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1: Virus discovery 

Viral infections account for significant morbidity and mortality in the human population. More than 

70% of the recently emerging pathogens are viruses rather than bacteria, fungi, protozoa or 

helminths [1]. Environmental and biological changes such as urbanization, climate change, population 

growth, and global travel and trade led to exposure to an enormous diversity of viruses [2]. Two third 

of human viruses are of zoonotic origin and several animal viruses are able to pass the species barrier 

and cause diseases in humans [2]. In addition, viruses and in particular RNA viruses evolve rapidly, 

allowing them to adapt to a new host and change their pathogenicity quite easily. 

With respect to the fact that a significant part of human diseases with signs of an infection are still 

without proven cause, identifying the etiology of these diseases is crucial. The candidate diseases 

lacking a viral pathogen include amongst others acute gastroenteritis, acute respiratory tract 

infections, hepatitis and encephalitis [3]. It is estimated that the etiology remains unknown in around 

40% of gastrointestinal infections [4]. In respiratory diseases more than 30% of cases remain 

unexplained [5-7], suggesting that previously unknown viruses are involved. Unknown viruses may 

also be involved in some cancers and/or initiate autoimmune disease in humans, such as multiple 

sclerosis. Without rapid detection and identification of a (novel) virus, surveillance and control of 

spreading of the disease is difficult. Indeed, the first step towards diagnostics and treatment of viral 

infections is identification and characterization of the causative pathogen.  

The first virus discoveries  

The first human virus was discovered in 1901 with the use of filtration to remove bacteria and other 

pathogens: yellow fever virus [8]. In 1907, tissue culture was invented and became - for over a 

century - the gold standard methodology for virus discovery [9]. Although several viruses were grown 

in cell culture before the 1950s, the interest in cell culture for virus isolation expanded after 

propagation of polioviruses in cell culture. By the addition of antibiotics to cell culture media and the 

development of chemically defined culture media the use of cell cultures to isolate viruses was 

advanced [10]. Electron microscopes that can visualize virus particles started to be developed in the 

1930s and at the same time serology methods were introduced. Together, these methods have led to 

the discovery of many viruses, but certainly not all because some viruses cannot be cultured in vitro 

in cell lines.  
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Two revolutionary molecular biology techniques boosted virus discovery in the last decades: (1) 

Amplifying nucleic acids by polymerase chain reaction (PCR) and (2) DNA sequencing with chain 

terminating inhibitors (Sanger sequencing). For example, universal primers based on known virus 

isolates can be used to identify novel members of that same virus family, and random PCR can in 

principle be used to identify novel members of any virus family in a sequence-independent manner.  

There are three virus discovery tools that use restriction enzyme digestion in the protocol to amplify 

and sequence unknown viruses: representational difference analysis (RDA), sequence-independent 

single primer amplification (SISPA) and VIDISCA (virus discovery cDNA-AFLP, Amplified Fragment 

Length Polymorphism). The RDA method is based on digestion of a sequence of interest by a 

restriction enzyme, the subsequent addition of linkers, amplification and a subtraction of background 

amplimers [11]. By using the RDA method torque teno virus (TTV), GB viruses A and B and most 

importantly Human Herpesvirus-8 (also known as Kaposi Sarcoma herpes virus) were discovered. The 

SISPA method was introduced by Reyes et al in 1991 [12], and subsequently used to characterize 

novel viruses. The method is based on DNase treatment followed by restriction enzyme digestion and 

ligation of primer binding sequences. SISPA and VIDISCA resemble each other and represent the 

same principle, the only difference being that in the VIDISCA protocol the formation of concatemers 

is prevented, allowing more accurate comparison between cases and control samples. Bovine 

parvovirus and astrovirus were discovered by the SISPA method [13,14]. Several novel viruses were 

identified by VIDISCA and several examples will be presented in the next paragraph. This method can 

be used on any kind of clinical material like plasma, urine, serum, faeces suspensions or virus-

containing culture supernatants [15-17]. 

