 strains, respectively. 

Virus replication over the 300 days in persistently infected cells was verified by 

identifying viral peptides from cell lysates and culture mediums, using the CVB1 

Japan strain as a template (P08291, SwissProt) in a proteomics analysis. More viral 

proteins were identified in the cell lysates and supernatant of CVB1 10796 infected 

cells compared CVB1 ATCC infected cells. 

5.2.2 Persistent CVB1 infection usurps the host cell machinery 

EVs can affect the host cell machinery to facilitate the effective production of 

progeny virus. Several mechanisms can be involved as observed in these persistent 

CVB1 infection models. The expression of PCBP2 protein, which is essential in 

IRES-mediated translation and viral replication (233), was significantly upregulated  

in persistently infected cells. Additionally, western blot analysis showed that the host 

translation initiation factor eIF4G required for cap-dependent translation (77) was 

cleaved in CVB1 persistently infected cells. In addition, the proteins responsible for 

nucleocytoplasmic trafficking were significantly downregulated during persistent 

infection. This is in line with previous studies suggesting that RNA viruses that 

replicate in the cytoplasm may inhibit nucleocytoplasmic trafficking to ensure the 

accessibility of the necessary proteins for the virus replication (234,235). 

The EV translation occurs in the cytosol in viral replication organelles , which are 

formed by lipids. For example, cholesterol is important for the replication of CVBs, 

and the infection leads to an enrichment of free intracellular cholesterol, which is 

subsequently transported to replication organelles (103,236). In addition, it has been 

shown that CVB replication in the cells may be stimulated with higher levels of free 

cholesterol (103). The proteins involved in the cholesterol biosynthesis and 

mevalonate pathway that provides the building blocks for cholesterol biosynthesis 

were enriched among the upregulated proteins in the IPA analysis of persistently 

infected cells. 
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5.2.3 Expression of the CVB1 receptor 

All CVBs use the CAR as the receptor for internalization (237). The DAF, also 

named as CD55, serves as a co-receptor for CVB1, CVB3 and CVB5 (20). 

Interestingly, the CAR receptor protein was strongly downregulated during 

persistent CVB1 infection since it was only identified from non-infected control cell 

samples. The DAF co-receptor was also downregulated – it was identified through 

the cell culture medium of uninfected control cells but not in the medium of 

persistently infected cells. In addition, pathway analyses indicated that several 

receptor proteins participating in virus entry via the endocytic pathways were 

downregulated. However, despite the strong downregulation of CAR in persistently 

infected cells, PIDVs were still able to use CAR as a receptor for cell entry as shown 

by infecting CAR-deficient CHO and CHO-CAR cells with these strains (the human 

CAR receptor has been transfected into CHO cells generating these CHO-CAR 

cells) (212). In contrast to native CHO cells, the CHO-CAR cells became infected 

by both CVB1 PIDV strains, leading to a cytopathic effect, and infection was 

confirmed by the detection of the EV VP1 protein 6 h post infection by 

immunostaining. No VP1 positive cells were observed in CHO cells infected with 

the viruses. 

The autophagosome marker LC3 B was also downregulated during persistent 

CVB1 infection. The non-lytic exit of CVBs in microvesicles expressing LC3 

autophagosomal markers has been reported earlier (34,238). Therefore, 

downregulation of this molecule may indicate additional limitations for virus  

spreading in neighboring cells in persistent CVB1 infection. 

5.2.4 The expression of mitochondrial proteins 

Mitochondrial proteins were extensively downregulated during persistent CVB1 

infection. Altogether, 27 and 42 mitochondrial energy metabolism proteins of 

oxidative phosphorylation were downregulated during persistent CVB1 ATCC and 

CVB1 10796 infections, respectively. Besides the proteins involved in oxidative 

phosphorylation, proteins from the citric acid cycle, fatty acid β-oxidation, and valine 

and leucine degradation components were also strongly downregulated in both 

models. 

Due to the strong downregulation of mitochondrial proteins in persistently 

infected cells, the morphology of mitochondria was investigated using fluorescent 

live cell imaging. The mitochondria network was visualized from live cells with 
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Mitotracker Red CMXRos. The cells were classified based on their mitochondrial 

network morphology and placed in different categories, including cells with 

elongated filaments, cells with filaments, and cells with intermediate and fragmented 

networks. A clear difference was observed by immunofluorescence imaging in 

mitochondrial morphology between PANC-1 cells that were persistently infected 

with CVB1 10796 or ATCC: 44±14% of the cells infected with CVB1 10796 had a 

fragmented network, while the majority of uninfected control cells and cells  

persistently infected by CVB1 ATCC had a filamentous network (p<0.0). In 

addition, mitofusin 1, mitofusin 2 (MFN1 and MFN2) and dynamin-like 120 kDa 

mitochondrial protein (OPA1), which participate in the mitochondrial fusion 

process (239), were downregulated in cells persistently infected with CVB1 in 

proteomics analyses, supporting the findings from live cell imaging. 

The expression of MAVS was significantly downregulated in persistent CVB1 

10796 infection, while their expression was only slightly reduced in persistent CVB1 

ATCC infection. 

5.2.1 The antiviral response in persistently infected cells 

The antiviral response differed clearly between PANC-1 cells persistently infected 

by either CVB1 ATCC or CVB1 10796 strains (figure 9). The antiviral responses 

were strongly activated in cells persistently infected by the CVB1 ATCC strain, while 

they were downregulated in cells persistently infected by CVB1 10796. Similar strain-

specific differences in antiviral responses have been reported earlier between these 

CVB1 strains in the acute infection of human peripheral blood mononuclear cells  

and dendritic cell cultures (213). 

As a marker of this strain-specific pattern, the secretion of IFNL1 was 

upregulated in cells persistently infected by CVB1 ATCC, while it was 

downregulated in cells persistently infected by CVB1 10796. In addition, 14 of 26 

downstream target proteins of IFNL1 were upregulated in cells persistently infected 

by CVB1 ATCC. In contrast, 11 of them were downregulated in cells persistently 

infected by CVB1 10796 and nine remained undetectable although these were 

detected in uninfected control cells. 

One of the downstream target proteins of intracellular innate immune system 

activation is the cytosolic viral RNA receptor, the interferon-induced helicase C 

domain-containing protein 1 (IFIH1). IFIH1 protein coding gene, IFIH1,expression 

was visualized from persistently infected cells using in situ hybridization, detecting 



 

63 

expression of IFIH1 mRNA. The cells persistently infected by CVB1 10796 had low 

or no IFIH1 expression, while CVB1 ATCC infected cells were clearly IFIH1 

positive. Uninfected control cells were mostly IFIH1 negative. 

Other cellular antiviral immune response -associated proteins including 

immunoproteasome component proteasome 20S Subunit Beta 8 (PSMB8), 

endoplasmic reticulum aminopeptidase 2 (ERAP2) involved in peptide trimming, 

tapasin (TAPBP) involved in peptide loading on MHC class I, and HLA-C were 

clearly upregulated in cells persistently infected with CVB1 ATCC strain, while they 

were downregulated or were undetectable in CVB1 10796 infected cells. In addition, 

secreted antiviral immune response proteins, like interleukin 18 (IL-18), and 

ubiquitin-like protein ISG15, were upregulated in persistent CVB1 ATCC infection, 

while their secretion from persistently CVB1 10796 infected cells was lower than 

from the uninfected cells. 

 

Figure 9.  The antiviral host response in persistent CVB1 infection differs between CVB1 strains,  
including the ATCC prototype strain and the 10796 clinical isolate. 

5.2.2 Persistent infection interferes with protein secretion 

Massive changes were observed in protein secretion during persistent CVB1 

infection. The secretion of 1483 proteins were clearly changed and 623 of these 

proteins were associated with extracellular exosomes. The secretion of tetraspanin 

family members, CD9, CD63 and CD81, that are classical exosome markers (240), 
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changed clearly. The secretion of CD9 was downregulated in cells persistently 

infected by CVB1 10796, and CD63 secretion was downregulated in persistently 

CVB1 ATCC infected cells. The secretion of CD81 remained invariable in 

persistently infected cells in comparison to uninfected control cells. 

Among differentially secreted proteins, 371 carried signal peptide based on 

SignalP analysis (222), suggesting that they are secreted via the ER-Golgi pathway. 

In persistent CVB1 ATCC and CVB1 10796 infections, 225 and 218 proteins (135 

being common) with signal peptide were downregulated, respectively. In contrast, 

only five proteins with signal peptide were upregulated in cells persistently infected 

by CVB1. The inhibition of protein trafficking via Golgi has also been reported in 

acute CVB infection (241,242). 

The secretion of the five granin family members, chromogranin-B (also called 

secretogranin-1) (CHGB), secretogranin-2 (SCG2), secretogranin-3 (SCG3), 

neurosecretory protein VGF (VGF), and ProSAAS (PCSK1N) were downregulated 

in persistent CVB1 infection. These proteins play critical roles in granule biogenesis 

and protein sorting, and give rise to biologically active peptides (243-246) in the 

regulated secretory pathway, which is responsible for the secretion of hormones, 

neurotransmitters, growth factors and other molecules. In this pathway, the 

secretion is from the trans-Golgi network into dense core granules until the secretion 

is stimulated by an extracellular signal. In insulin secretion, proinsulin is secreted into 

the trans-Golgi network and packaged into granules, where proinsulin is converted 

into insulin (247). In addition, the secretion of two known processing enzymes 

present in the regulated secretory pathway i.e. peptidylglycine α-amidating 

monooxygenase (PAM) and carboxypeptidase E (CPE) (248,249) were 

downregulated in persistent CVB1 infections. The CHGB and SCG3 were 

downregulated in transcriptional level as shown by RT-qPCR analyses. However, 

mRNA coding for CPE was undetectable in cells persistently infected by CVB1 

ATCC, while it was upregulated in cells persistently infected by CVB1 10796. 

5.2.3 The expression of proteins associated with type 1 diabetes 

Among the most upregulated proteins there were proteins that have impact on the 

function, development, and survival of pancreatic β-cells and T1D associated 

proteins (table 7). The most strongly upregulated protein in persistent CVB1 ATCC 

infection was aldehyde dehydrogenase 1a3 (ALDH1A3), which has been discovered 

as a biomarker of dysfunctional β-cells (250). However, ALDH1A3 remained 



 

65 

undetected in cells persistently infected with CVB1 10796. The fourth most 

upregulated protein in CVB1 ATCC persistent infection was the matricellular 

protein SPARC, which regulates β-cell growth and survival (251). Changes in its 

expression might associate with the development of T1D (251). Additionally, the 

secretion of SPARC was upregulated in CVB1 ATCC persistent infection. In 

contrast, the secretion of SPARC from CVB1 10796 persistent infection was 

downregulated and it was not detected from the corresponding cell lysates. 

In persistent CVB1 10796 infection, the third most strongly upregulated protein 

was the cell surface marker sushi domain-containing protein 2 (SUSD2). The SUSD2 

is a marker for a particular stage in the maturation of the endocrine pancreas during 

human fetal pancreatic differentiation (252). In contrast, in persistent CVB1 ATCC 

infection, the SUSD2 was significantly downregulated. 

A heparan sulfate proteoglycan core protein (HSPG2) and laminin alpha 5 

(LAMA5) are peri-islet basement membrane components protecting from immune 

cell infiltration, which contributes to the development of T1D (253-255). LAMA5 

also promotes insulin secretion via integrin-mediated processes, and it is essential for 

β-cell growth (253). HSPG2 and LAMA5 were both downregulated during persistent 

CVB1 10796 infection. 

Table 7.  The expression of proteins associated with T1D were modified in cells during persistent 
CVB1 infection. Also, the secretion of SPARC was modified in CVB1 persistent infection.  

 
Protein expression in cells Protein secretion   

CVB1 ATCC CVB1 10796 CVB1 ATCC CVB1 10796 

ALDH1A3 upregulated not detected not analyzed not analyzed 

SPARC upregulated not detected upregulated downregulated 

SUSD2 downregulated upregulated not analyzed not analyzed 

HSPG2 not 

differentially 

expressed 

downregulated not 

differentially 

expressed 

downregulated 

LAMA5 not 

differentially 

expressed 

downregulated not 

differentially 

expressed 

downregulated 
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5.3 The adaptation of CVB1 to persistence 

Changes to the virus sequence during persistent infection were investigated by NGS. 

The parental CVB1 strains and the PIDVs were sequenced at two time points at 3.4-

4.7- and 12.7-14.2-months post-infection. The virus strain from the last time point 

was mainly seen in sequence comparison with the parenteral strain. The average read 

depth of PIDV sequences was 214-12,308 (median 1934) reads per nucleotide (nt) 

and the genome coverage was 97-99%, with median coverage of 98%. The threshold 

was 10 for read depth for calling the mutations. A read depth below 10 was seen in 

sequences originating from the UTRs of PIDVs genomes, located at both ends of 

the virus genome, mainly in the 3’-UTR, limiting the analysis of these genome 

regions. However, the read depth was above 10 in the majority of the 5’-UTR , 

except at the beginning in domain I, also called the cloverleaf region, which is 

important for virus mRNA transcription upon entry to the permissive cells. 

Several SNPs were detected in PIDV sequences; however, no deletions, 

substitutions or insertions were observed. Figure 4 in publication II presents a 

summary of PIDV genomes. In the figure, the grey bar under the genome sequences  

shows the read depth (>10). The SNPs on UTRs and the non-synonymous SNPs 

on the protein coding region are also presented in the figure, giving an overview of 

the sequence data. 

5.3.1 Mutations in persistent infection derived virus strains 

Mutations were detected across the PIDV genomes during the development of 

CVB1 persistence. The structural proteins, VP1-4, carried the majority of the 

mutations, and among these the VP1 protein seems to have several areas in which 

mutations accumulate (figure 10). Non-structural proteins had less mutations and 3B 

and 3C remained completely conserved. 
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Figure 10.  Illustration of structural elements and loops in viral structural proteins (α= alpha helix, β=beta 
sheet). 

5.3.1.1  Mutations in viral structural proteins 

Each of the eight PIDVs had mutations in all structural proteins, VP1-4. However, 

the majority of these mutations were not shared between different PIDVs; 

nevertheless, they accumulated in certain locations. Interestingly, one single 

mutation, K257R, was identified in the VP1 protein in all eight PIDVs. In general, 

the mutations in the VP1 protein accumulated in BC, DE and EF loop structures , 

in the N-terminal region, which is the suspected 3A6 antibody binding site (215) and 

in the C-terminus (figure 10 and 11). Additionally, a minimum of three PIDVs had 

mutations in the CD, GH and in HI loop regions (figure 10 and 11). 
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Figure 11.  Mutations of PIDVs in VP1 structural protein. Mutations appear densely in the suspected 
3A6 antibody binding site (215), around the BC loop, and in the DE and EF loops, as well as the 
C-terminus of the VP1 protein. 
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In the VP2 protein all PIDVs had at least one mutation in the EF loop structure 

(residues 129-180), also known as the puff region. The majority of the mutations  

were located in residues 157-167 within this puff region (figure 10 and 12). Also, 

mutations were mapped into the HI loop region (residues 233-239) and into the B 

β-sheet (figure 10 and 12). 

The major capsid protrusion, the knob region (residues 58-66) in the VP3, carried 

mutations of six PIDVs (figure 10 and 12). Many of the mutations in the knob region 

were located in residue 58. Also, mutations were mapped into the CD and EF loops, 

and in the D β-sheet of the VP3 protein (figure 10 and 12). 

In VP4, five of the PIDVs had mutation(s) in the infection-enhancing epitope 

(residues 11-30) (figure 10 and 12) (256,257). Mutations mapped into residues 16-24 

within the epitope have been reported as the most variable region of the epitope 

(258). 
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Figure 12.  Mutations of PIDVs in VP2, VP3 and VP4 structural proteins. All eight PIDVs had mutations 
in the VP2 puff region (AA129-180), six of them had mutations in the VP3 knob region (AA58-66) 
and in the VP4 infection-enhancing epitope (AA11-30). 
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5.3.1.2  Virus mutation generating changes in the surface of the viral capsid 

The location of the surface mutations was visualized by modelling the surface of the 

pentameric subunit of the CVB1 virus by ChimeraX using the CVB3 structure (259) 

as a template. In publication II (figure 9a), the locations of the mutations in PIDVs 

are shown using different colors, the blue color indicating one of the PIDVs having 

a mutation in that particular AA, yellow indicating 2-3 PIDVs having a mutation, 

orange 4-5 PIDVs having a mutation, purple 6 PIDVs having a mutation and red 

indicating all eight PIDVs having the specific K257R mutation. This mutation was 

located in the vicinity of the CAR and DAF binding sites , which are visualized in 

figure 9b. The AAs interacting with CAR are marked by the blue color and those 

with DAF by the green color. The shared AAs are labeled in yellow (237,260-262). 

In figure 9c in publication II, the mutations in CAR and DAF binding sites are 

labeled in red. The majority of these mutations were on the DAF binding site. The 

AA202 in VP1 is mutated in three PIDVs in the CAR binding site. The AA165 is 

mutated in three binding sites in the CAR and DAF binding site. The AA162 in VP2 

was mutated in five PIDVs and AA237 in the VP3 DAF binding site in three PIDVs. 

5.3.1.3  Mutations in non-structural CVB1 proteins 

Fewer mutations were observed in non-structural proteins, 2A-C and 3A-D, and the 

mutations were randomly distributed across these proteins. Two of the non-

structural proteins, 3B and 3C, were conserved among PIDVs. The 3B, also known 

as VPg, had no mutations in any of the PIDVs and 3C had only one mutation in one 

PIDV (Q52R, 10802-PIDV[PANC-1]). 

The mutation in 2A in AA11 was shared by two PIDVs and one PIDV had 

mutation in AA14, forming small clusters. Only 10796-PIDV[PANC-1] had six 

mutations in 2Apro but other PIDVs had only 1-3 mutations in this protein, including 

a cluster of three mutations in amino acids between AA86-94. In 2B, the three CVB1 

ATCC PIDVs carried the S15L mutation. Also, three of the PIDVS had mutations  

in AA91-92 in 2B. Additionally, one PIDV had a mutation in the hydrophobic 

domain and one PIDV in the hydrophilic domain. In 2C, the two CVB1 10796 

PIDVs had mutation at the ATPase motif B. Small clusters of mutations were in 

AA91-92 and in AA251-259 in 2C. 

In 3A, one mutation (V58I) was detected in four PIDVs. In addition, another 

mutation (H57Y) was identified in ATCC E1-PIDV[PANC-1]. Similar to these 

mutations have been linked to a resistance to Enviroxime and some other antiviral 



 

72 

drugs (GW5074 and PIK93) (129). In 3D polymerase, one mutation was found in 

conserved motif A and two mutations in motifs B, having roles in substrate 

recognition and catalysis. 

5.3.2 Mutations in the second ORF of the CVB1 genome 

The ORF2 was recently reported in Enterovirus A, B and C species (14,15). The OFR2 

is translated into the ORF2p protein, which is associated with viral intestinal 

infection. The ORF2 was identified from CVB1 sequences shown in publication II 

in figure 8. The ORF2p has the WIGHPV conserved domain, which remained 

unmutated in all PIDVs, except in 10802-PIDV[1.1B4] where one mutation was 

observed (V18A). Mutations in ORF2 were not frequent, but several amino acid 

differences were observed between PIDVs. 

5.4 The effect of antiviral drugs on CVBs 

5.4.1 Cytotoxicity of antiviral drugs 

Firstly, the cytotoxicity of each of the tested antiviral drug was evaluated and the 

CC50 was calculated for each of the tested drugs except for the immunoglobulin 

product, Hizentra. These CC50 concentrations are summarized in table 8. For all 

other drugs except Ribavirin, the CC50 values were greater than the concentrations  

that were used in the experiments testing their antiviral effects on CVBs (see table 6 

and section 4.6.5.1.). 
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Table 8.  Cytotoxicity of antiviral drugs. CC50 values of tested antiviral drugs. NA= not analyzed. 

Antiviral drug CC50 (µM) 

Azithromycin 577 

Enviroxime 58 

Favipiravir 1069 

Fluoxetine 60 

Norfluoxetine 90 

Hizentra NA 

Itraconazole 2498 

Lovastatin 80 

Pleconaril 3111 

Ribavirin 8 

5.4.2 The effect of antiviral drugs in acute CVB infection 

5.4.2.1  Antiviral effect against prototype CVB strains 

Altogether 10 drugs, including Azithromycin, Enviroxime, Favipiravir, Fluoxetine, 

Norfluoxetine, Hizentra, Itraconazole, Lovastatin, Pleconaril and Ribavirin were 

tested for their antiviral effect against CVB type 1-6 (ATCC strains). The ED50 of 

each drug against individual CVB serotypes is summarized in table 9. The dose-

response curve illustrates whether the antiviral drug can block the infection 

completely, translating into 100% cell viability. Among the tested drugs Enviroxime, 

Fluoxetine and its active metabolite Norfluoxetine, and Hizentra were able to block 

the infection by all six CVBs. Additionally, Pleconaril was effective against all other 

CVBs apart from CVB3. Itraconazole and Ribavirin were effective against all CVBs 

but with less than 100% efficacy as seen from the dose-responsive curves in 

publication II in figure 1. Additionally, Ribavirin was the only drug where the ED50 

was above the CC50 (table 8 and 9). Azithromycin and Lovastatin were weakly 

effective, reaching an ED50 concentration only against CVB3 and CVB2 infection , 

respectively, as seen in figure 1 in publication III and in table 9. 
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Table 9.  Effectivity of antiviral drugs against acute infection by different CVB serotypes. The table 
shows the half effective dose, ED50, concentrations for each drug and each CVB 
serotype. Units: Hizentra mg/ml, and the rest are µM. NE=not effective, NA= not 
analyzed. 

Antiviral drug ED50 

CVB1 CVB2 CVB3 CVB4 CVB5 CVB6 

Azithromycin NE NE 32 NE NE NE 

Enviroxime 0.2 0.2 0.3 0.1 0.2 0.1 

Favipiravir 363 98 141 NE 164 380 

Fluoxetine 8.1 5.2 5.7 6.2 3.6 7.1 

Norfluoxetine 6.7 4.8 5.5 4.5 3.3 6.3 

Hizentra 0.2 0.04 0.02 NA NA 1.4 

Itraconazole 5.9 4.0 2.4 6.9 7.2 8.0 

Lovastatin NE 0.1 NE NE NE NE 

Pleconaril 0.1 0.5 NE 0.3 0.04 0.3 

Ribavirin 620 230 320 300 160 410 

5.4.2.2  The antiviral effect against the CVB1 ATCC and 10796 strains 

The antiviral drugs were further tested against the CVB1 ATCC and 10796 strains, 

with higher amounts of the virus in the assay to mimic virus concentration that can 

be reached in persistent CVB1 infection models. Azithromycin and Lovastatin were 

ineffective, which is in line with the previous results that were obtained based on 

lower virus titers. Also, Favipiravir, Itraconazole and Ribavirin, which had less than 

100% efficacy at lower concentrations, were now ineffective against these CVB1 

strains. Fluoxetine, and its active metabolite Norfluoxetine and Hizentra were 

effective against both these CVB1 strains (table 10). Pleconaril and Enviroxime were 

effective against the CVB1 ATCC strain. However, Pleconaril was less effective and 

Enviroxime was ineffective against the clinical isolate, CVB1 10796. The EC50 values  

determined by the GraphPad prism are shown in table 10. 
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Table 10.  Effective concentrations to block acute CVB1 infection. The table shows the half 
effective concentration (EC50) for the effective antiviral drugs for the CVB1 ATCC and 
CVB1 10796 strains. ND= not detected. 

Antiviral drug EC50 

CVB1 ATCC CVB1 10796 

Enviroxime 0.48 µM ND 

Fluoxetine 15.92 µM 19.16 µM 

Norfluoxetine 13.19 µM 13.65 µM 

Hizentra 0.98 mg/ml 0.46 mg/ml 

Pleconaril 0.29 µM 1.19 µM 

5.4.3 The effect of antiviral drugs in persistent CVB1 infection 

5.4.3.1  The effect on persistent CVB1 infection 

The effect of antiviral drugs against persistent CVB1 infection was tested in PANC-

1 cells persistently infected by the CVB1 ATCC or CVB1 10796 strains. Among the 

tested drugs Fluoxetine and Hizentra were able to eradicate both CVB1 strains from 

persistently infected cells in 56 days. In addition, Enviroxime and Pleconaril were 

able to eradicate CVB1 ATCC strain from persistently infected cells. However, they 

had no effect on CVB1 10796 infection. Ribavirin was cytotoxic in the highest tested  

concentrations, and ineffective in lower concentrations. These higher Ribavirin 

concentrations were above the cytotoxic concentration observed in previous  

experiments (table 11). Itraconazole and Lovastatin were both inefficient and could 

not cure CVB1 persistency. 

The effective drug concentrations that were able to cure persistent CVB1 

infection are reported in table 11 for individual CVB1 strains. Briefly, the minimum 

effective Fluoxetine concentration was 15 µM. The persistently CVB1 infected cells  

remained virus negative after stopping this treatment for the whole 24 days of the 

follow-up period. The lower concentration tested (10 µM) first led to a transient 

decrease in viral RNA. However, this decrease was followed by a rise in viral RNA 

that went back to the initial levels despite the continuous presence of the drug during 

the 28-day treatment period. For Hizentra, the concentration of 4 mg/ml eradicated 

the CVB1 ATCC strain in 56 days, but a higher concentration (20 mg/ml) was 

needed to eradicate the CVB1 10796 strain. The minimum effective concentration 

of Enviroxime was 3 µM and that of Pleconaril, 1 µM in the eradication of the CVB1 
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ATCC strain. In addition, lower Enviroxime concentrations (0.3 µM) caused a 

transient decrease in CVB1 ATCC viral RNA. However, none of the tested 

Enviroxime concentrations affected CVB1 10796 but the highest concertation of 

Pleconaril (10 µM) caused a transient decrease in the CVB1 10796 viral RNA. 

Table 11.  The concentrations able to eradicate the persistent CVB1 ATCC and CVB1 10796 
infections in PANC-1 cells (Effective concentrations). ND= not detected. 

Antiviral drug Effective concentration 

CVB1 ATCC persistency CVB1 10796 persistency 

Enviroxime 3 µM ND 

Fluoxetine 15 µM 15 µM 

Hizentra 4 mg/ml 20 mg/ml 

Itraconazole ND ND 

Lovastatin ND ND 

Pleconaril 1 µM ND 

Ribavirin ND ND 

5.4.3.2  The reinfection of cured cells 

PANC-1 cells persistently infected with CVB1 ATCC and 10796 strains were cured 

with 15 µM of Fluoxetine. After the 28-days follow-up period from stopping the 

drug treatment, the cured cells were confirmed to be virus negative using RT-qPCR 

to detect viral RNA and immunolabeling to detect viral VP1 protein. The cured cells  

were then reinfected with fresh CVB1. No cytopathic effect was detected two days 

post infection. However, according to immunolabeling, the cells were infected, 

producing viral VP1 protein but they were resistant to the cytopathic effect these 

viruses typically cause in PANC-1 cells (figure 13). This indicates that persistent 

CVB1 infection causes long-lasting changes in the host cell phenotype. 
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Figure 13.  Persistently CVB1-infective cells become negative for viral VP1 protein after clearance by 
antiviral drug Fluoxetine and be reinfected after the eradication of the persisting virus. Nuclei are 

stained by blue, and VP1 protein by red color. A. No infected cells were observed in PANC-1 cells 
cured by Fluoxetine (15 μM). B. Infected VP1-positive cells were observed when cured cells were 
re-infected by CVB1.Infection of the control cells caused cytopathic effect seen as clear loss of 
cells in the figure. Figure is modified from Publication IV Supplementary material figure 2. 

