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“The important thing is not to stop questioning. Curiosity has its own reason for
existing. One cannot help but be in awe when he contemplates the mysteries of

eternity, of life, of the marvelous structure of reality. It is enough if one tries
merely to comprehend a little of this mystery every day.”

Albert Einstein
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ABSTRACT

Hepatitis D virus (HDV), first described in 1977, is a peculiar pathogen and

the smallest virus known to infect humans. HDV was first identified in liver

biopsy samples of chronic hepatitis B virus (HBV) carriers. Soon after, it was

recognized as the satellite virus of HBV. The genome of HDV encodes a single

protein, the delta antigen (DAg), which exists in two forms (small and large) due

to a cellular editing mechanism. The two forms of the protein play a vastly

different role in the viral life cycle. As the genome does not encode additional

proteins, HDV is fully dependent on cellular factors and its helper virus, which

provides the glycoprotein coating necessary for infectious particle formation. For

decades, HDV was the sole member of deltaviruses, which were thought to be

human-only pathogens. However, in 2018, metatranscriptomic analyses

identified various novel HDV-like agents from bird samples by others, and from

a snake by us. Following these studies, several HDV-like agents were identified

across a wide range of taxa, and in absence of co-infecting HBV. These findings

led to the new classification of HDV and all the newly described HDV-like agents

into eight different genera within the Kolmioviridae family in the novel realm

Ribozyviria (the highest taxonomic rank established for viruses).

In this study, Swiss snake colony virus 1 (SwSCV-1), one of the novel

HDV-like agents, was detected in the brain sample of a Boa constrictor snake

with severe central nervous system signs. SwSCV-1 has characteristics that are

typical to HDV. It has an approximately 1.7 kilobases long single-stranded RNA

genome with ribozymes present in both genomic and antigenomic strands. In

addition to the DAg, the sole protein in case of HDV, we identified another

potential open reading frame (ORF). To enable in vitro and helper-independent

studies of the novel virus, we developed various infectious clones, which allowed

us to initiate viral replication upon transfection into snake and mammalian cells.

We not only showed that the constructs initiate replication in cell culture, but also

achieved persistent SwSCV-1 infection of snake cell lines by passaging of the

transfected cells. We found no traces of a co-infecting hepadnavirus during the

initial metatranscriptomic analyses, but reptarena- and hartmanivirus reads

were present. These findings made us hypothesize the identified pathogens as

potential helper viruses of SwSCV-1. We used superinfection studies of the

persistently infected snake cell lines to show that SwSCV-1 is indeed able to form
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infectious particles with the abovementioned viruses. We further showed that

transfection of the persistently infected cells with glycoproteins from different

virus families (arena- and hantaviruses) is sufficient to induce infectious particle

formation. We further generated an infectious clone with an introduced point

mutation, abolishing protein expression from the second ORF, to investigate the

possible roles of the putative protein. During the studies on the second ORF, we

observed that the persistently infected snake cell lines – originally transfected by

different constructs – show decreased infectious particle formation ability as

compared to freshly transfected cells. This observation and the further

experiments conducted led to the finding of SwSCV-1 expressing only the small

form of the DAg.

These studies provided the first experimental evidence of in vitro

replication and infectious nature of SwSCV-1, one of the early representatives of

novel kolmiovirids. Furthermore, SwSCV-1 was the first of the novel HDV-like

agents that was shown to use various viruses other than HBV for infectious

particle production, opening up potential new disease associations. The discovery

of numerous novel deltaviruses has shown that despite the extensive knowledge

on HDV, the world of these viruses is much more complex than previously

thought. In order to gain a better understanding, detailed molecular

characterization of the new agents is necessary. This study generated generic

molecular tools that are easily adaptable for the novel deltaviruses and the ones

that are still to be discovered and will facilitate future research on these unique

pathogens.
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TIIVISTELMÄ

Hepatiitti D virus (HDV), hyvin poikkeuksellinen ja pienin tunnettu ihmisiä

infektoiva patogeeni, havaittiin ensimmäisen kerran vuonna 1977. Ensimmäinen

havainto HDV:stä tehtiin hepatiitti B virusta (HBV) kroonisesti kantavien

potilaiden munuaisbiopsianäytteistä. Pian löytämisen jälkeen HDV:n havaittiin

olevan HBV:n satelliittivirus. HDV:lla on yksijuosteinen rinkulamainen 1700

nukleotidin mittainen genomi, joka muodostaa sauvamaisen rakenteen

juosteiden keskinäisen pariutumisen ansiosta. HDV:n genomi ohjaa yhden

proteiinin, delta antigeenin (DAg) tuottoa. Solun RNA:ta muokkaavien

entsyymien ansiosta DAg esiintyy infektoituneessa solussa kahdessa eri

muodossa, S- ja L-DAg (englannin sanoista small ja large, pieni ja suuri), joilla on

toisistaan poikkeavia tehtäviä viruksen elinkaaren aikana. Viruksen RNA

genomissa sekä sille komplementaarisessa antigenomissa on entsymaattisesti

aktiivinen nukleotidijakso, ribotsyymi, joka ohjaa viruksen genomin

pilkkoutumista yhden genomin kokoisiin palasiin viruksen ”rolling circle” –

mekanismilla etenevän replikaation aikana.  Koska viruksen genomi ei tiettävästi

sisällä muita toiminnallisia alueita, HDV on replikaatiossaan täysin riippuvainen

solun koneistosta ja entsyymeistä. Muodostaakseen lopulta infektiivisiä

partikkeleita HDV on myös riippuvainen auttajavirus HBV:sta, joka vastaa

glykoproteiinien tuotannosta.

HDV oli ainoa tunnettu deltavirus vuosikymmenien ajan ja niiden oletettiin

olevan ainoastaan ihmisiä infektoivia patogeeneja. Vuonna 2018 löytyi ensin

lintujen ulosteista metatranskriptomiikkatutkimusten avulla HDV:n kaltainen

virus. Samoihin aikoihin tunnistimme HDV:n kaltaisen viruksen boakäärmeen

aivoista. Näiden tutkimusten jälkeen HDV:n kaltaisia viruksia on löytynyt useista

eri eläinlajeista, ja poikkeuksetta ilman samanaikaista HBV-infektiota. Näiden

uusien virusten löytäminen on johtanut deltavirusten taksonomiseen

luokitteluun omiksi suvuikseen uuteen Ribozyviria valtapiiriin

(englanniksi realm, korkein virusten taksonominen luokka) kuuluvassa

Kolmioviridae-heimossa.

Löysimme Swiss snake colony virus 1:n (SwSCV-1:n) vakavista

neurologisista oireista kärsineen boakäärmeen aivoista metatranskriptomiikan

avulla. SwSCV-1:n genomi on rinkulamainen yksijuosteinen RNA kooltaan noin

1700 nukleotidia. Genomi sisältää DAg:n lisäksi sekä genomisen että



12

antigenomisen ribotsyymin ja toisen avoimen lukuraamin, joka mahdollisesti

ohjaa toisen proteiinin tuottoa. Tutkiaksemme SwSCV-1:n toimintaa

soluviljemissä ilman auttajavirusta kehitimme erilaisia plasmidipohjaisia

infektiivisiä klooneja, jotka mahdollistivat soluviljelmien infektion transfektiolla.

Pystyimme luomaan soluviljelmiin pysyvän SwSCV-1- infektion työkalujemme

avulla. Infektoituneen boakäärmeen kudoksista ei löytynyt jälkiä HBV:n

kaltaisesta viruksesta metatranskriptomiikkatutkimuksemme perusteella, mutta

sen sijaan löysimme SwSCV-1:n infektoimista kudoksista reptarena- ja

hartmaniviruksia. Löydösten perusteella epäilimme näiden virusten toimivan

SwSCV-1:n auttajaviruksina, ja kehittämiemme soluviljelmämallien avulla

kykenimme osoittamaan reptarena- ja hartmanivirussuperinfektion johtavan

infektiivisten SwSCV-1- partikkelien tuotantoon. Tämän lisäksi osoitimme, että

SwSCV-1- infektoituneiden solujen transfektio arena- ja hantavirusten

glykoproteiinien tuottoa ohjaavilla plasmideilla johti infektiivisten SwSCV-1-

partikkelien tuotantoon. Tutkiaksemme, ohjaako SwSCV-1:n genomista löytynyt

toinen avoin lukuraami proteiinin tuotantoa, loimme infektiivisen kloonin, jossa

proteiinin tuotto oli estetty pistemutaation avulla. Näiden tutkimusten aikana

havaitsimme, että pysyvästi infektoituneet soluviljelmät tuottivat hiljattain

SwSCV-1:llä infektoituneita soluja vähemmän infektiivisiä SwSCV-1-

partikkeleita superinfektion seurauksena. Tutkiessamme ilmiön syytä tulimme

osoittaneeksi, että SwSCV-1 tuottaa infektion aikana ainoastaan yhtä DAg

muotoa, S-DAg:ia.

Uusien HDV:n kaltaisten virusten löytyminen on osoittanut, että

deltavirukset ovat huomattavasti monimutkaisempia ja laajakirjoisempia kuin

HDV-tutkimusten perusteella on oletettu. Tarvitaan lisää tutkimusta, jotta

voimme ymmärtää näiden aiemmin tuntemattomien virusten elinkaarta

syvällisemmin. Tässä väitöskirjassa kuvatut työkalut luovat hyvän pohjan

vastaavien työkalujen kehitykseen muille HDV:n kaltaisille viruksille. Tässä

väitöskirjassa kuvaillut työkalut ovat helposti sovellettavissa muiden HDV:n

kaltaisten virusten tutkimiseen ja tulevat auttamaan ymmärtämään tätä

ainutlaatuista patogeeniryhmää.
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1. INTRODUCTION

The original aim of this thesis was to study arenavirus – more specifically

reptarena- and hartmanivirus – co- and superinfections, tissue tropism and their

pathogenesis. Reptarenaviruses are the causative agents of boid inclusion body

disease (BIBD), which is a devastating infection of captive boid snakes [1-3].

Co-infections with various reptarena- and hartmaniviruses are often found in the

affected snakes [4-6]. The focus of the thesis shifted, when not only reads of

reptarena- and hartmaniviruses, but also a novel hepatitis D virus (HDV) like

agent were identified during a next generation sequencing (NGS) study aiming to

identify the cause for central nervous system signs from the brain tissue samples

of a Boa constrictor.

HDV, known since 1977 [7], is a unique pathogen of humans, originally

found from liver tissues of patients also carrying hepatitis B virus (HBV). HDV is

a satellite virus of HBV; it uses HBV’s glycoproteins (GPs) to form viral particles

and to complete its infectious cycle [8].

Following the findings of Wille et al. [9] and us in 2018 (I), researchers have

reported identification of several novel HDV-like agents from a wide range of taxa

[10-13]. These newly found viruses share the genomic characteristics of HDV;

however, they do not appear to rely on HBV-like viruses as their helper viruses.

In fact, none of the studies reported hepadnaviral reads in the samples. Before

the discovery of the novel HDV-like agents, HDV, as a single species with its eight

distinguished genotypes [14] belonged to the unassigned genus Deltavirus [15].

The description of several new HDV-like agents provoked drastic changes in the

taxonomy of deltaviruses. Taken the uniqueness of these viruses into

consideration, in 2021, the International Committee on Taxonomy of Viruses

(ICTV) voted to establish a novel realm Ribozyviria with a single family,

Kolmioviridae. This family includes eight genera to accommodate the various

HDV-like agents [16,17]. According to the new taxonomy, the eight genotypes of

HDV have been assigned virus status, and now are marked as individual species.

Table 1 shows the structure and members of the novel family Kolmioviridae and

helps the reader understand the title and merit of the current thesis better.
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Table 1. Table of the novel family, Kolmioviridae, showing all the eight genera with the novel
deltavirus species.

Genus Species Isolate/
Genotype

Host

Daazvirus Daazvirus cynopis Chinese fire belly
newt virus 1

Chinese fire belly newt

Dagazvirus Dagazvirus
schedorhinotermitis

Rhinotermitid
virus 1

Schedorhinotermes
intermedius

Daletvirus Daletvirus boae Swiss snake
colony virus 1

Boa constrictor,
White-eyed python

Dalvirus Dalvirus anatis Dabbling duck
virus 1

Grey teal, Chestnut teal,
Pacific black duck

Deevirus Deevirus actinopterygii Ray-finned fish
virus 1

various Actinopterygii spp.

Deltavirus

Deltavirus cameroonense HDV- 7

Human

Deltavirus carense HDV- 6

Deltavirus italiense HDV-1

Deltavirus japanense HDV-2

Deltavirus peruense HDV-3

Deltavirus senegalense HDV-8

Deltavirus taiwanense HDV- 4

Deltavirus togense HDV- 5

Dobrovirus Dobrovirus bufonis Chusan Island
toad virus 1

Chusan Island toad

Thurisazvirus Thurisazvirus myis Tome's spiny-rat
virus 1

Tome’s spiny rat

Until reports on the novel HDV-like agents in late 2018/early 2019, HDV

was the sole representative of the unassigned genus Deltavirus [15]. There is

quite a bit of knowledge about HDV, while very little has been known about the

novel HDV-like viruses until this study. Thus, the literature review focuses on

HDV, as its characteristics are similar to those of the novel HDV-like agents.