Since 2008 VIDISCA is usually coupled with a next generation sequencing technique (e.g. Roche 454 

pyrosequencing) and this combination method is termed VIDISCA-454. Although VIDISCA can be 

performed using standard sequencing technology such as Sanger sequencing, high-throughput 

sequencing technology makes VIDISCA much more sensitive [18]. No more than ±10 000 reads from a 

clinical sample are needed to have a satisfactory assay sensitivity of VIDISCA-454 [18]. High-

throughput sequencing of VIDISCA products involves the extensive extraction and sequencing of 

nucleic acids from a sample, without prior knowledge of what organisms, genes or viruses may be 

present [19].  
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The VIDISCA-454 method in more detail 

Virus discovery by means of VIDISCA-454 includes several steps. The first step is sample preparation 

or pre-treatment. In most clinical samples, the viral nucleic acid will only constitute a very small 

proportion of all nucleic acids. It is crucial to remove cellular debris and bacteria (sample 

background) since this material will interfere with sequencing of viral nucleic acids. Thus VIDISCA 

starts with a centrifugation step at 10,000 × g for 10 minutes to remove cell debris and bacteria 

followed by a DNase treatment to remove naked chromosomal and mitochondrial DNA. The 

presence of a protective viral capsid surrounding the viral RNA or DNA genome prevents degradation 

of the target viral nucleic acids [20].   

Each kind of clinical material carries its unique competing DNA and RNA molecules that can hinder 

pathogen detection. For instance, any cell based sample will contain a substantial amount of 

ribosomal RNA (rRNA) from ribosomes. Ribosomes share several characteristics with viruses. They 

have approximately the size of small viruses (diameter of 30 nm), and therefore cannot be separated 

from viruses by methods based on size fractionation like filtration. The rRNA is also likely covered by 

ribosomal proteins, which makes it - like intact viruses - less sensitive to nucleases. It is estimated 

that more than 80% of all RNA molecules in a cell represent one of the rRNAs, which hampers the 

detection of cell-associated viruses.  

An improvement of VIDISCA was the use of 96 non-ribosomal hexamers instead of random hexamer 

primers during reverse transcription [18]. These non-ribosomal hexamers are specifically designed 

not to anneal to rRNA, and therefore decrease the ribosomal cDNA background. Another 

modification to decrease background rRNA signals was the use of blocking oligonucleotides that 

target the rRNA. Blocking of rRNA is successfully achieved by oligonucleotides designed to anneal 

specifically to the most prevalent 18S and 28S rRNA VIDISCA targets [18]. These oligonucleotides 

contain a 3′-dideoxy C6 amino modification to avoid them being active as primers and by annealing 

to the rRNA template they block reverse transcription of rRNA into cDNA [18]. 

The background in faecal samples is probably the most complex background. Each person can have a 

different microbiota, with its varying bacteriophages. It was investigated whether there is a common 

competitor in faeces and in a less complex material, serum. In faecal samples the background is 

indeed complex, a wide range of bacteriophages are detected, and due to this heterogeneity no 

blocking oligonucleotides can be designed. In blood, the background consists of human genomic and 

even more mitochondrial DNA (30% of the sequences). As this background is already double 
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stranded DNA, a direct target for restriction enzyme digestion, one cannot block this competitor via 

blocking oligonucleotides in the reverse transcription reaction. 

After reverse transcription all single stranded DNA or cDNA molecules are converted into double 

stranded DNA (dsDNA) by using Klenow polymerase. This dsDNA is subsequently digested with the 

restriction enzyme Mse-I. This enzyme recognizes a specific sequence (AATT), which is present in 

virtually all viral genomes. The obtained fragments are ligated to adapters that render them 

amplifiable by PCR using adaptor-specific primers. Since small fragments (<100 base pairs) are not so 

important as they contain relatively little sequence information, a purification step is performed 

before and after the PCR amplification to remove small fragments and e.g. primers that will 

otherwise occupy sequence space.  

In the next step the PCR products of VIDISCA are sequenced via next generation sequencing 

techniques. The Roche 454 system was the first commercial high-throughput sequencing technology 

to be released. Because it yields longer sequence reads than the Solid or Illumina methods, it is 

preferentially used in virus discovery projects. Roche 454 utilizes emulsion PCR for the clonal 

amplification of the DNA fragment to be sequenced.  

Analysis of the sequence data using bioinformatics tools is the last, but perhaps most difficult step. 

Sequence reads can be assembled using software tools such as Codon Code and the individual or 

assembled sequences can be compared with all available sequences in the Genbank database [16]. 

Similarity based methods such as BLAST (Basic Local Alignment Search Tool) [21] are most frequently 

used to describe the taxonomic profile of viral metagenomes [22]. An output from BLAST is used to 

create a taxonomic classification of the reads with MEGAN software [23], which is a similarity-based 

taxonomic classifier to assign reads to the most appropriate taxonomic level. Via BLAST searches 

known viruses can be identified, but also unknown viruses, at least when they are related to known 

virus families. However, such identity-based searches will likely fail to discover truly different viruses 

that belong to novel virus families.  