5.4.3.3  Pleconaril and enviroxime resistance of CVB1 10796 

Pleconaril and enviroxime were both able to cure CVB1 ATCC infection but did not 

cure CVB1 10796 infection. Pleconaril is a capsid binding drug, which binds into 

virus hydrophobic pocket. In alignment of hydrophobic pocket amino acids, which 

associates with Pleconaril, no differences were observed between CVB1 ATCC and 

10796 strains. Also, the AA92 in VP1, which has been reported to associate with 

Pleconaril resistance, remained unmutated during the Pleconaril treatment in both 

CVB1 strains. 

Mutations (V45A and H57Y) in 3A non-structural protein have been associated 

with enviroxime resistance (129). Therefore, the parental CVB1 ATCC and 10796 

strains of 3A non-structural proteins sequences were compared. Four amino acid 

substitutions, including I4V, I12V, V45I and N48S, were observed between CVB1 

ATCC and 10796 strains. Substitution of V45I in CVB 10796 might be associated 

with enviroxime resistance because mutation V45A has been shown to correlate with 

enviroxime resistance of CVB3 (129). 
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6 DISCUSSION 

Enteroviruses have been associated with chronic diseases like post-polio syndrome, 

chronic fatigue syndrome, dilated cardiomyopathy, celiac disease and T1D. The 

association of EVs and T1D has been shown in several epidemiological studies but 

the causality of this association has remained without final proof. Intervention 

studies with vaccines or antiviral drugs would be needed to find out whether T1D 

could be prevented or cured by such treatments. The development of the CVB 

vaccine has recently entered the clinical trial phase (PROVENT study, 

ClinicalTrials.gov No. NCT04690426). Additionally, another clinical trial, “The 

Diabetes Virus Detection and Intervention Trial” (DiViDIntervention, EudraCT 

No. 2015-003350-41) is in progress to test the effect of the combination of the 

antiviral drugs, Pleconaril and Ribavirin, on β-cell function among newly diagnosed 

T1D patients. 

The current study falls into this landscape, aiming at providing new information 

about the mechanisms of persistent EV infection (publications I and II) and the 

possibilities for clearing such infections with antiviral drugs (publications III and IV). 

This study is based on cell models of persisting EV infection, which represents basic 

research but also has a strong translational aspect as it helps to identify drugs that 

could be used in clinical trials for their efficacy in T1D and other EV-related severe 

diseases. Such diseases include acute EV infections and persistent EV infections e.g., 

those affecting immunocompromised subjects. In addition, if antiviral drugs would 

preserve the function of β-cells in T1D patients, this would open entirely new 

possibilities for the treatment and/or prevention of the disease. 

6.1 EV persistency 

The eight persistent infection models established for this study had features that are 

typical for the carrier state of EV persistency. The viruses were produced in relatively 

high titers in all established persistent infection models and only a proportion of the 

cells were infected. The number of infected cells was estimated by several methods, 

including IF, ISH and IHC. However, it is still difficult to say exactly how many of 
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the cells carried the virus. The VP1 positivity was around 22.9 ± 13.7% in all 

established persistent models around one year post infection. However, it has been 

shown earlier that there might be differences in the amount of VP1 and dsRNA 

positive cells in persistent EV infection (43). Further studies with, for example, cell 

sorting methods like FACS (fluorescence-activated cell sorting) would be needed to 

answer this question. Virus positive cells were detected by immunostaining using the 

3A6 antibody (215) at different time points during the persistent infection. This is of 

interest since mutations were detected in the genome of persisting CVBs that code 

AAs located in the previously described 3A6 antibody binding site (215). One 

mutation was identified in this site in the ATCC E2-PIDV[PANC-1] strain, the 10796-

PIDV[PANC-1] strain, the 10796-PIDV[1.1B4] strain, and the 10802-PIDV[1.1B4] strain, as 

well as three mutations in the ATCC-PIDV[1.1B4] strain illustrated in figure 2b in 

publication II. This suggests that these mutations were not critical for the binding of 

the 3A6 antibody. However, the effect of these mutations on the antibody binding 

was not quantified in detail. The amount of infective virus from the culture medium 

of CVB1 ATCC E1, E2 and 10796 persistent infection models (PANC-1 cells) was 

analyzed using a plaque assay, showing that high titers of infective virus were 

produced. In addition, superinfection with fresh CVB1 ATCC virus and other EVs 

from the Enterovirus B group did not lead to lytic infection, which has also been 

observed in other carrier state types of persistent infections (37). Also, in publication 

II, it was shown that the plaque size of persistent infection-derived viruses reduced 

in diameter over time, which has also been shown previously in carrier state EV 

persistence (37,38). Most probably, this indicates reduced replication efficiency. 

However, no terminal deletions that are characteristic for steady state type of 

persistent infection (40,45,263) were observed in the established persistent models. 

The mechanism of the carrier state persistent infection may be partly explained 

by the downregulation of the CAR receptor in cells persistently infected by the CVB1 

ATCC and CVB1 10796 strains, as shown in publication I and in previous 

publications (37,38). In addition, the expression of DAF, another receptor used by 

CVB1, CVB3 and CVB5 (264), was not detected in persistently infected cells.  

Interestingly, the decrease in CAR expression and impaired insulin secretion have 

also been observed in insulin secretin human stem cell derived β-cells acutely 

infected with CVB4 (265). This leads to the suggestion that the virus may either use 

other still unknown receptors (266) or some other method for spreading. For 

example, CVBs have previously been shown to spread directly via cellular 

protrusions (35). Interestingly, acute echovirus 16 infection was shown to induce 

extracellular vesicles in human insulin producing β-cell line, EndoC-βH, and use 
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these vesicles for non-lytic spread (31). Additionally, CVBs has been reported to be 

transmitted non-lytically using microvesicles that express autophagosome markers, 

particularly LC3 (34,238). However, in this study, LC3 B was downregulated in the 

cell culture supernatant of persistent CVB1 infection models. When the sequence of 

CAR and DAF binding sites for CVB proteins (260-262,267) were studied using 

NGS, the mutations that developed in PIDVs during CVB1 persistency were located 

mainly in the DAF binding site. One mutation in a CAR binding site, AA202 in VP1, 

was shared by three of the eight PIDVs studied. In a DAF binding site, AA162 in 

VP2 and AA237 in VP3 were mutated in five and three of the PIDVs, respectively. 

The mutation AA165 which is in both the CAR and DAF binding sites was identified 

in three of the PIDVs. Altogether, the mutations in the CAR and DAF binding sites 

together with the decreased expression of these receptors in persistently infected 

cells suggests that a decrease in CVB interaction with these receptors may play a role 

in the development of CVB persistency. 

6.2 Persistent CVB1 infection leads to major changes in protein 
expression and secretion 

In publication II, the intracellular proteome and secretome were profiled in PANC-

1 cells persistently infected by either the two CVB1 strains (ATCC and 10796) to 

explore changes in cells’ function and intracellular communication during persistent 

infection. Persistent infection caused broad changes in protein expression and 

secretion. Interestingly, some of the changes were shared between two CVB1 strains 

but most are different as only 85 of 688 significantly upregulated and 520 of 2,001 

significantly downregulated intracellular proteins were the same between CVB1 

models. In addition, only 166 of 919 significantly upregulated and 197 of 630 

significantly downregulated secreted proteins were shared by cells infected by these 

CVB1 strains. The differences in protein expressions between the cells infected by 

the two CVB1 strains may be due to different properties of these viruses, the 

accumulation of different mutations into these virus strains, or the divergent kinetics  

of the infection-induced responses in cells infected by these viruses. For example, it 

has been shown earlier that CVB1 10796 replicates faster and produces more virus  

particles than the CVB1 ATCC strain in HeLa cells (213). Overall, the results of this 

study revealed heterogeneity in virus cell -interactions during persistent CVB1 

infection. This is of interest since such strain-specific difference may regulate the 

virulence of CVB strains and the course of the infection. 
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The virus promotes its own progeny production by harnessing the host’s 

machinery for its own usage. As in acute infection, EVs tend to shut off the host 

cell’s translation machinery to promote its own translation by cleaving a host 

translation initiation factor eIF4G, which is required for cap-dependent translation 

(77). This cleavage also happened during persistent CVB1 infection in this study. 

Also, one of the significantly upregulated proteins was PCBP2, which is essential for 

CVB IRES-mediated translation and viral RNA replication (233). In addition, the 

proteins involved in cholesterol biosynthesis and the mevalonate cycle, offering 

building blocks for cholesterol biosynthesis, were upregulated during persistent 

CVB1 infection. EVs are known to require cholesterol for efficient replication 

(103,236). Altogether, these observations suggest that several changes occur in the 

proteome of persistently infected cells, which are advantageous for viral replication 

and spreading. However, in contrast to acute infection, these changes were not 

killing persistently infected cells which may remain viable “workhorses” for the virus. 

Therefore, it is possible that decreased receptor expression together with intracellular 

changes promoting virus replication create circumstances that favor the 

development of CVB persistency. 

6.2.1 Persistent CVB1 infection affects mitochondrial proteins 

Persistent CVB1 infection had a strong influence on mitochondrial proteins. Up to 

27 and 42 mitochondrial oxidative phosphorylation genes were downregulated 

during CVB1 ATCC and CVB1 10796 persistent infection, respectively. Citric acid 

cycle, fatty-acid β-oxidation, and valine and leucine degradation pathway proteins 

were significantly downregulated. Interestingly, in mouse models of cardiomyopathy, 

which is associated with the CVB3 virus, a similar downregulation of the 

mitochondrial energy metabolism has been observed (268,269). In addition, the 

difference between mitochondrial network morphology was noticed between cells  

persistently infected by either CVB1 ATCC or CVB1 10796 strains. The CVB1 

10796 infected cells had a high proportion of cells containing fragmented 

mitochondrial network according to IF live imaging. This was also supported by 

proteomics analysis since proteins involved in mitochondrial fusion process, MFN1 

and MFN2, and OPA1 (239), were downregulated during persistent CVB1 10796 

infection. This is in line with previous studies in murine cardiomyocytes which have 

been reported to have a fragmented mitochondrial network during acute CVB 

infection (34). In addition, MAVS, residing in mitochondrial and peroxisomal 
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membranes, was downregulated in cells persistently infected by CVB1 10796 but 

only slightly downregulated in cells persistently infected by the CVB1 ATCC strain. 

MAVS has a central role in the cells’ antiviral immune response. MAVS, and 

signaling via MAVS can induce a type I and III IFN response (69,270,271). However, 

CVBs can use various strategies to suppress MAVS-mediated antiviral immune 

responses (272-274). For example, viral non-structural protein 2A can cleave MAVS, 

leading to the suppression of type I and type III IFN responses (273,274). 

Interestingly, mitochondrial network fragmentation may downregulate MAVS-

mediated antiviral signaling (275). Some viruses, such as the cytomegalovirus (276), 

dengue virus (277), and hepatitis C virus (278) promote mitochondrial network 

fragmentation. In this study, majority, over 40% of the cells, persistently infected 

with CVB1 10796 had a fragmented mitochondrial network, while majority of the 

CVB1 ATCC infected cells and the uninfected control cells had filamentous  

mitochondrial network. Other categories included cells with elongated filaments and 

combination of filaments and fragmented mitochondrial network in the cells. In 

conclusion, it seems that the CVB1 10796 strain attenuates MAVS-mediated antiviral 

signaling more efficiently than the CVB1 ATCC strain during viral persistency. 

Further studies would be needed to see whether this difference could be reflected by 

different pathogenesis of infections caused by these viruses in vivo. 

6.2.2 The cell’s antiviral response is either activated or shut down by the 

persistent CVB1 infection 

The two CVB1 strains differed markedly for their ability to activate the cell’s antiviral 

responses during viral persistency; CVB1 ATCC caused strong activation of the 

innate immune system, while CVB1 10796 shut down these responses. Previous  

studies have shown that acute CVB infection induces a strong type III interferon 

response in human pancreatic islets (279,280). In addition, the kinetics and 

magnitude of the antiviral responses seen during acute infection have differed 

between the CVB1 strains (213,214,280). For example, CVB1 ATCC has induced 

stronger antiviral immune responses than CVB1 10796 in human peripheral blood 

mononuclear cells (PBMCs) and in purified dendritic cells (213). However, acute 

CVB1 10796 still induced an antiviral immune response in human PBMCs and 

dendritic cells (213,281) and caused a moderate cytopathic effect in cultured human 

pancreatic islets (214). In the current study, persistent CVB1 ATCC infection led to 

strong IFNL1 secretion, representing a type III interferon response, whereas IFNL1 
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was not detected in cells persistently infected by CVB1 10796. Additionally, IFNL1 

downstream proteins were upregulated in persistent CVB1 ATCC infection, while 

they were downregulated or undetectable in persistent CVB1 10796 infection. The 

expression of the interferon inducible protein IFIH1 was increased in cells  

persistently infected by CVB1 ATCC, while it remained undetectable in cells  

persistently infected by CVB 10796. Also, other antiviral immune response -

associated proteins, including PSMB8, ERAP2, TAPBP, and HLA-C, were 

upregulated during persistent CVB1 ATCC infection, but were downregulated or 

remained undetectable in CVB1 10796 infection. Taking these together, CVB1 

ATCC maintains a strong innate immune response in persistently infected cells, 

while the CVB1 10796 suppresses the innate immune response during persistent 

infection. Additionally, cytokine IL-18, and ISG15, participating in the antiviral 

immune response were secreted from CVB1 ATCC persistently infected cells but 

their secretion was much lower in CVB1 10796 persistently infected cells. Therefore, 

CVB1 10796 induces much stronger antiviral responses than the CVB1 ATCC strain. 

According to a recent study, persistent CVB4 infection downregulates cell surface 

HLA class I expression in 1.1B4 cells, but not in PANC-1 cells. It also increases the 

susceptibility of 1.1B4 cells for natural killer -cell mediated cytolytic activity (43). 

Further studies would be needed to find out whether the low innate immune 

response induced by the CVB1 ATCC strain could lead to a delayed clearance of the 

virus and have biological consequences which could modulate the course of 

infection in vivo. 

6.2.3 Persistent CVB1 infection affects the cell’s secretion machinery 

Many of the proteins that had a changed secretion during persistent CVB1 infection 

in the current study are associated with extracellular exosomes like proteins from the 

tetraspanin family (CD9, CD63 and CD91), which are held as classical exosome 

markers (240). Also, many of these proteins carried a signal peptide, suggesting that 

they are most likely to be secreted via the classical ER-Golgi pathway. Most of these 

proteins were downregulated. In line with this, it has been previously shown that 

CVBs inhibit protein trafficking trough Golgi (241,242). Interestingly, the secretion 

of the macrophage colony stimulating factor 1 (CSF1) and its receptor, CSF1R, 

which have a role in macrophage proliferation and monocyte development (282) was 

increased during CVB1 ATCC and CVB1 10796 persistent infections. The 

myocarditis patients have been reported to have increased CSF1 expression in the 
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myocardium (283). Additionally, CSF1 has been shown to have increased expression 

in the acute state of CVB3-induced myocarditis in the mice heart tissue (283). Also, 

it has been shown that the suppression of CSF1 reduces the inflammatory outcome 

and decreases the levels of infiltrating leukocytes in CVB3-induced myocarditis in 

mice (283). Furthermore, the monoclonal autoantibody against CSF1R used in the 

depletion of pancreatic islet-resident macrophages reduced the development of T1D 

in NOD (non-obese diabetic) mice, indicating the importance of these cells in the 

T1D pathogenesis (284). Altogether, these results suggest that persistent CVB1 

infection attracts leukocytes to the site of infection, thereby promoting inflammation 

and cell damage. 

In addition, five granin family members were downregulated. These proteins have 

important roles in the secretion of hormones, growth factors, neurotransmitters, and 

other molecules. Their roles include granule biogenesis and protein sorting and also 

give rise to biologically-active peptides (243-246). Additionally, PAM and CPE 

(248,285), enzymes present in the regulated secretory pathway were also 

downregulated. Taking together, the results suggests that persistent CVB1 infection 

widely influences the host cell’s protein secretion and, furthermore, that the 

persistent CVB1 infection causes deficiencies in pathways that are important to β-

cell function and insulin secretion. 

6.2.4 Persistent CVB1 infection affects proteins that are associated with 

pancreatic β-cells function and T1D  

EV have been detected in human pancreatic islets in T1D patients. The high number 

of T1D patients positive for EV in the pancreatic islets, but small number of EV 

infected β-cells in these subjects suggest a possible presence of persisting EV 

infection in β-cells (196,198,199,286). It has been shown that persistent CVB4 in 

pancreatic ductal cells downregulates PDX1 (pancreatic and duodenal homeobox1 

protein), which is a transcription factor required for the development of pancreatic 

cells, including insulin producing β-cells (52,287). According to this study, the 

persistent CVB1 infection has a strong impact on the expression of several proteins 

such as ALDH1A3, SPARC, SUSD2, LAMA5, HSPG2, which are associated with 

β-cell function, differentiation, growth and survival (250-254,288). The ALDH1A3 

and SPARC were upregulated in cells persistently infected by CVB1 ATCC, but not 

detected at all in cells persistently infected by CVB1 10796. The expression of the 

SUSD2 is the opposite; upregulated in CVB1 10796 and downregulated in CVB1 
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ATCC persistent infection. In addition, LAMA5 and HSPG2 were downregulated 

during CVB1 10796 persistent infection and remained unchanged in CVB1 ATCC 

persistent infection. ALDH1A3 is used as a marker of dedifferentiated pancreatic β-

cells (250,288) and SUSD2 as a marker of a particular stage in the maturation of the 

endocrine pancreas during fetal pancreatic differentiation (252). Interestingly, when 

upregulated during CVB1 persistent infection, SPARC is secreted by the endocrine 

and exocrine pancreas and it may have a negative impact on β-cell growth and 

survival (251). HSPG2 and LAMA5, downregulated by CVB1 10796 persistent 

infection, are components of the human peri-islet basement membrane, which 

protects pancreatic islets from immune cell infiltration and thereby from β-cell killing 

(253,254). Downregulation of the HSPG2 and LAMA5 in CVB1 persistent infection 

may make pancreatic islets more susceptible for leukocyte infiltration. In conclusion, 

the observed upregulation of SPARC and downregulation of HSPG2 and LAMA5 

in persistently infected cells suggests that persistent CVB infection in β-cells may 

decrease the viability and function of these cells . 

6.3 The accumulation of mutations in CVB1 genome during viral 
persistence 

RNA viruses have a relatively high mutation frequency making them adapt to various  

circumstances. Publication II focused on this kind of genetic adaptation of CVB1 

during persistent infection. Altogether, the genome of eight PIDV CVB1 viruses was 

sequenced. The study design, including four different CVB1 strains in two cell lines, 

made it possible to study whether any mutation occurred similarly in several 

persisting CVB1 strains. One mutation, K257R in the VP1 protein was indeed 

observed in all these viruses (see section 6.3.1.). Overall, the majority of all detected  

mutations were located in the genome region coding for P1, the viral structural 

protein coding region. Previous studies have shown that mutations in EV structural 

proteins influence the virulence and pathogenicity of the virus. Even a single AA 

change in the structural proteins can have a dramatic effect on the virus replication 

and pathogenicity (289-292). An interesting example is the single AA change in the 

VP1 protein of the encephalomyocarditis virus and was shown to determine the 

ability of the virus to damage β-cells in mice (293). 

Mutations have accumulated in the BC loop, DE loop, EF loop and the N- and 

C-termini of the VP1 protein. In other structural proteins, the mutations have 

accumulated into the puff region of the VP2 and knob region of VP3. All PIDVs 
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had mutations in the puff region and six of the PIDVs had mutations in the knob 

region. Additionally, five of the PIDVs had mutations in the infection-enhancing 

epitope of VP4 (AA11-30). The VP2 puff region and VP3 knob region include 

neutralizing immunogenic sites and contribute to the receptor binding sites in 

polioviruses (294,295) and rhinoviruses (296,297). Furthermore, mutations in these 

regions have been shown to modulate the virulence and ability of CVBs to induce 

myocarditis in mice (298-300). In addition, the regulation of plaque morphology of 

CVB3 is associated with a single AA substation in the VP3 knob region (301). 

Another mutation in AA16 (G16R) at the infection-enhancing epitope region of 

CVB4 VP4 is associated with the plaque phenotype, with in vitro avirulence, and the 

in vivo intermediate phenotype in mice (302,303). Among the five PIDVs having 

mutations in the infection-enhancing epitope in VP4, the ATCC E2-PIDV[PANC-1] 

had the mutation G16R. The carrier state type of persistent CVB4 infection in 

PANC-1 cells resulted in non-synonymous mutations in VP1 and VP2 structural 

proteins, and in 2A, 2C and 3D non-structural proteins (37). The majority of these 

observed mutations were located at VP1 and 2A proteins, and none in the CAR 

footprint region (37). Also, in this study, only three AAs in the CAR footprint region 

were identified to have mutations, AA202 was mutated in three of the eight PIDVs, 

AA138 in one of the PIDVs with a mutation and in AA165, three of the PIDVS had 

mutation. 

In VP1 the most prominent exterior loop is the DE loop, which is located at the 

fivefold axis symmetry of the virus capsid (259). Furthermore, because of the 

icosahedral symmetry, the DE loops of neighboring subunits interact with each 

other. The interaction may stabilize the capsid, mediate pH stability of the virus since 

the putative ion-binding site is along the fivefold axis of symmetry. Therefore, the 

mutations in the DE loop region where all the PIDVs had mutations may interfere 

with the capsid and modulate the pH stability of the virus. However, we do not have 

data to support this hypothesis. Furthermore, the majority of the PIDVs had 

mutations on the BC loop region, which flanks the rim of the canyon closest to the 

fivefold axes of symmetry and has shown to contain neutralizing immunogenic sites 

of EVs, including polioviruses (294,295), rhinoviruses (296,297) and 

coxsackieviruses (CVB4) (304). 

Previously, it was considered that EVs have single ORF, but the discovery of a 

second ORF from human EVs (Enteroviruses A, B and C) overturned the impression 

(14,15). Interestingly, the sequence, of a recently discovered second ORF2, which 

translated in to a second ORF protein ORF2p, was identified from the current CVB1 

sequences. The ORF2p is a membrane-associated protein that is localized to 
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cytosolic vesicles, which seems to facilitate intestinal infection and the release of viral 

particles from intestinal epithelial cells (14). It contains a highly conserved WIGHP 

domain, having an important function in ORF2p-dependent viral intestinal infection 

(14,15). The WIGPH domains were recognized from PIDV sequences, and has 

remained conserved, except for the 10802-PIDV[1.1B4], which contained one 

mutation, V18A, in the region. Therefore, it is unlikely that this ORF would play an 

important role in the development of CVB persistency in cell model. 

The 5′ UTR has domains I-VI and domain I is known as the cloverleaf region, 

which plays a role in viral RNA replication (45,305). Domains I-V have the internal 

ribosome entry site (IRES), functioning in viral mRNA translation (306). The read 

depth in publication II analyses remained below 10 in PIDV genomes in the 

cloverleaf region, leading to variant calling not being possible. The 40S ribosomal 

subunit binds to a polypyrimidine tract in IRES (233) and the mutations at the IRES 

may influence the virulence. For example, a site-directed mutagenesis showed that 

mutation at CVB1, nt 573 and 579 within the 5′-UTR in CVB1 genome leads to 

elevated virulence and pathogenesis of the virus (307). Additionally, a proper folding 

and functioning of the 5’-UTR may influence viral replication efficiency and 

virulence (308). Publication II identified several mutations in 5’-UTR, however, the 

mutations were not all mapped to highly reactive base pairs, except both 10802-

PIDV[PANC-1] and [1.1B4], which had mutations in the base pair 234. This is categorized 

as highly reactive (308) being more sensitive for chemical modification in solution. 

The reactivity of the base pair depends on ribose backbone flexibility, which is 

determined by base pairing and other conformational constraints. The read depth in 

the 3’-UTR remained mainly below, ruling out the area from further analyses. In 

summary, the observed mutations may influence the EV pathogenesis in several 

ways and besides the effect of single mutations, also combinations of different 

mutations in certain functional areas may lead to changes in the viral genome 

supporting the persistent infection. 

6.3.1 The K257R mutation identified from all persistent infection derived 

viruses 

One specific mutation of the VP1 structural protein, K257R, was identified from all 

the analyzed PIDVs. Therefore, this mutation can be considered as a hallmark of 

CVB persistency. The location of the mutation is close to the C-terminus of VP1, 

and it is near the amino acid K259, which is the known CAR binding site. The 
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mutation also locates at the published site of CVA16 immunogenic peptide (PEP91) 

(309). The mutation has also been reported previously by Smura et. al. (310). The 

mutation was formed after blind-passaging the CVB6 Smith strain, which naturally 

causes non-lytic infection in human pancreatic duct epithelial HPDE cells. The virus  

CVB6 Smith strain turned from non-lytic into lytic form suggesting that the AA257 

may play a role in the virus life cycle. It was also suggested that it influences the DAF 

binding phenotype, however, the effect was minor (310). In addition, the DAF is not 

detected by proteomics from cell lysates of CVB1 ATCC and 10796 persistently 

infected PANC-1 cells as shown in publication I by proteomics, suggesting the 

persisting CVB strains hardly use DAF as a receptor. The appearance of the 

mutations in all eight studied PIDVs makes it highly interesting for further studies. 

Such studies could include side-directed mutagenesis to vary this AA and study its 

effect on the course of infection in cell and animal models . 

6.4 Antiviral drug treatment strategies for type 1 diabetes 

The first vaccine against CVBs is currently being tested in a clinical phase 1 trial for 

its safety and immunogenicity (the PROVENT trial). Besides the development of a 

vaccine against these T1D associated EVs, antiviral drugs have been proposed as a 

possible treatment option for T1D. However, there are no antiviral drugs available 

that are licensed to treat EV infections. An effective antiviral drug against EVs could 

offer an option to eradicate possible persisting EVs from the pancreas of T1D 

patients and thereby improve the function of β-cells. Previous studies indicate that 

diabetic patients still have 20% functional β-cells left at diagnosis of T1D, and if they 

would function normally, this number should be enough for the maintenance of 

glucose homeostasis. This creates a possibility to test repurposed licensed drugs 

which could have an antiviral effect on EVs in the treatment of T1D patients. 

Currently, there is one clinical trial in progress (DiViDIntervention, EudraCT No. 

2015-003350-41) which is evaluating the effect of a six-month-long combination 

treatment with Ribavirin and Pleconaril on insulin secretion of newly diagnosed 

diabetic children. In case of RNA viruses, which have a high mutation rate, it is 

beneficial to use combination therapies to avoid emergence of drug resistant virus  

strains. Additionally, effect of two antiviral drugs with different mechanism of action 

could provide synergistic effects and could also offer opportunities to reduce the 

concentration of individual drug in the combination. Pleconaril is a capsid binding 

drug which may either block the receptor binding and/or the uncoating , while 
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Ribavirin blocks the replication of the viral genome. As a combination Pleconaril 

could inactivate existing viruses, and Ribavirin would prevent formation of new 

infective virus particles in persistent infection. Since the DiViDIntervention is the 

first attempt to modulate the course of T1D by antiviral drugs a possible be 

beneficial effect of this treatment would open whole new opportunities in 

prevention and treatment of T1D. 