15

2. REVIEW OF LITERATURE

2.1. Discovery of hepatitis D virus and early findings

Hepatitis D virus (HDV) was discovered in 1977, in Italy, during studies of liver

specimens originating from patients seropositive for the hepatitis B virus (HBV)

surface antigen (HBsAg) [7]. The researchers performed immunofluorescence

(IF) staining and observed that the novel antigen was only present in HBsAg

seropositive patients and did not get stained with antiserum specific for HBV core

antigen (HBcAg) or HBsAg [7]. The newly discovered antigen – responsible for

the staining in the liver specimens – was named ‘delta’ ( ). After the initial

discovery, novel assays were developed to enable the detection of  antibodies

from patients and to study the prevalence of the  antigen [18]. By studying

samples from Italy, Japan and the USA, they found that the presence of the 

antigen was much more common in patients with chronic liver disease versus

asymptomatic carriers or patients with acute hepatitis [18]. The study

strengthened the association between HBV infection and the presence of the 

antigen, as they were able to detect it from patients with confirmed HBV

infection, but not from controls [18]. After the initial studies, the nature of the 

antigen remained unknown. Rizzetto and colleagues inoculated chimpanzees

with the sera of HBV infected patients carrying HBsAg, who also showed 

antigen expression intrahepatically [19]. These inoculation experiments allowed

the researchers to demonstrate the transmissible nature of the  antigen and led

them to hypothesize  to be either an HBV mutant or a defective agent reliant on

HBV infection. By later sedimentation studies and electron microscopy, Rizzetto

and his colleagues not only showed that the  antigen is encapsidated by HBsAgs,

but also described its association with low molecular weight RNA [8]. These

findings led to renaming of the  agent to hepatitis delta/D virus.

2.2. HDV infection, transmission and disease

HDV can infect a person either in co-infection with HBV and HDV or by

superinfection of an individual with chronic HBV infection [20]. HDV

transmission can occur via contact with contaminated blood, through parenteral

route or sexual contact [21,22]. High-risk groups for HDV transmission include

intravenous drug users, practitioners of high-risk sexual behavior [23], human
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immunodeficiency virus positive individuals and hemodialysis recipients [24].

The clinical outcome of the infection vastly depends on how HDV is acquired [25].

The clinical manifestation of HBV and HDV co-infection in adults is usually a

mild, self-limiting acute hepatitis that is hardly distinguishable from HBV

monoinfection [21,26]. The HBV and HDV co-infection can lead to biphasic peaks

of aminotransferase serum levels, where the first peak corresponds to the initial

spread of HBV that happens well before HDV; while the second is caused by the

dissemination of HDV [27,28]. In majority of the cases, HBV and HDV

co-infection results in clearance of both viruses and full recovery of the patient

[21]. However, in ~2% of the cases, co-infection can lead to either fulminant

hepatitis or chronic infection. Contrarily, in the case of superinfection with HDV,

only a minority of the cases lead to self-limited disease that resolves, and the

majority proceeds to chronic infection [25]. Chronic HDV infection can aggravate

the already existing chronic hepatitis B [29]. Interestingly, when the chronic HDV

infection is established, HDV is capable of repressing HBV replication [30,31].

The patients with chronic HDV infection face a higher risk to experience cirrhosis

and development of hepatocellular carcinoma as compared to HBV

monoinfection [32,33]. Figure 1 summarizes the outcomes of HBV

monoinfection, HBV and HDV co- and superinfection. There is a third, albeit

rare, way of HDV infection: when HDV is present in the absence of a helper virus.

Such infections may occur following liver transplantation, where the persisting

HDV can be rescued by a later HBV re-infection [34-36]. Studies have further

demonstrated that helper-independent HDV persistence and subsequent rescue

by HBV occurs also in woodchucks and humanized mice [37,38].
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Figure 1. Outcome of HBV monoinfection, HBV and HDV co- and superinfection in adults. The
figure was adapted from Tseligka et al., 2021 [39] and Szabó et al., 2004 [40]; and created with
BioRender.com.

It is of crucial importance to distinguish co- and superinfection, both for the

management of the disease and prognosis [41]. HBV-HDV co- and superinfection

have distinct serological patterns, which enable the physician to distinguish

between the two [41]. Alternatively, if previous samples are available, they allow

detection of markers of an earlier HBV infection and eliminate the possibility of

co-infection. Co-infection results in the presence of HBsAg and human delta

antigen (HDAg) in the serum, followed by HDV viremia [25,41]. The infection

initially induces a rise in anti-HDV IgM antibodies and after class switch, the

levels of anti-HDV IgG increase. However, it is important to mention that the
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presence of anti-HDV IgM antibodies is not a specific marker of an acute HDV

infection [25,42]. In addition to the abovementioned, anti-HBc antibodies and

HBV viremia will be present [25,41]. Anti-HBc antibodies are produced against

the core/capsid protein of HBV, and the presence of this antigen and the

antibodies against it are major serological markers of HBV infection [43]. IgM

antibodies against the HBcAg are high titered in case of acute infection and they

quickly cease once the disease resolves [25]. Furthermore, high titered anti-HBc

IgM antibodies are absent in chronic HBV infection [25]. However, lower levels

of anti-HBc IgM antibodies may become detectable during HBV reactivation,

making the diagnosis more difficult [44]. These characteristics make anti-HBc

antibodies an important marker to tell apart HDV and HBV co-infection from the

HDV superinfection of a chronic HBV carrier [25,45]. In the case of

superinfection, the patient is chronically HBV infected and the HBsAg is already

present [41]. This enables the HDV infection to proceed more rapidly than in

co-infection, the HDAg levels in serum rise and HDV viremia appears much

earlier [41]. The level of both anti-HDV IgM and IgG antibodies increase rapidly

after HDV exposure [25], however, the markers of HBV infection are repressed,

anti-HBc IgM antibodies cannot be detected, HBV DNA in the serum is low

titered or absent [25,41]. Figure 2 shows the main markers that help clinicians

to tell apart HBV and HDV co-infection from superinfection [25,45].
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Figure 2. Summary of the diagnostic steps, which allow clinicians to distinguish HBV and HDV
co-infection from superinfection. The figure was adapted from Negro, 2014 and Botelho-Souza et
al., 2017 [25,45]. The figure was created with BioRender.com.

2.3. Genotypes and geographical distribution

In the years following the initial report, various groups all around the world

published full-length genome sequences of HDVs from different origins [46-53].

The viruses showed up to 17% of divergence from each other in their RNA

sequence, however, later all turned out to belong to the same group: genotype I

[46-53]. The findings suggested that genotype I appears globally, which was

confirmed by later studies [54]. Imazeki and colleagues identified further HDV

strains in Japan, which shared  80% similarity with genotype I strains and were

classified as genotype II [55]. Later, researchers also identified genotype II HDV

isolates in Taiwan and Russia [56-58]. Genotype III isolates have solely been

reported from South America and they are ~31% divergent from the strains of

other genotypes [59,60]. The data about HDV strains circulating in Africa

remained scarce [61] until the detailed study of samples originating from various

African countries, which demonstrated the existence of at least three additional

HDV genotypes [62]. The analysis by Radjef et al. showed that genotype II

actually forms two distinct clades, and it should thus be separated into two

genotypes [62]. They further proposed the following new names for the HDV
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clades: HDV-1 (previously known as genotype I), HDV-2 (previously genotype II),

HDV-3 (previously genotype III), HDV-4 (regrouped from genotype II) and

HDV-5 to 7 (established for the new African isolates) [62], which are currently in

use. The eighth and the thus far latest genotype was established in 2006, and it

includes isolates of African origin [14]. One of the isolates, previously classified

to HDV-7 [62] was transferred to the newly described clade, as it formed a

monophyletic group with the new strains [14]. Later, they extended the genotypes

by further dividing some of them into 2-4 subgenotypes [63]. Genotype 1 is the

most prevalent out of the eight, and it is spread worldwide [24,64]. The other

genotypes are geographically more restricted [24,64]. Previously, genotype 2 was

predominant in South-East Asia, but researchers also detected it in Egypt and

Iran [65,66]. Genotypes 3, 4 and 8 were found to circulate in the same areas as

reported previously [63], i.e., South-America, China (Taiwan) and Middle-Africa,

respectively [24,64]. Previously, researchers reported genotypes 5-7 to circulate

in Africa, however, in the past couple of years, they also appeared in Europe

(UK, France and Switzerland) [67-69]. Table 2 displays the percent similarities

between the HDV genotypes, while figure 3 shows the global distribution of the

eight HDV genotypes.
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Table 2. Similarity (in percentage) between HDV genotypes based on complete and S-HDAg
nucleotide sequences. Cells in orange display the similarities within the same genotype. The table
is based on the findings of Le Gal et al., 2006 [14].

Figure 3. Geographical distribution of the eight HDV genotypes. Genotype 1 circulates globally
(marked in orange), while the other genotypes are more localized. The grey areas mark countries
where no data is available yet. The figure was adapted from Le Gal et al., 2017 [63].

Infection with the different HDV genotypes have different disease outcomes, and

of the eight genotypes, genotype 1 is the most pathogenic [70,71]. Infection with

genotypes 2 and 4 have a better prognosis, the patients have a milder disease, and

the infection seldom results in liver failure [72,73]. Infection with genotype 3 is
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often associated with more severe symptoms and patients are at higher risk of

developing liver failure [59,74]. To ascertain the pathogenicity of genotypes 5 to

8, further studies are needed [75].

2.4. HDV prevalence

HDV causes the most severe form of hepatitis, yet there is limited data regarding

its global prevalence and disease burden [64]. In the European Union, HDV

co-infected individuals make-up ~25% of HBsAg-positive liver transplant

recipients, further emphasizing the disease burden, which is likely even higher in

low-income countries [76]. Meta-analysis of the available literature predicted

48-72 million people to be affected by HDV worldwide [64,77], while another

study estimated it to be around 12 million [76], indicating uncertainty in these

numbers. In these meta-analytic data, they determined the prevalence of HDV in

the general population and among HBsAg positive individuals [24,64,77]. Based

on the presence of anti-HDV antibodies, HDV RNA and/or HDAg, they found

that HDV prevalence among the general population ranges between 0.8 and 1%,

while among the HBsAg carriers around 13-15% [64,77]. Low-income countries

showed higher HDV prevalence [24], China, India, Nigeria, Mongolia, and the

Republic of Moldova being the countries of highest prevalence [24,77].

2.5. Virion and genome structure

Before the discovery of HDV in 1977 [7], the representatives of small circular

RNAs were viroids and satellite RNAs [78]. In the scientific literature, the most

well-known example of viroids – potato spindle tuber (a disease of potato plants)

– was mentioned as early as the 1920s [79]. However, it took around half a

century until characterization of the causative agent, and subsequent

establishment of the term viroid [80,81]. Viroids are unusual subviral agents,

comprised of circular RNA with a complex secondary structure [82]. Despite their

small size (250-400 nucleotides [nt]) and no protein coding ability, they replicate

autonomously in plants and cause various diseases [83]. They belong to two

families, Pospiviroidae and Avsunviroidae, based on their respective replication

site i.e., the nucleus and the chloroplast [84]. They replicate via a rolling circle

mechanism, where multimeric RNAs are synthetized and subsequently cleaved

into unit-length pieces [85]. This cleavage happens by cellular RNases in the case
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of Pospiviroidae, or by hammerhead ribozymes present in the viroid sequence in

case of Avsunviroidae [86]. Viroids are pathogens found exclusively in plants;

however they show an extensive similarity with HDV in several of their

characteristics [83], which are summarized in table 3.

Table 3. Comparison of the characteristics of viroids and HDV.
viroids HDV

size ~250-400 nt ~1700 nt

protein coding

need for helper virus

genome structure circular circular

secondary structures

replication rolling circle mechanism rolling circle mechanism

ribozymes

pathogenicity

HDV has a particularly small genome for a virus – the smallest among viruses

infecting mammals – consisting of ~1700 nt [46], which is still roughly 4-5 times

bigger than that of viroids [83,87]. However, the single-stranded RNA genome of

HDV is also circular, self-complementary and forms complex secondary

structures, just like viroids [83,87]. Similarly to viroids, HDV also replicates via

rolling circle mechanism [88] and the multimeric RNAs are cut into unit-length

pieces by the ribozymes present in its RNA sequence, both in genomic and

antigenomic orientation [89,90]. However, unlike viroids, HDV encodes a

protein, HDAg, and relies on a helper virus (HBV) for infectious particle

formation and subsequent infection of new cells [83,87]. The HDAg binds the

genomic RNA to form a ribonucleoprotein (RNP), which is engulfed inside an

envelope decorated by the three forms of HBV GPs [91], as schematically

presented in Figure 4.
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Figure 4. Comparison of the HBV and HDV virion structures. Both viruses are coated by the
exact same GPs. The figure was adapted from Mentha et al., 2019 [87] and created with
BioRender.com.