In case of finding sequence reads that potentially constitute a novel virus, it is essential to obtain a 

complete coverage of the viral genome sequence to determine whether the virus is genuinely new, 

or a recombinant of an unknown virus with a known virus.  
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Examples of viruses discovered by VIDISCA 

Using VIDISCA a human coronavirus (HCoV-NL63) was discovered at the AMC in 2004 from a 7-month 

old child with bronchiolitis [24]. In adults, this virus is one of the four common cold causing 

coronaviruses, but in children it is associated with croup [25,26]. It had not been described before 

because of the difficulty to culture this virus in vitro. After its initial description in 2004, several 

research groups worldwide started screening for HCoV-NL63 and we now know that this virus has 

spread worldwide [27].  

In 2008, two parechovirus (types 5 and 6) were detected via VIDISCA in the Netherlands [16]. 

Furthermore a research group in Bonn discovered yet another human parechovirus type 1 strain 

using VIDISCA [28].  

Via the next generation sequencing variant of VIDISCA (VIDISCA-454) two new parvoviruses in bats 

were identified [29]. Both viruses were detected in blood of infected animals, indicating that these 

viruses cause active infections in bats [29]. The technique was also used for studying a possible viral 

etiology of canine idiopathic hepatitis, which resulted in the identification of Canine adenovirus 

type 1 (CAV-1) as the causative agent [30]. In that study, liver tissue of a dog with idiopathic acute 

hepatitis was cultured on a canine liver cell line and the cell culture medium was analyzed by 

VIDISCA-454 [30]. Another example of a VIDISCA-454 discovery is the novel cyclovirus in 

cerebrospinal fluid (CSF) specimens from Vietnamese patients with central nervous system (CNS) 

infections [15]. The virus was detected in two patients with CNS infection of unknown etiology. The 

frequent detection of this virus in feces of healthy Vietnamese pigs and poultry suggests the 

possibility interspecies transmission between animals and possibly animals and humans [15]. A 

search for diarrhea causing viruses in stool resulted in the identification of immunodeficiency-

associated stool virus, a virus that is detected most frequently in HIV-1 infected patients with a low 

CD4 cell count [31].  

Limitations of the VIDISCA-454 method when used on clinical samples 

The power of high-throughput sequencing in virus discovery is exemplified by the many discoveries 

listed in the previous paragraph. However, next generation sequencing based tools also have their 

limitations. One of the main restrictions is that detection of new viral reads does not necessarily 

indicate that this virus is pathogenic as it may be an unrelated passenger [32]. This is best illustrated 

by a striking recent example in which scientists were misled. A virus was identified in extracts from 

silica columns used to isolate nucleic acid [33], but this virus was mistakenly suggested to be the 
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agent causing hepatitis [34]. A second limitation of the metagenomics based methods is that 

recognition of viruses relies on identify searches. Nucleotide similarity to known viruses in GenBank 

can only identify closely related viruses, but highly divergent viruses may remain unrecognized. 

 

 2: Coronaviruses 

The coronavirus family forms a large group of viruses that infect a broad range of animals among 

mammals and birds. Until 2003 only two human coronaviruses, HCoV-OC43 and HCoV-229E, were 

known to cause human disease, primarily upper respiratory tract infections. In 2003 a new 

coronavirus was recognized as the causative agent of the severe acute respiratory syndrome (SARS) 

and HCoV-NL63 and HCoV-HKU1 were identified in 2004 in 2005, respectively [24,35]. Recently a 

novel coronavirus has emerged, causing severe acute respiratory infection, named the middle east 

respiratory syndrome coronavirus (MERS-CoV) [36]. Coronaviruses belong to the Coronaviridae 

family. Two subfamilies of the Torovirinae and Coronavirinae are within this family [37]. Based on 

serological and phylogenetic relationships, the Coronavirinae family is classified into four genera [37]. 