6.5 Antiviral drugs can cure CVB1 persistent infection 

Publication III evaluated the efficacy of ten drugs against all six CVB serotypes. The 

tested drugs included Azithromycin, Enviroxime, Favipiravir, Fluoxetine, 

Norfluoxetine, Hizentra (an immunoglobulin product), Itraconazole, Lovastatin, 

Pleconaril and Ribavirin. Among these, Fluoxetine, Norfluoxetine, Hizentra, and 

Ribavirin blocked infection by all CVB serotypes. Favipiravir and Pleconaril 

abrogated all the other CVB serotypes, except CVB2 and CVB3, respectively. 

Azithromycin and Lovastatin were ineffective against CVBs. The effective doses of 

Enviroxime, Favipiravir, Hizentra, Pleconaril and Ribavirin were distinctly below the 

therapeutic doses published previously (311-315). However, the Fluoxetine, 

Norfluoxetine and Itraconazole effective concentrations were above the therapeutic 

doses (316,317). 

In publication IV, the antiviral drugs were further tested against acute infection 

caused by two CVB1 strains (CVB1 ATCC and 10796). Hizentra, Fluoxetine, and 

Norfluoxetine were effective against both CVB1 strains. Pleconaril was more 

effective against CVB1 ATCC than CVB1 10796. Enviroxime was effective against 

CVB1 ATCC, but not against CVB1 10796. Azithromycin, Favipiravir, Itraconazole, 

Lovastatin or Ribavirin had no effect against either of the CVB1 strains. The 

susceptibility of CVB1 strains to these drugs was partly different compared to that 

obtained using lower virus concentrations. 

In publication IV, antiviral drugs were utilized to eradicate persistent CVB1 

infection from PANC-1, pancreatic ductal cells. Persistent infection established with 

CVB1 ATCC the prototype stain, and 10796 the clinical isolate, were utilized in the 

study. Certain antiviral drugs were able to cure the CVB1 persistent infection form 

pancreatic cells. Fluoxetine and Hizentra were able to eradicate both the CVB1 

ATCC and 10796 persistent infections from cells. Both Enviroxime and Pleconaril 

eradicated the CVB1 ATCC strain but were not effective against CVB1 10796 

persistent infection. This indicates that even a small variation in the genome may 
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make the virus resistant to the drug. For example, CVB1 10796 has amino acid 

substitution V45I, in comparison to CVB1 ATCC, in the non-structural protein 3A. 

It might explain virus resistance to Enviroxime since mutation V45A in the 3A 

protein has been associated with drug resistance in pervious publications (129). In 

previous studies, substitution for AA92 in the VP1 protein has been associated in 

Pleconaril drug resistance (128). However, both CVB1 strains (ATCC and 10796) 

had same AA on this position, and no mutation had developed on this position to 

CVB1 10796 during the Pleconaril treatment. Additionally, CVB1 10796 was 

susceptible to Pleconaril in the acute infection model. Therefore, the difference in 

effectivity in persistent infection between CVB1 ATCC and CVB 10796 was not due 

to complete drug resistance to Pleconaril. 

The antiviral drugs that were effective in these cell models are candidates for 

clinical trials even though these in vitro results cannot prove that the drug can cure 

human persistent infection from the tissue. Additionally, complete clearance of the 

virus by effective antiviral drugs took several weeks (with a treatment period of eight 

weeks), also suggesting that in human clinical trials, a long treatment period might 

be needed. For example, in the DiViDIntervention trial, which is currently 

underway, drug treatment lasts for six months. 

Pleconaril cured persistent CVB1 ATCC infection by lower concentrations than 

the plasma concentrations reached in a previous clinical trial (314). Also, severe EV 

infections in young infants have been successfully treated by Pleconaril (318). 

However, Pleconaril is not widely available since it has been rejected for the 

treatment of the common cold by the US Food and Drug Administration because 

of adverse effects and the development of drug resistant mutants (125). 

Fluoxetine is a licensed antidepressant, which is widely available. It was also able 

to cure CVB1 ATCC and CVB1 10796 persistent infections. Nevertheless, the 

effective concentration of 15 μM, was significantly above the plasma concentrations  

during depression treatment in patients. The plasma concentrations reached  

treatment of depression in patients for adults have ranged between 0.015-0.865 μM 

for Fluoxetine and 0.014−0.602 μM for Norfluoxetine. In children and adolescents, 

it is up to -0.36 μM and -0.45 μM respectively (319,320). Also, the concentration of 

Fluoxetine to cure persistent CVB1 infection was slightly higher than the 

concentration shown to cure persistent CVB4 E2 infection (139,321). This could be 

due to different sensitivities of the viruses in these models. 

Besides Fluoxetine, Hizentra was able to cure CVB1 ATCC and CVB1 10796 

persistent infections. Hizentra is an immunoglobulin product, which contains 

neutralizing antibodies but the titers of antibodies against different EVs may vary 
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(322). It is easily available, relatively safe, and such immunoglobulin products have 

also been used previously against acute and persistent EV infections. In addition, 

these immunoglobulin products have been successfully used before the development 

of effective vaccines to prevent paralytic polio. Hizentra contained a relatively high 

neutralizing antibody titer, with a concentration of 0.2 mg/ml to neutralize the CVB1 

virus. Furthermore, the efficacy of immunoglobulins in the treatment of EV 

infections can be improved by optimizing their neutralizing antibody spectrum (323). 

In addition to neutralizing antibodies, immunoglobulins could also mediate antiviral 

effects by opsonizing the infected cells leading to complement activation and 

enhanced recognition of the virus by the immune system. 

Currently ongoing clinical trial (DiViDIntervention, EudraCT No. 2015-003350-

41) tests Pleconaril-Ribavirin combination therapy in the treatment of T1D. 

Pleconaril has been earlier rejected (125) for treatment of common cold due to its 

induction of liver enzymes and development of resistant virus strains. However, it 

has been used as experimental treatment of more severe EV infections in young 

infants (126). Also, using it in combination with other drugs could prevent the 

emergence of drug resistant virus strains during the treatment. Additionally, 

Pleconaril has been tested to treat severe conditions like acute flaccid paralysis  

syndrome due to echovirus 19 infection in combination with intravenous 

immunoglobulin (324). Ribavirin is available on marked and it is used in combination 

with other medications, such as interferon-alpha, to treat hepatitis C (325). It has 

shown efficacy against some EVs as well (326). Ribavirin with interferon-alpha has 

been successfully used to treat persistent rhinovirus infections, also a picornavirus  

(327). In the present study, Pleconaril was effective against CVB1 ATCC, but not 

against CVB1 10796 persistent infection. Even though it has been shown to have a 

broad antiviral spectrum against different EVs (148), it is known that pleconaril is 

sensitive for changes in viral AA composition at its binding site. For example, it was 

not effective against acute CVB3 infection, which is in line with previous studies 

(128). In the present study Ribavirin was cytotoxic in CVB1 persistent infection cell 

models in higher concentrations and ineffective in low concentrations. The serum 

concentration used in hepatitis C treatment is 3.2 μg/ml (10 μM), which is under the 

concentration needed to block CVB acute infections (315). Also, the ED50 

concentration used in the acute CVB infections crossed the CC50 concentration for 

PANC-1 cells. However, since it is effective against EVs in acute infection models, 

licensed and available on market and its safety profile is well known it is attractive 

candidate for clinical trials in various EV diseases. 
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Altogether, the results suggest that certain antiviral drugs, particularly Hizentra 

and Fluoxetine, are good candidates for clinical trials , testing their ability to restore 

β-cell function in prediabetic or diabetic individuals. In addition, these drugs could 

be helpful in the treatment of acute and persistent CVB infections in general. In 

addition, the combination of Pleconaril and Ribavirin, as used in the ongoing T1D 

intervention trial, can be considered as a feasible option for testing the efficacy of 

antiviral drugs in the eradication of persisting EV infection in human patients . 

6.6 Limitations of the study 

The study was carried out using cell models of acute and persistent CVB infections. 

These models generated important new information about the mechanisms of CVB 

persistency and possibilities to cure such infection by antiviral drugs. However, even 

though these models could reflect several aspects of CVB persistency, they also had 

important limitations, which need to be considered when interpreting the results. 

Firstly, these models studied homogenous cell population and the impacts of other 

factors, including, for example, systemic immune responses, which could not be 

taken into account. Systemic immune responses modulate the course of infection in 

vivo and could have synergistic effect with antiviral drugs helping the clearance of 

persistent infection. Therefore, the effective concentrations of the antiviral drug that 

were identified in this study should be interpreted with caution since it is possible 

that even lower drug concentrations could be effective in vivo. However, the innate 

immune system responses of CVB-infected cells could be studied in detail in these 

cell models. The results suggested that such responses can vary markedly depending 

on the virus strain causing the infection. 

Another limitation is related to the lack of knowledge of the nature of persisting 

CVB infections in general. It is known that in cell models, CVBs can cause persistent 

infection using two mechanisms: the carrier state type of infection and the steady 

state type of infection, and the current cell models represent the carrier state type of 

persistency. However, the exact mechanisms that mediate EV persistency in patients  

with chronic EV infections or in chronic diseases such as T1D are unknown. 

Therefore, it is possible that the models used in this study cannot reflect all aspects 

that are relevant for CVB persistency in humans. For example, the amount of the 

virus generated in the carrier state persistency in cell models might be higher than 

the amount of virus persisting in the tissues of patients. This could also influence the 

minimum effective concentration of antiviral drugs needed to clear persisting EV 



 

93 

infection from living patients. The ongoing clinical trial with Pleconaril + Ribavirin 

in combination among newly diagnosed T1D patients will also provide important 

information about this aspect. 

The third limitation of the study is that the persistence models were based on a 

limited number of cell lines, both representing pancreatic cells. It is possible that the 

various properties of the cell can influence the mechanisms of CVB persistency. For 

example, the receptors that the cell express or the level of innate immune response 

to the virus could dictate the development of persisting infection in a certain 

direction. However, this study focused mainly on possible role of CVB persistency 

in the pancreas in the pathogenesis of T1D, and therefore, the use of the exocrine 

cell and β-cell line was a natural choice. In addition to the cell, the type of EV may 

also determine the development of persistency. In this study CVB viruses were used 

as a model, and it is possible that other EV types could provide different results, e.g., 

due to the usage of different receptors. 

6.7 Future prospective 

This study has generated novel knowledge about persistent CVB1 infection and 

about curing such infections by antiviral drugs. However, there are still many open 

questions to be answered. One of the most interesting questions is how the virus  

spreads in persistent infection. In the carrier state type of persistency, it is possible 

that cells die so slowly that new cells are formed faster, and newly generated cells  

become infected slowly due to the strong downregulation of the CAR receptor. 

However, it seems likely that the virus can also use other ways for egress and for 

internalization, even though these events are still largely unknow. Egress in 

autophagosomes and infection via membrane fusion has been studied in acute EV 

infections but it is not known whether these mechanisms operate in persistent 

infection (30,34,238). Additionally, direct transfer of CVB via cellular protrusions 

has been shown to occur during acute EV infection but it has not been studied in 

persistent infection (35). Other possible transmission mechanisms include egress via 

exosomes and via mitosis of infected cells. It would be interesting to observe the 

spread of the virus in persistently infected cells where the viral antibody has been 

injected by live microscopy. FACS technology could help to answer the question on 

the number of infected cells in various persistence models and would also make it 

possible to investigate the heterogenicity of the cell population in persistent 

infections in detail. Additionally, single cell transcriptomic studies are in progress to 
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address these questions, to separate effect of persistent infection in cell population 

into cells which are infected and not infected. 

There are many more opportunities for antiviral drug studies in persistent 

infection. In the current study, we were able to investigate 10 drugs in a single drug 

set up. The next step could be to test combinations of these drugs. The advantage 

of the combination therapy is to prevent escape mutants and possibly decrease the 

needed for the concentration of individual drugs in the cocktail. Also, there are 

plenty of new drugs to be tested against persistent CVB infection, which have shown 

anti-EV activity. Currently, new antiviral drugs and combination of antiviral drugs 

are tested in an acute infection model in Professor Heikki Hyöty’s laboratory. In 

addition, persistency models also offer an excellent platform to study the 

development of drug resistance in the persisting viral infection to identify viral 

mutations that determine drug resistance. 

It would also be very interesting to translate these findings to clinical studies to 

evaluate the pathogenesis of T1D. For example, the proteins that are markedly 

downregulated/upregulated during a persisting CVB infection could be identified in 

the pancreatic tissue of T1D patients using immunofluorescent staining. This could 

help to detect a possible persisting CVB infection in these patients. Also, the option 

to develop effective antiviral drug treatments for patients suffering from persisting 

EV infections would have an important clinical impact. Furthermore, the discovery 

of functional antiviral drugs against T1D in associated viruses could open completely 

new opportunities to treat T1D. 
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6.8 Graphical summary of the study 

The main findings of the study are summarized in a graphical form in the figure 12 

below. 

 

Figure 14.  A graphical summary of the main findings of the study. 
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7 CONCLUSIONS 

The aim of the study was to establish persistent CVB1 infection in pancreatic cell 

lines and to characterize the mechanisms of persistency by studying changes in the 

viral genome and virus-induced changes in the cellular proteome. In addition, the 

aim was to test the efficacy of selected antiviral drugs against acute and persistent 

CVB1 infections. 

The main outcome of the study is that CVB1 virus can establish persistent 

infection in cell lines representing pancreatic ductal cells and β-cells. The infection 

was classified as a carrier state type of persistent infection, because of the high titers  

of virus produced during the persistence and relatively low number of infected cells. 

CVB1 infection modified intracellular protein expression and protein secretion. The 

expression of receptors used by CVB1 were downregulated, including the main 

receptor CAR and the co-receptor DAF. Mitochondrial energy metabolism proteins 

were strongly downregulated, and mitochondrial network architecture was disturbed. 

Additionally, the proteins involved in the regulated secretion and β-cell function 

were clearly downregulated. Antiviral host response proteins were expressed 

differently in cells persistently infected by two CVB1 strains (CVB1 ATCC and 

CVB1 10796 strains). 

Several mutations were enriched in persisting CVB1 strains but only one of them, 

K257R in the viral VP1 protein, was common for all persisting viruses suggesting 

that this amino acid change might be a hallmark of a persisting CVB strain. In 

general, most mutations located in the P1 region of viral genome, which encodes 

viral structural proteins. Non-synonymous mutations accumulated in the presumed 

3A6 antibody binding site, as well as in the BC loop, EF loop and N-terminus of the 

VP1 coding region. Mutations were found also in the puff region, knob region and 

infection-enhancing epitope of VP2, VP3 and VP4 protein coding regions, 

respectively. 

Certain antiviral drugs were able to cure persistent CVB1 infection in these cell 

models and the most effective ones were Fluoxetine, an antidepressant, and 

Hizentra, an immunoglobulin product, which cured persistent infections established 

by both CVB1 strains (ATCC and 10796). Furthermore, Pleconaril and Enviroxime 

were able to cure one of the strains. The results of these studies are highly important 
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in the progress to understand mechanisms of persistent EV infection, in 

understanding the possible role of persistent EV infection in the pathogenesis of 

T1D, and also for investigating drugs to treat and/or prevent T1D. 
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Heikki Hyöty, Riitta

Lahesmaa

riitta.lahesmaa@utu.fi

HIGHLIGHTS
Persistent CVB infection in

PANC-1 cells established

using two CVB1 strains

Infections influenced host

protein expression and

secretion broadly

Changes in, e.g.,

mitochondria, virus

receptors, and regulated

secretory pathway

Persistency-triggered

antiviral immune

responses differed

between the virus strains

DATA AND CODE

AVAILABILITY
PXD012153

PXD012154

Lietzén et al., iScience 19,
340–357
September 27, 2019 ª 2019
The Author(s).

https://doi.org/10.1016/

j.isci.2019.07.040

mailto:riitta.lahesmaa@utu.fi
https://doi.org/10.1016/j.isci.2019.07.040
https://doi.org/10.1016/j.isci.2019.07.040
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2019.07.040&domain=pdf


A

C
th
o
Ni

Ma

an

SU

Th

fec

typ

kn

usi

an

tic

in

pa

pro

ma

ass

IN

En

com

the

am

e.g

pa

ne

ho

(pe

link

201

CV

ico

sep

vira

sta

et

is t

et

Th

de

the

two

tio

(Fr

340
rticle

oxsackievirus B Persistence Modifies
e Proteome and the Secretome
f Pancreatic Ductal Cells

ina Lietzén,1,6 Karoliina Hirvonen,1,6 Anni Honkimaa,2,6 Tanja Buchacher,1 Jutta E. Laiho,2 Sami Oikarinen,2

5,7

,
bo
520

pere
ere,

f

86,

Life

014

ict,
d

ed

ed

.isci.
gdalena A. Mazur,3 Malin Flodström-Tullberg,3 Eric Dufour,4 Amir-Babak Sioofy-Khojine,2 Heikki Hyöty,2,
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e group B Coxsackieviruses (CVB), belonging to the Enterovirus genus, can establish persistent in-

tions in human cells. These persistent infections have been linked to chronic diseases including

e 1 diabetes. Still, the outcomes of persistent CVB infections in human pancreas are largely un-

own. We established persistent CVB infections in a human pancreatic ductal-like cell line PANC-1

ng two distinct CVB1 strains and profiled infection-induced changes in cellular protein expression

d secretion using mass spectrometry-based proteomics. Persistent infections, showing characteris-

s of carrier-state persistence, were associated with a broad spectrum of changes, including changes

mitochondrial network morphology and energy metabolism and in the regulated secretory

thway. Interestingly, the expression of antiviral immune response proteins, and also several other

teins, differed clearly between the two persistent infections. Our results provide extensive infor-

tion about the protein-level changes induced by persistent CVB infection and the potential virus-

ociated variability in the outcomes of these infections.

TRODUCTION

teroviruses are the most common human viruses, causing a wide spectrum of diseases ranging frommild

mon cold-type illness to severe life-threatening conditions. Polioviruses causing paralytic diseases are

ir most well-known representatives (Laitinen et al., 2016). The group B Coxsackieviruses (CVBs) are

ong those enteroviruses that most frequently lead to contacts with the health care system causing,

., meningitis, encephalitis, myocarditis, hand-foot-and-mouth disease, pancreatitis, and hepatitis (Tap-

rel et al., 2013). Young children are at the highest risk of developing severe CVB diseases, and infection in

wborn infants can lead to life-threatening systemic infections. CVB infections are typically acute, and the

st’s immune system clears the virus within a few days or weeks. CVBs can, however, also establish chronic

rsistent) infections (Chapman and Kim, 2008; Pinkert et al., 2011; Sane et al., 2013), which have been

ed to chronic diseases including type 1 diabetes (T1D) and dilated cardiomyopathy (Nurminen et al.,

2; Massilamany et al., 2014; Hyoty, 2016).

Bs are small, non-enveloped viruses, and their positive-sense single-stranded RNA genome is inside the

sahedral protein capsid (Tuthill et al., 2010). There are six different CVB serotypes (CVB1–6) that can be

arated from each other based on their antigenic and genetic properties. The viral genome encodes for

l structural proteins, VP1–4, and seven non-structural proteins, 2A–2C and 3A–3D. The infection cycle

rts by the attachment of the virus to the cell surface receptor followed by viral entry into the cell (Tuthill

al., 2010). The viral RNA genome is released by uncoating and is transported into the cytoplasm where it

ranscribed and translated. Finally, mature virions are released, usually by lysis of infected cells (Laitinen

al., 2016).

e mechanisms leading to enteroviral persistency are not fully understood. However, it appears that the

velopment of viral persistency is linked to a complex co-evolutionary process of both the host cell and

virus (Alidjinou et al., 2017; Pinkert et al., 2011). Studies in cell and animal models suggest that there are

types of persistent infections, called carrier-state and steady-state persistence. In a steady-state infec-

n the viral replication cycle is non-lytic and a large proportion of cells can be simultaneously infected

isk, 2001). In a carrier-state infection high titers of virus are produced, but only a small proportion of
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cells are infected (Alidjinou et al., 2017; Pinkert et al., 2011). Kim et al. have established a steady-state

ection with CVB3 in primary cells isolated from different tissues including human cardiac myocytes and

use heart and pancreatic cells (Kim et al., 2008). Infection did not cause cell lysis, even though viral RNA

s produced. However, the viral genome harbored 7- to 49-nucleotide-long deletions in the untranslated

ion in the 50 end (Kim et al., 2008), which may explain the non-lytic character of the virus. Carrier-state

B3 infection has been established in murine cardiac myocyte cell line, HL-1 (Pinkert et al., 2011). Another

rier-state infection model has been established in pancreatic duct cell line, PANC-1, using CVB4 (Sane

l., 2013). The viral plaquemorphology changed, and several mutations accumulated in the viral genome

ring the development of persistent infection. The persistently infected cells also became resistant to the

opathic effect induced by CVB4 re-infection (Alidjinou et al., 2017). The CVB receptor coxsackievirus and

enovirus receptor (CXADR) was downregulated in these carrier-state models, which may contribute to

resistance of persistently infected cells to superinfection by other CVBs and to the lack of fulminant

opathic effect (Alidjinou et al., 2017; Pinkert et al., 2011). Finally, previous studies have suggested

t individual strains of a given CVB type can differ in their effects on target cells and in their ability to

uce antiviral host responses (Anagandula et al., 2014; Hamalainen et al., 2014; Ylipaasto et al., 2012).

ch differences might also influence how efficiently the infection is eradicated and the persistence of

virus in the infected cells or organs.

ncreas is an important target organ of CVBs, which can infect both exocrine and endocrine cells of human

ncreas (Busse et al., 2017; Richardson et al., 2009). A role for CVBs in the pathogenesis of T1D is sup-

rted by the strong expression of CXADR in insulin-producing pancreatic beta-cells (Ifie et al., 2018)

cause CVBs, but no other enteroviruses, use this receptor to enter the cell. Enterovirus VP1 protein

been repeatedly detected in the beta-cells of patients with T1D (Krogvold et al., 2015; Richardson

al., 2009, 2013). However, only few beta-cells express viral protein and the amount of viral RNA is low,

sistent with a low-grade viral persistence rather than an acute productive infection. CVBs have also oc-

ionally been detected outside of pancreatic islets in human pancreas tissue samples (Busse et al., 2017;

hardson et al., 2009; Ylipaasto et al., 2004). Interestingly, a small set of data based on a novel and sen-

ve approach for detecting CVB RNA indicated the presence of these viruses outside pancreatic islets

o in tissue biopsies collected from individuals with T1D (Busse et al., 2017). The association between

Bs and T1D has been documented in prospective birth cohort studies already before the beta-cell

maging process has started (Laitinen et al., 2014; Oikarinen et al., 2014; Sioofy-Khojine et al., 2018), sug-

sting that these viruses can play a role in the initiation of the process. Among the six CVB types, CVB1

CVB4 have most frequently been associated with T1D (Laitinen et al., 2014; Oikarinen et al., 2014;

ofy-Khojine et al., 2018; Yoon et al., 1979).

e present study aims at identifying cellular responses during persistent CVB infection and understanding

mechanisms mediating the adaptation of cells to the carrier-type persistence. Establishing long-term

B persistency in primary human pancreatic islets (Chehadeh et al., 2000) or insulin-producing beta-cell

s is challenging. Here we utilized a well-established model of persistent CVB infection in PANC-1 cells

ne et al., 2013) for broad mapping of infection-induced changes in protein expression and secretion af-

almost 1 year’s persistency. Persistent infections were established by using two distinct strains of CVB1,

enterovirus that has been previously associated with T1D in epidemiological studies (Laitinen et al.,

4; Oikarinen et al., 2014; Sioofy-Khojine et al., 2018). In our previous study (Hamalainen et al., 2014),

se two strains differed by the strength of innate immune responses they induced. Infection-associated

nges in intracellular proteomes and secretomes were profiled using quantitative mass spectrometry-

sed proteomics.

SULTS

xsackievirus B1 ATCC and 10796 Strains Establish Persistent Infections in PANC-1 Cells
rsistent CVB1 infection was established in the PANC-1 human pancreatic duct cell line using two virus

341
ains (ATCC and 10796). We observed a strong cytopathic effect immediately after the initial infection

h both CVB strains, and the amount of viral RNA in cell culture supernatants, measured by RT-qPCR,

pped dramatically at this point, likely due to the rapid loss of cells that could support viral replication.

stored proliferation in the surviving cells was associated with an increased amount of viral RNA reaching,

oth models, 108 copies per sample approximately 3 months after the initial infection (Figure 1A). There-

er, the copy number of viral RNA remained stable. Around a year after the initial infection, the viral capsid

tein VP1 was detected by immunohistochemical (IHC) staining (Figure 1B), and both establishedmodels

iScience 19, 340–357, September 27, 2019
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Figure 1. Establishment of Persistent CVB1 Infections in PANC-1 Cells

(A) Both CVB1 strains (ATCC and 10796) were replicating in PANC-1 cells for nearly 1 year. The amount of viral RNA was

measured by RT-qPCR, and the results were converted into genome copy numbers/sample (140 mL). Sample collection for

proteomics was performed 300, 315, and 322 days post-infection, as indicated in the figure.

(B) Viral capsid protein VP1 (brown) was detected by IHC at 362 days post-infection. Scale bar, 25 mm.

342
wed features of carrier-state persistent infection with a low proportion of the cells clearly positive for

l VP1 protein (Alidjinou et al., 2017; Pinkert et al., 2011). The proteomes of these persistently infected

ls were analyzed at this time. Persistent CVB1 infections were not associated with increased cell death

ble S1).

rsistent Coxsackievirus B1 Infection Results in Extensive Changes in Protein Expression

d Secretion

ing mass spectrometry-based proteomics, we identified and quantified altogether 5,130 distinct protein

ups in the cell lysates and 3,181 distinct protein groups in the cell culture supernatants of the PANC-1

ls (Tables S2 and S3). Persistent CVB1 infections were associated with extensive changes in intracellular

tein expression and protein secretion. Significant upregulation of 688 distinct protein groups was

served in PANC-1 cells with persistent CVB1 infection, with 85 of the protein groups significantly upre-

lated in both persistent CVB1 infection models (Figures 2A and 2B). Furthermore, persistent CVB1 infec-

ns were associated with significant downregulation of 2,001 distinct protein groups in the PANC-1 cells,

h 520 of the protein groups significantly downregulated in both persistent infection models (Figures 2A

2B). Finally, significant upregulation of 919 distinct protein groups and significant downregulation of

distinct protein groups was observed in the cell culture supernatants of the persistent CVB1 infection

dels (Figure 2C). Of them, the secretion of 166 and 197 distinct protein groups was significantly upregu-

ed and downregulated in both persistent CVB1 infection models, respectively (Figures 2C and 2D).

oteins Potentially Involved in Viral Replication and Spreading Were Influenced during

rsistent CVB1 Infection

wnregulation of a broad spectrum of host proteins was observed in the PANC-1 cells in both persistent

B1 infectionmodels (Figures 2A and 2B). CVB proteinase 2A can block the host cell translational machin-

and promote viral IRES-driven translation via cleavage of host translation initiation factor eIF4G

iScience 19, 340–357, September 27, 2019



required for cap-dependent translation (Borman et al., 1997). Indeed, western blot analysis showed the

presence of cleaved eIF4G in both persistent CVB1 infection models (Figure 3A). Based on Ingenuity

Pathway Analysis (IPA), proteins involved in cholesterol biosynthesis pathways and the mevalonate

pathway, which provides building blocks for cholesterol biosynthesis, were significantly enriched among

the

to

thi

2 (P

Figure 2. Persistent CVB1 Infection Results in Changes in Intracellular Protein Expression and Protein Secretion

(A) Numbers of differentially expressed proteins in cells with persistent CVB1 ATCC and 10796 infection.

(B) Heatmap of Z-score normalized data for the 605 proteins with similar responses to persistent CVB1 infection with both

virus strains in the PANC-1 cells.