2.6. HDV life cycle

2.6.1. Cell entry

Because the GP coating of HDV particles is practically identical to that of HBV, it

is not surprising that the entry mechanism for the two viruses are likely the same

[92]. The HBV genome encodes three envelope proteins (further discussed in the

later chapter ‘HBV and particle formation’): the small (S), the middle (M) and the

large (L), all expressed from a single open reading frame (ORF) [92]. The proteins

include different regions: pre-S1, pre-S2, and S [93,94]. The S domain is found in

all three surface proteins, pre-S2 in the M and L proteins, while the pre-S1 only

in the L surface protein [95]. There is a so-called antigenic loop within the S

region of the envelope proteins, which mediates the binding to heparan sulfate

proteoglycans on the surface of hepatocytes [96]. The N-terminal myristoylation

of the pre-S1 region of the L GP is specifically responsible for binding to the

receptor and for the infectivity of the virus [97,98]. The receptor, sodium

taurocholate cotransporting polypeptide (NTCP), was identified in 2012 [99], and

the receptor-binding is followed by the internalization of the virus that happens

in an endocytosis-dependent manner [100]. Researchers have shown that the

interaction of NTCP with the epidermal growth factor receptor is crucial for

initiation of the internalization [101]. The fusion of cellular and viral membranes
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follows internalization, and results in the release of the nucleocapsid of HBV

and/or RNP of HDV into the cytoplasm [100]. From this step onwards, the life

cycle of HBV and HDV proceeds on different pathways.

2.6.2. Replication

After the internalization and entry of the RNP into the cytoplasm, it is transported

to the nucleus [102]. The HDAg contains a nuclear localization signal and an RNA

binding motif, which mediates the process [102,103]. HDV replication proceeds

strictly in the nucleus and independently of HBV [104,105]. HDV does not encode

its own polymerase, and it is thus heavily dependent on host factors [106]. HDV

RNA is present in three forms in the cell during replication [88,107], as shown in

figure 5. The antigenome is the complement of the genome and contains the

ORF for the HDAg [46]. The HDAg is translated from the approximately 800 nt

long mRNA, the third RNA species [108,109]. The mRNA is in antigenomic

polarity, has a 5 cap and is polyadenylated [110]. Of the RNA species, the

genomic RNA is the most abundant in the infected cells, while there is 5-fold less

of the antigenome, and 500-fold less of the mRNA [88,111]. Interestingly, studies

suggest different cellular polymerases to carry out the replication/synthesis of the

different RNA species [112]. RNA polymerase II is responsible for the replication

of the genomic RNA and for the transcription of the mRNA, while another cellular

polymerase (most likely RNA polymerase I) carries out the replication of the

antigenomic RNA [106,113,114]. The HDV replication proceeds via double rolling

circle mechanism [83,88], wherein the genome acts as the template for the

synthesis of multimeric antigenomic RNAs, similarly to how it was proposed for

plant viroids [85,88]. The intrinsic ribozymes cut the multimeric pieces into

unit-length monomers [89], which are subsequently ligated into circular RNAs

by a cellular RNA ligase [115]. The circular antigenomic RNAs then serve as the

template for the second round of rolling circle replication, resulting in the

synthesis of the genomic RNA [116]. An interesting feature of the HDV replication

is that the synthesis of genomic and antigenomic RNAs and the production of

mRNA proceeds in parallel with each other [117].
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Figure 5. The three HDV RNA species present in cells during the replication. The genome is the
most abundant; the antigenome, which is the exact complement of the genome [88], has the ORF
for the HDAg; and the mRNA from which the HDAg is translated [118]. The figure was adapted
from Taylor, 2009 [107] and created with BioRender.com.

2.6.2.1. Ribozymes

Kuo and colleagues identified the self-cleaving ribozymes in the genomic and

antigenomic RNA of HDV in 1988 [89], which mediate the cleavage of the

genomic and antigenomic RNA concatamers into unit-length pieces [119].

Furthermore, via site-directed mutagenesis of the cleavage site, researchers

showed that the self-cleaving activity is essential for HDV replication [90].

The crystal structure of the HDV ribozyme determined in 1998 showed that

they are made up of five base-paired helices connected by unpaired loops

[120,121]. The structures further fold into a so-called double pseudoknot and

form the active site of the ribozymes [120,122]. The cleavage – occurring on

phosphodiester bonds within the RNA molecule [123] – catalyzed by the

ribozymes is dependent on their three dimensional structure [124]. The HDV

ribozymes are approximately 85 nt long [119,125] and are cis-acting, meaning

that they perform the cleavage within the same RNA sequence where the

ribozyme itself is located [126].
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2.6.2.2. HDAg and RNA editing

Following the discovery of HDV, various groups noted that the HDAg

appears in two electrophoretic forms [127,128]. Shortly after, the researchers

found the two forms of the HDAg to play different roles; the small one

(S-HDAg) promotes replication, whereas the large one (L-HDAg) inhibits

replication and shifts the cycle towards particle formation [129-131]. The two

forms are the result of a cellular RNA editing that occurs at the amber stop

codon of the S-HDAg [132,133], exclusively on the antigenomic RNA strand

[134]. Figure 6 summarizes the consequences of editing mediated by RNA

adenosine deaminase (ADAR) on the HDV life cycle.

Figure 6. Schematic representation of the HDV replication cycle and the ADAR1 editing. The
genome (in grey) acts as a template for antigenome (in orange) and HDAg mRNA synthesis [135].
The genome and antigenome both are templates for the synthesis of additional antigenomes and
genomes, respectively [135]. During the later stage of the replication cycle, ADAR1 edits the
amber/W site on some of the antigenomes, resulting in the replication of ‘edited’ genomes and
antigenomes [136]. Due to this editing, the stop codon of the S-HDAg ORF is modified into a
tryptophan codon and leads to the synthesis of the elongated form of the protein: the L-HDAg
[134]. The figure was adapted from Casey, 2012 [135] and created with BioRender.com.

In 1996, Polson and colleagues showed that the ADAR of Xenopus laevis

has the ability to edit HDV antigenomic RNA with high specificity [136].

ADAR is responsible for the conversion of adenosine to inosine in

double-stranded RNA [137]. In case of HDV antigenomic RNA the editing

happens at the TAG/UAG site that historically has been named ‘amber’ stop

codon [138]. ADAR editing of the S-HDAg’s amber stop codon into a
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tryptophan (W) codon – thus named amber/W site – subsequently leads to

the extension of the protein with 19-20 amino acids [134]. Humans have three

different ADARs [139,140], however, ADAR1 showed to be responsible for the

editing of HDV RNA, which takes place in the nucleus [141].

One of the roles of ADAR1 in human cells is to ‘mark’ endogenous

dsRNAs by its adenosine to inosine editing, so that they are not recognized

by pattern-recognition receptors and do not induce innate immunity

[142,143]. Excessive editing by ADAR1 would be detrimental to HDV

replication, which is why HDV has found various mechanisms to prevent

promiscuous ADAR1 editing. One of these regulatory mechanisms is the

limitation of ADAR1 editing on any adenosine other than the one at the

amber/W site, which is likely controlled by the structure of the HDV RNA,

where bulges and loops repeatedly interrupt the unbranched rod and limit

the binding by ADAR1 [135,144]. The presence of GA dinucleotides, which are

unlikely to be edited by ADAR1, represents another mechanism to prevent

ADAR1 editing [145]. Although ADAR1 editing is highly specific for the

amber/W site, the editing may occur on additional nucleotides during HDV

replication, and as such may lead to genetic changes in HDV, subsequently

influencing the disease outcome [135,146]. Furthermore, the rate and extent

of RNA editing at the amber/W site must be tightly controlled, so that the

production of L-HDAg complements the stage of the viral life cycle [146].

Interestingly, a recent study showed that the level of HDV antigenomic RNA

editing varies greatly among the different genotypes of the virus [147].

2.6.2.2.1. Post-translational modifications

Post-translational modifications (PTMs) of proteins are fundamental

to maintain the basic cellular functions [148]. PTMs involve the addition

of functional groups or incorporation of ubiquitin or SUMO (small

ubiquitin-like modifier) to certain amino acids within the protein [148]

via enzymatic or non-enzymatic reactions [149]. PTMs alter protein

characteristics in various ways; they can cause conformational changes,

alterations in interactions with other proteins and cellular factors,

protein solubility, and cellular signaling [148,150]. HDV has the smallest

genome among RNA viruses and only one ORF [151], as a result, it needs
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to exploit several cellular host factors to regulate and complete its life

cycle [152]. Both HDAg forms are targets of PTMs that play a crucial role

in the viral life cycle and allow the virus to use its single protein to exhibit

multiple functions in distinct cellular compartments [153].

Phosphorylation occurs on both HDAg forms; S-HDAg is modified

on both serine and threonine residues, while L-HDAg is only

phosphorylated on serine residues [154]. Although phosphorylation of

L-HDAg occurs only on serine residues, it is still 5 to 10 times more

heavily phosphorylated than the S-HDAg [131]. Phosphorylation of

S-HDAg at serine 177 affects the replication of antigenomic RNA

[155-157] and the phosphorylation state of the S-HDAg influences its

interaction with cellular RNA polymerases, which are responsible for the

replication of the viral RNA. Researchers have shown that

phosphorylation at this site enhances and dephosphorylation inhibits the

antigenomic RNA replication [156,157].

Acetylation is another PTM occurring on HDAg [153]. Tavanez and

colleagues showed that both HDAg forms and HDV RNA are present in

both nucleus and cytoplasm, and continuously shuttle between these

compartments [103]. Acetylation appears to play a major role in

regulation of the shuttling. Both HDAg forms undergo acetylation and

the modification seems to have a similar effect in both cases [158,159].

Substitution of the lysine residue 72 of the S-HDAg and the lysine residue

71 of the L-HDAg with arginine both resulted in the relocation of the

respective protein from the nucleus to the cytoplasm [158,159].

Another PTM, which influences the subcellular localization of the

S-HDAg, is methylation at arginine 13 by protein arginine

methyltransferase [160]. The methylation not only changes the

localization of the protein, but also inhibits HDV RNA replication [160].

Tseng and colleagues further showed that all the above mentioned PTMs

of the S-HDAg (arginine 13 methylation, lysine 72 acetylation, and serine

177 phosphorylation) are essential for HDV mRNA transcription [161],

besides their above-described roles. Moreover, they found the

modifications to be necessary for genomic RNA synthesis, but not for

antigenomic RNA synthesis [161].
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Tseng and colleagues, in another study, described the S-HDAg but

not the L-HDAg to be a target of the small ubiquitin-like modifier 1

(SUMO 1) addition i.e., sumoylation [162]. In addition, they showed that

sumoylation plays a role in the synthesis of genomic RNA and HDAg

mRNA, but it is not involved in antigenomic RNA replication [162]. The

findings further imply that the synthesis of genomic and antigenomic

RNA are utilizing different cellular machineries, as suggested earlier

[113,161,162].

The 19 extra amino acids at the C terminus of L-HDAg increases the

number of potential PTM sites, and the “extra part” indeed contains a

CXXX box, which is modified by isoprenylation [130]. Glenn and

colleagues found that this particular modification of the L-HDAg plays a

role in the packaging step of the viral life cycle, via interaction with the

HBsAgs [130]. By mutating the cysteine at position 211, they were able to

inhibit particle formation, further supporting their hypothesis that

isoprenylation is vital for virion morphogenesis [130]. For this reason,

isoprenylation inhibitors are being tested as potential anti-HDV

treatment, as discussed in the later chapter ‘antiviral, cell culture and

animal models’. Besides its role in particle formation, isoprenylation of

the L-HDAg also acts as a suppressor of HDV RNA replication [163]. It

was shown that the inhibitory effect is not caused by the isoprenylation

itself, but more likely via conformational changes in the protein due to

the modification [163].

2.6.3. HBV and particle formation of HDV

HDV does not encode its own GPs, so it requires the presence of a co-infecting

helper virus to form infectious particles [8]. HBV, the helper virus of HDV,

belongs to the family Hepadnaviridae [164]. The ~3.2 kb long DNA genome

of HBV contains four partially overlapping ORFs [165]. Out of the four ORFs

of HBV, only one is important in terms of HDV infectious particle production

[105,166]. The three HBsAg/GPs derive from the same ORF, but starting at

different positions, due to which they differ in their sizes [167]. Figure 7

shows the schematic organization and structure of the HBsAgs. All three

HBsAg forms contain the S region that has four transmembrane domains
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[100]. For the particles to be infectious, they need to carry the S- and

L-HBsAg, while the M-HBsAg is redundant [168]. All three of the HBV

envelope proteins reside in endoplasmic reticulum (ER) membrane [169],

until the subsequent release in form of infectious Dane particles or

non-infectious subviral particles [170]. The isoprenylation motif at the end of

the L-HDAg mediates the relocation of the HDV RNP to the ER membrane

[167,171]. Moreover, the 19 additional amino acids of the L-HDAg contain a

packaging signal that mediates the interaction with the HBsAgs [172]. A

tryptophan-rich motif of the S-HBsAg is necessary for the direct interaction

with the HDV RNP, and the S-HBsAg alone is sufficient for mediating this

interaction [173,174]. After assembly of the HDV particles, they are exported

from the cell by the secretory pathway via the trans-Golgi network [175].