The alphacoronavirus and betacoronavirus subfamilies consist of various mammalian coronaviruses, 

whereas the deltacoronavirus and gammacoronavirus subfamilies consist mainly of viruses that 

infect birds. The genus of alphacoronavirus includes transmissible gastroenteritis virus, porcine 

epidemic diarrhea virus, some bat coronaviruses and the human pathogens HCoV-NL63 and HCoV-

229E. The coronaviruses are enveloped viruses, and their RNA genomes are linear, and single-

stranded. The genomes of 27–32 kb in length are the largest among the RNA viruses. The full-length 

RNA genome is used to generate a nested set of subgenomic mRNAs with common 5’ and 3’ 

sequences [38].  

Before the SARS epidemic in 2003, the genome of fewer than 10 coronaviruses were completely 

sequenced. The SARS epidemic boosted interest in all areas of coronavirus research [39] and 

currently there are full genome sequences available of at least 20 species. The high mutation rate of 

RNA viruses and also the tendency of coronaviruses to recombine may allow them to adapt rapidly to 

new environmental conditions and a new host [40]. In the last decade coronaviruses such as SARS-

CoV and MERS-CoV have crossed the species barrier and caused novel infections in humans. 

Therefore, it is crucial to learn more about different aspects of coronavirology, including evolution, 

pathogenesis, and infectivity. One of the first steps to achieve these goals is to obtain the full-length 

genome sequence of clinical isolates of all human coronaviruses.   
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HCoV-229E - a member of the alphacoronaviruses - causes the common cold, but occasionally it is 

also associated with more severe respiratory infections in children, elderly and persons with 

underlying illness [41,42]. HCoV-229E was one of the first coronaviruses that were isolated from man 

in the mid-1960s and the first human coronavirus to be fully sequenced: the lab strain VR-740 that 

was originally cultured in 1962. However, full-length genome sequences of clinical HCoV-229E 

isolates remained absent, such that little was known about its genetic diversity, evolution over time 

and possible adaptation to cell culture passaging.  

 

3: Torque teno viruses 

A remarkable virus family is that of the Anelloviridae. This family is extremely diverse, with members 

identified in various clinical materials and animals, but nobody could provide clues about their 

involvement in any disease. Among the Anelloviridae, the TTV plays an exceptional role. They are 

very common and vary in genome size, which is reflected in the name: TTV carries a genome of 3800 

nt, torque teno midi virus (TTMDV) has a genome of 3200 nt, and torque teno mini virus (TTMV) has 

one of only 2900 nt. So far there are 56 species known, and we all likely carry one or multiple TTV 

variants. The virus is non-enveloped, 30 nm diameter in size, and carries a circular single-strand DNA 

genome [43]. Several studies have mentioned the possible association of human TTVs with 

respiratory disease, anemia, childhood leukemia and lymphomas [44-51], however no study has thus 

far proven a causal relationship.   

 

4: Rhinoviruses 

Rhinoviruses are non-enveloped viruses with a positive-strand RNA genome of approximately 7200 

nt. Rhinoviruses belong to the Picornaviridae family  within the Enterovirus genus [52]. There are 

three species of rhinoviruses within the Enterovirus genus; Rhinovirus A, Rhinovirus B and Rhinovirus 

C [52]. Although human rhinoviruses are well known as the cause of the common cold, they can also 

infect the lower respiratory tract. Human rhinoviruses (HRVs) are highly prevalent and are known to 

be the most common etiological agents of upper respiratory infections in humans [53]. The most 

prevalent rhinoviruses in infected individuals are HRV-A in 45-65% of cases and HRV-C with 30-50% 

[54-56]. The HRV-B isolates are less frequently observed at 2-13% of human infections [54-56].  
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5: Scope of this thesis  

This thesis focuses on respiratory virus infections in humans and the improvement of the VIDISCA 

virus discovery method. 

Human coronavirus 229E was identified as early as mid-1960s, but no full-length genome sequence 

of clinical isolates was available. In chapter 2, the analysis of two full-length genome sequences of 

clinical 229E isolates is presented. The power of the VIDISCA-454 virus discovery method is 

demonstrated in chapter 3 with the discovery of a novel TTMV. This novel virus was detected in 

serum, a relatively convenient clinical material for efficient virus identification because of the 

absence of cells. More difficult is the detection of novel viruses in respiratory samples because of the 

massive amount of cells, and thus ribosomes and ribosomal RNA in this sample type. A novel method 

to improve the detection of respiratory viruses is presented in chapter 4: antibody capture VIDISCA-