(C) Numbers of proteins whose secretion is significantly changed during persistent CVB1 ATCC and 10796 infections.

(D) Heatmap of Z-score normalized data showing the 363 proteins whose secretion is changed similarly from cells with

persistent CVB1 ATCC and 10796 infections.

343
upregulated proteins in both persistent infection models (Figure 3B, Table S4). Cholesterol is known

facilitate efficient CVB replication, and CVBs manipulate host cell cholesterol shuttle to accumulate

s lipid in viral replication organelles (Albulescu et al., 2015; Ilnytska et al., 2013). Poly(rC)-binding protein

CBP2) is essential for CVB IRES-mediated translation and viral RNA replication (Sean et al., 2009), and its

iScience 19, 340–357, September 27, 2019



expression was significantly upregulated in both persistent CVB1 infectionmodels (Table S2). In addition to

PCBP2, other host RNA-binding proteins also can improve the replication of CVB viruses. Interfering with

the cell’s nucleocytoplasmic trafficking can hinder the transport of these proteins from the cytoplasm to the

nucleus making them more accessible for the virus replicating in the cytoplasm (Belov et al., 2000; Gustin

Figure 3. Both Persistent CVB1 Infections Modulate the Expression of Multiple Host Cell Proteins

(A) eIF4G is cleaved in PANC-1 cells with persistent CVB1 ATCC and 10796 infection. Western blot analyses were performed for two biological replicates

from each condition.

(B) IPA canonical pathways that are significantly enriched among the upregulated proteins in both persistent CVB1 infection models.

(C) Several nuclear complex proteins are downregulated during persistent CVB1 infection. Nuclear pore complex proteins were assigned based on

Knockenhauer and Schwartz (2016). *FDR < 0.05 and |Fold change| R 1.5.

(D) Raw intensities of three CXADR peptides in the PANC-1 cells. For each sample, median intensity of three technical replicates is shown.

(E) IPA canonical pathways that are significantly enriched among the downregulated proteins in both persistent CVB1 infection models. FDR, false discovery rate.

344
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Sarnow, 2001). In the current study, several proteins of the nuclear pore complex responsible for pro-

n nucleocytoplasmic trafficking were significantly downregulated in both persistent infection models

ure 3C).

veral viral peptides were identified in the cells and the cell culture supernatants of the persistent CVB1

ection models, supporting the presence of actively replicating virus still more than 300 days after the

ial infection (Table S5). Interestingly, higher expression of viral proteins was detected in the cells and

cell culture supernatants during persistent infection with 10796 strain of CVB1 when compared with

B1 ATCC infection model (Table S5). Here, the viral protein expression in each sample was defined as

sum of intensities for peptides mapping to genome polyprotein sequence of CVB1 Japan strain

iProtKB: P08291), which is the only manually curated CVB1 protein sequence available in the SwissProt

tabase.

wnregulation of the CVB receptor CXADR has been a common feature for carrier-state persistent CVB

ections (Alidjinou et al., 2017; Pinkert et al., 2011). In line with these studies, CXADR protein expression

s only detected in the non-infected PANC-1 cells (Figure 3D, Table S2), suggesting its downregulation

ring persistent CVB1 infection. However, neither of the persistent CVB1 virus strains lose their ability to

CXADR receptor in the entry, because they infected CAR-transfected CHO cells but were unable to

ect naive CHO cells (data not shown). Furthermore, proteins involved in virus entry via the endocytic

thways were enriched among the downregulated proteins in both persistent infection models based

IPA analysis (Figure 3E, Table S4), indicating also a broader downregulation of proteins potentially

olved in viral entry during persistent CVB1 infection. These changes are likely to limit the spreading

the virus from cell to cell during persistent infection.

rsistent CVB1 Infections Are Associated with Changes in Mitochondrial Energy

tabolism and Network Morphology

e of the main features of the persistent CVB1 infection models was the significant downregulation of

tochondrial proteins, especially those proteins involved in mitochondrial energy metabolism (Figure 3E,

bles S4 and S6). Downregulation of mitochondrial energy metabolism has earlier been observed in

use models of cardiomyopathy associated with chronic CVB3 infection (Nishtala et al., 2011; Xu et al.,

1). Mitochondrial oxidative phosphorylation was among the three most significantly downregulated

thways in both persistent infection models (Figure 3E) with 27 and 42 oxidative phosphorylation chain

ponents downregulated by ATCC and 10796 strains of CVB1, respectively. In addition, for example,

thways of fatty acid beta-oxidation, citric acid cycle, and leucine and valine degradation were signifi-

tly enriched among the downregulated proteins in both models (Figure 3E, Table S4).

get a deeper view on persistent CVB1 infection-induced mitochondrial changes, mitochondrial networks in

PANC-1 cells were visualized using MitoTracker staining, which labels active mitochondria based on mito-

ndrial membrane potential (Figure 4A). Mitochondrial network morphology is highly responsive to the exist-

conditions and influences cellular metabolism and several other signaling pathways (Wai and Langer, 2016).

stained cells were subdivided into four different categories based on themorphology of their mitochondrial

work: elongated filaments, filaments, intermediate, and fragmented network. A highproportion (44%G 14%,

0.01) of the cells persistently infected with 10796 strain of CVB1 showed fragmentedmitochondrial network,

ereas the majority of the uninfected control cells and cells infected with the ATCC strain of CVB1 showed fila-

ntous networks (Figure 4B). Further supporting these results, proteomics analyses showed the significant

wnregulation of three proteins with central roles in mitochondrial fusion processes, namely, mitofusin 1, mi-

usin 2 (MFN1 andMFN2), and dynamin-like 120-kDa mitochondrial protein (OPA1) (Wai and Langer, 2016), in

CVB1 10796 persistent infection model.

ssical and Unconventional Protein Secretion from PANC-1 Cells Is Modulated by

rsistent CVB1 Infection

rsistent CVB1 infections changed significantly the secretion of 1,483 proteins from the PANC-1 cells. Of

se, 623 proteins were associated with extracellular exosomes based on their Gene Ontology annota-

ns (Table S6), indicating that they might be secreted from the cells by unconventional vesicle-mediated

chanisms. The tetraspanin family of proteins is highly enriched in the membranes of exosomes (Andreu

Yáñez-Mó, 2014), and three members of this family (CD63, CD81 and CD9), held as classical exosome

rkers, were also detected in the current study (Table S3). The levels of CD63 were significantly

iScience 19, 340–357, September 27, 2019
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Figure 4. Mitochondrial Networks in Non-infected PANC-1 Cells and Cells with Persistent CVB1 Infections

Cell imaging analysis was carried out on three biological replicates of CVB1 ATCC persistent infection model and four

biological replicates of CVB1 10796 persistent infection model and non-infected control cells.

(A) Mitochondrial network is visualized in living cells using MitoTracker staining. Representative examples of cells with

persistent CVB1 ATCC and 10796 infection and non-infected control cells are shown.

(B) Cells were grouped into four different categories based on the morphology of their mitochondrial network. The data

are presented as mean G SD. Total numbers of cells used for the grouping: control N = 784, CVB1 ATCC N = 546, CVB1

10796 N = 709.
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some marker, CD9, was significantly downregulated in cells persistently infected with CVB1 10796

ain. The persistent CVB1 infections did not change the secretion of CD81 (Figure 5A).

sed on SignalP analysis (Petersen et al., 2011), 371 differentially expressed proteins in the cell culture

ernatants carry a signal peptide and are therefore likely to be secreted via the classical endoplasmic

iculum (ER)-Golgi pathway. Coxsackievirus proteins have previously been reported to inhibit protein

fficking through the Golgi (Cornell et al., 2006; de Jong et al., 2006), and in the current study the secre-

n of 225 and 218 proteins with predicted signal peptide was also downregulated in cells with persistent

B1 ATCC and 10796 infection, respectively. Of those proteins 135 were commonly downregulated in the

l culture supernatants of CVB1 ATCC- and 10796-infected PANC-1 cells, whereas only five proteins with

redicted signal peptide were upregulated in the cell culture supernatants of both persistent infection

dels. One of these five upregulated proteins was macrophage colony stimulating factor 1 (CSF1), a cyto-

e with increased production reported in mouse heart tissues at the acute state of CVB3-inducedmyocar-

is (Meyer et al., 2018).

articular, persistent CVB1 infection was associated with clearly downregulated secretion of all five gra-

family members detected in the present study: chromogranin-B (also called secretogranin-1) (CHGB),

retogranin-2 (SCG2), secretogranin-3 (SCG3), neurosecretory protein VGF (VGF), and ProSAAS

SK1N) (Figures 5B and 5C). The granin family members have essential roles in the regulated secretory

iScience 19, 340–357, September 27, 2019



pathway, which is responsible of rapid on-demand secretion of hormones, growth factors, neurotransmit-

ters, and other molecules. Proteins secreted through this pathway are directed from the trans-Golgi

network to dense core granules, where they are stored at high concentrations until an extracellular signal

stimulates their secretion. The granin family members present critical roles in the regulated secretory

Figure 5. Persistent CVB1 Infection Influences the Secretion of Several Proteins

(A) Secretion of exosome marker proteins CD9, CD63, and CD81 from PANC-1 cells. For each sample, the median

intensity of three technical replicates is shown. Statistically significant differences are marked with *.

(B and C) Persistent CVB1 ATCC (B) and 10796 (C) infection induced changes in the levels of extended granin family

proteins, CPE and peptidylglycine a-amidating monooxygenase (PAM) in the cell culture supernatants.

(D–F) RT-qPCR analyses of CHGB (D), SCG3 (E), and CPE (F) in PANC-1 cells. The measurements were performed for the

three biological replicates from each condition, and results are shown as Delta CtG SD. Primer sequences are presented

in Table S7.
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Figure 6. Persistent CVB1 Infections Influence the Expression of Several Proteins Associated with Beta-Cell

Differentiation, Growth, and Survival

Persistent CVB1 infection induced changes in the expression levels of (A) ALDH1A3 (cell lysates), (B) SPARC (cell culture

supernatants), (C) SUSD2 (cell lysates), and (D) HSPG2 (cell lysates). For each sample, median intensity of the three

tec
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thway especially in granule biogenesis and protein sorting and also give rise to biologically active pep-

es (Huh et al., 2003; Hosaka et al., 2004; Courel et al., 2010; Bartolomucci et al., 2011). In addition to the

nin family members, two well-known processing enzymes present in the regulated secretory pathway,

ptidylglycine a-amidating monooxygenase (PAM) and carboxypeptidase E (CPE) (Eipper et al., 1993; Ji

al., 2017), were clearly downregulated or undetectable in the cell culture supernatants of the persistently

B1-infected cells (Figures 5B and 5C). Further RT-qPCR analyses showed the downregulation of the gra-

family members CHGB and SCG3 already at transcriptional level, whereas the processing enzyme CPE

ained undetectable at mRNA level in cells with persistent CVB1 ATCC infection but was significantly

regulated at mRNA level in cells with persistent CVB1 10796 infection (Figures 5D–5F). In summary,

r results indicate that persistent CVB1 infections can interfere with protein secretion from the cells at mul-

le different levels.

oteins Associated with Pancreatic Beta-Cell Differentiation and Survival Are Strongly

fected by Persistent Coxsackievirus B1 Infection

ute virus-like infection induces dedifferentiation in a human beta-cell line (Oshima et al., 2018). On the

er hand, persistent CVB4 infection of PANC-1 cells downregulates the transcription factor PDX1, which

mportant for the formation of the endocrine pancreas (Sane et al., 2013). Interestingly, some of the pro-

ns with the strongest infection-associated changes in the PANC-1 cells in the current study have also

en linked with pancreatic beta-cell differentiation or survival. Furthermore, clear differences in the

ression of a few of these proteins were observed between the two persistent infection models.

e most strongly upregulated protein in cells with persistent CVB1 ATCC infection was aldehyde dehy-

genase 1a3 (ALDH1A3), which has been used as amarker of dedifferentiated pancreatic beta-cells (Cinti

l., 2016; Kim-Muller et al., 2016). On the other hand, ALDH1A3 was not detected at all in cells with persis-

t CVB1 10796 infection, indicating its downregulation in this persistent infection model (Figure 6A). Ma-

ellular protein SPARC is secreted by the cells of the endocrine and exocrine pancreas, and it can have a

gative impact on beta-cell growth and survival (Ryall et al., 2014). It was the fourth most strongly upregu-

ed protein in cells with persistent CVB1 ATCC infection, and its secretion from these cells was also signif-

ntly upregulated (Figure 6B). Similarly to ALDH1A3, SPARC was not detected in cells with persistent

B1 10796 infection, and its secretion was strongly downregulated during persistent infection with

B1 10796. Upregulation of the sushi domain-containing protein 2 (SUSD2) has been used to mark a

rticular stage in the maturation of endocrine pancreas during human fetal pancreatic differentiation

hnical replicates is shown. Statistically significant differences are marked with *. ND, not detected.
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mond et al., 2017). In the current study, SUSD2 was the third most strongly upregulated protein in cells

rsistently infected with CVB1 10796 strain, whereas its expression was significantly downregulated in the

ls with persistent CVB1 ATCC infection (Figure 6C). Finally, heparan sulfate proteoglycan core protein

PG2) was the most strongly downregulated protein in cells with persistent CVB1 10796 infection,

ereas it was not differentially expressed in cells with persistent CVB1 ATCC infection (Figure 6D).

PG2 and laminin subunit alpha-5 (LAMA5), also strongly downregulated in cells with persistent CVB1

96 infection, are components of human peri-islet basement membrane, which protects pancreatic islets

m immune cell infiltration and thereby from beta-cell killing (Korpos et al., 2013; Otonkoski et al., 2008).

rsistent Coxsackievirus B1 Infections Can Both Activate and Shut Down Host Antiviral

mune Responses

ute CVB infection in human pancreatic islets induces strong type III interferon (IFN) responses (Lind et al.,

3; Ylipaasto et al., 2012). In the current study, interferon lambda-1 (IFNL1) secretion was observed from

NC-1 cells with persistent CVB1 ATCC infection. Interestingly, no IFNL1 was detected in the secretomes

cells persistently infected with CVB1 10796 or in the secretomes of non-infected control cells (Figure 7A).

-qPCR analyses supported these findings, showing IFNL1mRNA expression only during persistent CVB1

CC infection (Figures 7B and S1). Also in general, the activation of antiviral immune responses was clearly

served in persistent CVB1 ATCC infection model, whereas these responses were downregulated in

rsistent CVB1 10796 infection model when compared with non-infected PANC-1 cells. Based on IPA

lysis, 14 of the 26 downstream targets of IFNL1 that were quantified in the cell lysates were significantly

regulated during persistent infection with ATCC strain of CVB1 (Figure 7C). In contrast, none of these

teins was upregulated in the CVB1 10796 persistent infection model. Of the IFNL1 downstream target

teins, 11 were significantly downregulated in the cells with persistent CVB1 10796 infection and addi-

nal nine IFNL1 downstream target proteins were undetectable in these cells, although they were

tected in the non-infected PANC-1 cells (Figure 7D). The expression of a cytosolic viral RNA receptor

erferon-induced helicase C domain-containing protein 1 (IFIH1) was studied further using in situ hybrid-

tion. The data from two different time points, the latter one 72 days before the proteomics sample

lection, confirmed the high IFIH1 expression in samples from CVB1 ATCC persistent infection and

expression or absence of IFIH1 in the CVB1 10796 persistent infection model and the non-infected con-

l cells (Figure 7E). Also, other proteins associated with antiviral immune responses were significantly up-

ulated in cells with persistent CVB1 ATCC infection, whereas downregulated or undetected in cells with

rsistent CVB1 10796 infection, including immunoproteasome component PSMB8, Endoplasmic reticu-

aminopeptidase 2 (ERAP2) involved in peptide trimming, tapasin (TAPBP) involved in peptide loading

major histocompatibility complex class I, and human leukocyte antigen-C (HLA-C) (Table S2). Finally,

rsistent CVB1 ATCC infection also upregulated the secretion of several proteins involved in antiviral im-

ne responses, including interleukin-18 (IL-18), and ubiquitin-like protein ISG15, whereas their secretion

m cells with persistent CVB1 10796 infection was lower than that from the non-infected cells (Table S3).

SCUSSION

he current study, two persistent CVB1 infectionmodels were established in human PANC-1 cell line, and

infection-associated changes in the cells were characterized using proteomics approaches. Both intra-

lular proteome and secretome were profiled to understand the infection-induced changes in cell func-

n and intercellular communication. To understand the range of responses that can be triggered by

rsistent CVB1 infections, the models were established using two CVB1 strains with clearly different abil-

s to induce innate immune responses based on our previous studies (immunogenic ATCC strain and less

munogenic 10796 strain) (Hamalainen et al., 2014). Although only a small proportion of the cells in both

rsistent infection models were virus-positive based on IHC staining of the viral VP1 protein, broad

nges in protein expression and secretion were observed in both persistent infection models.

rrier-state persistent infections are characterized by high titers of virus produced by a small number of

ected cells (Alidjinou et al., 2017; Pinkert et al., 2011). Several changes observed in the current persistent

B1 infection models support the presence of carrier-state persistence in the CVB1-infected PANC-1

ls. Studies on acute CVB infections have revealed multiple means by which CVBs modify the host cell

ctions for improved viral replication (Ilnytska et al., 2013; Albulescu et al., 2015; Lee et al., 2017). In

current study, several changes, which are likely beneficial for viral replication, were observed in both

rsistent infection models. Active replication of the virus was also confirmed in both persistent infection

dels by the detection of infective viral particles, viral VP1 protein, and viral genome as well as the

iScience 19, 340–357, September 27, 2019



Figure 7. Antiviral Immune Responses during Persistent CVB1 Infections

(A) Changes in IFNL1 secretion from PANC-1 cells. For each sample, median intensity of three technical replicates is

shown. ND, not detected.

(B) IFNL1 mRNA expression in PANC-1 cells. The measurements were performed for the three biological replicates from

each condition. Primer sequences are presented in Table S7.

(C-D) Differentially expressed IFNL1 downstream target proteins in cells with persistent (C) CVB1 ATCC and (D) CVB1

10796 infection based on IPA analysis. Red, significantly upregulated; blue, significantly downregulated; white node with

red lines, detected only in the cells with persistent CVB1 ATCC infection; white node with blue lines, not detected in the

cells with persistent CVB1 10796 infection.

(E) IFIH1 expression in PANC-1 cells based on in situ hybridization. TP1, 102 days post-infection; TP2, 228 days post-

infection. Scale bar, 50 mm. In each bright-field image, fluorescent channel from the bright-field image is condensed into

corner.
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tection of viral proteins in cell lysates and cell culture supernatants in the proteomic analyses. After viral

lication, the infectious cycle of CVBs is usually completed via lytic release of mature virions from the in-

ted cells, followed by the infection of ‘‘naive’’ cells via their CVB receptor CXADR (Bergelson et al., 1997).

e lack of extensive cell lysis and the low number of virus-positive cells in carrier-state persistent infections

be partly explained by the downregulation of the CVB receptor CXADR observed in both persistent

B1 infection models in the current study and in earlier models of carrier-state CVB persistency (Alidjinou

al., 2017; Pinkert et al., 2011). CVBs can also bind to another receptor DAF (CD55) on cell surface, but

not undergo uncoating using that receptor (Bergelson and Coyne, 2013). Here, the expression of

F was not detected in the cell lysates and was detected only in the cell culture supernatants of the

n-infected PANC-1 cells. Furthermore, it is possible that the virus adapts to use other cellular receptors,

new receptors for enteroviruses are still being discovered (Zhao et al., 2019). Pathway analysis of the cur-

t proteomics data also revealed broader downregulation of proteins potentially involved in virus entry in

th persistent CVB1 infection models, which could further limit the spreading of the virus. Previously it has

en shown that CVBs may also spread directly from cell to cell via cellular protrusions (Paloheimo et al.,

1). Finally, microvesicles expressing autophagosome markers, in particular LC3, have recently been re-

rted as a non-lytic means for the transmission of CVBs (Robinson et al., 2014; Sin et al., 2017). Downre-

lation of LC3 B in the cell culture supernatants of both persistent infection models (Table S3) could be

ociated with additional limitations in viral spreading via microvesicles during CVB1 persistency.

B proteins 2B, 2BC, and 3A have been shown to target the Golgi complex of the infected cell and to

rupt protein trafficking through it (Campanella et al., 2004; Cornell et al., 2006; de Jong et al., 2006;

Kuppeveld et al., 1997). Accordingly, acute CVB infections have been shown to modulate the secre-

y pathway of the infected cells (Cornell et al., 2006; de Jong et al., 2006), including pancreatic

ta-cells (M.F.-T., unpublished data). CVB protein 2B can form pores in the ER and Golgi membranes

ulting in Ca2+ and H+ release from these intracellular stores (van Kuppeveld et al., 1997; Campanella

al., 2004; de Jong et al., 2006). Acute infection of HeLa cells with CVB3 resulted in complete destruc-

n of the Golgi complex, which was also observed after transfecting the cells with CVB3 3A protein

ne (Cornell et al., 2006). In the current study, persistent CVB1 infections were associated with broad

wnregulation of proteins likely secreted via the classical secretory pathway in the cell culture superna-

ts of PANC-1 cells. In particular, proteins of the regulated secretory pathway were strongly downre-

lated in the secretomes of PANC-1 cells with persistent CVB1 infection. Maintenance of the Ca2+ and

homeostasis in the ER and Golgi is important for many of these proteins, including CPE and the gra-

family members. Ca2+ and pH regulate the processing of pro-CPE and the activity of CPE, and Ca2+

pH-dependent aggregation of CPE and granins has been proposed to act as a sorting mechanism

ecting these proteins to the regulated secretory pathway (Chanat and Huttner, 1991; Ji et al., 2017;

ng and Fricker, 1995). Interestingly, although CPE protein was significantly downregulated in the

l culture supernatants of the persistent CVB1 10796 infection model, significant upregulation of

E mRNA was observed in the cells in this model, indicating infection-associated defects in the

retion of this protein. The possible infection-associated disruption of Ca2+ and pH homeostasis

the ER and Golgi might have affected the sorting of CPE to the regulated secretory pathway, and/or

potential virus-induced destruction of the Golgi complex could have inhibited its trafficking through

regulated secretory pathway. Even if CPE was correctly addressed to the regulated secretory

thway, virus-induced alterations in pH and Ca2+ levels are likely to influence its enzymatic activity.

E is a crucial protein, for example, for insulin maturation, and reduced CPE activity has been associ-

d with elevated levels of proinsulin and reduced levels of biologically active insulin in mouse models

ggert et al., 1995).

stress is often induced by viral infections, including CVB infections (Colli et al., 2019; Zhang et al., 2010).

e type of these responses can vary depending on the cell type and the virus. The expression of one ER

ess protein, ER chaperone BiP (HSPA5) detected also in the current study, was shown to be induced by

te CVB3 infection of HeLa and HL-1 cells (Zhang et al., 2010), whereas CVB5 infection of human beta-cell

EndoC-bH1 did not change the expression of this protein (Colli et al., 2019). Instead, partial ER stress

IRE1a phosphorylation was shown to be induced by CVB5 infection of EndoC-bH1 cells (Colli et al.,

9). In the current study, the expression of HSPA5 was significantly downregulated during persistent

B1 10796 infection and slightly reduced during persistent CVB1 ATCC infection. Whether signs of partial

stress can be induced during persistent CVB infection remains to be studied.

iScience 19, 340–357, September 27, 2019
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ddition to the features common for the two persistent CVB1 infection models, several differences were

tected between these models. These differences could be associated with the distinct properties of the

CC and 10796 virus strains, random mutations accumulated in these viruses during persistency, or with

ferent kinetics of the infection-induced responses between the two persistent infection models.

e kinetics and magnitude of antiviral immune responses triggered by acute enterovirus infections

fer between distinct virus strains (Anagandula et al., 2014; Hamalainen et al., 2014; Ylipaasto et al.,

2). Differences in the immunogenic properties of these viruses could also influence their ability to

rsist in infected cells or tissues. Based on our earlier studies, acute infection of human peripheral

od mononuclear cells (PBMCs) and dendritic cells with CVB1 ATCC strain clearly triggers a stronger

regulation of antiviral immune responses than a similar infection with the CVB1 10796 strain (Hamalai-

n et al., 2014). Furthermore, the infection of human pancreatic islets with CVB1 10796 strain only results

moderate cytopathic effects (Anagandula et al., 2014). Still, an acute infection with the less immuno-

nic CVB1 10796 strain induces antiviral immune responses both in human pancreatic islets (Anagan-

la et al., 2014) and in human PBMCs (Hamalainen et al., 2014; Lietzen et al., 2018). In the current study,

rsistent infection with the ATCC strain of CVB1 was associated with IFNL1 secretion, upregulation of

eral IFNL1 downstream target proteins, and upregulation of multiple other proteins involved in anti-

l immune responses. These changes are in line with the antiviral immune responses triggered by

ferent CVBs in, for example, human pancreatic islets during acute infection (Ylipaasto et al., 2005,

2; Lind et al., 2013, 2016; Nyalwidhe et al., 2017). In addition, immunofluorescence analyses of pancre-

c tissue samples from organ donors with low-grade enterovirus infection and T1D have shown the

sence of antiviral EIF2AK2 in cells positive for enterovirus VP1 protein (Richardson et al., 2009,

3). Interestingly, in this study persistent CVB1 10796 infection resulted in an apparent shutdown of

se host antiviral immune responses as indicated by the downregulation of numerous antiviral immune

ponse proteins when compared with non-infected controls. Furthermore, downregulated secretion of

mune response proteins, including pro-inflammatory cytokine IL-18, IFNL1, and ISG15, as observed in

rsistent 10796 infection, would make the infected cells less visible for the immune system, likely delay-

their clearance.

e ability of a virus to circumvent host antiviral responses can provide important advantages, reducing

ection-induced stress in the cells and thereby allowing prolonged infection. In the current study, viral

teins were more abundant in the cells and in the cell culture supernatants of persistent CVB1 10796

ection model when compared with the persistent CVB1 ATCC infection model, which could influence

re efficient blocking of host antiviral immune responses during persistent CVB1 10796 infection. Also

an earlier study monitoring the growth kinetics of CVB1 strains in HeLa cells within a 48-h time frame,

B1 10796 was shown to replicate faster and produce more virus progeny than CVB1 ATCC strain (Hama-

en et al., 2014).

tochondrial antiviral-signaling protein (MAVS) is a central protein in host antiviral immune responses,

signaling via MAVS, residing on mitochondrial or peroxisomal membranes, can induce type III IFN re-

nses (Bender et al., 2015; Odendall et al., 2014). CVBs can use different strategies to suppress MAVS-

diated host antiviral immune responses, and clearly reduced type I (Mukherjee et al., 2011; Feng et al.,

4; Lind et al., 2016) and type III IFN responses (Lind et al., 2016) after acute CVB infections have been

served in a few studies. CVB protease 2A can cleave MAVS resulting in suppressed type I and type III

responses (Feng et al., 2014; Lind et al., 2016). According to our data MAVS was significantly downre-

lated in the cells with persistent CVB1 10796 infection, whereas its expression in the CVB1 ATCC model

s only slightly, but not significantly, reduced when compared with the non-infected control cells (Table

. The clear downregulation of MAVS in the cells with persistent CVB1 10796 infection could be associ-

d with, for example, higher expression of viral proteins in this model or with more efficient targeting of

VS by the CVB1 10796 protease 2A. Mitochondrial network fragmentation can also downregulate