Figure 7. Schematic representation of the HBsAgs’ structure. The S region is found in all three
GPs (small (S), middle (M) and large (L)) and has four transmembrane domains [100]. The
antigenic loop in the S region plays a role in binding to the cells [96]. The myristoylation of the
pre-S1 region of the L-HBsAg is crucial for virus infectivity [97,98]. The figure was adapted from
Watashi and Wakita, 2015 [100] and created with BioRender.com.

2.7. Antivirals, cell culture and animal models

As the HDV genome encodes only a single protein and uses host factors for

its replication, it is challenging to target certain steps of the viral life cycle with

drugs [176]. Researchers have experimented with antivirals targeting the viral

ribozyme, but such inhibitors have unfortunately proven to be toxic to the cells

even at small concentrations [177]. The endpoint of HDV treatment is not only

the suppression of HDV RNA levels, but also seroclearance of HBsAg, both of

which are truly challenging [178]. Most drugs in use for the treatment of HBV

infection (e.g., nucleoside analogues and certain antiviral agents) are ineffective

against HDV [179]. Currently, one of the most commonly applied anti-HDV

treatment is the administration of pegylated interferons, however, the efficacy of
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the therapy is inadequate, and it is associated with side effects [180]. There are

ongoing clinical trials on lonafarnib – a farnesyltransferase inhibitor – with the

aim of getting it approved as an anti-HDV treatment [181]. The administration of

lonafarnib inhibits the isoprenylation of the L-HDAg and thus hinders its

interaction with the HBsAg and subsequent particle formation, and the treatment

leads to rapid clearance of HDV viremia [130,182]. Another compound,

REP2139Ca (a nucleic acid polymer), is also in the clinical trial phase. REP2139Ca

showed the ability to achieve rapid loss of HBsAg. In combination with other

medications, it is a promising treatment option for controlling both HBV and

HDV infection [183]. The discovery of NTCP as the receptor for HBV and HDV

[99] provided a new therapeutical target for HDV infection. Researchers started

the development of entry inhibitors, and the European Union has approved

bulevirtide – an HDV entry-inhibitor – for the treatment of chronic HDV

infection [184]. Nonetheless, all the existing treatment options have their

disadvantages and there is an urgent need to develop new therapies to prevent

HDV infection and the most severe form of viral hepatitis. To facilitate

development of new therapies, the viral life cycle and HDV’s interactions with the

various cellular factors need to be fully uncovered.

Cell culture and animal models are the key to studying the details of

HDV-host interactions. HDV can replicate in various cell types, however, because

of its HBsAg coating, it primarily infects hepatocytes [185]. Due to this

hepatotropism, researchers initially utilized primary human hepatocytes as an

in vitro model of HDV and HBV infection [186,187]. However, the use of primary

cells has several limitations: they are difficult to culture; they enter senescent

state after a couple of passages, quickly lose their tissue/hepatocyte-specific

characteristics, and their susceptibility to infection is dependent on the genetic

background of the donors [176,188]. Primary hepatocytes, despite their many

limitations, remain the most appropriate in vitro models of HDV infection. In

addition to primary human hepatocytes, Chinese tree shrew (Tupaia belangeri

chinensis) hepatocytes are susceptible to both HBV and HDV infection [189-191].

In fact, the usage of such tree shrew (and human) hepatocytes allowed Yan and

colleagues to identify NTCP as the receptor of HBV and HDV [99]. The alternative

HBV/HDV cell culture models include immortalized hepatic progenitor cell lines,

NTCP-overexpressing hepatoma cell lines, engineered non-hepatic cell lines, and
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induced human hepatocyte-like cells [176,188], each of which have their own

benefits and drawbacks. Ni and colleagues have even established a cell line

continuously secreting infectious HDV particles, which eliminates the need of

HDV and HBV construct co-transfections. Stable integration of the HDV

antigenome, HBV envelope protein genes and human NTCP gene into the

genome served for establishing the cell line [192].

The strict hepatotropism and dependence on NTCP limit the natural host

spectrum of HDV, both of which hamper the development of appropriate in vivo

models [193]. Beside humans, HDV is able to naturally infect chimpanzees and

tree shrews [19,189]. Chimpanzee experiments served a pivotal role in identifying

the unique features and transmissible nature of HDV [8,19]. However, the use of

chimpanzees as model animals in biomedical research is no longer

supported/ethically-acceptable in many areas and countries [194]. Other

primates, closely related to humans, do not support HDV infection [193].

However, by complementing hepatocytes of various species (mice, rats, dogs,

pigs, rhesus macaques, and cynomolgus macaques) with human NTCP, they

become permissive for HDV infection [195]. In addition to humans, chimpanzees

and three shrews, eastern woodchuck also supports ‘natural’ HDV infection, as

the hepadnavirus – woodchuck hepatitis virus (WHV) – infecting them can

provide the envelope proteins required for infectious HDV production [196].

Starting from the early 1990s, researchers have developed various mouse models

to study HDV life cycle [185,197-200]. Netter and colleagues injected laboratory

mice with HDV (isolated from an infected woodchuck), which resulted in

infection of the hepatocytes [197]. However, the animals cleared the virus within

a month, and the infection did not follow similar course to HDV infection in

humans [197]. Polo and colleagues injected mice intramuscularly with plasmid

DNA containing a dimer of the HDV genome and achieved accumulation of HDV

RNA and HDAg, and the induction of an immune response [201]. However, the

study did not represent the natural way of HDV infection. Guilhot and colleagues

created transgenic mice expressing both the S- and L-HDAg, but observed no

evidence of liver disease in these animals, suggesting that the viral proteins

themselves are not cytotoxic to the hepatocytes [198]. Researchers have also

experimented with hydrodynamics-based transfection [199] of HDV RNA into

mice, which resulted in the accumulation of HDV RNA and the appearance of
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HDAg [200]. Because the animals are devoid of HBV infection, HDV virions are

not released and the transfection does not lead to viremia [182,202]. In a study

evaluating antiviral drugs, Bordier and colleagues overcame this issue by

performing the hydrodynamic transfection of HDV plasmid into HBV-transgenic

mice and were able to detect viremia [182]. Although, in the abovementioned

models, the researchers managed to initiate replication of HDV via different

methods, some did not represent the natural way of HDV infection or showed to

be not relevant for the study of chronic HDV infection. The various chimeric

mouse models developed, and the mice models repopulated with human

hepatocytes [203-207] have proven to serve best in studies of HBV and HDV

pathogenesis, and also for other hepatotropic viruses [202].

2.8. Molecular biology tools and infectious clones

The studies on HDV replication independent of the helper virus has

benefited from the various molecular biology tools developed over the years. Soon

after the discovery of HDV, the researchers created a plasmid construct bearing

the entire HDV genome in triplicate, which through transfection enabled the

initiation of replication in both liver and non-liver cells independent of HBV

co-infection [105]. By inoculating trimeric HDV RNA in vitro transcribed from

the plasmid into HBV-infected chimpanzees or WHV-infected woodchucks

allowed researchers to initiate HDV infection [208,209]. Ever since, many study

groups used the trimeric HDV genome construct to imitate HDV replication

in vitro and to study distinct features of its life cycle [99,210-216]. In addition to

the trimeric HDV genome constructs, researchers established constructs with

varying genome-lengths (dimeric, 1.1×) and experimented with the ability of such

constructs to initiate replication [133,217,218]. Tai and colleagues further showed

that even monomeric HDV cDNA could initiate replication, as long as S-HDAg

was provided separately [219]. Another interesting study demonstrated that

transient transfection of S-HDAg can rescue replication incompetent HDV in

HeLa cells [218]. However, natural HDV replication does not involve DNA

intermediates [88], and thus Macnaughton and Lai developed a direct RNA

transfection method to eliminate artificial DNA intermediates [220]. They

showed that transfection of 1.2× genome-length HDV RNA (where both



35

ribozymes are present twice) together with an S-HDAg coding mRNA efficiently

initiates HDV replication [220].

Northern blot is a method, which many of the HDV study groups have used

to show the presence or absence of the different HDV RNA fragments in their

experiments [112,113,210,216,221]. Northern blot experiments showed the

presence of multimeric HDV RNAs in samples during replication of HDV [222].

However, later introduction of reverse transcription quantitative polymerase

chain reaction (RT-qPCR) has largely replaced the use of northern blot. RT-qPCR

is a valuable tool for detection and quantification of HDV RNA species. It allows

the study of HDV RNAs from various angles. For example, it has been used to

show that HDV can persist in hepatocytes after liver transplantation and spread

via cell division in the absence of HBV [223]. RT-qPCR further plays a role in

HDV diagnostics for quantification of the viral load [224-226]. RT-qPCR can also

be utilized to follow viral kinetics, for example after receiving antiviral therapies

[227]. To detect virus and viral proteins, immunofluorescence microscopy with

antigen-specific antibodies has also been widely used in HDV research, for

example to learn about the cellular localization of the HDAgs during the viral life

cycle [103,228,229].

2.9. Reptarena- and hartmaniviruses

As mentioned in the introduction, the original topic of my thesis was to

study co- and superinfections, and pathogenesis of reptarena- and

hartmaniviruses. These studies resulted in the identification of a novel HDV-like

agent from Boa constrictor snakes. Furthermore, they also proved to be putative

helper viruses of Swiss snake colony virus 1 (SwSCV-1).

Reptarena- and hartmaniviruses form two genera within the family

Arenaviridae [230]. Arenaviruses are enveloped RNA viruses with a bi- or

trisegmented genome [230]. The name Arenaviridae originates from the latin

word ‘arena’ meaning sand, due to the viruses’ ‘sandy’ appearance in electron

microscopy [231]. This appearance is due to ribosomes acquired from the host

[231], however, they do not seem to be essential or to contribute to the viruses’

life cycle [232,233]. In the case of bisegmented arenaviruses, like reptarena- and

hartmaniviruses, the small (S) segment codes the nucleoprotein (NP) and the

glycoprotein precursor (GPC), while the large (L) segment codes the
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RNA-dependent RNA polymerase (RdRp) and the matrix/Z protein (ZP) [230],

although the ZP gene is absent in hartmaniviruses [6]. The arenavirus GPC

undergoes two cellular cleavage steps to yield three subunits of the spike complex:

the signal peptide (SP) (in case of mammarena- and hartmaniviruses, stable

signal peptide [SSP]), GP1 and GP2 [234]. The first cleavage happens in the ER

by a cellular signal peptidase [234]. The cellular subtilase SKI-1/S1P (subtilisin

kexin isozyme-1/site-1 protease) cleaves the remaining GP1-GP2 precursor into

GP1 and GP2 in case of mamm- and reptarenaviruses [6,235], while furin is likely

responsible for the cleavage in hartmaniviruses [6]. Figure 8 shows the

arenaviruses’ virion structure, and figure 9 shows the genome organization of

reptarena- and hartmaniviruses.

Figure 8. Virion organization and GPC of arenaviruses. The figure was created with
BioRender.com.
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Figure 9. Genome organization of reptarena- and hartmaniviruses. Adapted from Hepojoki et
al., 2018 [6]. The figure was created with BioRender.com.

Reptarenaviruses are the etiological agents of boid inclusion body disease

(BIBD), which has been circulating in private snake collections at least since the

1970s [236]. BIBD is characterized by the formation of intracytoplasmic

eosinophilic inclusion bodies within the cells of infected snakes [236]. Clinical

manifestation of BIBD includes central nervous system signs, regurgitation,

anorexia and lethargy [236]. Although the disease has been reported as early as

the 70s, it was linked to reptarenaviruses only in 2012 by three independent

groups [1-3], when they found that the inclusion bodies are made up of the NP of

reptarenaviruses. Snakes suffering from BIBD are frequently co-infected with

various reptarenavirus species and possess multiple S and L segments [4,5].

Further studies have shown that these snakes are not only co-infected with

reptarenaviruses, but also with hartmaniviruses [6]. However, hartmanivirus

infection does not seem to contribute to BIBD [6,237,238].
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3. AIMS OF THE STUDY

We detected a novel HDV-like agent (Swiss snake colony virus 1 – SwSCV-1)

during a metatranscriptomic study. The aims of the thesis were the following:

To study the tissue tropism of SwSCV-1

To develop tools enabling (helper-independent) in vitro studies of

SwSCV-1

To explore the range of possible helper viruses of SwSCV-1

To study DAg editing and the role of alternate ORFs in the SwSCV-1

genome
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4. MATERIALS AND METHODS

Detailed protocols are presented in the original publications referred to by their

Roman numbers.