454, which increases the chance that the virus discovered is indeed linked to the disease because of 

antibodies raised in the patient. The method was tested on 19 clinical samples that contain a variety 

of known viruses. The sensitivity of the method is described in chapter 5. In chapter 6, the antibody 

capture method was successfully used for the identification of a novel HRV-C type. Finally, in chapter 

7, a primary cell culture technique is added to the VIDISCA-454 protocol that, in combination with 

autologous antibody staining, allows not only easy virus discovery and identification, but also 

determination of the cell tropism of a novel virus. In chapter 8 the result of this thesis are 

summarized and discussed. 
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Abstract 

Human coronavirus 229E has been identified in the mid-1960s, yet still only one full genome 

sequence is available. This full-length sequence has been determined from the cDNA-clone Inf-1 that 

is based on the lab-adapted strain VR-740. Lab-adaptation might have resulted in genomic changes, 

due to insufficient pressure to maintain gene integrity of non-essential genes. We present here the 

first full-length genome sequence of two clinical isolates. Each encoded gene was compared to Inf-1. 

In general little sequence changes were noted, most could be attributed to genetic drift, since the 

clinical isolates originate from 2009-2010 and VR740 from 1962. Hot spots of substitutions were 

situated in the S1 region of the Spike, the Nucleocapsid gene, and the Non structural protein 3 gene, 

whereas several deletions were detected in the 3’UTR. Most notable was the difference in genome 

organisation: instead of an ORF4A and ORF4B, an intact ORF4 was present in clinical isolates. 
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Introduction 

Coronaviruses are a large group of viruses that infect a lot of animal species such as mammals and 

birds. Coronaviruses are enveloped, plus strand RNA viruses and belong to the Coronaviridae family. 

The genomes are linear, non-segmented and single strand. The coronavirus genomes with 27 to 31.5 

kb in length are the largest of the known RNA viruses. The genomes are polycistronic generating a 

nested set of subgenomic RNAs with common 5’ and 3’ sequences [1]. Based on serologic and 

phylogenic relationship, coronaviruses are classified into three genera. Alphacoronavirus and 

Betacoronavirus consist of various mammalian coronaviruses, whereas Gammacoronavirus includes 

bird viruses [2]. The genus of Alphacoronavirus includes transmissible gastroenteritis virus (also 

referred to as alphacoronavirus I; ICTV 2009), porcine epidemic diarrhea virus, some bat 

coronaviruses, and the human coronaviruses (HCoVs) NL63 and 229E. Generally, HCoV-229E virus 

causes common cold but occasionally it can be associated with more severe respiratory infections in 

children, elderly and persons with underlying illness [3-5].  

So far only one full genome has been determined for HCoV-229E [6]. This reference sequence is 

obtained from the infectious HCoV-229E cDNA clone (Inf-1) that is based on the in 1973 deposited 

laboratory-adapted prototype strain of HCoV-229E (VR-740). The 1973-deposited prototype strain 

was originally isolated in 1962 from a medical student with an upper respiratory infection at the 

University of Chicago [7,8]. Of the current HCoV-229E isolates only limited sequence data has been 

obtained. Chibu and Birch have investigated the evolution of HCoV-229E by sequencing part of the S 

and the N gene from clinical samples collected between 1979 and 2004 [5].  

Sequence data from other genomic regions are still lacking, since no full-genome sequence of a non-

lab-adapted virus is available.  

 

Material and methods 

Clinical samples 

We propagated several contemporary strains of HCoV-229E upon pseudostratified human airway 

epithelial. One of these, clinical strain HCoV-229E 0349 (21050349), was isolated from a respiratory 

swab collected in the Netherlands in 2010, from a stem cell transplantation recipient, who presented 

in hospital with fever and respiratory infection. The virus was propagated upon human airway 

epithelial cells, as described previously [9]. The apical supernatant was harvested 72 hours post-

infection by apical washing. A second clinical isolate was uncultured, J0304, obtained from an adult 

with symptoms of lower respiratory tract infections in Italy, collected via the GRACE European 
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Network of Excellence [10]. Ethics review committees in each country approved the study, and 

written informed consent was provided by all study participants. 