VS-mediated antiviral signaling (Castanier et al., 2010). For example, cytomegalovirus inhibits MAVS-

diated antiviral signaling by promoting fragmentation of the mitochondrial network (McCormick

al., 2003), Dengue virus NS2B3 protease can attenuate cellular antiviral immunity by cleaving the mito-

ndrial fusion proteins MFN1 and MFN2 (Yu et al., 2015), and hepatitis C virus can induce mitochondrial

gmentation by stimulating the dynamin-related protein 1 (DRP1) involved in mitochondrial fission (Kim

al., 2014). Fragmented mitochondrial network has also been observed in murine cardiomyocytes during

te CVB3 infection (Sin et al., 2017), and in the current study over 40% of the cells in CVB1 10796

iScience 19, 340–357, September 27, 2019
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rsistent infection model had fragmented mitochondrial network. Based on these results, persistent

ection with 10796 strain of CVB1 is likely attenuating MAVS-mediated antiviral signaling more efficiently

n persistent infection with the ATCC strain of CVB1. However, other regulatory mechanisms are also

bably required to reach the broad downregulation of antiviral immune responses when compared

h the non-infected control cells.

me of the strongest changes observed in the current persistent infection models involved proteins that

o have a role in pancreatic beta-cell function, differentiation, growth, and survival. Low-grade entero-

s infections in human pancreatic islets have been associated with T1D in multiple studies (Yoon et al.,

9; Richardson et al., 2009, 2013; Krogvold et al., 2015). Persistent CVB4 infection in PANC-1 cells has

en shown to result in the downregulation of PDX1, a transcription factor important for the develop-

nt and function of pancreatic beta-cells (Sane et al., 2013), and in the dysregulation of a set of

croRNAs with many of them potentially targeting T1D risk genes (Engelmann et al., 2017). In this study,

th persistent CVB1 infections resulted in strong downregulation of the key players of the regulated

retory pathway, which in beta-cells is also responsible for insulin processing and secretion. This is

line with an earlier study showing lower levels of insulin in beta-cells positive for the enterovirus

1 protein in pancreatic tissue samples from organ donors with T1D (Richardson et al., 2013). Strong

posite changes induced by the two persistent CVB1 infection models were observed in the expression

three proteins associated with pancreatic beta-cell differentiation, growth, and survival: ALDH1A3

nti et al., 2016; Kim-Muller et al., 2016), SPARC (Ryall et al., 2014) and SUSD2 (Ramond et al., 2017).

addition, persistent CVB1 10796 infection of PANC-1 cells resulted in significantly reduced expression

two human peri-islet basement membrane proteins, HSPG2 and LAMA5 (Korpos et al., 2013; Oton-

ki et al., 2008), and also the secretion of HSPG2 was strongly downregulated in this persistent infec-

n model. The reduced expression and secretion of peri-islet basement membrane components could

ft the balance between membrane destruction and repair, making pancreatic islets more susceptible

leukocyte infiltration and beta-cell killing during enterovirus infection. Finally, increased secretion of

F1 was observed in both persistent infection models. CSF1 and its receptor (CSF1R) play essential

es in the development of monocytes and in macrophage proliferation (Chitu and Stanley, 2006).

reased expression of CSF1 has been reported in patients with myocarditis, and in a mouse model

CVB3-induced myocarditis suppression of the CSF1 was shown to reduce the inflammatory outcome

decrease the levels of infiltrating leukocytes (Meyer et al., 2018). Moreover, depletion of pancreatic

t-resident macrophages by monoclonal autoantibody against CSF1R reduced the development of

oimmune diabetes in NOD mice, indicating the importance of these cells in the disease pathogenesis

rrero et al., 2017).

ry recently, a study by Nekoua et al. described the establishment of persistent CVB4 infection in a

ta-cell-like cell line 1.1B4 and showed that the cells with persistent CVB4 infection are targets of natural

er cell-mediated lysis (Nekoua et al., 2019). Still, the expression of insulin mRNA was not detected in

se cells. Future studies are needed to understand the benefits of this persistent infection model in

dying the potential outcomes of persistent CVB infections in human pancreas.

e current study provides a broad characterization of the changes induced by persistent CVB1 infection in

uman pancreatic ductal-like cell line. The parallel analysis of two distinct persistent infection models uti-

ng CVB1 strains with different immunogenic properties is an important step towards understanding the

tential heterogeneity of the virus-cell interactions, which regulate the development of viral persistency

its effects on the cell. Some of the changes observed in the current study are similar to the responses

gered by acute enterovirus infections in human pancreatic islets, but importantly, our results also show

ong contrasting changes between the two persistent infection models not reported with acute entero-

s infections. Further studies on persistent CVB infections are required to better understand the origins

these differences. Finally, in the light of recent, but still very limited, data on the presence of CVBs also

tside pancreatic islets (Busse et al., 2017), we speculate that pancreatic ductal cells could also act as sites

enterovirus persistence enabling from time to time spreading of the virus into the beta-cells. Larger

dies evaluating systematically the presence of these viruses in the endocrine and exocrine pancreas

needed to further test this hypothesis. Overall, the current study covers novel information on persistent

B infection-induced changes in protein expression and secretion in a human pancreatic ductal-like cell

and thereby provides new ideas for studying the pathogenic mechanisms of persistent enterovirus in-

tions in human pancreas tissue samples.
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itations of the Study

rsistent CBV infection models established in human pancreatic cell lines are valuable tools to study the

tential outcomes of chronic CVB infections in human pancreas. One of the limitations of the current study

he use of PANC-1 cell line instead of an insulin-producing human beta-cell line as a model system.

spite the increasing amounts of evidence on connections between enterovirus infections and the devel-

ment of T1D, persistent CVB infection models have, to our knowledge, not yet been published in an in-

in-producing beta-cell line. Such studies would bring important insights into host-virus interplay during

longed CVB infection of pancreatic beta-cells. On the other hand, further mechanistic and functional
dies utilizing the existing persistent infection models would already bring deeper understanding on
infection-induced responses observed in the current study. Finally, additional studies are needed for

prehensive mapping of mutations in viral genomes acquired during persistency, and to understand

ether certain changes in viral genome are required for the formation of carrier-state persistent infections.
THODS

methods can be found in the accompanying Transparent Methods supplemental file.
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Frisk, G., Hyöty, H., de Koning, E.,
and Maedler, K. (2017). Detection
n of viral infection in the pancreas
h type 1 diabetes using short
belled oligonucleotide probes.
12620–12636.

., de Jong, A.S., Lanke, K.W.H.,
.G., Willems, P.H.G.M., Pinton, P.,
van Kuppeveld, F.J.M. (2004). The
2B protein suppresses apoptotic
nses by manipulating intracellular
tasis. J. Biol. Chem. 279, 18440–

cCarthy, D.P., Ferris, S.T., Wan, X.,
eyer, B.H., Vomund, A.N., and
017). Resident macrophages of
ts have a seminal role in the
toimmune diabetes of NOD mice.
d. Sci. U S A 114, E10418–E10427.

Garcin, D., Vazquez, A., and
10). Mitochondrial dynamics
G-I-like receptor antiviral pathway.
, 133–138.

Huttner, W.B. (1991). Milieu-
tive aggregation of regulated
ins in the trans-Golgi network.
5, 1505–1519.

., and Kim, K.S. (2008). Persistent
infection: enterovirus persistence
carditis and dilated
y. Curr. Top. Microbiol. Immunol.

, Kerr-Conte, J., Pattou, F., Alm, G.,
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and Scharfmann, R. (2017). Reconstructing
an pancreatic differentiation by mapping
cific cell populations during development.
e 6, e27564.

hardson, S.J., Leete, P., Bone, A.J., Foulis,
., and Morgan, N.G. (2013). Expression of the
eroviral capsid protein VP1 in the islet cells of
ients with type 1 diabetes is associated with
uction of protein kinase R and downregulation
cl-1. Diabetologia 56, 185–193.

inson, S.M., Tsueng, G., Sin, J., Mangale, V.,
awi, S., McIntyre, L.L., Williams, W., Kha, N.,
z, C., Hancock, B.M., et al. (2014).
xsackievirus B exits the host cell in shed
rovesicles displaying autophagosomal
rkers. PLoS Pathog. 10, e1004045.

ll, C.L., Viloria, K., Lhaf, F., Walker, A.J., King,
Jones, P., Mackintosh, D., McNeice, R.,
her, H., Flodstrom-Tullberg, M., et al. (2014).
vel role for matricellular proteins in the
ulation of islet b cell survival: the effect of
RC on survival, proliferation, and signaling.
iol. Chem. 289, 30614–30624.

e, F., Caloone, D., Gmyr, V., Engelmann, I.,
aich, S., Kerr-Conte, J., Pattou, F., Desailloud,
and Hober, D. (2013). Coxsackievirus B4 can
ct human pancreas ductal cells and persist in
tal-like cell cultures which results in inhibition
dx1 expression and disturbed formation of
t-like cell aggregates. Cell. Mol. Life Sci. 70,
9–4180.

n, P., Nguyen, J.H.C., and Semler, B.L. (2009).
red interactions between stem-loop IV within
5’ noncoding region of coxsackievirus RNA

and poly(r
mediated
389, 45–5

Sin, J., Mc
Gottlieb,
the infect
J. Virol. 91

Sioofy-Kh
Laitinen, O
Pakkanen
Toppari, J
infections
insulin-dri
type 1 dia

Song, L.,
pH-depen
E. J. Biol.

Tapparel,
(2013). Pic
associated
14, 282–2

Tuthill, T.J
Rowlands
Microbiol

Vizcaı́no,
J.A., Fabr
Birim, M.,
Identificat
tools: stat
D1063–D1

Wai, T., an
dynamics
Endocrino

Xu, J., Nie
(2011). Do
genes ass
phosphor
viral cardi
38, 4007–
inding protein 2: effects on IRES-
lation and viral infectivity. Virology

e, L., Stotland, A., Feuer, R., and
(2017). Coxsackievirus B escapes
ll in ejected mitophagosomes.
347–17.

, A.B., Lehtonen, J., Nurminen, N.,
Oikarinen, S., Huhtala, H.,
Ruokoranta, T., Hankaniemi, M.M.,
al. (2018). Coxsackievirus B1
ssociated with the initiation of
utoimmunity that progresses to
s. Diabetologia 61, 1193–1202.

ricker, L.D. (1995). Calcium- and
t aggregation of carboxypeptidase
. 270, 7963–7967.

iegrist, F., Petty, T.J., and Kaiser, L.
virus and enterovirus diversity with
an diseases. Infect. Genet. Evol.

oppelli, E., Hogle, J.M., and
. (2010). Picornaviruses. Curr. Top.
unol. 343, 43–89.
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Figure S1 (related to Fig. 7). IFNL1 RT-qPCR for cells cultured in serum-containing medium.

A sample set including three biological repeats of persistently infected cells and non-infected cells in
serum-containing medium were collected at 279, 286 and 293 days post infection for innate immune
response analysis similarly as described in Materials and Methods-section, but the cells were lysed
and stored in RLT-lysis buffer prior to RNA extraction.

IFNL1 mRNA was quantified using the Taqman Gene expression assay (Applied Biosystems). In brief,
extracted RNA (RNeasy kit, Qiagen) was transcribed into cDNA using random hexamers, dNTP mix,
RNase inhibitor and 5x Buffer (Promega). PCR reaction was performed using TaqMan® Fast Advanced
Master Mix (Applied Biosystems) and human specific Gene expression assay  primer/probe set
(Applied Biosystems) to amplify and quantify human IFNL1 (Assay ID: Hs00601677_g1). Samples were
run on a QuantStudio5 (Applied Biosystems) Comparative Ct Fast program (20 sec of 95°C followed by
40 cycles of 1 sec 95°C, 20 sec 60°C). All reactions were performed in triplicate and gene expression of
the studied genes was normalized to the reference gene (GAPDH) and expressed as deltaCt.



Table S1 (related to Fig. 1). Evaluation of cell death.

Cell death was approximated by ToxiLight cell viability assay kit. Samples from the first two timepoints
used for proteomics analyses (#1 and #2) were analysed. The measurements were performed after
culturing the cells in FBS-free medium for two days. Minor (<10 %) cell death was detected at each
sample. CVB1 ATCC samples marked with an asterisk (*) are test samples in which the two days culture
in serum-free medium (#1) was compared with 5 days culture in serum-free medium (#2). No
significant difference was detected.

Sample Cell death percentage (n=3)
control #1 5.40 ± 0.14%
control #2 8.00 ± 0.53 %

CVB1 ATCC #1 3.52 ± 0.14  %
CVB1 ATCC #2 5.66 ± 0.34%
CVB1 10796 #1 1.31 ± 0.06  %
CVB1 10796 #2 2.02 ± 0.10 %
CVB1 ATCC #1 * 4.11 ± 0.31 %
CVB1 ATCC #2 * 4.27± 0.47 %



Table S6 (related to Fig. 3 and Fig. 5). Gene Ontology (cellular component) enrichment of the
differentially expressed proteins in (A) cell lysates and (B) secretome using DAVID tool. Only
significantly enriched categories (FDR < 0.05) are shown.

A

Upregulated in cells during persistent CVB1 ATCC infection
Term Count Fold Enrichment FDR
GO:0005737~cytoplasm 203 1.315252 1.90E-04
GO:0005829~cytosol 167 1.317985 0.008838

Upregulated in cells during persistent CVB1 CDC7 infection
Term Count Fold Enrichment FDR
GO:0005829~cytosol 169 1.358935 7.60E-04
GO:0005634~nucleus 182 1.330353 8.18E-04

Downregulated in cells during persistent CVB1 ATCC infection
Term Count Fold Enrichment FDR
GO:0016021~integral component of membrane 224 1.397357 4.47E-06
GO:0005753~mitochondrial proton-transporting ATP
synthase complex 14 5.059959 5.61E-05
GO:0005759~mitochondrial matrix 65 1.685573 0.015347

Downregulated in cells during persistent CVB1 10796 infection
Term Count Fold Enrichment FDR
GO:0005739~mitochondrion 366 1.407814 1.18E-14
GO:0005759~mitochondrial matrix 124 1.715361 9.74E-10
GO:0005743~mitochondrial inner membrane 159 1.567081 8.79E-09
GO:0016021~integral component of membrane 389 1.294519 1.84E-08
GO:0005765~lysosomal membrane 68 1.565463 0.021283



B

Top 20 Gene Ontology classes enriched among the differentially expressed proteins in
secretome data
Term Count Fold Enrichment FDR
GO:0070062~extracellular exosome 623 2.779747149 2.54E-150
GO:0005829~cytosol 505 1.910671114 7.62E-53
GO:0005913~cell-cell adherens junction 127 4.93150288 2.76E-52
GO:0005925~focal adhesion 139 4.458780933 2.50E-51
GO:0016020~membrane 370 2.109391228 1.00E-45
GO:0005737~cytoplasm 617 1.481925561 7.19E-29
GO:0031012~extracellular matrix 87 3.686426964 4.62E-24
GO:0043202~lysosomal lumen 45 6.640055058 4.41E-23
GO:0022625~cytosolic large ribosomal subunit 38 7.008947006 3.97E-20
GO:0005840~ribosome 59 4.457814741 5.08E-20
GO:0005615~extracellular space 206 1.918128583 1.18E-17
GO:0005764~lysosome 60 3.329821121 1.67E-13
GO:0005654~nucleoplasm 332 1.495708443 3.23E-12
GO:0042470~melanosome 35 4.346350671 2.12E-10
GO:0005730~nucleolus 129 1.887934752 2.71E-09
GO:0005788~endoplasmic reticulum lumen 48 3.135581555 3.30E-09
GO:0048471~perinuclear region of cytoplasm 101 2.039895247 1.06E-08
GO:0030529~intracellular ribonucleoprotein complex 38 3.504473503 2.63E-08
GO:0005794~Golgi apparatus 126 1.831208695 4.17E-08
GO:0009986~cell surface 86 1.990110803 1.60E-06



Table S7 (related to Fig. 5 and Fig. 7). Reagents used for RT-qPCR.

Gene 1) 5' -PROBE- 3'
2) 5' -PRIMER 1- 3'
3) 5' -PRIMER 2 -3'

CHGB 1) Universal Probelibrary probe #79
2) 5’- ttctgaggagccggtgag -3’
3) 5’- gaactcgaaaacttggctgc -3’

CPE 1) Universal Probelibrary probe #3
2) 5’- gaaagtggcagttccttacagc -3’
3) 5’- ttttgaactggagtcattttctga  -3’

IFNL1 1) Universal Probelibrary probe #79
2) 5' - ggcctgtatccagcctca -3'
3) 5' - ctggaggcatctgtcacctt- 3'

SCG3 1) Universal Probelibrary probe #47
2) 5’- gagtggattggatcataaatttcaa -3’
3) 5’- atgaagtagcagaggttttacaaaaat -3’



TRANSPARENT METHODS

Establishment of persistent enterovirus infection in PANC-1 cells

Pancreatic ductal cells (PANC-1 cell line obtained from Professor Didier Hober’s laboratory, Lille,
France) were cultured in Dulbecco’s modified eagles media (DMEM) supplemented with 10 % v/v of
fetal bovine serum (FBS, Gibco) and 0.5 % v/v penicillin- streptomycin (Pen-Strep, Gibco). Persistent
infection was established using a protocol earlier published by Famara Sane and the colleagues (Sane
et al., 2013). PANC-1 cells were infected with CVB1 prototype strain obtained from ATCC (American
type culture collection, strain Conn-5) and with a wild type CVB1 strain (strain 10796), which was
obtained from Centers for Disease Control and Prevention (CDC) and isolated originally in Argentina
in 1983 (Hamalainen et al., 2014). Primary infection of PANC-1 cells was done using a low titer of the
virus leading to a strong cytopathic effect and extensive cell death. After 11 days post infection all
remaining living cells were detached from the plastic mechanically by scraping with cell scraper
(Greiner Bio-One) and transferred on fresh PANC-1 cells in a 6-well plate (Nunc). A strong cytopathic
effect was again seen soon after the cells were added on top of fresh cells, after which the remaining
living cells were maintained by washing the culture plates with Hank’s balanced salt solution (HBSS)
regularly. After the cells started to grow they were maintained by regular HBSS washes and passaged
once a week by using cell scraper. The presence of the virus in the persistent infection models was
verified by RT-qPCR method earlier described by Honkanen et al. (Honkanen et al., 2013), which
detects the viral RNA from culture supernatants. In addition, viral protein VP1 was detected from
cellular samples by IHC (see below). Plaque morphology of the virus was verified by standard plaque
titration assay on GMK cells. Resistance of persistently infected cells to coinfection with the parental
virus strain and CVB3 (obtained from ATCC) was carried out as described earlier (Alidjinou et al., 2017;
Pinkert et al., 2011).

Detection of viral protein by immunohistochemistry

The cells were harvested 362 days post infection by scraping and fixed in 10% formalin (Oy FF-
Chemicals Ab) for 24 h prior to dehydration and paraffin embedding. An automated immunostaining
was performed for the formalin-fixed paraffin-embedded (FFPE) cell samples using a commercially
available monoclonal antibody (clone 5-D8/1, Agilent Dako, product code M 7064), detecting
enterovirus capsid protein VP1, as previously described (Krogvold et al., 2015). Imaging was done using
an Olympus BX-60 microscope.

Sample collection for proteomics

Three biological repeats of persistently infected cells and non-infected control cells were collected
300-322 days post infection for proteomics analysis. The cells were cultured in serum-free DMEM
medium supplemented with antibiotics for four days prior to sample collection. Cells were collected
by scraping (Grainer-Bio cell scraper), pelleted by centrifugation for 2500 rpm, 10min (Heraeus Christ)
and frozen as dry cell pellets in -80 ˚C. Cell culture supernatants were also collected, cleared by
centrifugation (Heraeus Christ centrifuge, 2500 rpm, 10min) and stored at -80 °C. Cell viability in
proteomics samples was estimated two days prior to sample collection by ToxiLight™ Non-destructive
Cytotoxicity BioAssay Kit (Lonza) by following the kit instructions (Table S1).



Cell lysis and digestion by FASP

The cell pellets were lysed in 200 µl of 4 % SDS and 0.1 M dithiothreitol (DTT) in 0.1 M Tris HCl, pH 7.6.
First, the samples were incubated at 95 °C for 5 min to inactivate the virus and to denature the
proteins, followed by a sonication step to reduce the viscosity of the cell pellet. The samples were
then centrifuged at 16 000 x g at 20 °C for 20 min, and the supernatant containing the extracted
proteins was collected.  For detergent removal and protein digestion slightly modified filter assisted
sample preparation (FASP) protocol was used (Wiśniewski et al., 2009). Around 60 µg of protein lysate
was added in Microcon-30 kDa filter units YM-30 (Millipore). Then 400 µl of 8 M urea in 0.1 M Tris/HCl,
ph 8.5 (UA) was added to each filter and centrifuged at 8 000 x g at 20 °C for 25 min. This step was
repeated twice. Right after, 300 µl of 0.05 M iodoacetamide (IAA) in UA was added to each filter and
were incubated in dark for 20 min. The filters were then washed twice with 400 µl of UA by
centrifuging the samples at 8 000 x g at 20 °C for 30 min. The buffer was then changed to digestion
buffer by centrifuging twice with 400 µl of 10 % acetonitrile in 25 mM Tris/HCl, pH 8.0 at 8 000 x g at
20 °C for 30 min. Trypsin (Promega) was then added to each filter with 300 µl of digestion buffer. The
used enzyme-protein ratio was 1:30. The samples were incubated overnight at 37 °C and the peptides
were collected in the following day by centrifuging at 8 000 x g at 20 °C for 10 min that was followed
by a rinsing step by centrifuging 250 µl of digestion buffer at 8 000 x g at 20 °C for 30 min. The samples
were then dried and reconstituted for desalting with 1 ml of 0.1 % TFA. The desalting step was
performed with Sep-Pak® C18 96-well plate (Waters) after which the samples were dried using a speed
vacuum centrifuge. For the MS analyses, the dried samples were dissolved into 2 % FA 2 % ACN and
the protein concentration was determined using NanoDrop-1000 UV-spectrometer (Thermo
Scientific). Approximately 250 ng of each sample was injected to LC-MS/MS analysis. All samples were
analyzed in technical triplicates in a randomized order.

Cell culture supernatant digestion

First, 7 ml of cell culture media for each sample was concentrated in 10 kDa Amicon Ultra-15
Centrifugal filter units (Merck Millipore) (3 220 g at 4 °C for 1h). The concentrated samples were
collected and heated at 95 °C for 5 min to inactivate the virus. The samples were then further
concentrated by using 3 kDa Amicon Ultra-0.5 Centrifugal filter units (Merck Millipore) (14 000 x g at
20 °C for 1 h). Right after, 250 µl of 8 M urea in 0.1 M ammonium bicarbonate (AmBic) was added to
the filters and centrifuged at 14 000 x g at 20 °C for 45 min to change the buffer. The remaining sample
inside the filter unit was collected and transferred to a new tube. The disulphide bonds were then
reduced by adding 5 mM final concentration of DTT in 0.1 M AmBic and incubating the samples at 37
°C for 1h. Subsequently, an alkylation step was performed by adding 13 mM final concentration of 1
M IAA in 0.1 M AmBic to each sample and incubating the samples in dark at room temperature for 30
min.  The urea concentration in each sample was decreased below 1.5 M by adding 0.1 M AmBic. To
each sample we added around 1:20 enzyme-substrate ratio of trypsin (Promega) and incubated the
samples at 37 °C overnight. In the following day the trypsin activity was stopped by reducing the pH
below pH 3. The samples were then desalted using Sep-Pak® C18 cartridges (Waters) and dried in a
speed vacuum centrifuge. The dried samples were then reconstituted and the protein amount was
determined as described in the previous section. The loading and LC-MS/MS analysis were likewise
done as described earlier.



Mass spectrometric analyses

The peptide samples were measured by Q Exactive™ HF Hybrid Quadrupole-Orbitrap™ mass
spectrometer (Thermo Fischer Scientific) that was interfaced with EASY-nLC 1200 liquid
chromatograph (Thermo Fischer Scientific) and a nano-electrospray ion source (Thermo Fischer
Scientific). The peptides were directly loaded into an in-house packed 40 cm 75 μm ID capillary column
with 1.9 μm Reprosil-Pur C18 beads (Dr. Maisch) in buffer A (0.1 % (v/v) formic acid). Subsequently, the
peptides were separated using a 110-min gradient starting from linear 75-min gradient of 7-25 % of
buffer B (0.1 % (v/v) formic acid, 80 % (v/v) acetonitrile), followed by 15-min increase to 35 % of buffer
B and then 10-min increase to 100 % of buffer B before 10-min washing step with 100 % buffer B. The
column temperature was kept at 60 °C throughout the runs using an in-house column oven. The full
scan resolution was set to 120 000 at m/z 200 and the MS spectra were collected in the 300-1700 m/z
range with an ion target value of 3 x 106 and maximum injection time of 100 ms. The 12 most intense
precursors were selected for fragmentation that was performed by high energy C-trap dissociation
(HCD) with a normalized collision energy of 27 eV. MS2 scans were performed at a resolution of 15
000 at m/z 200, in the range 200-2000 m/z for 200 ms and with an ion target value of 5 x 104. To avoid
repeated selection of precursor ions dynamic exclusion was set to 20 s.

Proteomics data processing and statistical analysis

MaxQuant software (Cox and Mann, 2008) version 1.5.5.1 was used for a data processing of the raw
MS files obtained from the LC-MS/MS analyses. The in-built Andromeda search engine (Cox et al.,
2011) was used to search the peptide lists against a combined database of SwissProt human and
TrEMBL enterovirus sequences (version June 2018, 80862 entries) with added iRT peptide sequences
and a common contaminants database. Label-free quantification was performed with the LFQ ratio
count of 2.  N-terminal acetylation and methionine oxidation was used as a variable modifications and
cysteine carbamidomethylation as a fixed modification. For both proteins and peptides the false
discovery rate (FDR) was set to 1 % and was determined by searching a reverse database. The
minimum peptide length was set to seven amino acids. The enzyme specificity was set to trypsin and
the maximum number of allowed missed cleavages was two. In order to transfer the peptide
identification across the raw files a “match between runs” feature was used. Otherwise the default
settings were used.

The processed data from MaxQuant was analyzed with Perseus software (Tyanova et al., 2016) using
the normalised LFQ intensities. First, proteins identified only based on modified peptides and
identifications from the reversed decoy database removed, followed by manual removal of potential
contaminant proteins not present in the used human and enterovirus sequence database. Also,
minimum two razor and/or unique peptide identifications were required for each protein. The median
LFQ intensities of the three technical replicates were calculated with the requirement of minimum of
two valid values per sample. Finally, only proteins quantified in at least three samples were kept.

Unpaired Student’s t-test implemented in Perseus (Tyanova et al., 2016) was applied to identify
differentially expressed proteins. Proteins with false discovery rate (FDR) < 5 % and |fold-change| >
1.5 were considered significantly differentially expressed.



Quantitative real time-PCR

Total RNA was extracted using the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen) and treated in-
column with DNase (RNase-Free Dnase Set; QIAGEN) for 15 minutes. The removal of genomic DNA
was ascertained by treating the samples with DNase I (Invitrogen) before cDNA synthesis with
SuperScript II Reverse Transcriptase (Invitrogen). Quantitative real time-PCR (qPCR) was performed
using KAPA™ probe fast qPCR Master Mix (Kapa Biosystems) and Universal ProbeLibrary probes
(Roche Applied Science) with custom ordered primers (Table S7). The qPCR runs were analyzed with
Applied Biosystems QuantStudio 12K Flex Real-Time PCR System (10 minutes enzyme activation and
40 cycles of 15 sec 95°C, 1 min 60°C). All reactions were performed in triplicate. The cycle threshold
(Ct) values of the target transcripts were normalized against the signal acquired with GAPDH
(housekeeping gene) and expressed as deltaCt = (CtGene−CtGAPDH).