4.1. Cell culture (II-IV)

The cell lines used in the studies are summarized in table 4. The cell lines were

cultured in Minimal Essential Medium, supplemented with 10% fetal bovine

serum, 200 mM l-glutamine, 100 g/ml of streptomycin, and 100 U/ml of

penicillin. We kept the mammalian cells at 37°C and the snake cells at 30°C, both

with 5% CO2.

Table 4. Cell lines used in the studies.
Name Origin Study

VeroE6 African green monkey, kidney II

A549 Homo sapiens, lung carcinoma II

HeLa Homo sapiens, uterus/cervix adenocarcinoma II

HEK293FT Homo sapiens, embryonic kidney II

HepG2 Homo sapiens, hepatocellular carcinoma II

I/1Ki Boa constrictor, kidney II-IV

V/5Liv Boa constrictor, liver II, IV

V/5Lu Boa constrictor, lung II, IV

V/2Hz Boa constrictor, heart II, IV

V/1Ki Boa constrictor, kidney II, IV

V/4Br Boa constrictor, brain IV

The persistently SwSCV-1 infected cell lines generated, and the plasmid initially

used for their transfection are summarized in table 5. The culture conditions

were as described above.
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Table 5. Naming of the persistently infected cell lines generated during the study and the
plasmids used for their initial transfection.

Name Plasmid Study

I/1Ki-2× 2× SwSCV-1 FWD II-IV

V/1Ki- 2× SwSCV-1 FWD II, IV

V/2Hz- 2× SwSCV-1 FWD II, IV

V/5Liv- 2× SwSCV-1 FWD II, IV

V/5Lu- 2× SwSCV-1 FWD II, IV

V/4Br- 2× SwSCV-1 FWD IV

I/1Ki-1.2× 1.2× SwSCV-1 FWD III, IV

I/1Ki-mutORF2 mutORF2 1.2× SwSCV-1 FWD IV

4.2. Viruses (II-IV)

In the study two reptarenaviruses: University of Helsinki virus 2 (UHV-2) [6] and

University of Giessen virus 1 (UGV-1) [5]; and one hartmanivirus, Haartman

Institute snake virus 1 (HISV-1), were used [6].

4.3. Cloning, plasmids, and recombinant protein expression (II-IV)

Various synthetic genes were ordered from Gene Universal (Newark, USA) with

the desired restriction sites. For purification of the inserts, restriction digestion,

gel electrophoresis and subsequent extraction from the gel were used. The

pCAGGS-MCS plasmid [239] was linearized, blunted (if necessary) and purified.

The inserts were ligated into the plasmid, followed by transformation of

chemically competent Escherichia coli (DH5-  strain) cells. After overnight

(O/N) incubation at 37°C, 5 ml of culture medium was inoculated with single

colonies and incubated O/N at 37°C. From the O/N cultures, minipreps were

prepared. Restriction digestion and agarose gel electrophoresis were used to

check the presence of the inserts while the sequence of the inserts was confirmed

by Sanger sequencing (performed by the DNA Sequencing and Genomic

Laboratory, Institute of Biotechnology, University of Helsinki). Lastly, plasmid

stocks were prepared from the correct constructs. The constructs generated

during the study are summarized in table 6.
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Table 6. Summary of the inserts ligated into pCAGGS-MCS plasmid during the study.
plasmid insert study

2× SwSCV-1 FWD & REV II-IV

HBV S-Ag II

UGV-1 GPC II

HISV-1 GPC II

UGV-1 ZP II

PUUV Gc II

PUUV Gn II

1.2× SwSCV-1 FWD & REV III, IV

1.2× HDV-1 FWD & REV III

1.2× TSRV-1 FWD & REV III

1.2× DabDV-1 FWD & REV III

1.2× CITV-1 FWD & REV III

1.2× mutant ORF2 SwSCV-1 FWD & REV IV

SwSCV-1 DAg IV

SwSCV-1 ‘small’ DAg IV

SwSCV-1 ‘large’ DAg IV

SwSCV-1 L-DAg-his IV

4.4. Affinity purification and labeling of antibodies (II)

Recombinant proteins (UHV NP and SwSCV-1 DAg) were coupled to

CNBr-activated Sepharose 4 Fast Flow (GE Healthcare Life Sciences) and used to

affinity purify target-specific antibodies from polyclonal antiserum as described

in Korzyukov et al., 2016 [240]. After dialysis and concentration of the affinity

purified antibodies, they were labeled with either Alexa Fluor 488

tetrafluorophenyl ester (ThermoFisher Scientific) or Alexa Fluor 594

succinimidyl ester fluorophores (ThermoFisher Scientific). The labeled

antibodies were purified, mixed with glycerol, and stored at -20°C or -80°C.

4.5. Antibodies (I-IV)

Various antibodies were used for immunohistology (IH), IF staining and western

blot (WB). Table 7 shows the antibodies used and their dilutions in the respective

assays.
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Table 7. List of the antibodies used and their respective dilution. (1°=primary, 2°=secondary,
DL=directly labeled antibody)

antibody dilution assay

(1°) -SwSCV-1 DAg

IH – 1:10000

IF – 1:5000

WB – 1:2000-1:10000

(1:100 for detection of other kolmiovirids)

IH, IF, WB

(DL) -SwSCV-1 DAg-AF488 1:500 IF

(1°) -RAV NP 1:2500 WB

(DL) -RAV NP-AF594 1:500 IF

(1°) -HISV NP 1:2500 WB

(1°) -HA-tag mAb

(ABclonal)
1:4000 WB

(1°) -pan actin mAb

(ThermoFisher Scientific)
1:200 WB

(1°) affinity purified -HDV 1-2 μg/ml WB

(2°) donkey -rabbit AF488

(ThermoFisher Scientific)
1:1000 IF

(2°) donkey -rabbit AF594

(ThermoFisher Scientific)
1:1000 IF

(2°) donkey -mouse AF680

(ThermoFisher Scientific)
1:10000 WB

(2°) donkey -rabbit IRDye

800CW (LI-COR

Biosciences)

1:10000 WB

4.6. Immunohistology (I)

Immunohistology was used to detect SwSCV-1 DAg from the formalin-fixed and

paraffin-embedded tissues from Boa constrictor brain, liver, lung, kidney, and

spleen, as described in Dervas et al., 2017 [241]. Antigen retrieval was performed

in citrate buffer (pH 6) at 98°C for 10 min. The sections were incubated with

SwSCV-1 DAg antiserum at 1:10000 dilution for 12-15 h at 4°C. Following, the

EnVision+ system HRP-labeled rabbit antibody (Dako) was used as a secondary

antibody, according to the manufacturer's recommendations. Diaminobenzidine

tetrahydrochloride was used for visualization of the reaction and sections were

counterstained with hematoxylin.
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4.7. Transfection (II-IV)

FugeneTM HD (Promega) was used for the transfection of mammalian cells and

LipofectamineTM 2000 (ThermoFisher Scientific) for snake cells. We prepared

mastermixes of the reagents and plasmid stocks diluted in Opti-MEM

(ThermoFisher Scientific) media and allowed complex formation for 15-30

minutes at room temperature (RT). Subsequently, the transfection mixtures were

mixed with the cell suspension – containing the necessary number of cells – and

incubated at RT for 15-30 minutes. Six hours post transfection, the transfection

mixture was substituted with complete growth medium.

4.8. Immunofluorescence microscopy and antibody staining (II-IV)

For IF staining, cells were plated on collagen-coated CellCarrier-96 Ultra plates

(PerkinElmer). Cells were fixed by the addition of 4% paraformaldehyde in

phosphate buffered saline for 15 min at RT. Following, the cells were washed with

tris-buffered saline (TBS) and permeabilized and blocked using TBS

supplemented with 0.25% Triton X-100 and 3% bovine serum albumin.

Incubation of the cells with the primary antibody for 1.5-2 hours at RT followed.

The cells were washed three times with TBS, the AlexaFluor labeled secondary

antibody (1:1000 dilution) was added, and the cells were incubated for 45-60 min

at RT. Three washing steps with TBS followed. For staining the nucleus, Hoechst

33342 was used. Finally, the plates were stored in TBS in dark at 4°C until

imaging. Imaging was done by the Opera Phenix High Content Screening System

(PerkinElmer), provided by FIMM (Institute for Molecular Medicine Finland)

High Content Imaging and Analysis (FIMM-HCA, Finland).

4.9. Virus purification (II)

Supernatants (SNTs) of persistently SwSCV-1 infected cells (I/1Ki-2×  and

V/2Hz- ) superinfected with UGV-1 or HISV-1 and non-superinfected (mock)

cells were collected. The SNTs were centrifuged at maximum speed at 4°C for

30 min and subsequently filtered on a 0.45 μm syringe filter. The cleared SNTs

were loaded on top of 25% sucrose cushion and ultracentrifuged for 2 hours at

27000 rpm at 4°C (SW28 or SW41 rotor). After the ultracentrifugation, the

pellets were resuspended in TBS. In an attempt to separate SwSCV-1 from its

helper virus(es), the pellets were subjected to density gradient
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ultracentrifugation. Concentrated viruses were loaded on top of linear sucrose

gradients (either 10 to 70% or 20 to 55%) by ultracentrifugation at 40000 rpm

(SW41 rotor) for varying times (1.5 h, 4 h or 18 h). Fractions were collected for

subsequent analyses.

4.10. Electron microscopy (II)

Pellets obtained after ultracentrifugation were used to prepare samples for

electron microscopy. The samples were put onto glow discharged grids following

the side blotting method [242]. The samples were let to adsorb to the grid surface

for 45 s, washed twice with milliQ water and stained with 2% phosphotungstic

acid. JEOL JEM-1400 transmission electron microscope was used for imaging at

200000× magnification.

4.11. SDS-PAGE and immunoblotting (I-IV)

For western blot, cell pellets were collected into lysis buffer, and protein

concentrations were determined by PierceTM BCA Protein Assay kit. Following,

the proteins were separated by SDS-PAGE using 4–20% Mini-PROTEAN® TGX

gels (Bio-Rad). Next, the proteins were transferred onto nitrocellulose membrane

by wet blotting. Then, to block the unspecific binding of antibodies, the

membranes were incubated for 30-60 min with 3-5% nonfat dry milk. The

membranes were incubated for 2 h at RT or O/N at 4°C with the primary

antibodies, and for 45-60 min at RT with the IRDye conjugated secondary

antibodies. The Odyssey Infrared Imaging System (LI-COR Biosciences) was

used to obtain the images.

4.12. Northern blot (III, IV)

For the detection of SwSCV-1 RNA from persistently infected cells, a SwSCV-1

specific near-infrared fluorescent northern blot method was set up, based on the

protocol used by Miller et al., 2018 [243]. In addition, a ~850 nt long SwSCV-1

RNA fragment was generated by in vitro transcription that served as a control

and could be detected by the SwSCV-1 DAg mRNA specific probe. RNA samples

(3-20 μg) were run on formaldehyde-agarose gels in tricine/triethanolamine

buffer described by Mansour and Pestov, 2013 [244]. The RNAs were transferred

onto HybondTM-N+ nylon membrane (GE Healthcare) by O/N capillary transfer.

After UV cross-linking of the membranes, they were prehybridized for 2-4 h at
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48°C to block non-specific binding sites. Next, they were incubated O/N with the

respective probes added into fresh prehybridization buffer. Table 8 shows the

sequence and target of the probes, which were all labeled with an infrared

fluorescent dye (IRDye® 800). The next day, the membranes were washed three

times and the Odyssey Infrared Imaging System (LI-COR Biosciences) was used

to obtain the images.

Table 8. Target and sequence of the IRDye northern blot probes.
probe target sequence (5 -3 )

genome GCTCTCCCCGGCAAGTCTTCTATTTCTGTCCTTCC

antigenome GGAAGGACAGAAATAGAAGACTTGCCGGGGAGAGC

SwSCV-1 DAg mRNA TAATCTCTTTCGGTGGTAGCCTCGAGCCGCCATCC

RNA ladder AAGCAGGTCCTCGTCGCCGTACACCTCATCATACA

4.13. RT-PCR and RT-qPCR (I, III, IV)

Conventional RT-PCR was performed as described in Keller et al., 2017 [245] to

detect SwSCV-1 from different tissue samples (I). A SwSCV-1 specific RT-qPCR

method was also used to quantify the amount of SwSCV-1 genomic RNA in cell

cultures and SNTs (III, IV). Furthermore, conventional RT-PCR was used to

detect circular RNA genomes of SwSCV-1 present in permanently infected cells

(III). Two different primers were used for the reverse transcription (RT) reaction,

which was performed by SuperScript™ IV Reverse Transcriptase (ThermoFisher

Scientific). For the subsequent conventional PCR step to amplify the circular

target, three primer pairs (PPs) were used with 3  ends facing in opposite

directions. The primers and probe used for the different PCR applications are

summarized in table 9.
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Table 9. List of primers and probe used for various PCR applications.
primer/probe sequence (5 -3 ) application

FWD GGATTGTCCCTCCAGAGGGTTC conventional RT-PCR

REV GCTCGAGGCTACCACCGAAAG conventional RT-PCR

FWD GAAAGACGCGACAACTGTGAGTC RT-qPCR

REV GTCTAGTCCCGTTCCGGTTCTATG RT-qPCR

probe

6-Fam (carboxyfluorescein)-

GGAGATCCGAGAGGGGAGAAGAGGAGAGGTC-

BHQ (black hole quencher)-1

RT-qPCR

RT-1 GTTTCCCCACAAATTCTTTGC reverse transcription

RT-2 CCTCTATCCTACTTCAATTCTC reverse transcription

PP-1 FWD GGATCTGCTTCTTGGATGGAGTTTCC PCR

PP-1 REV GAAGAAGAGAAAGCTTGAGGAGCAGC PCR

PP-2 FWD GCTTCTGCTCCTTGCCTCTCAC PCR

PP-2 REV GGCTCGAGGCTACCACCGAAAGAG PCR

PP-3 FWD GGTTCACTTCCCCAGCTCCTC PCR

PP-3 REV CGGGACTAGACGTGAGGGGTG PCR

4.14. Virus titration (II-IV)

Virus titration on naïve I/1Ki cells was performed to determine the number of

infectious SwSCV-1 particles released into the cell culture SNTs originating from

various transfected/permanently infected cell lines. A 10-fold dilution series of

the respective SNTs was used to inoculate the naïve cells. Three to nine days post

infection (dpi), the cells were fixed and stained for SwSCV-1 DAg as described

above. The cells were imaged, and the number of fluorescent focus-forming units

(FFFUs) was determined by the Opera Phenix High Content Screening System

(PerkinElmer), provided by FIMM-HCA.

4.15. Next generation sequencing (I, IV)

RNA was isolated from tissue, cell pellet and cell culture SNT samples using

TRIzol reagent or the GeneJet RNA Purification kit according to the

manufacturer’s protocol, but without the addition of carrier RNA. Ribosomal

RNA was removed from tissue and cell pellet RNA samples by the NEBNext rRNA

depletion kit. NEBNext Ultra RNA library preparation kit was used for indexing

and preparation of NGS libraries. The NEBNext Library Quant kit for Illumina

served for quantification of the libraries, which were pooled and sequenced on

the Illumina MiSeq sequencer (Illumina) using the MiSeq reagent kit
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(version 3; Illumina). The reads matching the host genome were removed and de

novo sequence assembly was performed using the MIRA sequence assembler on

CSC Taito supercluster server (IT Center for Science Ltd., Finland). The

generated contigs were initially checked with the BLAST program

(blastn; https://blast.ncbi.nlm.nih.gov/Blast.cgi), later LAZYPIPE [246] was

used, which performs automated assembling and taxonomic profiling of NGS

libraries.
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5. RESULTS AND DISCUSSION

5.1. Novel HDV-like agent identified from Boa constrictor (I)

At the beginning of this study, HDV was the sole representative of deltaviruses

[15], however, this quickly changed after the detection of novel HDV-like

sequences from a wide range of taxa (I) [9-13,247]. When sequence reads from a

metatranscriptomic study of snake samples were studied, roughly 8% of the reads

corresponded to a novel agent with a circular genome. The first reads originated

from the brain sample of a male Boa constrictor with neurological signs. The

contig – assembled by the MIRA assembly software (version 4.9.5;

http://mira-assembler.sourceforge.net/) – contained three identical repeats of

the same genomic sequence, suggesting the RNA to be circular. One of the two

ORFs identified in the genome resembled the HDAg, and therefore we named the

newly found HDV-like agent snake deltavirus (SDeV). Currently, the virus is

known as Swiss snake colony virus 1 (SwSCV-1) in the new deltavirus taxonomy

[16,17]. A preprint reporting the identification of another HDV-like agent from

ducks, now named dabbling duck virus 1 (DabDV-1) [9], provoked us to report

our findings in a preprint that appeared just 6 days after the report on DabDV-1.

Following these first two reports, several metatranscriptomic studies discovered

multiple HDV-like sequences from various distinct species. The novel agents

were detected from the following animals: termites (rhinotemitid virus 1

according to the current ICTV nomenclature), amphibians (Chinese fire belly

newt virus 1, Chusan Island toad virus 1 [CITV-1], and Indirana chiravasi

deltavirus), fish (ray-finned fish virus 1 and Benthosema glaciale deltavirus),

rodents (Tome’s spiny rat virus 1 [TSRV-1] and Marmota monax deltavirus), bats

(Desmodus rotundus and Peropteryx macrotis deltaviruses), white-tail deer

(Odocoileus virginianus deltavirus), and various birds (Taeniopygia guttata,

Serinus canaria and Erythrura gouldiae deltaviruses) [10-13,247].

5.2. Genome structure and organization of SwSCV-1 (I)

The genome of SwSCV-1 is 1711 nt long and it contains two ORFs (figure 10).

One of the ORFs is in antigenomic orientation and encodes a 199 amino acid

protein, the DAg; while the other ORF (ORF2) is in the genomic orientation and

encodes a 177 amino acid putative protein (PuP), which does not show significant
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similarity to any known protein by BLAST analysis. The SwSCV-1 DAg is

approximately 73% identical to the HDAg at the nucleotide level, while only

shows ~50% identity and ~70% similarity at the amino acid level. Similarly to

HDV, the SwSCV-1 genome shows high level of self-complementarity (73%) and

high GC content (~53%), which likely contributes to the formation of stable

secondary structures [46]. Ribozyme sequences were further identified in both

the genomic and antigenomic RNA strands, which display similar base pairing to

their HDV equivalent.

Figure 10. Comparison of the SwSCV-1 and HDV-1 genomes. The figure was created with
SnapGene Viewer.
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5.3. Tissue tropism of SwSCV-1 (I)

We identified SwSCV-1 through metatranscriptomic analysis of brain tissue

collected from a Boa constrictor with severe central nervous system (CNS) signs,

suggesting that SwSCV-1 does not show strict hepatotropism. The finding was

interesting, because HDV has been considered a hepatotropic virus since its

discovery [7]. However, HDV can replicate in cells and tissues of non-hepatic

origin [185,248], which is why we performed NGS also on other tissue samples

(blood and brain). Despite of the extensive search, we were unable to retrieve any

hepadnaviral reads from these boa tissue samples. In addition to the

metatranscriptomic analyses, we used RT-PCR to demonstrate SwSCV-1 RNA in

the brain, blood and liver of the infected animal. To enable the detection of not

only SwSCV-1 RNA, but also DAg expression, we produced an antiserum against

recombinant DAg. The antiserum allowed us to detect SwSCV-1 DAg expression

in various tissues of the infected animals by the means of IH and WB. We did not

detect co-infecting hepadnaviruses, but instead found reptarena- and

hartmanivirus RNA in the samples. Reptarenaviruses have a broad tissue tropism

[1,3,249], whereas that of hartmaniviruses shows to be narrower with indications

of neuronal tropism in the infected snakes [6]. We originally searched for these

pathogens in the brain tissue of a snake with severe CNS signs to link

hartmanivirus infection to clinical signs; however, the study led us to find also

SwSCV-1. The presence of arenaviruses led us to hypothesize that

reptarena- and/or hartmanivirus GPs would allow infectious SwSCV-1 particle

formation and thus determine the tissue tropism, analogously to HBsAgs that

mediate HDV’s hepatotropism.

In addition to the Boa constrictor with severe CNS signs, its breeding pair,

their offspring, and a co-housed water python (Liasis mackloti savuensis) also

proved to be SwSCV-1 infected (summarized in I, figure 2H), implying the

possibility of both vertical and horizontal transmission of the virus.

Reptarenaviruses have been shown to transmit both vertically and horizontally

[4,245], co-housing with an infected individual being sufficient for acquiring the

infection. On the other hand, hepadnaviruses are less likely to transmit by simple

co-housing of animals, which would fit the hypothesis that the helper virus of

SwSCV-1 would rather be an arenavirus than a hepadnavirus.
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5.4. Isolation of SwSCV-1 (II)

As mentioned in the previous paragraph, the lack of hepadnaviral reads and the

broad tissue tropism of SwSCV-1 led to the hypothesis in which the co-infecting

reptarena- and/or hartmaniviruses act as helper viruses of SwSCV-1 by providing

the GP coating for infectious particle formation. To test the hypothesis, we

attempted to isolate SwSCV-1 from the brain of the infected animal. We thus

inoculated naïve I/1Ki cells with brain homogenate of the SwSCV-1 infected Boa

constrictor. We analyzed the inoculated cells roughly 2 weeks post infection and

observed positive staining for SwSCV-1 DAg and both reptarena- and

hartmanivirus NPs, supporting the hypothesis that SwSCV-1 would form

infectious particles with the help of the co-infecting arenaviruses. We maintained

the inoculated cells, and further analysis at six months post infection showed

persistent infection by all three viruses (II, figure 1).

5.5. Infectious clones (II-IV)

In order to enable helper-independent in vitro studies of SwSCV-1 and other

kolmiovirids, we studied different approaches for generating infectious clones.

The first approach we took was based on the early HDV studies that demonstrated

insertion of trimeric HDV genome into a plasmid to allow initiation of replication

[105]. HDV replicates via the double rolling circle method, where multimers of

the genome and antigenome are generated and subsequently cleaved by the viral

ribozymes [88-90]. Thus, the idea behind multimeric genome constructs is that

they would generate multimeric RNA transcripts upon transfection, resembling

the natural way of deltavirus replication. We therefore generated a construct

containing the entire SwSCV-1 genome in duplicate (II). We generated two forms

of the construct, one with the insert in genomic (FWD) and the other with the

insert in antigenomic (REV) orientation. The FWD construct drives the

transcription of the SwSCV-1 genome, whereas the REV construct in addition to

antigenome transcription allows the DAg expression through the CAG promoter

of the pCAGGS plasmid. Thus, DAg expression as a result of transfection of the

FWD construct into eukaryotic cells could be taken as an indicator of virus

replication. We wanted to include the REV construct, because the DAg expression

is essential for HDV replication [105], so we wanted to ensure SwSCV-1 DAg

expression in the snake cells to support the initiation of replication. In addition,
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we included the T7 promoter in the antigenomic orientation before the insert to

enable alternative means of driving DAg expression should the initiation of

replication fail when using the FWD construct. We tested the ability of the

constructs to initiate replication following transfection in both snake and

mammalian cell lines of various origin (summarized in table 4). IF staining of

the snake cell lines showed that both FWD (II, figure 4) and REV constructs lead

to DAg expression, the former suggesting virus replication. However, we

observed differences in the percentage of infected cells among the Boa constrictor

cell lines, which could be due to variation in transfection efficiency or differential

support of SwSCV-1 replication depending on the cell type. Next, we transfected

mammalian cell lines with the FWD and REV constructs and performed IF

staining 5 days post transfection (dpt) (II, figure 4). Despite high transfection

efficiency that we previously reached in the used mammalian cell lines, we

observed low number of infected cells. The observations suggest that SwSCV-1

can replicate autonomously in cell lines of distinct origin, however, the observed

differences could indicate that replication would be most efficient in snake cell

lines, potentially suggesting species specificity for SwSCV-1. Such species

specificity could associate with the presence or lack of certain cellular factors or

the higher maintenance temperature of the mammalian cells (37°C) as compared

to reptilian (30°C) cells.

Next, we wanted to simplify the organization of the infectious clones, and

based on HDV literature demonstrating that shorter 1.1× and 1.2× genome

plasmid constructs and 1.2× genome RNA are enough for translation initiation

[133,217,220], we designed plasmid-based infectious clones with 1.2× genome

inserts. The 1.2× SwSCV-1 genome inserts included the antigenomic and genomic

ribozymes at both ends of the insert (III, figure 1). Our rationale for the construct

design was that the presence of both ribozymes in both ends would help the

processing of the multimeric RNAs into monomers during the viral replication,

as reported for the RNA studies [220]. Again, we generated clones with the

SwSCV-1 genome in either FWD or REV orientation, but unlike the initial

2× genome constructs, we tested the 1.2× genome constructs only in Boa

constrictor kidney cells (I/1Ki). First, we performed IF staining of the cells

transfected with the 1.2× genome constructs and compared it to the staining

pattern of the cells transfected with the 2× genome constructs. We followed the
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protein expression in the cells from 1 to 4 dpt (III, figure 3). Transfection with the

2× and 1.2× genome constructs resulted in identical expression patterns of the

SwSCV-1 DAg within the cells. Next, we examined the SDS-PAGE migration

pattern of the DAg originating from 2× and 1.2× genome constructs. We

performed WB from transfected cell pellets (1-4 and 5 dpt), which showed

comparable protein expression levels and mobility with both FWD and REV

constructs (III, figure 4).  The comparisons between the performances of the

2× and 1.2× genome-containing constructs allowed us to conclude that the

shorter constructs are equally efficient in initiating SwSCV-1 replication.