Detection of IFIH1 expression by in situ hybridization

A commercial QuantiGene ViewRNA in situ hybridization –technique was applied to detect a viral
pattern recognition receptor IFIH1/MDA5 (#VA1-13031) in FFPE samples. These FFPE samples were
collected from two different time points (102 days and 228 days post infection). A standard protocol,
according to the manufacturer’s instructions was performed, as previously described (Laiho et al.,
2015). Briefly, FFPE samples were deparaffinized, dehydrated and rehydrated, followed by a 10 min
boiling and a 10 min proteinase step. Targets were hybridized for 2 hrs at RT. Target-specific
hybridization was followed by signal amplification using specific oligonucleotides conjugated to
alkaline phosphatase. Fast Red substrate was used for detection under both bright-field and
fluorescent lights. Imaging was done using Olympus BX-60 microscope.

Mitochondrial visualization

Mitochondrial network morphology was visualized from live cell samples of persistently infected cells
and non-infected control cells. Prior to the mitochondrial staining the live cells were plated on cover
slip Petri dish, pre-coated with 2% gelatin (Sigma-Aldrich). Mitochondria of live persistently infected
cells were stained with Mitotracker Red CMXRos (Life Technologies), which accumulates in the
organelle based on the membrane potential. Mitotracker was dissolved into DMSO to prepare a 40
µM stock solution. Mitotracker stock solution was further diluted into complete DMEM, to obtain a
final concentration of 20 nM; and incubated with the cells for 45 min at 37 ˚C and 5% CO2. The dye
was removed by rinsing with PBS. Imaging was done using a Olympus IX51 Fluorescence Microscope.
Three biological repeats of CVB1 ATCC persistent infection model and four biological repeats of non-
infected control cells and CVB1 10796 persistent infection model were imaged. From each sample set,
ten images were captured and analyzed. The cells were divided into four categories based on their
mitochondrial network morphology. The categories were elongated filaments, filaments,
intermediate and fragmented network. Elongated filaments category included cells with long
filaments as mitochondrial network. Filaments category included all cells with shorter filamentous
mitochondrial network but with very low to no fragmented mitochondria. Intermediate category
included cells with a clear mixture of elongated and fragmented mitochondria. Fragmented category
included cells with large majority of fragmented mitochondrial network. Additionally, out focused cells
and uncategorized cells were included in the analysis while not included in the data presented in the
figures. Uncategorized cells covered 15% of uninfected control cells, 3% of CVB1 infected cells and 4%
CVB1 10796 infected cells. Percentages of cells belonging to each category were calculated for each



biological repeat, and average and standard deviations of these were calculated separately for each
condition. Statistical significance was estimated using Z-test.

Western blot analyses

Western blot analyses were performed using the same cell lysates that were used for the proteomics
analyses. After boiling the samples with 6× loading dye (330 mM Tris-HCl, pH 6.8; 330 mM SDS; 6% β-
ME; 170 μM bromophenol blue; 30% glycerol), the samples were loaded on Mini-PROTEAN TGX
Precast Protein Gels (BioRad Laboraotries) and transferred to PVDF membranes (Trans-Blot Turbo
Transfer Packs, BioRad Laboratories). The primary antibodies used: eIF4G (#2617, Cell Signaling
Technologies) and beta-actin (A5441, Sigma-Aldrich).

Functional data analyses

Functional enrichment analyses were performed using DAVID Functional Annotations (Huang et al.,
2009) and Ingenuity Pathway Analysis (IPA, www.qiagen.com/ingenuity, Qiagen) tools. Gene Ontology
classes with DAVID FDR <0.05 and IPA pathways with p-value <0.01 were considered as significantly
enriched.

SignalP

A neural network based SignalP (version 4.1) software was used to predict proteins with a secretory
signal peptide (Petersen et al., 2011). Both SignalP-TM and SignalP-noTM networks were used to
distinguish between signal peptides and transmembrane regions.

Data availability

The raw mass spectrometry data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (Vizcaíno et al.,
2012) with the dataset identifiers PXD012153 and PXD012154.
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Abstract: Coxsackie B (CVB) viruses have been associated with type 1 diabetes. We have recently
observed that CVB1 was linked to the initiation of the autoimmune process leading to type 1 diabetes in
Finnish children. Viral persistency in the pancreas is currently considered as one possible mechanism.
In the current study persistent infection was established in pancreatic ductal and beta cell lines
(PANC-1 and 1.1B4) using four different CVB1 strains, including the prototype strain and three
clinical isolates. We sequenced 5′ untranslated region (UTR) and regions coding for structural and
non-structural proteins and the second single open reading frame (ORF) protein of all persisting
CVB1 strains using next generation sequencing to identify mutations that are common for all of these
strains. One mutation, K257R in VP1, was found from all persisting CVB1 strains. The mutations
were mainly accumulated in viral structural proteins, especially at BC, DE, EF loops and C-terminus
of viral capsid protein 1 (VP1), the puff region of VP2, the knob region of VP3 and infection-enhancing
epitope of VP4. This showed that the capsid region of the viruses sustains various changes during
persistency some of which could be hallmark(s) of persistency.

Keywords: type 1 diabetes; enterovirus; coxsackievirus B1; next generation sequencing; persistent
infection; cell models of persistency; virus adaptation

1. Introduction

Coxsackie B group viruses (CVBs) belong to Enterovirus (EV) genus in the family of Picornaviridae.
EVs have positive-sense single-stranded RNA genomes, approximately 7400 nucleotides (nt) long,
inside a 30 nm icosahedral protein capsid [1]. The protein capsid consists of 12 pentameric subunits,
built up of five protomers. Each protomer contains viral structural proteins VP1-4. EVs have fivefold,
threefold, and twofold symmetry axes. The VP1 protein is located around fivefold axes, whereas VP2
and 3 are found around threefold axes. EVs have a deep depression, called the canyon, which encircles
the fivefold axes below VP1. Often the canyon is a receptor binding site [2,3]. A possible externalization
site for the RNA genome is located near the twofold axes [4].

The EV genome was long thought to contain only a single open reading frame (ORF), which is
proteolytically processed into four structural proteins (VP1-4) and into seven non-structural proteins
(2A-2C and 3A-3D). However, recent studies have identified another ORF harbored upstream, hereafter
called the second ORF (ORF2) [5,6]. The ORF2 is translated into a protein called ORF2 protein (ORF2p),
which has been proposed to have a role in virus growth in gut epithelial cells. The viral genome has
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untranslated regions (UTRs) at each end. The 5′-UTR is long (740 nt), highly conserved and it has
important functions in viral replication. It contains the internal ribosome entry site (IRES) of the virus
and is covalently attached to a small protein called viral protein genome linked (VPg) [7]. The 3′-UTR
is flanked by a poly-A tail and is important in (-) strand synthesis [8].

Typically, CVBs cause acute illnesses such as common cold, encephalitis, meningitis, myocarditis,
herpangina, pancreatitis and hepatitis [9]. Additionally, CVBs have been shown to establish persistent
infections [10–13] which have been linked to the pathogenesis of certain chronic diseases including
e.g., chronic cardiomyopathies, type 1 diabetes (T1D) and post-polio syndrome [14–17].

The association between CVBs and T1D has been shown in several studies including serological
studies and direct virus detection [18–21]. CVBs include six different serotypes (CVB 1-6) and CVB1
is one of the serotypes that has associated with increased risk of T1D [19]. Currently, the most
plausible hypothesis is that a persistent infection in the insulin-producing pancreatic beta cells leads to
cell-damage either by a direct viral effect or via virus-induced inflammation [22–26].

EVs have previously been thought to cause lytic infections. However, it has become evident
that EVs can also persist in cells and tissues [10,13,23,27]. The exact mechanism of EV persistency
in cultured cells is not known, but seemingly it requires co-evolution of both the host cell and the
infecting virus [11,28]. Two different types of EV persistency have been proposed to exist, a carrier
state and a steady state persistency. In carrier state persistency, only a small proportion of the cells are
infected, but the virus is produced in relatively high titers [11,28]. In steady state persistency, on the
other hand, nearly all the cells are infected, but the virus is unable to complete lytic replication [29].
Steady state persistency has been linked to terminal deletions, of 7 to 49 nts long, in the 5′-UTR of the
viral genome [27].

We have previously characterized cellular adaptation during the development of CVB1 persistency
using proteomics approach [30]. This study aims at identifying the changes that occur in the CVB1
genome during the development of persistence. To this end, we have established persistent infection
in pancreatic ductal cell line (PANC-1) with four strains of CVB1, and in pancreatic beta cell line (1.1B4)
with three strains of CVB1 to identify mutations that are common in all these persistence models.
The genome modifications of each persistent infection-derived virus (PIDV) were characterized using
next generation sequencing methods (NGS).

2. Materials and Methods

2.1. Persistent Infection

Four strains of CVB1 were used to establish altogether eight persistent models in two pancreatic
cell lines: in pancreatic ductal cell line, PANC-1, and in pancreatic beta cell line, 1.1B4 (mycoplasma-free
cell lines were obtained from American type culture collection, ATCC, Manassas, VA, USA). The four
CVB1 strains included Conn-5 a prototype strain, later referred as ATCC (obtained from the ATCC)
and three clinical isolates 10796 (Argentina 1983), 10797 (United States, Connecticut, 1984) and 10802
(Argentina 1998) [31]. All four strains were used to establish persistent infection in PANC-1 cells and
three of the strains CVB1 ATCC, 10796 and 10802 were used to establish a persistent infection in 1.1B4
cells. CVB1 ATCC virus has established duplicated biological model on PANC-1 cells named E1 and
E2. The PIVD are named as “strain code-PIDV[Cell line]” in this publication.

The persistent infection was established using a protocol earlier described by Sane et al. for CVB4
E2 [10] also as described in our previous publications [30,32]. After the initial infection the cells were
washed three times a week. The cells were harvested once a week after they had started to grow
after the initial lytic phase of infection. In addition, in the CVB1 ATCC and 10796 persistent infection
models on PANC-1 cells, an additional transfer of cells on fresh PANC-1 cells was done 2–4 weeks
after the initial infection. Presence of the virus genome and infectious virus particles were verified
using RT-qPCR [33,34], and virus plaque formation [18] from different timepoints during persistency.
The plaque morphology was also studied.
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Immunofluorescent Labeling

Virus infected cells were identified by immunofluorescent labeling. Persistently infected cells
were harvested 3.4–4.7 and 12.7–14.2 months post-infection by scraping, and cell pellets were fixed in
10% formalin (Oy FF-Chemicals Ab, Haukipudas, Finland) for 24 h prior to dehydration and paraffin
embedding. The formalin-fixed paraffin-embedded (FFPE) samples were immunostained using two
different antibodies; an in-house generated monoclonal rat antibody, clone 3A6, (kindly provided by
professor Vesa Hytönen, Tampere University), which identifies an epitope in the N-terminal region of
EV-VP1 [35], and J2, a commercial monoclonal mouse antibody (SCICONS English & Scientific Consulting
Kft., Szirák, Hungary) [36], which detects virus dsRNA (a byproduct of the virus replication). Commercial
goat anti-rat 568 and anti-mouse 488 IgG (H + L) Alexa Fluor (Thermo Fisher Scientific, Waltham, MA, USA)
secondary antibodies were used for detection. Imaging was performed using an Olympus BX-60 microscope.

2.2. Next Generation Sequencing

Cell culture supernatants were collected from three time points: one day post infection (time point
0; TP0), and approximately 5–7 and 12-months post infection TP1 and TP2, respectively. Virus RNA
was extracted using QIAamp Viral RNA Mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instruction directly from cell culture supernatant. Sample preparation and NGS
were performed as described elsewhere [37,38]. The RNA was reverse transcribed with ImProm II
reverse transcriptase (Promega, Madison, WI, USA), the second strand synthesis was performed by
adding 5’-end exonuclease negative Klenow fragment (Promega, Madison, WI, USA). After purifying
unincorporated primers and single stranded molecules the double-stranded transcripts were amplified
using their respective invariant tags as primers by a 20 cycles’ PCR with the AmpliTaq Gold chemistry
(Applied Biosystems, Foster City, CA, USA) [37]. Size selection and purification of the pre-amplified
libraries were done using Agencourt AMPure XP (Beckman Coulter, Fullerton, CA, USA) mixed with
the product at 0.5× ratio. Nextera XT DNA Sample Preparation Kit (Illumina, San Diego, CA, USA)
was used to process the libraries in batches of twenty-four samples per sequencing run. The protocol
provided by the manufacturer was followed until the normalization step. The libraries were diluted for
sequencing according to concentrations measured by KAPA kit (Illumina, San Diego, CA, USA) before
and after the pooling, and were denaturized prior to sequencing. Sequencing of the libraries was done
on a MiSeq instrument (Illumina, San Diego, CA, USA) using the Nextera XT v2. 250 × 250-cycles
sequencing kit (Illumina, San Diego, CA, USA).

2.3. Analyzing the Sequence Data

The quality of the sequencing data was determined using FastQC-0.11.7 [39] and the sequencing
reads were trimmed according to the quality using Trimmomatic-0.36.0 [40]. BBTools-37.96 [41]
Clumpify tool was used to remove PCR and optical duplicate reads. The reads were then aligned
with BWA-0.7.17 [42] to strain-specific reference sequences which were obtained through Sanger
sequencing on the parental virus strains. The alignments were filtered for mapping quality and sorted
using Samtools-1.6. [43] while Breseq-0.31.1 [44] was run in polymorphism mode for single nucleotide
polymorphism (SNP) discovery. A threshold of 5 forward and 5 reverse-strand reads containing the
alternate allele was used before a SNP was called. In addition, the alternate allele had to appear in at
least 5% of the reads covering the position. Synonymous SNPs were filtered out with custom scripts.
Lolliplots visualizing SNPs across the genome were created with R package Trackviewer-1.16.0 [45].
Nucleotide sequences were aligned using Clustal omega online tool [46]. Nucleotide sequences were
translated into amino acid sequences and were analyzed using GeneDoc program [47].

2.4. 3D Modelling

The 3D structure was modelled based on the Sanger sequencing of the CVB1 ATCC parental virus.
At the time of initial analysis, a CVB1 3D template was not available, however, CVB3 is structurally
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similar to CVB1 therefore two CVB3 3D templated were used for modelling [48]. The capsid was 3D
modelled using CVB3 X-ray diffraction templates 4GB3 [49] and 1COV [48] obtained from Protein Data
Bank (PDB) [50]. Modelling software Modeller-9.20 was used to create 20 models [51]. The model with
the lowest discrete optimized protein energy (DOPE) score, representing the highest structural quality,
was chosen for visualization [52]. The model is visualized in ChimeraX.

3. Results

3.1. Characteristics of Established Persistent Infections

Altogether eight persistent infection models were established in two pancreatic cell lines (PANC-1
and 1.1B4), using four CVB1 strains: ATCC prototype strain (Conn-5), and three clinical isolates called
10796, 10797 and 10802. The genome copy number generally decreased immediately after the initial
infection due to cell death, but gradually increased to a steady level of 108–109 copies/mL in the
supernatant (Figure 1).
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Figure 1. Genome copy numbers measured by RT-qPCR from cell culture supernatants collected from
persistent infection models over time. In all the models the copy number eventually stabilized to
approximately 108 to 109 copies/mL. Addition of fresh cells into three of the models is indicated by
an arrow.

Virus protein and dsRNA were detected in proportion of the cells by immunostaining in time
points 1 and 2, 3.4–4.7 and 12.7–14.2 months post-infection respectively (Figure 2a). The amount of
VP1 positive cells in persistent infection has shown to fluctuate over time [53]. Virus positive cells
were detected in all virus infected cell cultures in both time points despite the mutations that occurred
in viral genome at the suspected 3A6 antibody binding site [35]. One mutation was identified in this
site in ATCC E2-PIDV[PANC-1], 10796-PIDV[PANC-1], 10796-PIDV[1.1B4], and 10802-PIDV[1.1B4] strains,
and three mutations in ATCC-PIDV[1.1B4] strain (Figure 2b). However, the effect of these mutations on
the antibody binding was not quantified. In addition, the amount of infective virus from the culture
medium of CVB1 ATCC E1, E2 and 10796 persistent infection models (PANC-1 cells) was analyzed
using TCID50 assay showing the presence of infective virus in high titer (Supplementary Table S1).
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timepoints (3.4–4.7 months post-infection in top row and 12.7–14.2 months post-infection in bottom 
row, corresponding to TP1 and TP2 respectively) and of uninfected control cells (CNTRL). VP1 
protein (red) and dsRNA (yellow), and the average proportion of cells positive for viral VP1 protein 
was 22.9 ± 13.7% at the later time point (12.7–14.2 months post-infection) ranging from 7.1 ± 0.5% in 
the CVB1 10796 persistent infection model in 1.1B4 cells to 41.7 ± 9.8% in CVB1 10797 model in PANC-
1 cells (altogether three microscopic fields were counted in each model including a total of 16,338 
cells). (b) The virus amino acid sequence of the epitope region of the 3A6 antibody used in VP1 
staining is shown for each PIDV. The red frames mark the mutations observed in CVB strains at last 
time point. 

Virus Plaque Morphology 

Morphology of the virus plaques was identified in green monkey kidney cells (GMK) during the 
development of persistent infection. The plaque morphology naturally varies between CVB1 stains, 
which is seen in the first row in Figure 3. Generally, the size of the plaques decreased during the 
development of viral persistency in all PIDVs, except in ATCC-PIDV[1.1B4] which didn’t show any 
obvious change even one-year post infection (Figure 3). The change in plaque morphology was more 
prominent in clinical isolates (10796, 10797 and 10802), which originally produced larger plaques than 
the ATCC strain (Figure 3). 

Figure 2. (a) Immunostaining of persistently CVB1 infected PANC-1 and 1.1B4 cells from two-timepoints
(3.4–4.7 months post-infection in top row and 12.7–14.2 months post-infection in bottom row,
corresponding to TP1 and TP2 respectively) and of uninfected control cells (CNTRL). VP1 protein (red)
and dsRNA (yellow), and the average proportion of cells positive for viral VP1 protein was 22.9 ± 13.7%
at the later time point (12.7–14.2 months post-infection) ranging from 7.1 ± 0.5% in the CVB1 10796
persistent infection model in 1.1B4 cells to 41.7 ± 9.8% in CVB1 10797 model in PANC-1 cells (altogether
three microscopic fields were counted in each model including a total of 16,338 cells). (b) The virus
amino acid sequence of the epitope region of the 3A6 antibody used in VP1 staining is shown for each
PIDV. The red frames mark the mutations observed in CVB strains at last time point.

Virus Plaque Morphology

Morphology of the virus plaques was identified in green monkey kidney cells (GMK) during the
development of persistent infection. The plaque morphology naturally varies between CVB1 stains,
which is seen in the first row in Figure 3. Generally, the size of the plaques decreased during the
development of viral persistency in all PIDVs, except in ATCC-PIDV[1.1B4] which didn’t show any
obvious change even one-year post infection (Figure 3). The change in plaque morphology was more
prominent in clinical isolates (10796, 10797 and 10802), which originally produced larger plaques than
the ATCC strain (Figure 3).
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3.2. Determining Genomic Sequences by NGS

The average read depth ranged from 214 to 12,308 with a median average of 1934. The percent
of genome covered by the 10 read threshold for calling mutations ranged from 97–99% with a median
percent coverage of 98%. No substitutions, insertions, or deletions were observed. The proportion of
CVB1/human reads was 13.01% in average in the supernatant samples collected (Supplementary Table S2).

3.2.1. Untranslated Regions

The read depth in the 3′-UTR was mainly below 10 in PIDV genomes (Figure 4) obtained from
NGS analysis making variant calling not possible. The read depth was above 10 in the majority of the
5′-UTR, except in the beginning in domain I, also called as cloverleaf region (Figure 4). Domains II-V
covers the internal ribosome entry site (IRES) that controls translation [7]. The mutations observed
are randomly distributed, but majority of the mutations locates at positions 602–655, and at positions
691–717 (Figure 5).
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CVB3-Nancy (obtained from NCBI GeneBank, JX312064.1) for comparison. CVB3 was included in the 
analysis for its sequence similarity and known features from the literature. Non-synonymous AA 
substitutions were identified, in eight PIDV strains, from each viral structural protein compared to 
the relevant parental strains. The majority of the observed substitutions did not map to the same 
residues in all eight PIDVs, but the mutations accumulated in the similar regions of viral structural 
proteins. 

The most interesting substitution was the K257R, which was the hallmark of persistency in all 
PIDVs at TP2. This AA is located towards the C-terminus of the VP1 the alternate AA before the K259 
residue which is marked as a Coxsackie and Adenovirus receptor (CAR) binding AA footprint, a 
location which is a published immunogenic peptide (PEP91) in CVA-16 [55]. This might indicate an 
important relevant mechanism for persistency, but we did not confirm it by experiments such as side-
directed mutagenesis and persistency establishment in cell models. 

In the VP1 structural protein the mutations accumulated to the N-terminal region of VP1 (the 
suspected 3A6 antibody binding site [35]) and in four additional positions, including the region 
surrounding the BC loop (residues 81–85), the DE loop (residues 125–137), the EF loop (residues 145–

Figure 4. Lolliplots of each PIDV at the last timepoint. Single nucleotide polymorphism (SNP) are
indicated by lollipop. All non-synonymous SNPs, and SNPs at both UTR are indicated. Grey bar
below the genome bar characterizes the read depth (>10). (a) ATCC E1-PIDV[PANC-1]. (b)
ATCC E2-PIDV[PANC-1]. (c) 10796-PIDV[PANC-1]. (d) 10797-PIDV[PANC-1]. (e) 10802-PIDV[PANC-1].
(f) ATCC-PIDV[1.1B4]. (g) 10796-PIDV[1.1B4]. (h) 10802-PIDV[1.1B4].
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Figure 5. Mutation in 5′-UTR. SNPs are color coded indicating different PIDVs. Six distinct domains of
the 5′-UTR are indicated by horizontal bars. Domain I is the cloverleaf structure and the IRES covers the
domains II-V. Domain I: base pairs 2–87; Domain II: base pairs 105–181; Domain III: base pairs 189–209;
Domain IV: base pairs 213–456; Domain V: base pairs 466–636 and Domain VI: base pairs 651–669 [54].

3.2.2. Accumulation of Amino Acid Substitutions in Structural Proteins

Amino acid (AA) sequence of each PIDV from TP2 was aligned to the parental virus strain and
CVB3-Nancy (obtained from NCBI GeneBank, JX312064.1) for comparison. CVB3 was included in
the analysis for its sequence similarity and known features from the literature. Non-synonymous AA
substitutions were identified, in eight PIDV strains, from each viral structural protein compared to the
relevant parental strains. The majority of the observed substitutions did not map to the same residues
in all eight PIDVs, but the mutations accumulated in the similar regions of viral structural proteins.

The most interesting substitution was the K257R, which was the hallmark of persistency in all
PIDVs at TP2. This AA is located towards the C-terminus of the VP1 the alternate AA before the
K259 residue which is marked as a Coxsackie and Adenovirus receptor (CAR) binding AA footprint,
a location which is a published immunogenic peptide (PEP91) in CVA-16 [55]. This might indicate
an important relevant mechanism for persistency, but we did not confirm it by experiments such as
side-directed mutagenesis and persistency establishment in cell models.

In the VP1 structural protein the mutations accumulated to the N-terminal region of VP1
(the suspected 3A6 antibody binding site [35]) and in four additional positions, including the region
surrounding the BC loop (residues 81–85), the DE loop (residues 125–137), the EF loop (residues
145–165) and the C-terminus of VP1 (Figure 6). All PIDVs had at least one mutation in all of these three
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“hot spots”, except 10796-PIDV[1.1B4] which did not sustain any non-synonymous mutations around
the BC loop region, and 10802-PIDV[PANC-1] which did not have any non-synonymous mutations in
the EF loop region. Additionally, mutation R95K was detected in three PIDVs (ATCC E2-PIDV[PANC-1],
10796-PIDV[PANC-1] and 10797-PIDV[PANC-1]) and V97A in two of the PIDVs (ATCC E1-PIDV[PANC-1]

and ATCC-PIDV[1.1B4]) in the CD loop region (residues 91–97). ATCC E2-PIDV[PANC-1] had a N202K
mutation, 10802-PIDV[PANC-1] mutations R201K and N202K, and 10796-PIDV[1.1B4] had mutation
N202K, which located in the GH loop region (residues 192–214). ATCC E1-PIDV[PANC-1] had E223D
and G227S mutations and 10796-PIDV[PANC-1] A224V mutation in HI loop region (residues 222–228)
respectively. Interestingly all the strains at TP0 had similar AA sequences in the BC, DE, and EF loops,
while the persistent viruses had changed in this region.
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with an arrow.

Shown in Figure 7a, AA substitutions accumulated in the EF loop region of the VP2 capsid
protein, also known as the “puff region” (residues 129–180). All CVB1 PIDVs had at least one mutation
in the puff region and the majority of the mutations located to residues 158-167 within this region.
Mutation G236R was found in two PIDVs (10797-PIDV[PANC-1] and 10802-PIDV[1.1B4]) and P239S
in two PIDVs (10796-PIDV[PANC-1] and ATCC-PIDV[1.1B4]) in HI loop region (residues 233–239 in
VP2). Additionally, five PIDVs had a mutation in AA70 in Bb-sheet (Q70H in 10796-PIDV[PANC-1],
10797-PIDV[PANC-1], 10802-PIDV[PANC-1] and 10796-PIDV[1.1B4]; Q70Y in ATCC-PIDV[1.1B4]).

The PIDVs, except 10802-PIDV[PANC-1] and 10802-PIDV[1.1B4], had mutations which accumulated
around the major protrusion on the VP3 capsid protein (knob region, residues 58–66 in VP3) and
especially on AA58 in VP3 (Figure 7b). Additionally, the mutation in AA93 occurred in five of the PIDVs
(G93S in 10796-PIDV[PANC-1] and 10796-PIDV[1.1B4]; N93S in 10797-PIDV[PANC-1], 10802-PIDV[PANC-1]

and 10802-PIDV[1.1B4]) in the CD loop region (residues 86–97 in VP3). Also, V141A mutation was in
three PIDVs including ATCC E1-PIDV[PANC-1], 10796-PIDV[PANC-1] and 10802-PIDV[PANC-1], locating
in the EF loop region (residues 136–144 in VP3). L117F mutation in Bd-sheet occurred in ATCC
E1-PIDV[PANC-1], ATCC-PIDV[1.1B4] and 10802-PIDV[1.1B4].

Again, the AA sequences of the puff and knob regions in the parental strains were identical and
showed changes upon persistency establishment. Both CAR and a decay accelerating factor (DAF)
binding extensively map to these two regions and the changes in these regions might have played a
role in establishing or as the result of persistency.

Five out of eight PIDVs had mutations in the infection-enhancing epitope (AA11-30) [56,57] on
VP4 capsid protein (Figure 7c) (stains ATCC E2-PIDV[PANC-1], 10796-PIDV[PANC-1], 10797-PIDV[PANC-1],
10802-PIDV[PANC-1] and 10796-PIDV[1.1B4]). AA16-24 have been reported to be the most variable
sequence in this region, which was also seen in these PIDVs (Figure 7c) [58].
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3.2.3. Accumulation of Amino Acid Substitutions in Non-Structural Viral Proteins

The non-structural proteins including 2A-C and 3A-D had less mutations than the structural
proteins. Only a few of the mutations in 2A-C were shared among different PIDVs (Supplement
Figure S1). In 2A two PIDVs (ATCC E1-PIDV[PANC-1] and ATCC-PIDV[1.1B4]) had a mutation in
AA11 (respectively Y11C and Y11H) and one PIDV (10802-PIDV[PANC-1]) had a close mutation, N14T.
The 10796-PIDV[PANC-1] had six mutations in 2A, whereas other PIDVs had only 1–3 mutations.
The mutations of 10796-PIDV[PANC-1] included a small cluster of mutations in AA86-94 (E86G, Y89H
and Y94H).