In parallel to generating the 1.2× SwSCV-1 infectious clone, we applied the

same approach for CITV-1, TSRV-1, DabDV-1 and HDV-1 (III). After transfection

of I/1Ki cells with both FWD and REV constructs, we could detect DAg expression

of TSRV-1 and HDV-1 by IF staining using the antiserum raised against SwSCV-1

DAg (III, figure 2). The DAg staining in IF for cells transfected with the CITV-1

and DabDV-1 constructs appeared less notable. Analysis of the transfected cells

by WB helped to confirm that the staining in IF indeed came from DAg

expression. HDV-1 and TSRV-1 are more closely related to SwSCV-1 as compared

to CITV-1 and DabDV-1, which could explain the better cross-reactivity of our

SwSCV-1 DAg antiserum. The failure to detect DAg expression of CITV-1 and

DabDV-1 could imply inadequate cross-reactivity with the SwSCV-1 DAg

antiserum rather than the viruses not replicating in the snake cells. Replication

of the viruses could be detected by various means (RT-qPCR or northern blot).

Despite of the available sequences, we have not acquired specific primers and

probes yet, thus we did not explore these possibilities further in the study. In case

the additional methods would also fail to detect signs of virus replication, one

could speculate that the lack of species-specific factors is the culprit, and not the

antiserum cross-reactivity.

The identification of novel HDV-like agents has shown that despite of our

previous beliefs, HDV is not the sole representative of deltaviruses. While the life

cycle of HDV is known in quite detail, future characterization and molecular

biology studies are needed for pinpointing similarities and differences between

the different kolmiovirids. The members of the Kolmioviridae family could for

instance differ in their host species specificity, replication, protein synthesis and

editing, as well as in particle formation. We believe that development of generic
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molecular biology tools, such as the 1.2× genome infectious clones, can facilitate

the in vitro experiments with the novel kolmiovirids in the future. Another

benefit of the 1.2× infectious clones is the presence of the DAg ORF (and the

potential other ORFs, e.g., ORF2 of SwSCV-1) as a single copy, thus facilitating

the introduction of mutations, which is already challenging because of the small

genome and the complex secondary structure of the virus. To demonstrate the

usefulness of the approach, we generated another pair of the 1.2× FWD and REV

constructs but including a point mutation into the start codon of ORF2, changing

it from methionine to isoleucine (IV). Figure 11 shows the schematic

representation of the three SwSCV-1 infectious clones (2×, 1.2×, and mutORF2)

in FWD (genomic) orientation.

Figure 11. Schematic representation of the 2×, 1.2×, and mutORF2 SwSCV-1 inserts in FWD
orientation. The figure was created with SnapGene Viewer.

Initially, we wanted to mutate the start codon into a stop codon, however, because

the DAg ORF and ORF2 are overlapping, this would have introduced a stop codon

also in the DAg ORF. The methionine to isoleucine mutation prevents the

expression of the PuP translated from ORF2 and allows us to study its possible

effects on virus replication, while leaving the DAg expression unaffected. We

compared cells transfected with the mutant ORF2 to cells transfected with

wild-type SwSCV-1 constructs by IF staining (figure 12), WB, and RT-qPCR, and

the mutation in the ORF2 did not appear to negatively affect the initiation of

replication or DAg expression (IV, figure 2).
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Figure 12. IF staining of I/1Ki cells 1 to 4 days post transfection with the three SwSCV-1
infectious clones (2×, 1.2×, and mutORF2) in FWD and REV orientation.
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5.6. Persistent infection (II-IV)

After our initial observations that the 2× SwSCV-1 constructs initiate

replication in both mammalian and snake cells, we studied if maintaining the

transfected cells under normal culturing conditions would result in persistent

infection. Serial passaging of the cells eventually led to persistent infection in all

of the snake cell lines tested (see table 5), while the mammalian cell lines

eliminated the virus within approximately 2 weeks (II, figure 4). The number of

DAg expressing snake cells increased rapidly, suggesting cell-to-cell spread of

SwSCV-1 genetic material through cell division, without the need for particle

formation as confirmed by analyzing the infectivity of the cell culture SNTs. Few

months after the initial transfection, most cells of each culture were expressing

the SwSCV-1 DAg (II, figure 4) without demonstrating cytopathic effects. The

rapid establishment of persistent infection raises the question if the cell lines

employed can mount an antiviral response. Cell lines used in the field of virology

are often disabled in their abilities to counteract viral infections. Currently, no

tools are available for studying the immune response in snake cells, and the

genome of Boa constrictor is not available, but it would be an interesting aspect

of the infection to investigate. The elimination of the infection/DAg expression

from mammalian cells could be due to various reasons. One possibility could be

the lack of specific host factors in the mammalian cells or unsuitable promoters

in the SwSCV-1 genome essential for viral replication. Another cause could be that

SwSCV-1 has specifically evolved for infection of snakes (or reptiles), therefore,

cannot maintain replication at higher temperatures; however, appears to be the

least likely scenario as the replication relies on cellular enzymes.

Following our success with the 2× genome construct, we investigated if the

same approach with the 1.2× and mutORF2 constructs would lead to persistent

infection of the cells. With the 2× construct we managed to generate persistently

infected boa constrictor cell lines originating from different tissues without overt

differences. Therefore, we only employed kidney derived I/1Ki cells for studying

the 1.2× and mutORF2 infectious clones. As judged by DAg expression and

RT-qPCR, we succeeded in generating persistently infected cell lines with both

constructs (IV, figure 3). Since the initial transfection, we have thus far continued

passaging the three persistently infected cell lines (I/1Ki-2× , I/1Ki-1.2× ,

and I/1Ki-mutORF2 ) for 1+ year, and they continue to express the SwSCV-1
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DAg, implying viral replication. The comparison of the three persistently infected

cell lines (1 year+ post transfection for each) by IF staining is shown in figure 13.

According to the DAg staining, the percentage of infected cells appears to be lower

in the I/1Ki-mutORF2 cells as compared to the I/1Ki-2× and I/1Ki-1.2× cell

lines. Although, the PuP mutation seems not to inhibit persistent infection, the

fact that less cells are infected suggests that the PuP might play a role in

SwSCV-1’s life cycle.

Figure 13. IF staining of the three persistently SwSCV-1 infected I/1Ki cell lines. The images were
taken 3+ years (I/1Ki-2× 14 months I/1Ki-1.2×  and 1.5 years (I/1Ki-mutORF2 ) post
transfection.

Curiously, the I/1Ki-mutORF2 cells did not seem to differ from I/1Ki-2× and

I/1Ki-1.2× cells in their RNA levels detected by northern blot (figure 14) and
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RT-qPCR, nor did they show differences in their ability to produce DAg based on

WB (IV, figure 3). The observed significant difference in IF staining pattern

among the three cell lines merits further studies. One possibility for the observed

differences is that the cells start to overexpress the DAg due to the ORF2

mutation, thus showing similar levels of DAg despite of less infected cells.

Currently, we do not have evidence that the PuP is expressed, and so far, none of

the other kolmiovirids has been found to express proteins other than the DAg.

The presence of numerous alternative ORFs in the HDV genome has been

reported as early as 1986 [46], however, the expression of these PuPs have not

been further explored in the later HDV studies. Unfortunately, our attempts to

generate an antiserum against PuP so far have been unsuccessful. However, the

observed difference in the IF staining patters suggest that the protein is expressed

and has a role in the viral life cycle. All the above-mentioned transfection studies

and the inoculation of naïve cells with the original brain homogenate

demonstrated SwSCV-1’s ability to establish permanent infection in vitro with or

without helper viruses.

Figure 14. Northern blot analysis of the three persistently SwSCV-1 infected cell lines
(I/1Ki-2× , I/1Ki-1.2× and I/1Ki-mutORF2 ), clean cells and in vitro transcribed RNA control.
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5.7. Demonstration of circular SwSCV-1 genome species in

plasmid-transfected cells (III)

The HDV genome is circular negative-sense RNA [250]. Of the recently identified

kolmiovirids, experimental evidence for the genome circularity exists only for

TSRV-1 [11]. To confirm the circular nature of the SwSCV-1 genome, as suggested

by the de novo assembly from the NGS data (I), and to provide further evidence

that transfection of the plasmid constructs initiated replication, we utilized

methods similar to those by Paraskevopoulou and colleagues [11] to study the

SwSCV-1 RNA in persistently infected cells. We utilized two RT primers, both

driving cDNA transcription from the proximity of the ribozyme cleavage site with

the idea that the unit-length monomers would start from there, and thus only a

small fragment would be amplified if the template remains linear after cleavage.

Then, we used the synthesized cDNAs as the template in PCR reactions with three

different primer pairs (PPs). The 3´ ends of the PPs face opposite direction, thus

allowing the amplification of almost the entire SwSCV-1 genome if it is indeed

circular. All three PPs were located within the DAg ORF, as it should be an intact

stretch in the sequence to allow expression of the protein. The PCR reactions with

all three PPs produced an approximately 1650 nt long amplicon, confirming that,

similarly to its human and rodent counterparts, the genome of SwSCV-1 is

circular RNA (III, figure 7). As a negative control, RT reactions without the RT

enzyme were also performed and subjected to the following PCR amplification

with the PPs.

5.8. Identification of SwSCV-1 helper viruses and GPs in infectious

particle formation (II)

After successful cell culture isolation of SwSCV-1 from the brain sample

together with co-infecting arenaviruses, we wanted to study if reptarena- and/or

hartmanivirus superinfection of persistently SwSCV-1 infected cells would induce

infectious particle formation. We used two reptarenaviruses (UHV-1 and UGV-1)

and one hartmanivirus (HISV-1) to superinfect I/1Ki-2× cells. We collected

SNTs from these cells up to nine dpi and performed titration of the SNTs on naïve

I/1Ki cells. IF staining and quantification of the infected cells served to determine

the particle formation efficiency of SwSCV-1 with the different superinfecting

viruses. Although superinfection with all three viruses led to infectious particle
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formation, HISV-1 clearly showed to be the most efficient helper virus being able

to produce up to 108 SwSCV-1 FFFUs per ml of culture media (II, figure 6).

Some of the other recently identified kolmiovirids were also found in

co-infection with viruses other than hepadnaviruses; while in some other cases,

the potential helper viruses were completely absent. Influenza A virus reads were

abundant in the cloacal samples from which DabDV-1 was identified [9]; the

Chinese fire belly newt virus was found together with astrovirus reads, while the

samples with CITV-1 contained both influenza and astrovirus reads [10]. Besides

the fish deltaviruses, sequences of potential helper viruses were also plentiful,

including arena-, hanta-, reo- and chu-like viruses [10]. On the contrary, despite

of extensive search, no putative helper virus was identified for TSRV-1 [11].

Presence of various potential helper viruses and the absence of hepadnaviruses

in co-infection with the novel agents indicated that these viruses have evolved to

use different GPs of various viruses to form infectious particles. Based on the

ability of kolmiovirids to establish helper-independent infection, one could

speculate that kolmiovirids rely on the help of enveloped viruses causing

recurrent or persistent infections. This hypothesis naturally awaits experimental

confirmation.

After the observation that SwSCV-1 does not rely on hepadnaviruses as

helpers, it seems logical to suspect that also HDV might utilize the GPs of other

viruses for infectious particle formation. Coincidentally with the initial studies

about novel kolmiovirids, Perez-Vargas and colleagues showed that HDV also

shares this characteristic [248]. They demonstrated that both hepatitis C (HCV)

and Dengue virus (DENV) are able to induce infectious HDV particle formation

in vitro [248]. Moreover, they revealed that hepatitis C infection also rescues

HDV in vivo in liver-humanized mice [248]. It is likely that this feature of HDV

has been overlooked during the years due to the strong association of HDV with

HBV [8].

Following the superinfection studies, we investigated if providing the viral

GPs by transfection would be sufficient for SwSCV-1 infectious particle

formation. Transfection allowed us to try a wider range of viruses, based on the

constructs readily available from other projects. We transfected

I/1Ki-2× cells with different GP-encoding constructs and analyzed the cell

culture SNTs by titration on naïve I/1Ki cells (II, figure 8). In addition, we



61

ultracentrifuged the SNTs and used the obtained pellets for WB (II, figure 8).