In 2B there are very few mutations (Supplement Figure S1). One mutation, S15L, was observed in
all three CVB1 ATCC PIDVs and one of the mutations was located at the hydrophobic domain, but the
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mutation was from a hydrophobic AA to another hydrophobic AA (I50V). One mutation was located
in the hydrophilic domain (K58R, changed to functionally similar AA). Additionally, three PIDVs have
mutations in AA91-92.

In 2C protein there are only a few mutations, which include one mutation, M175L, at the ATPase
motif B in 10796-PIDV[PANC-1] and [1.1B4] (Supplement Figure S1). Additionally, three PIDVs have
mutations in AA91-92 and in AA251-259. None of these mutations were observed in the cis-acting
replication element (CRE) in the 2C protein-coding region [CRE(2C)], in which the mutations have
been shown to drive the de novo generation of genomic deletions at the 5′ terminus [59].

Among 3A-D, two of the proteins were conserved. The 3B protein (VPg), was conserved in all
PIVDs. Also, 3C protein was conserved, since only one AA substitution (Q52R) was observed in the
10802-PIDV[PANC-1]. In the 3A protein only a few mutations were observed. However, one mutation
(V58I) was in four PIDVs, including 10796-PIDV[PANC-1], 10802-PIDV[PANC-1], ATCC-PIDV[1.1B4] and
10802-PIDV[1.1B4]. In addition, ATCC E1-PIDV[PANC-1] carried the H57Y mutation, which has been
linked to resistance against antiviral drugs including enviroxime, GW5074 and PIK93 [60]. Only a
few mutations were observed in the 3D polymerase, but they were not shared by other strains and
were randomly distributed in the genome. One mutation (V230I) was located in motif A in ATCC
E1-PIDV[PANC-1] and two mutations in motifs B: S299T in 10976-PIDV[1.1B4] and I306V in ATCC
E2-PIDV[PANC-1].

3.2.4. The Second ORF

The recently published second ORF was identified from CVB1 sequences. The second ORF is
translated into the ORF2p protein. The protein has a highly conserved WIGHPV domain, which is
important for ORF2p-dependent viral intestinal infection [5,6]. WIGHPV domain was identified in all
four CVB1 strains but in the last timepoint one mutation (V18A) was observed in 10802-PIDV[1.1B4]

(Figure 8).
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Figure 8. ORF2p and its conserved WIGHPV domain in TP2. One mutation was observed in conserved
WIGHPV domain in 10802-PIDV[1.1B4].

3.2.5. Virus Surface Structure

The surface of CVB1 pentameric structure was 3D modelled with ChimeraX using the structure of
CVB3 as a template (Figure 9).
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marked with yellow color. (c) Mutations in CAR and DAF binding site are marked with red. Number 
1. is mutation on AA202 in VP1 shared by three PIDVs, number 2. is mutation on AA 162 in VP2 
shared by five PIDVs, number 3. is mutation on AA 165 in VP2 shared by three PIDVs and number 4. 
is AA 237 in VP3 shared by three PIDVs. AA257 in VP1, which has K257R mutation found in all 
studied PIDV strains, is also indicated. 

CVB1, as well as all other CVBs, CAR for cell entry [61]. Besides CAR, some CVBs, like CVB1, 
interact DAF (also known as CD-55) [62]. CAR binding site is located in the canyon of the CVBs 
whereas DAF binding site is outside the canyon. The AAs interacting with these molecules are shown 
in Figure 9b [61,63–65]. The majority of the mutations in these footprint areas locate in DAF binding 
site (Figure 9c). In the CAR binding site, AA202 in VP1, was mutated (N202K) in three PIDVs (ATCC 
E2-PIDV[PANC-1], 10802-PIDV[PANC-1] and 10796-PIDV[1.1B4]) as marked by an arrow and the number 1 in 
Figure 9c. In the DAF binding site, AA162 in VP2, was mutated in five PIDVs (T162P in ATCC E1-
PIDV[PANC-1], ATCC-PIDV[1.1B4]; T162A in ATCC E2-PIDV[PANC-1]; E162G in 10796-PIDV[1.1B4]; E162Q in 
10802-PIDV[1.1B4]), and AA237 in VP3 was mutated (Y237F) in three PIDVs (ATCC E1-PIDV[PANC-1], 
ATCC E2-PIDV[PANC-1] and ATCC-PIDV[1.1B4]) (Figure 9c). The VP2 mutation in AA 165 was shared by 
both these binding sites and found in three PIDVs (N165Y in ATCC E1-PIDV[PANC-1] and ATCC-
PIDV[1.1B4]; S165R in 10796-PIDV[PANC-1]) as indicated by an arrow (3.) in Figure 9c. Mutation K257R in 
VP1, found in all eight PIDVs (mentioned above), is located close to the receptor binding sites (Figure 

Figure 9. (a) 3D model of CVB1 virus pentameric structure displayed in ChimeraX from TP2.
One pentamer consists of five protomers, each constructed by viral proteins VP1-4. Blue indicates
mutation in one strain; yellow, mutations in 2–3 strains; orange, mutations in 4–5 strains; purple,
mutations in 6 strains; and red, mutations (K257R) in the AA in all PIDVs. (b) 3D model of CVB1
with CAR binding site marked with blue color and DAF binding site with green color, shared AAs are
marked with yellow color. (c) Mutations in CAR and DAF binding site are marked with red. Number 1.
is mutation on AA202 in VP1 shared by three PIDVs, number 2. is mutation on AA 162 in VP2 shared
by five PIDVs, number 3. is mutation on AA 165 in VP2 shared by three PIDVs and number 4. is AA
237 in VP3 shared by three PIDVs. AA257 in VP1, which has K257R mutation found in all studied
PIDV strains, is also indicated.

CVB1, as well as all other CVBs, CAR for cell entry [61]. Besides CAR, some CVBs, like CVB1,
interact DAF (also known as CD-55) [62]. CAR binding site is located in the canyon of the CVBs
whereas DAF binding site is outside the canyon. The AAs interacting with these molecules are
shown in Figure 9b [61,63–65]. The majority of the mutations in these footprint areas locate in DAF
binding site (Figure 9c). In the CAR binding site, AA202 in VP1, was mutated (N202K) in three
PIDVs (ATCC E2-PIDV[PANC-1], 10802-PIDV[PANC-1] and 10796-PIDV[1.1B4]) as marked by an arrow
and the number 1 in Figure 9c. In the DAF binding site, AA162 in VP2, was mutated in five PIDVs
(T162P in ATCC E1-PIDV[PANC-1], ATCC-PIDV[1.1B4]; T162A in ATCC E2-PIDV[PANC-1]; E162G in
10796-PIDV[1.1B4]; E162Q in 10802-PIDV[1.1B4]), and AA237 in VP3 was mutated (Y237F) in three
PIDVs (ATCC E1-PIDV[PANC-1], ATCC E2-PIDV[PANC-1] and ATCC-PIDV[1.1B4]) (Figure 9c). The VP2
mutation in AA 165 was shared by both these binding sites and found in three PIDVs (N165Y in ATCC
E1-PIDV[PANC-1] and ATCC-PIDV[1.1B4]; S165R in 10796-PIDV[PANC-1]) as indicated by an arrow (3.) in
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Figure 9c. Mutation K257R in VP1, found in all eight PIDVs (mentioned above), is located close to the
receptor binding sites (Figure 9c). Additionally, the mutations in PIDV accumulated within the puff

region are also the ones that interact with the CVB1 receptors.

4. Discussion

The results of the present study indicate that the CVB1 strains that have adapted to viral persistence
differ from the parental CVB1 strains which have not been exposed to such selection pressure—they
produced smaller plaques and shared common mutations in their genome. Since viral persistence was
established in two different cell lines using four different CVB1 strains (altogether 8 models) we were
able to study whether any mutation occur similarly in several persisting CVB1 strains. The mutation
frequency on RNA viruses is relatively high, and ∼4 to ∼8 mutations/104 nt is well-tolerated and are
fully stable in the context of infectious virus, creating a concept called quasispecies. The upper limit
of mutation frequency that the virus can tolerate without loss of infectivity was proposed to be in
the range of 11–12 mutations/104 nt [66]. Thus, there are numerous possibilities for virus changes
during persistency. The virus may become less cytopathic e.g., by having impaired initiation of
translation, adsorption (receptor binding), internalization (uncoating) or failure in efficient host shut
off. Several studies have shown that mutations in structural proteins have an effect on virulence and
pathogenicity. Even one amino acid change in structural proteins may modulate important functions
in virus infection [67–70].

In the current study one mutation was particularly prominent—the amino acid substitution K257R
in the VP1 protein was found in all these strains. This amino acid substitution has previously been
reported in a non-lytic CVB6 Schmitt strain during a blind-passage in HPDE-cells when it acquired a
lytic phenotype with increased production of progeny virus and increased number of infected cells [71].
This amino acid is located in the canyon region of the viral capsid. The authors found also some
evidence suggesting that the mutation influenced viral interaction with DAF [71]. CVBs use CAR as
the main receptor for internalization [61,72] but CVB1, CVB3 and CVB5 bind also to DAF [73,74]. CAR
binding causes a conformational change in the viral capsid, called A-particle formation, which leads
to externalization of the viral genome into the cytoplasm. However, DAF binding does not induce
A-particle formation or cytolytic infection [75–77], but can trap the virus into the intercellular junctions
where the CAR molecules locate [72]. However, this mutation is not directly located in the DAF-binding
region of the viral capsid. On the other hand, some other mutations located in the DAF footprint
area, including the mutation T162 in VP2, which occurred in five PIDVs. Mutations in the DAF
binding-site have previously been shown to regulate the pathogenicity of CVB1 infection in a mouse
model [78,79]. Three amino acids showed variation also in the CAR footprint area. One of these
mutations (AA162 in VP2) occurred in five PIDVs. However, we have previously found that at least
some of the PIDVs (ATCC E2-PIDV[PANC-1] and 10796-PIDV[PANC-1]) are still able to use CAR as a
receptor for internalization [30]. It is possible that some of the mutations that link to development of
persistent CVB infection may regulate virus binding to the DAF and CAR molecules. Also, we do not
know if both CAR and DAF binding are modified in persistency and virus can mutate back to parental
strain upon acute infection.

In addition to the dominant K257R substitution in VP1, other mutations accumulated in structural
proteins, including N-terminal region, a suspected 3A6 antibody binding site, BC, DE, EF loops and
the C-terminus of VP1, the VP2 puff region, VP3 knob and the infection-enhancing epitope of the
VP4 [56,57]. All these regions have been linked to virus biology in previous studies. The EF loop of
VP2 (puff region; residues 129–180) and the surface protrusion of VP3 (knob region; residues 58–66)
include the neutralizing immunogenic sites in rhinoviruses [80,81] and polioviruses [82,83]; and have
receptor binding significance. Mutations in these regions have been shown to change the ability of
CVBs to induce myocarditis [79,84,85] and can alter the virulence in mice. They also regulate plaque
morphology in cell culture [86]. Mutation in these regions were common among studied PIDVs, since
all of the PIDVs had mutations in the puff region and six of the PIDVs have mutations in the knob
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region. The VP4 substitution in the infection-enhancing epitope region in AA16 (S16R) has been
linked to the plaque phenotype of CVB4 and to avirulence in vitro and intermediate phenotype in vivo
(mice) [87,88]. Five of the PIDVs had mutations in infection-enhancing epitope, and particularly
mutation at AA16, G16R, was observed in ATCC E2-PIDV[PANC-1]. Alidjinou et al. have studied
carrier-state persistent CVB4 infection in PANC-1 cell model. They identified non-synonymous
mutations in VP1 and VP2, structural proteins, and in non-structural proteins 2A, 2C and 3D [28],
including altogether 105 mutations, of which 40 were amino acid substitutions occurring mainly in
VP1 and 2A. No mutations were found in the CAR footprint region [28]. In the present study, the VP1
region has several mutations, and four residues with mutations accumulated in different PIDVs’.
All the PIDVs had mutations in DE loop and in the N-terminus of the VP1. The DE loop is the most
prominent exterior loop in VP1 (residues 125–137, in CVB3) found at the fivefold axis [48]. The DE
loop may stabilize the capsid and is responsible for pH stability. This is because each DE loop interacts
with other DE loops due to icosahedral symmetry; and because DE loops are involved in interactions
with putative ion-binding sites along the fivefold axis. Seven of the PIDVs had mutations in the EF
loop and surrounding the BC loop. The BC loop (residues 81–85 in CVB3), which flanks the rim of the
canyon closest to the fivefold axes [48], has been shown to be an important neutralizing immunogenic
sites for coxsackieviruses (CVB4) [89], polioviruses [82,83] and rhinoviruses [80,81]. Additionally
five of the PIDVs had mutations mapped into N-terminal region which is suspected to be the 3A6
antibody binding site, and also it is known to be the binding site of the widely used EV antibody
(Dako, clone 5-D8/1, Agilent) which could influence immunostaining of persisting EV in tissue samples.
For example, 1.1B4 cells persistently infected with different CVB1 strains had less VP1 positivity in the
last time point, which may be due to mutation in AA28.

Mutations were rare in non-structural proteins. Two of them, 3B and 3C, were conserved and
remained intact. Additionally, the 3A had few mutations in some of the PIDVs. One of the 3A
mutations, H57Y in ATCC E1-PIDV[PANC-1], has been reported as linked to resistance to antiviral
drugs [60]. The 2A-C had mutations among the studied PIDVs, however, no variable region was
mapped in any of these proteins.

The 5′ UTR has domains I-VI and domain I is also called cloverleaf region, which plays a role in
viral RNA replication [90,91]. In the current analyses the cloverleaf region the read depth was below
10 in PIDV genomes obtained from NGS analysis making variant calling not possible. The domains
II-V have the internal ribosome entry site (IRES), having a role in translation [7]. The IRES has a
polypyrimidine tract, where the 40S ribosomal subunits bind [92]. Mutations at IRES may influence
virulence. As an example, in a site-directed mutagenesis study with CVB1, nt 573 and 579 within the
5′-UTR was mutated leading to significantly elevated virulence and pathogenesis of the virus [93].
Viral replication efficiency and viral virulence are also affected by proper folding and functioning of
the 5′-UTR [54]. In the current study several mutations were mapped into 5′-UTR and majority of the
mutations were not on highly reactive base pairs; however, the 10802-PIDV[PANC-1] and [1.1B4] both had
mutation mapped on highly reactive base pair (nt 234) [54].

The second open reading frame has been recently identified in human enteroviruses (Enteroviruses
A, B and C) [5,6]. It overturned the impression that EVs have only a single open reading frame.
The second ORF is translated into second ORF protein (ORF2p), which is a membrane-associated
protein that is localized to cytosolic vesicles. According to the latest studies ORF2p facilitates intestinal
infection and release of the viral particles from intestinal epithelial cells [6]. The conserved WIGHPV
domain, which is important for ORF2p-dependent intestinal infection [6], had a single AA substitution
on the WIGHPV conserved domain V18A in one of the PIDVs (10802-PIDV[1.1B4]). However, overall,
the ORF2p did not include any common mutations in persisting virus strains, but interestingly the
ORF2p has many differences between CVB1 strains.

The study utilizes two pancreatic cell lines, 1.1B4 beta cell line and PANC-1 pancreatic ductal cell
line, and four different CVB1 strains with different immunogenic properties [31]. We have previously
observed that CVB1 10796 strain is weakly stimulating in plasmacytoid dendritic cells whereas CVB1
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10802 strain is strongly immunogenic [31]. CVB1 10796 replicated also faster and produced significantly
higher amount of virus than CVB1 10802. The ATCC strain induces modest and CVB1 10797 only weak
innate immune response [31]. Altogether this study design, using different virus strains with different
phenotypic characteristics and two cell lines, increased the probability that the mutations that developed
in the majority of these models were linked to the development of persistency. These mutations are
potentially attractive targets for future studies using site-directed mutagenesis and other tools to study
their effect on virus biology in detail.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/11/1790/s1,
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for CVB1 ATCC and CVB1 10796 viruses in PANC-1 cell model (in TCID50/mL) measured by TCID50 assay for
6.8 months post infection, Table S2. Human alignment is processed from Vipie virome pipeline [1] based on de
novo Velvet [2] contig mapping using minimum Kmer 51 (data is available upon request). The mean CVB/Human
Proportions of all samples are 13.01% (PANC-1 6.68% and 1.1B4 23.57%).
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Abstract

Aim To screen several antiviral drugs systematically for their efficacy against type B coxsackieviruses.

Methods Ten drugs with different antiviral mechanisms were analysed for their efficacy against prototype strains of

type B coxsackieviruses in A549 cells. Cell viability was quantified in fixed cells using a colorimetric assay. Median

effective dose was interpolated from the triplicated experiments and the dose–response curves were generated for each

drug–virus combination. Drug cytotoxicity was similarly quantified and selectivity indices calculated.

Results Hizentra, pleconaril, fluoxetine, norfluoxetine, ribavirin, favipiravir, and guanidine hydrochloride were able to

abrogate infection by all tested viruses, with the exception of complete inefficacy of pleconaril against coxsackievirus B3

and favipiravir against coxsackievirus B2. The effective doses for Hizentra, enviroxime, ribavirin, favipiravir, and

pleconaril were clearly below their therapeutic serum concentrations, while the effective concentrations of fluoxetin,

norfluoxetine and itraconazole exceeded their therapeutic serum concentrations. Lovastatin and azithromycin did not

efficiently block type B coxsackieviruses.

Conclusion Hizentra, enviroxime, pleconaril, ribavirin, and favipiravir are effective against type B coxsackieviruses

in vitro in their therapeutic serum concentrations. These antiviral drugs are therefore attractive candidates for type 1

diabetes prevention/treatment trials. They can also be used in other clinical conditions caused by type B coxsackieviruses.

Diabet. Med. 37, 1849–1853 (2020)

Introduction

Type B coxsackieviruses (CVBs) belong to the species

enterovirus B within the family Picornaviridae, icosahedral

non-enveloped RNA viruses with mRNA polarity. CVBs

include six members (CVB1–6) causing, for example, the

common cold, aseptic meningitis, herpangina, myocarditis,

pericarditis, and multi-organ life-threatening infections in

young infants. They constitute ~24% of all reported

enteroviruses by the National Enterovirus Surveillance

System 1970–2018 [1]. They have also been linked to

chronic dilated cardiomyopathy and chronic fatigue syn-

drome [2–4].

Type 1 diabetes has also been linked to CVBs [5–7]. It has

been suggested that a persistent infection in insulin-produc-

ing pancreatic b cells could contribute to the development of

type 1 diabetes [8,9]; therefore, those antiviral drugs that are

effective against CVBs could offer an option for preventing/

treating type 1 diabetes by eradicating such infections. In

fact, to assess this opportunity, people with newly diagnosed

type 1 diabetes are currently being recruited into the

DiViDIntervention trial in Norway (EudraCT No. 2015

003350-1), a randomized controlled trial using antiviral

drugs [10].

Currently, no antiviral drug has been licensed for the

treatment of enterovirus infections, as pleconaril did not

receive approval for treatment of the common cold. Never-

theless, pleconaril does reduce mortality in severe enterovirus

infections in young infants [11]. In addition, certain drugs

that are prescribed for other indications have shown anti-

enterovirus activity in vitro, but the effect of these com-

pounds against different CVB members has not been

systematically studied. The aim of the present study, there-

fore, was to evaluate the possibility of repurposing clinically

used drugs, which have shown activity against at least one

enterovirus strain in vitro, to block the infection of all

prototype strains of CVB in cell culture. We identified drugs

with broad anti-CVB activity, to facilitate their possible use

in the treatment of severe and/or persistent CVB infections
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and in clinical trials evaluating the possible role of CVB in

type 1 diabetes.

We selected drugs targeting different steps in the viral

replication cycle, including pleconaril (a pocket factor

replacer and uncoating blocker of enteroviruses), enviroxime

(enterovirus 3A blocker), ribavirin (a nucleoside analogue),

Hizentra (an immunoglobulin that contains neutralizing

CVB antibodies), favipiravir (an inhibitor of RNA-dependent

RNA polymerases of RNA viruses), fluoxetine (commercially

known as Prozac) and its active metabolite norfluoxetine

(both potential enterovirus 2C blockers), itraconazole (en-

terovirus 3A blocker through targeting cellular oxysterol-

binding protein), azithromycin (interferon and interferon-

stimulated gene upregulator), and lovastatin (possible viral

receptor downregulator or disruptor of the membranes of

viral replication organelles). Guanidine hydrochloride (an

enterovirus 2C ligand) was used as a positive control.

Methods

Antiviral activity assay

Mycoplasma-free A549 (human lung carcinoma epithelial,

ATCC) cells were used. Cells were maintained in Ham0s F12
media (Sigma-Aldrich, St Louis, MO, USA) with 10% fetal

calf serum (Gibco, Waltham, MA, USA) and penicillin-

streptomycin (Gibco) in a humidified chamber with 5% CO2

at 37°C. Cell monolayers were infected in 96 well plates

(Thermo Fisher Scientific Nunk A/S, Roskilde, Denmark)

with 95% confluency in the absence of antibiotics with

individual CVB (ATCC prototype strains, Wesel, Germany;

Table S1) with different concentrations of drugs and 10 000

Tissue Culture Infectivity Dose 50% (TCID50) of each virus

(quantified using the Reed and Munch method). Viable

plastic-bound cells were fixed-stained 48 h after infection

using formaldehyde (0.5%)-crystal violate (0.05%; Electron

Microscopy Sciences, Oy FF-Chemicals Ab, Haukipudas,

Finland) for 20 min at room temperature. The intensity of

the colour was identified by solubilizing the stained cells

using 1% sodium dodecyl sulphate in phosphate-buffered

saline for 10 min at room temperature and measuring the

absorbance of each well at 595 nm using an ELISA plate

reader (Perkin Elmer Victor2V Multilabel Counter 1420-

040). The cell viability (%) was calculated comparing the

absorbance values of the test wells to those of mock-infected

wells representing 100% cell viability.

Since Hizentra (human immunoglobulin) and pleconaril

interact directly with the virus to block the infectivity, they

were incubated with the virus at 37°C for 1 h prior to the

infection and throughout the post infection period. As

recommended (see Table S2), azithromycin and lovastatin

were added to the cells 24 h prior to infection and the other

drugs were added on the cells 1 h before virus infection

(Table S1). Control wells included no drug or virus. Drug

cytotoxicity was also monitored by analysing cells exposed

to the drug without any virus for 48 h.

Identification and quantification of antiviral effect

The median effective dose (ED50) that prevents 50% of cell

death due to virus infection was calculated from the

triplicated experiments for each drug and individual viruses.

ED50 directly demonstrates the efficiency of the drug against

individual viruses. The graphs were generated using the

viability data and concentrations of the drugs used in the

study. The built-in log(agonist) vs response statistics pack-

age, based on a non-linear regression method in the

GRAPHPAD PRISM program (version 5.02), was used to

generate the graphs. In some cases, the ED50 could not be

calculated since some drugs did not reach 50% blockage of

the virus infection. The cytotoxic concentration 50% (CC50;

the concentration of the drug that kills half of the cells in

uninfected samples) of each drug was also calculated in the

absence of the viruses, using a similar approach and different

concentrations of each drug. The selectivity index (SI [SI =

CC50/ED50]), representing the safety profile of the drug

related to antiviral dose, was calculated for each drug

(Table 1). The program was not able to calculate the CC50

for lovastatin; therefore, the value of the highest lovastatin

concentration used in the assay was used in place of a CC50

value. For all drugs a conservative ‘minimum SI’ is presented

using the highest concentration of the ED50 against CVBs.

All background information and relevant references for virus

What’s new?

• Type B coxsackieviruses are associated with type 1

diabetes.

• Although many drugs have shown anti-enterovirus

properties, no antiviral drug has currently been licensed

specifically for the treatment of enterovirus infections.

• Repurposing antiviral drugs represent an attractive

opportunity in type 1 diabetes prevention trials.

• Dose and spectrum tests against type B coxsackieviruses

showed that Hizentra, enviroxime, ribavirin, pleconaril

and favipiravir would be the best candidates for this

strategy.

• Ribavirin and itraconazole were less effective but were

able to impair virus replication.

• Our results can be used to design clinical trials aimed at

eradication from the pancreas of persistent infection

and preventing/treating type 1 diabetes.

• Using antiviral drugs to treat children with type 1

diabetes will help to elucidate the involvement of

enteroviruses, including coxsackieviruses, over the

course of the condition.
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strains and the drugs used in the study are reported in

Table S1 and S2.

Results

Individual ED50 values for each drug–virus combination are

reported in Table 1 and the dose–response curves are

reported in Fig. 1. Briefly, Hizentra, pleconaril, fluoxetine,

norfluoxetine and guanidine hydrochloride were able to

abrogate infection by all tested viruses, with the known

exception that pleconaril was not able to block the ATCC

strain of CVB3 (Table 1). Ribavirin blocked all viruses but

with less than 100% efficacy and was more cytotoxic than

any other drug. Lovastatin blocked only CVB2 with lower

efficacy than other drugs. Azithromycin blocked only CVB3.

The ED50 values (horizontal dashed lines crossing the dose

response curves in Fig. 1) for Hizentra, enviroxime, rib-

avirin, favipiravir, and pleconaril were clearly below the

serum concentrations reached in clinical treatments (vertical

dashed lines in Fig. 1), suggesting that the antiviral effect

could be reached by the doses recommended for their routine

clinical indications. By contrast, for fluoxetine/norfluoxetine

and itraconazole ED50 values were higher than the serum

concentrations reached by recommended doses (up to 4.5

and two times higher, respectively). Lovastatin and azithro-

mycin performed poorly and did not even reach the ED50 for

many CVB members. By contrast, Hizentra blocked the

infection of all CVBs, even at low concentrations, therefore

the ED50 value was not calculated as it was far below the

recommended doses used in the clinic. Since Hizentra is a

pooled antiserum, its antiviral activity is reached mainly by

neutralizing antibodies; therefore, lower reactivity to CVB6

reflects a generally lower titre of neutralizing antibodies to

this virus, that could be attributable to a low prevalence of

CVB6 in the human population.

Discussion

This study characterized the anti-CVB activity of drugs that

had already been reported to block some members of

enteroviruses but not exclusively tested for activity against

infection by all CVB members (proposed to be associated

with type 1 diabetes). Hizentra, enviroxime, pleconaril,

ribavirin and, in many cases, favipiravir, were highly

effective against CVBs in vitro at the concentrations reached

in serum at their recommended therapeutic doses (identified

by other studies shown in Table 1). It is possible, therefore,

that these drugs could provide clinical benefits in acute or

persistent CVB infections. Further studies, particularly care-

fully designed clinical trials, would be needed to explore this

possibility among people with type 1 diabetes. This has

already started with the DIVIDintervention trial in people

newly diagnosed with type 1 diabetes [10]. That unique trial

uses a combination of pleconaril and ribavirin, which were

both found to be effective against CVBs in the present study.