First, we tried UGV-1 and HISV-1 GPs, as these viruses were already shown to

lead to particle formation. In addition to the GPs, we investigated the possible

role of UGV-1 ZP in the particle formation, as it contributes to arenavirus budding

[251]. We also included mammarenavirus (Junin and lymphocytic

choriomeningitis virus [LCMV]) GPs, HBsAg, and Puumala virus (PUUV) GPs in

the study to investigate the range of potential helpers. We included PUUV

because similarly to (mamm)arenaviruses, it establishes persistent infection in

its rodent host [252,253] and forms its spike complex from two GPs (Gn and Gc)

[254]. Several of the GPs were able to induce particle formation of SwSCV-1,

however, the GPs of HISV-1 proved to be the most potent in mediating infectious

particle formation (II, figure 8). We observed that the UGV-1 ZP itself is not able

to support infectious particle formation and complementing the UGV-1 GP with

the ZP did not appear to boost the infectious particle formation. Both the GPs of

mammarenaviruses and PUUV induced virion production, while the transfection

of HBsAg failed to do so. As we were using Boa constrictor kidney cells for the

study of infectious particle formation, it is possible that SwSCV-1 particles coated

by HBsAg remained non-infectious due to lack of an appropriate receptor. The

ability of SwSCV-1 to form particles with different viral GPs is compared in

figure 15. During the analysis of pelleted materials by WB, we noticed that

SwSCV-1 DAg is released into the SNT by the cells, even in the absence of

co-infecting virus or transfected GPs. However, the released material showed to

be non-infectious. These findings imply that SwSCV-1 is readily equipped to

interact with the GPs of various viruses, but the mechanistic details of these

interactions remain to be uncovered. As SwSCV-1 can interact with a wide array

of viral GPs, it is unlikely that it would use a specific interaction for each

individual GP to mediate the process. It is more probable that the relocation of

the SwSCV-1 RNP to the site of interplay with the various GPs would be the

determining factor. In addition to the infectious Dane particles, HBV produces

an excess amount of subviral particles [255]. This feature can be exploited by

HDV to produce high loads of infectious particles. It is probable that viruses,

which similarly to HBV, produce subviral particles are the most effective helper

viruses for kolmiovirids.
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Figure 15. Infectious particle production of I/1Ki-2×  cells after transfection with an empty
plasmid, various viral GPs, and/or reptarenavirus ZP.

As mentioned above, a recent report by Perez-Vargas and colleagues

described HDV to form infectious particles with the GPs of HCV, vesicular

stomatitis virus (VSV), DENV, West Nile virus (WNV), human metapneumovirus

(HMPV) and LCMV [248]. The infectivity of the particles coated by HCV, DENV

and VSV GPs was comparable to the particles formed with HBsAgs, while the

infectivity of the particles formed with WNV, LCMV and HMPV GPs was lower.

They further showed that the particles can be assembled and released with all

abovementioned GPs not only in liver cells, but also in human kidney cells [248].

We also conducted similar experiments with HDV, using the same set of viral GPs

as for SwSCV-1, and observed infectious particle formation in vitro. However, as

the report by Perez-Vargas and colleagues [248] was available before we

completed our study, we decided not to proceed with our experimentation on

HDV and focused our work on the novel kolmiovirids.

5.9. SwSCV-1 detection by electron microscopy (II)

To generate material for transmission electron microscopy, we collected SNTs

from non-superinfected and HISV-1 or UGV-1 superinfected I/1Ki-2×  and

V/2Hz-  cells. We ultracentrifuged the SNTs and prepared samples from the
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obtained pellets. Although we were unable to separate SwSCV-1 from its helper

viruses by ultracentrifugation (II, figure 6), we expected to see various sized

virions by electron microscopy. Arenaviruses vary quite a lot in their size

(40-200 nm) [230], while SwSCV-1’s expected size is around 40 nm, based on the

knowledge about HDV [15]. We observed particles of two sizes, which also

differed in their appearance (II, figure 7). In figure 16, blue arrows mark the

putative SwSCV-1 particles, while UGV-1 virions are marked with white arrows.

We did not detect any particles in the samples originating from

non-superinfected I/1Ki-2×  cells.

Figure 16. Transmission electron microscopy of pellets originating from non-superinfected and
HISV-1 or UGV-1 superinfected I/1Ki-2×  cells. The blue arrows mark the putative SwSCV-1
particles, while the white arrows mark the UGV-1 particles used for superinfection.

5.10. Productive SwSCV-1 infection in naïve I/1Ki cells after

inoculation with supernatants from SwSCV-1 transfected cell cultures

(III)

In our earlier experiments, we had shown that superinfection of permanently

SwSCV-1 infected cell lines results in infectious particle formation. We used the

SNT containing such particles to inoculate naïve I/1Ki cells to evaluate the
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dynamics of SwSCV-1 infection up to nine dpi by the means of IF staining,

RT-qPCR and WB (III, figure 8). Over the course of the experiment, we detected

increasing amount of SwSCV-1 DAg expression in the cells both by IF staining

and WB (III, figure 8). The amount of SwSCV-1 RNA extracted from the cell

pellets at the different time points correlated with the DAg expression levels.

These observations verify that the use of infectious clones and helper virus

superinfection results in infectious particle formation; and further eliminates the

possibility of ‘plasmid carry-over’ as a reason for the positive staining. Moreover,

the results confirm that the formed particles are capable of initiating progressive

infection and likely able to lead to permanent infection of the inoculated naïve

cells.

5.11. Limited infectious particle formation of persistently infected cell

lines (IV)

When conducting superinfection studies on permanently SwSCV-1 infected cell

lines and using the SNT for inoculation of naïve cells, we observed a drastic

decrease in the number of infected cells as compared to our earlier experiments.

We thus compared the infectious particle production ability of the permanently

infected cell lines versus freshly transfected cells. We superinfected freshly 2×

SwSCV-1 FWD, 1.2× SwSCV-1 FWD, and 1.2× mutant ORF2 SwSCV-1 FWD

transfected (2 weeks post transfection) and I/1Ki-2× , I/1Ki-1.2× ,

and I/1Ki-mutORF2 cell lines with HISV-1, collected SNTs and used them to

inoculate naïve I/1Ki cells. IF staining served for quantification of the infected

cells. To our surprise, the results confirmed that the freshly infected cells produce

infectious SwSCV-1 particles 2.5 to 16 times more efficiently than the persistently

infected cell lines (figure 17).
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Figure 17. Comparison of infectious particle production of the three persistently SwSCV-1
infected cell lines versus freshly transfected cell lines.
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One possible explanation for the altered particle formation ability is the

appearance of mutations in the virus genome due to persistent infection and

long-term passaging of the cells and the virus. To explore if such mutations are

present in the virus genomes, we extracted RNA from both the freshly transfected

and permanently infected cells and performed RNA sequencing through Illumina

MiSeq platform. Analysis of the sequences only revealed a single nucleotide

mutation in the I/1Ki-2×  cells analyzed at approximately 3.5 years post initial

transfection. The nucleotide position showed polymorphism in the genome of

SwSCV-1 obtained from the other persistently infected cells, suggesting the site

to be prone to variation. The nucleotide locates outside both ORF2 and the DAg

ORF, due to which it seems unlikely that the observed mutation and variation

would solely account for the reduced ability to form infectious particles.

Curiously, analysis of the SwSCV-1 genome from the I/1Ki-mutORF2  cells

showed that the mutation introduced to the methionine initiation codon of ORF2

had reverted in the persistently infected cells. The finding suggests that the

second ORF in the SwSCV-1 genome gives rise to a functional protein. Another

hypothesis that could explain the limited particle production of the permanently

infected cells is the lack of L-DAg expression. For HDV, it is known that the

L-HDAg is crucial for particle formation, mediated by the protein’s isoprenylation

and interaction with the HBsAg [130,171].

5.12. SwSCV-1 delta antigen (IV)

As discussed in the literature review, the HDAg exist in two forms [127], but

the same has not been extensively studied for the novel kolmiovirids yet. In our

first report of SwSCV-1, we described the SwSCV-1 DAg ORF, which similarly to

HDV, ends with an UAG amber stop codon. Theoretically, the RNA could be the

target of ADAR editing, which would elongate the protein by 22 additional amino

acids (figure 18). In addition, we observed doublet bands in WB, which we

assumed to correspond to the small and large forms of the SwSCV-1 DAg.
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Figure 18. Comparison of the amino acid sequence of the HDAg and SwSCV-1 DAg. The
(possible) ADAR editing site is marked by green circle, while the additional amino acids - the
protein is elongated with due to the editing - is marked with the orange rectangle.

In order to determine if SwSCV-1 also has two forms of the protein, we ordered

three synthetic genes representing the SwSCV-1 DAg (‘original’ without editing),

the small (no possibility for elongation) and large (elongated protein without stop

codon) forms of the protein. First, we transfected cells with the three constructs,

followed by IF staining to compare the protein expression patterns. All three

protein’s expression pattern looked identical in I/1Ki cells (IV, figure 5). Next, we

collected cells that were earlier transfected by the three constructs, and analyzed

the SDS-PAGE migration of the proteins in relation to freshly transfected and

persistently SwSCV-1 infected cells by WB (IV, figure 6). To our surprise, all of

the persistently infected cell lines were found to express only a single form of the

SwSCV-1 DAg, regardless of the transfection plasmid or the ‘age’ of the culture.

Thus, the lack of large DAg is unlikely to be the explanation for the diminished

particle formation of the permanently infected cell lines. The doublet bands

detected during WB of various samples most likely correspond to

post-translationally modified forms of the protein or are the results of either

degradation or leaky scanning.

Before learning that SwSCV-1 predominantly or solely produces S-DAg, we

generated a construct with a his-tag following the L-DAg ORF. The rationale for

generating the construct was to study the possibility of introducing mutations to

the SwSCV-1 and to rule in or out the expression of L-DAg in the infected cells. IF

staining of the cells transfected with the construct showed lower number of

infected cells and more pronounced nuclear staining with anti-DAg antiserum as

compared to the other SwSCV-1 infectious clones/constructs we had generated

(IV, figure 5). Although the approach did not yield an infectious clone with
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his-tagged DAg, we managed to demonstrate that SwSCV-1 with additional

nucleotides replicates in the snake cells as judged by DAg expression. The fact

that DAg expression with the his-tag construct is less efficient as compared to the

wild-type constructs supports the interpretation that DAg expression is due to

replication. If the DAg expression occurred under control of the plasmid’s

promoter, one would expect not to observe differences between the constructs

bearing wild type or mutated SwSCV-1 genome.
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6. CONCLUDING REMARKS

In the last couple of years, novel HDV-like agents have been found during

metatranscriptomic studies from a broad spectrum of taxa. These new viruses

seem to use helper viruses other than HBV, which is used by HDV, and show no

specificity to hepatocytes. Detection of SwSCV-1 from Boa constrictor snakes was

an accidental finding for us, and completely shifted the scope of my thesis.

The aim of the studies included in the thesis was to characterize SwSCV-1

from various aspects. Being a novel virus, the possibilities were endless. First, we

needed to develop tools to enable in vitro studies of the virus. We generated an

antiserum against the DAg of SwSCV-1, which allowed us to detect the expression

of the viral protein in different applications. We produced various infectious

clones that gave us the possibility to explore the autonomous replication, tissue

tropism and range of possible helper viruses of SwSCV-1. We showed SwSCV-1

to efficiently replicate in different tissues. Furthermore, we demonstrated

SwSCV-1’s capability to establish persistent infection and to produce infectious

particles using the GPs of distinct helper viruses. In addition, we revealed that

SwSCV-1 DAg comes in one form only. Interestingly, HDV’s ability to produce

infectious particles with the GPs of viruses other than HBV, not only in liver but

also in kidney cells, were also described. The broadened repertoire of potential

helpers of kolmiovirids highlights the need for further research.

Our studies clearly showed the infectious nature of SwSCV-1 and its peculiar

abilities to form particles and infect naïve cells. However, many questions remain

unanswered. One of the most interesting questions is how the virus is able to

‘detect’ the co-infecting helper virus and how the virus recognizes and interacts

with the glycoproteins. Another intriguing future objective would be to study

post-translational modifications of the SwSCV-1 DAg, mutations of the editing

sites and subsequent analysis of the effects. An additional goal could be to

introduce tags into the DAg of the virus, which has been challenging and has not

been achieved for HDV. Disease associations of the novel kolmiovirids and HDV

are an interesting field of potential future studies. It is known for HDV that it

exacerbates the disease of HBV carriers [25], so it is possible that HDV could

affect similarly the infections by the other co-infecting viruses (e.g. those

described by Perez-Vargas and colleagues [248]), something that might have

been overlooked so far. The same holds true for the novel kolmiovirids.
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We identified SwSCV-1 from a snake with severe CNS signs, which could be the

result of HISV-1 infection of the animal; however, we do not know how SwSCV-1

could have contributed to the disease development. To unravel the connection

between kolmiovirids and diseases, experimental infection of various animals are

needed. Furthermore, for the detection of HDV association with human diseases,

screening of patient samples could be the next step. During animal experiments,

another aspect of the kolmiovirids, cross-species transmission, could also be

studied. We do not know if the animals, which the novel viruses were originally

identified from, are the natural hosts of the pathogens, or whether they have

acquired the infection via interaction with other species. Animal experiments are

likely to give us more relevant/accurate information than in vitro studies.

I firmly believe that the tools developed by us and described in the articles

included in this dissertation will help researchers joining the deltavirus field to

characterize new members of the Kolmioviridae family in the future. Based on

the recent findings, it is likely that more kolmiovirids are about to be described

and as mentioned before, their (and HDV’s) association with various diseases will

be uncovered. Our and others’ findings regarding the novel HDV-like agents

strongly imply that our previous knowledge on deltaviruses/kolmiovirids only

scratches the surface and much more is about to be discovered in the coming

years.
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