The advantage of the antiviral drugs tested in the present

study is that their safety profile is already characterized. For

example, as well as potentially causing anaemia, ribavirin is

contraindicated during pregnancy and in the male partners of

women planning pregnancy because of its teratogenic

potential [12]. Fluoxetine is not licensed in children below

the age of 7 years because of a greater risk of suicide

identified in adolescents during the first few months of

treatment and it may also disturb glucose metabolism in

people with diabetes requiring adjustments to insulin dosage

[12]. Fluoxetine may also induce QT prolongation when

Table 1 Median effective dose values of each drug for individual viruses

Drug name CC50, lM

ED50
*

SI†Unit CVB1 CVB2 CVB3 CVB4 CVB5 CVB6

Azithromycin 577 lM NE NE 32 NE NE NE 18
Enviroxime 58 lM 0.2 0.2 0.3 0.1 0.2 0.1 193
Favipiravir 1069 lM 363 98 141 NE 164 380 2.8
Fluoxetine 60 lM 8.1 5.2 5.7 6.2 3.6 7.1 7
Guanidine hydrochloride 1785 lM 4.4 4.2 4.4 2.9 2.8 6.0 297
Hizentra NC mg/ml 0.2 0.04 0.02 NC NC 1.4 NC
Itraconazole 2498 lM 5.9 4.0 2.4 6.9 7.2 8.0 312
Lovastatin 80 lM NE 0.1 NE NE NE NE 800
Norfluoxetine 90 lM 6.7 4.8 5.5 4.5 3.3 6.3 13
Pleconaril 3111 lM 0.1 0.5 NE 0.3 0.04 0.3 6222
Ribavirin 8 nM 620 230 320 300 160 410 13

CC50, cytotoxic concentration 50% (concentration of the drug that kills half of the cells in uninfected samples); ED50, median effective dose
that prevents 50% of cell death due to virus infection; NC, not calculated; NE, not effective; SI, selectivity index.
*ED50 values were interpolated using PRISM 5.02.
†Minimum antiviral SI = CC50/maximum ED50 recorded in the present study
ED50 and cytotoxicity values are presented, showing the spectrum of antiviral activity of the drugs and their safety margin in vitro. A549 cells
were used to assess the antiviral activity of prototype strains of all CVB members. The SI for each drug has been calculated using the
maximum ED50 values for CVB1–6 calculated in our study to give a conservative estimate of minimum SI values. The SI for Hizentra was not
calculated as enough cytotoxicity to reach CC50 could not be generated using this drug.
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used together with azithromycin or itraconazole [12].

Lovastatin has been contraindicated for use with itracona-

zole because of the substantial increased risk of developing

myopathy, rhabdomyolysis and acute renal failure [12].

Immunoglobulin (Hizentra) concentrates, which have been

used off-label for measles prophylaxis and for the prevention

of poliomyelitis before the polio vaccine era, is known to be

associated with thromboembolism [12].

In conclusion, the present study identified several drugs

(Hizentra, enviroxime, pleconaril, ribavirin, and favipiravir)

that could be beneficial in the treatment of CVB infections and

which could be useful in type 1 diabetes intervention trials.

Funding sources

This work was funded by the Reino Lahtikari Foundation,

the Sigrid Juselius Foundation, the Academy of Finland, and

the European Commission [Persistent Virus Infection in

Diabetes Network (PEVNET) Frame Program 7, Contract

No. 261441]. The funding agencies did not design, research

or analyse data, and did not contribute to the development

process of the manuscript nor the decision to submit it for

publication.

Competing interests

H.H. is a minor (<5%) shareholder and chairman of the

board of Vactech Ltd., which develops vaccines against

picornaviruses. No other potential conflicts of interest

relevant to this article are reported.

Acknowledgements

The authors would like to acknowledge Anne Karjalainen,

Mervi Kek€al€ainen, Tanja Kuusela, Maria Ovaskainen, and

Eveliina Paloniemi, Tampere University, for their technical

assistance.

References

1 CDC-USA (May 10, 2018) The National Enterovirus Surveillance

System (NESS), USA. Available at https://www.cdc.gov/surveilla

nce/ness/pubs.html. Last accessed 6 June 2019.

2 Bowles NE, Bayston TA, Zhang HY, Doyle D, Lane RJ, Cunning-

ham L et al. Persistence of enterovirus RNA in muscle biopsy

samples suggests that some cases of chronic fatigue syndrome result

from a previous, inflammatory viral myopathy. J Med 1993; 24:

145–160.
3 Klingel K, Hohenadl C, Canu A, Albrecht M, Seemann M, Mall G

et al. Ongoing enterovirus-induced myocarditis is associated with

persistent heart muscle infection: quantitative analysis of virus

replication, tissue damage, and inflammation. Proc Natl Acad Sci U

S A 1992; 89: 314–318.
4 Cunningham L, Bowles NE, Lane RJ, Dubowitz V, Archard LC.

Persistence of enteroviral RNA in chronic fatigue syndrome is

associated with the abnormal production of equal amounts of

positive and negative strands of enteroviral RNA. J Gen Virol

1990; 71 (Pt 6): 1399–1402.
5 Sioofy-Khojine AB, Lehtonen J, Nurminen N, Laitinen OH,

Oikarinen S, Huhtala H et al. Coxsackievirus B1 infections are

associated with the initiation of insulin-driven autoimmunity that

progresses to type 1 diabetes. Diabetologia 2018; 61: 1193–1202.
6 Oikarinen S, Tauriainen S, Hober D, Lucas B, Vazeou A, Sioofy-

Khojine A et al. Virus antibody survey in different European

populations indicates risk association between coxsackievirus B1

and type 1 diabetes. Diabetes 2014; 63: 655–662.
7 Laitinen OH, Honkanen H, Pakkanen O, Oikarinen S, Hankaniemi

MM, Huhtala H et al. Coxsackievirus B1 is associated with

induction of beta-cell autoimmunity that portends type 1 diabetes.

Diabetes 2014; 63: 446–455.
8 Krogvold L, Edwin B, Buanes T, Frisk G, Skog O, Anagandula M

et al. Detection of a low-grade enteroviral infection in the islets of

langerhans of living patients newly diagnosed with type 1 diabetes.

Diabetes 2015; 64: 1682–1687.
9 Richardson SJ, Rodriguez-Calvo T, Gerling IC, Mathews CE,

Kaddis JS, Russell MA et al. Islet cell hyperexpression of HLA class

I antigens: a defining feature in type 1 diabetes. Diabetologia 2016;

59: 2448–2458.
10 EU Clinical Trials Register (EudraCT): European Medicines

Agency © 1995-2018 | 30 Churchill Place, Canary Wharf, London

E14 5EU. EudraCT Number: 2015-003350-41, The Diabetes Virus

Detection and Intervention Trial (DiViDIntervention). Available at

https://www.clinicaltrialsregister.eu/ctr-search/trial/2015-003350-

41/NO. Last accessed 11 November 2018.

11 Rotbart HA, Webster AD. Pleconaril Treatment Registry Group.

Treatment of potentially life-threatening enterovirus infections

with pleconaril. Clin Infect Dis 2001; 32: 228–235.
12 ©2018 PDR L (2018) Drug Summary. Available at https://www.pd

r.net/browse-by-drug-name. Last accessed 11 November 2018.

Supporting Information

Additional supporting information may be found online in

the Supporting Information section at the end of the article.

Table S1. Summary of virus strains used in the study.

Table S2. Summary of the drugs and their use in our study.

FIGURE 1 Dose–response curve for antiviral activity and cytotoxicity of the tested compounds. Drug concentrations are presented as Log(10) of

either micromolar or mg/ml of the compounds indicated on the x-axis. The y-axis represents the cell viability (%) compared the control experiments

without the virus but in the presence of the drugs. Log(agonist) vs response statistics package, based on a non-linear regression method in GRAPHPAD

PRISM program (version 5.02), was used to generate the graphs. The horizontal dashed lines show the median effective dose values of each drug,

where 50% of the cells were kept alive because of the antiviral activity of the drugs. The vertical dashed line in each graph corresponds to the

published serum concentrations of the drugs, reached by therapeutic doses of each drug, with their originally designated therapeutic use. The serum

concentration for enviroxime was not available since it was used as topical drops. Instead, the dose of enviroxime drops has been reported here. For

guanidine hydrochloride, the serum concentration was not reported since it is not used in humans. In other mice experiments, however, the serum

values for this compound have been reported. Here, guanidine hydrochloride served as a positive control for antiviral effect. CVB, type B

coxsackievirus.

ª 2019 Diabetes UK 1853

Research article DIABETICMedicine

https://www.cdc.gov/surveillance/ness/pubs.html
https://www.cdc.gov/surveillance/ness/pubs.html
https://www.clinicaltrialsregister.eu/ctr-search/trial/2015-003350-41/NO
https://www.clinicaltrialsregister.eu/ctr-search/trial/2015-003350-41/NO
https://www.pdr.net/browse-by-drug-name
https://www.pdr.net/browse-by-drug-name




IV





Contents lists available at ScienceDirect

Journal of Clinical Virology

journal homepage: www.elsevier.com/locate/jcv

Eradication of persistent coxsackievirus B infection from a pancreatic cell
line with clinically used antiviral drugs

Anni Honkimaaa,*, Amir-Babak Sioofy-Khojinea, Sami Oikarinena, Antoine Bertinb,
Didier Hoberb, Heikki Hyötya,c

a Tampere University, Faculty of Medicine and Health Technology, Arvo Ylpönkatu 34, FIN-33520 Tampere, Finland
bUniversité de Lille, CHU Lille Laboratoire de Virologie, EA3610, F-59000 Lille, France
c Fimlab Laboratories, Pirkanmaa Hospital District, Tampere, Finland
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A B S T R A C T

Background: Persistent enterovirus infections create a difficult therapeutic challenge in immunocompromised
patients and may also contribute to the development of chronic diseases including type 1 diabetes, cardio-
myopathies, post-polio syndrome and chronic fatigue syndrome.
Objectives: To study the ability of antiviral drugs to eradicate such infection in vitro to evalaute their potential in
the treatments of these patients.
Study design: We set out to evaluate several licensed or clinically tested drugs which have shown some anti-
enterovirus activity in previous studies for their ability to cure persistent infection established by two different
coxsackievirus B1 strains in a pancreatic cell line (PANC-1 cells).
Results: Among all tested drugs Enviroxime, Fluoxetine, concentrated human IgG product (Hizentra) and
Pleconaril were able to eradicate persistent Coxsackievirus B1 infection. The effect Enviroxime, Hizentra and
Pleconaril varied between the two virus strains.
Conclusions: The identified drugs are feasible candidates for clinical trials among patients with persistent cox-
sackievirus B infections or chronic enterovirus-associated diseases.

1. Background

Enteroviruses (EVs) belong to the family Picornaviridae [1]. They are
non-enveloped viruses with a positive sense single-stranded RNA
genome encoding structural proteins VP1-VP4, and non-structural
proteins 2A-2C and 3A-3D. EVs usually cause mild illnesses with
common-cold type symptoms [2]. However, they can cause also severe
conditions like acute myocarditis, aseptic meningitis, encephalitis, and
paralytic disease. Additionally EVs can cause persistent infections in
immunocompromised patients and they have been associated with
chronic diseases including acquired dilated cardiomyopathy, post-polio
syndrome, chronic fatigue syndrome and type 1 diabetes (T1D) [3–8].
Group B coxsackieviruses (CVBs) are among the clinically most im-
portant EVs causing significant morbidity particularly in young chil-
dren and being linked to chronic cardiomyopathies and T1D via viral
persistence in the myocardium or pancreas [3,5,8,9–17]. No drug has
been licensed for the treatment of these infections, but certain drugs
that have been used for other indications have shown some anti-EV
activity opening possibilities for testing their ability to cure persistent

CVB infections. The first clinical trial with antiviral drugs has also been
started in newly diagnosed T1D patients to test the hypothesis that a
six-months long treatment with Pleconaril-Ribavirin combination could
eliminate possible persisting EV infection from pancreas (The Diabetes
Virus Detection and Intervention Trial; EudraCT No. 2015-003350-41).

2. Objectives

Currently, very little is known about the ability of different antiviral
drugs to cure persistent EV infection. Therefore, we have evaluated
antiviral activity of several drugs in acute infection followed by in-
vestigation of their ability to eradicate persistent CVB1 infection in a
pancreatic cell line (Tables 1 and 2). We focused on drugs which have
been in clinical use for other indications or which safety profile is
known from clinical trials or scientific studies to allow rapid translation
of the results to clinical trials.
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3. Study design

3.1. Persistent infection

A persistent infection model was established in a pancreatic ductal
cell line, PANC-1 (A cell line generated by hybridizing ductal cells with
beta cell tumor), maintained in DMEM (Sigma Aldrich) supplemented
with 10% FBS (Gibco) and 0.5% penicillin-streptomycin (pen-strep,
Gibco) using two strains of CVB1 (ATCC, Conn-5, a prototype strain
obtained from the American type culture collection, and 10796, iso-
lated from Argentina in 1983) [18], as previously described for CVB4
[19]. The quantity of the virus in culture supernatants was monitored
by infectivity titration using plaque assay in green monkey kidney
(GMK) cells and by analyzing the quantity of viral RNA genome using
RT-qPCR [20]. This model and the proteome of persistently infected
cells have been described in our previous studies [21].

3.2. Analysis of antiviral activity

The ability of the drugs to eradicate persistent infection from PANC-
1 cells was tested using a 2-step strategy. First, the activity and active
concentration limits of all drugs were determined in a standard acute
virus infection cell model with 10 drugs (Azithromycin, Enviroxime,
Fluoxetine, Norfluoxetine, Favipiravir, Hizentra, Itraconazole,
Lovastatin, Pleconaril and Ribavirin), followed by the analysis of anti-
viral activity in the persistent infection cell model with several of the
drug candidates. The drugs (Table 1) were selected based on their anti-
EV activity reported earlier [22–32].

3.2.1. Antiviral activity in acute infection model
CVB1 virus strains (ATCC and 10796) [18] were propagated in GMK

cells and partially purified by clarifying the harvested cell culture su-
pernatant using low-speed centrifugation and filtration through a
0.2 μm filter and by ultracentrifugation trough a 30% sucrose cushion
at 175,000 g for 14 h at 4 °C. The pellets were then resuspended in
Hank′s balanced salt solution (HBSS, Sigma Aldrich) and clarified by
centrifugation at 16,100 g for 15min at 4 °C. Finally, the supernatants
containing purified viruses were collected and further diluted into HBSS
containing 20mM HEPES (Pan-Biotech).

The A549 cells were used in the acute infection model at the density
of 40,000 cells/well in a 96 well plate (Nunc), maintained in HAM′s F12
medium supplemented with 10% FBS and 0.5% pen-strep, which was
first changed into HAM′s F12 supplemented with 10% FBS without
antibiotics prior to the assay. The capsid interfering drugs (Hizentra and
Pleconaril) were incubated with the virus for 1 h prior to the infection
while other drugs were pre-incubated on cells due to their mechanisms
of action. Pre-incubation times on cells were 24 h for Azithromycin [22]
and Lovastatin [28] and 1 h for other antiviral drugs. Each drug con-
centration (Table 2) was tested in triplicate wells and each test run
contained control wells including the virus without any drug and the
drugs without any virus.

The cells were infected with high titer (∼2×106 pfu/mL, plaque
forming unit/mL) and incubated for 48 h at 37 °C in a humidified at-
mosphere containing 5% CO2 (100% CPE) followed by fixation and
staining with crystal violet solution containing formaldehyde for 30min
at room temperature (RT). After washes with excessive water the
amount of crystal violet that was precipitated in remaining living cells
was quantified by solubilizing the precipitated crystal violet using 1%
SDS in PBS and measuring the absorbance of the suspension on a mi-
croplate reader (Perkin Elmer Victor2V Multilabel Counter 1420-040)
at 595 nm as a marker of live cell mass. The relative cell viability value
was calculated by comparing the absorbance values of infected cells to
those of non-infected control cells. Half-effective concentration (EC50)
was measured using GraphPad Prism (GraphPad Software) program.

3.2.2. Antiviral activity in persistent infection model
The persistent CVB1 infection was stabilized by passaging persis-

tently infected PANC-1 cells continuously for almost one year. The
medium was changed three times a week and the infected cells were
passaged once a week by scraping.

The persistently infected cells were exposed to drugs that were ef-
fective in the acute infection model by adding them into the culture
medium containing DMEM supplemented with 10% FBS and 0.5% pen-
strep in 12 well plates (Fisher) (Table 2). Drug treatment continued for
8 weeks after which the cells were cultured without drugs for additional
four weeks. Supernatant and cell samples were collected at each
medium change for detection of viral RNA by RT-qPCR [20].

3.2.3. Reinfection of cured cells
PANC-1 cells that were cured from persistent CVB1 infection by

antiviral drug treatment were reinfected with fresh CVB1 ATCC strain
with MOI 100 on coverslips. Samples of cells were fixed 2 days after
reinfection. Comparable samples were fixed from cured cells which
were not reinfected by CVB1 as well as from fresh PANC-1 cells acutely
infected by CVB1. The cells were fixed on coverslips for immuno-
fluorescent labeling using 4% paraformaldehyde (Electron microscopy
science) in PBS and permeabilized with 0.2% Triton™ X-100 (Sigma-
Aldrich) in PBS for 5min at RT. Viral VP1 protein was stained with a
commercial mouse monoclonal antibody (clone 5D8/1, Dako) for
40min at RT as described [38]. The coverslips were mounted with
Prolong Gold antifade reagent (Invitrogen) containing DAPI (4’-6-dia-
midino-2-phenylindole). Imaging was done using Olympus BX-60 mi-
croscope.

4. Results

4.1. The effect of antiviral drugs on acute CVB1 infection

In acute infection model Hizentra was effective against both the
CVB1 ATCC and the clinical isolate (EC50 was 0.98mg/mL and
0.46mg/mL, respectively) (Fig. 1) (Table 2). Fluoxetine and its active
metabolite Norfluoxetine were also effective against both virus strains
(Fluoxetine: EC50 15.92 μM and 19.16 μM, Norfluoxetine: EC50

13.19 μM vs. 13.65 μM). Pleconaril prevented infection by the ATCC
strain (EC50 0.29 μM) but was less effective against the clinical isolate
(EC50 1.19 μM). Similarly, Enviroxime had an EC50 of 0.48 μM against
the ATCC strain but was not effective against the clinical isolate.

Azithromycin, Lovastatin, Ribavirin, Favipiravir and Itraconazole
were not effective against either of the CVB1 strains. Half maximal
cytotoxicity (CC50) of each drug have been reported in our previous
publication [37] (Table 2).

4.2. The effect of antiviral drugs on persistent CVB1 infection

CVB1 persistent infection was established with two strains (ATCC
and 10796) and the most attractive drug candidates were further tested
in the established persistent infection model. The viral titers in the
culture supernatants were around 106 pfu/mL and 108 copies /sample
(140 μL) at the initiation of the antiviral drug treatments (Fig. 2).

Fluoxetine eradicated both virus strains from persistently infected
cells at the concentration of 15 μM in 56 days and the cells remained
virus negative for the 24 days post-treatment period (Fig. 3); (Table 2).
A lower drug concentration (10 μM) led to a transient decrease in viral
RNA, which started to increase after 28-days′ treatment reaching
eventually the initial levels despite the continuous presence of the drug.

Enviroxime eradicated ATCC CVB1 strain completely in 56 days in
3 μM concentration and the cells remained virus negative during the
post- treatment period (Table 2). Lower concentration (0.3 μM) caused
also a transient decrease in viral RNA while CVB1 10796 strain was not
eliminated by any of the tested concentrations.

Hizentra eradicated both virus strains in 56 days, when used at the
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highest concentration (20mg/mL), but a lower concentration (4mg/
mL) eradicated only ATCC strain (Table 2).

Pleconaril eradicated ATCC strain in 56 days at 1 μM concentration
but had no effect on CVB1 10796, even though the highest concentra-
tion (10 μM) led to a transient initial decrease in the viral RNA load
(Table 2).

The highest concentrations of Ribavirin (0.5–2.5mM) were cyto-
toxic for the persistently infected cells and the lowest, non-cytotoxic

concentrations (0.1−0.01mM) could not eliminate either of the
viruses. Also the CC50 for Ribavirin on A549 cells has been reported to
be 8 μM [37]. Itraconazole and Lovastatin were unable to eradicate
these CVB1 strains in any of the tested concentrations.

Even if the effective drugs eradicated the virus completely from
persistently infected cells, the cured cells retained a peculiar phenotype:
In contrast to the parental PANC-1 cells they did not develop any cy-
topathic effect when reinfected by CVB1 (Supplementary Fig. 2).

Fig. 1. Antiviral activity in acute CVB1 infection. Fluoxetine, Norfluoxetine, Enviroxime, Pleconaril and Hizentra (immunoglobulin) inhibit acute CVB1 infection in a
dose-dependent manner. Results have been prepared using GraphPad Prism program showing the EC50 concentration values. Y-axis presents cell viability percentage,
and virus infection is fully inhibited when cell viability reaches 100%. X-axis is Log[concentration]. Error bars represent standard deviations from the mean values
(n=3).

Fig. 2. Persistent CVB1 infection in PANC-1 cells. Initial CVB1 infection caused a massive cell death and only a limited number of cells survived, causing a drop in
genome copy number and in virus titer. After the acute phase, the surviving cells revived maintaining continuous replication of the virus without clear cytopathic
effect. Beginning of the antiviral experiment is marked with an arrow.
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5. Discussion

This study shows that certain clinically used or tested drugs can cure
a persistent CVB infection from pancreatic cells. Furthermore, the study
shows that this eradication was complete, as the virus did not reappear
after the cessation of the treatment. Even if these in vitro results cannot
prove that these drugs can cure persistent CVB infection in man, the
results make these drugs feasible candidates for clinical trials.

The persistent CVB1 infection model that was developed for the

present study represents a special form of virus-host interaction where
both the virus and the cell go through a co-evolution leading to adap-
tation and constant replication of the virus in part of the cells, so called
carrier-state type of infection [39,40]. We have recently described in
detail the changes that occur in the proteome of these persistently in-
fected cells [21]. Some of such cellular changes may remain even after
the clearance of the virus by an antiviral drug 40]. In the present study
we were able to confirm this finding as the cured cells were resistant to
cytopathic effect by CVB1 reinfection in these cells.

Fig. 3. Antiviral activity in persistent CVB1 infection. The effect of different drug concentrations on virus replication was regulatory monitored by detecting the copy
number of viral genome in culture medium (ATCC strain in the left panels and 10796 strain in the right panels). Cells were continuously exposed to the drugs in the
culture medium for 8 weeks, and monitored still for 4 additional weeks after the end of the drug treatment. This represents one of three independent experiments.
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The effective drugs reduced viral replication already after one
week’s treatment. However, total clearance of the virus took much
longer, and was first seen with Hizentra and Fluoxetine, after five
weeks’ treatment. The fact that a long time period was required for
complete clearance of the virus has relevance also for human studies
that aim at eradications of persistent CVB infection by antiviral drugs.
For example, in ongoing clinical trial among T1D patients
(DiViDIntervention trial) the antiviral drug treatment lasts for six
months.

The present study used two strains of CVB1 making it possible to
study variation in drug sensitivity between different virus strains.
Indeed, the efficacy of some drugs (Enviroxime, Hizentra and
Pleconaril) varied between the two strains suggesting that relatively
small changes in the viral genome may modulate drug sensitivity. In
addition, the occasional loss of initial antiviral effect during the treat-
ment with low concentrations of Enviroxime, Fluoxetine, Hizentra and
Pleconaril may indicate possible emergence of drug resistant strains. In
the case of Enviroxime, the observed V45I mutation in the non-struc-
tural protein 3A of CVB1 10796 may explain its drug resistance strain
(Supplementary Fig. 1), since V45A mutation has been linked to en-
viroxime resistance in CVB3 [31]. Pleconaril also failed to eradicate
CVB1 10796 strain but was effective against the ATCC strain. However,
this difference was not due to complete drug resistance of the parental
virus strain since 10796 strain was susceptible for Pleconaril in the
acute infection model. In addition, neither of the parental CVB1 stains
carried the mutation that has been linked to Pleconaril resistance in
previous studies (AA1092 of the viral VP1 protein) [41], and no mu-
tation developed in this site during the Pleconaril treatment (Supple-
mentary Table 1).

Pleconaril concentrations that eradicated CVB1 ATCC persistent
infection are comparable to those previously shown to block acute in-
fection in cell models [29] and lower than the plasma concentrations
reached in a clinical trial [42]. Even though Pleconaril seems to be an
attractive candidate for clinical trials in conditions linked to persistent
CVB infections, it is not widely available. The US Food and Drug Ad-
ministration rejected Pleconaril for common cold treatment due to the
development of resistant virus strains and adverse effects [43]. How-
ever, it has been used successfully to treat severe EV infections in young
infants [44].

Hizentra (immunoglobulin product) treatment eradicated both
CVB1 strains from persistently infected cells. This finding together with
the good safety profile of immunoglobulin products suggests that they
could be viable candidates for antiviral therapies in persistent EV in-
fections. Additionally, immunoglobulin products have been used to
treat patients with acute or persistent EV infections and they have been
used successfully to prevent paralytic polio prior to the development of
effective vaccines. Their antiviral activity is based on antibodies that
neutralize viral infectivity, but they vary for their neutralizing antibody
titers against different EV types [45]. Optimization of their neutralizing
antibody spectrum has been shown to improve their efficacy in the
treatment of EV infections [44,46]. The product used in the present
study had quite high neutralizing titers against CVB1 (0.2mg/mL
concentration neutralized the virus).

Besides Hizentra, Fluoxetine was clearly able to cure both persistent
CVB1 infections. However, the inhibitory drug concentrations were
slightly higher than those eradicating persistent CVB4 infection in a
previous study [47,48]. In the acute infection model the inhibitory
concentrations (EC50 of 15.92 μM for CVB1 ATCC and EC50 of 19.16 μM
for the clinical isolate) were also higher compared to those previously
reported (EC50 of 2.3 μM for both Fluoxetine and Norfluoxetine) [25].
Nevertheless, all these concentrations are clearly higher than the
plasma concentrations of patients treated for depression:
0.015−0.865 μM for Fluoxetine and 0.014−0.602 μM for Nor-
fluoxetine in adults [49] and up to -0.36 μM and -0.45 μM, respectively,
in children and adolescents [50]. However, it is impossible to draw
direct conclusions about concentrations that would be needed to cure

persistent CVB infection in human patients since several other factors
influence the efficacy of such treatment, including the magnitude of
viral replication and contribution of the immune system. In fact, the
virus replicated at relatively high levels in our model, which does not
compare to the low virus titers seen in persistently infected tissues.

The observed variation in drug sensitivity between the two tested
CVB1 strains suggests that additional strains and serotypes should be
tested in future studies to get a broader view on the efficacy of these
drugs against persistent CVB infections. In our recent study, Hizentra,
Fluoxetine and Enviroxime blocked all CVB types (ATCC strains) in
acute infection model (A549 cells) and Pleconaril blocked all except
CVB3 (ATCC/Nancy) [37]. Further studies would also be needed to find
out if drug combinations could reduce the dose needed for the eradi-
cation of persistent infection and eliminate the emergence of resistant
strains during long-term treatment.

In conclusion, this is the first study evaluating the efficacy of several
clinically used antiviral drugs against persistent CVB infection.
Enviroxime, Fluoxetine, Pleconaril and Hizentra gave the most pro-
mising results while Lovastatin, Itraconazole and Ribavirin did not in-
hibit persistent infection. Pleconaril, that is currently used in the first
clinical trial among type 1 diabetic patients (DiViDIntervention trial),
was effective against the prototype CVB1 strain.
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