 

Full genome sequencing of the HCoV-229E clinical isolates 

Total RNA was extracted from the apical washing from 0349 and from the Copan collected swab of 

J0304 (Copan Diagnostics) as described [11]. Reverse transcription was performed at 37°C for 1 h 

using random hexamers and superscript II (Invitrogen). The HCoV-229E Inf-1 reference sequence 

(Accession number NC_002645.1) was used as scaffold for designing bidirectional PCR-primer 

combinations, amplifying an average fragment length of 500 bp with a minimum overlap of 80 bp 

with adjacent primer combinations. Primers sequences are available upon request. Amplification of 

the fragments was performed with the following thermal cycle profile: 5 min at 95°C, 45 cycles of 

95°C 1 min , 55°C 1 min, and 72°C 2 min, followed by a final elongation step of 7 min 72°C. PCR 

fragments were visualized upon agarose gel electrophoreses by ethidum bromide staining. Positive 

PCR fragments were directly sequenced with their forward and reverse primers in both directions. 

Sequencing reactions were performed according to the BigDye Terminator v1.1 protocol (ABI life 

science). Sequences were analyzed with Codon Code Aligner software (version 3.7.1). Sequences 

have been submitted to GenBank (JX503060, JX503061). 

  

5’and 3’ RACE  

In order to complete the full genome sequence with 5’ and 3’ termini, 5’ and 3’ RACE was performed. 

The 5’ end was determined with the 5’ RACE kit (Invitrogen) according to the manufactures protocol. 

Gene specific primers for 5’ RACE PCR amplification were designed to flank approximately 100 nt of 

the 5’ region. The 3’ end of HCoV-229E clinical strain was determined with 3’ RACE, with an RT 

reaction performed  using the Oligo-dT-JZH primer and PCR amplification with the JZH primer and a 

gene specific primer [9]. The PCR products were excised after agarose electrophoresis and purified 

with the Nucleospin Extract II kit (Machery-Nagel) according to the manufacture protocol. Purified 

PCR products were cloned into the pCRII- TOPO TA vector (invitrogen) and chemically competent E 

Coli according to manufacture protocol (Top 10 cells, Invitrogen). Transformants were directly 

analysed via colony PCR with T7 and M13Rev primers. PCR products were sequenced as described 

above.  
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Full genome sequence analysis 

The ZCURVE_CoV1.0 program was used to recognize and predict putative proteins coding genes 

[12,13]. Phylogenic analyses (neighbor-joining method) were conducted by using MEGA, version 

4.02. The identity between HCoV-229E clinical isolates and the reference sequence of 229E (inf-1 

NC_002645.1) was investigated by pairwise alignment using BioEdit Sequence Aligner. Simplot 

(version 3.5.1) was used to draw similarity/distance plots. N-linked and O-linked glycosilation sites 

and signal peptide cleavage sites were predicated using the NetNGly 1.0, NetOGly 3.1, and SignalP 

4.0 analysis tools, from the Center for Biological Sequence Analysis (http:// 

www.cbs.dtu.dk/services/). The identity comparisons per gene were investigated by pairwise 

alignment using BioEdit Sequence Aligner. 

 

 

Results and Discussion  

The full-genome HCoV-229E strains 0349 and J0304 consist of round about 27.240 nt. The GC- 

content is 38.07% in 0349 and 38.13% in J0304; this percentage is 38.26 for the reference sequence 

of the laboratory-adapted virus (inf-1, NC_002645.1). Between the two clinical isolates not much 

sequence difference was noted: only 135 nucleotide differences, one codon insertion/deletion in the 

S gene and a 2 nt insertion/deletion in the 3’UTR. According to the ZCURVE_CoV1.0 program, the 

genome organization of 0349 and J0304 is similar to the reference sequence with one major 

difference. The clinical strains of HCoV-229E have seven putative protein coding genes, while there 

are eight in the reference sequence. This difference rises from the fact that the clinical strains have 

an intact ORF4, the reference has ORF4A and ORF4B. Table 1 shows the nucleotide and amino acid 

similarities among the ORFs of HCoV-229E strain 0349, J0304 and the reference sequence. Most 

distances (>2% at nt level) are observed at the Non-structural protein 3 (NSP3) gene, Spike gene, 

Nucleocapsid gene, and the 3’ UTR.  

Full genome alignment of 0349 and J0304 with the reference sequence reveals 168 and 175 

substitutions, respectively, in the 1a replicase gene of which 66 are non-synonymous in both. In the 

1b replicase gene there are 84 in 0349 and 81 in J0304 substitutions resulting in 20 and 19 amino 

acid changes respectively. Furthermore, one deletion and an insertion were observed. The NSP3 

gene encodes for the largest non-structural protein and comprises 1594 amino acids residues. This 

protein is a multi-functional protein and acts as Papain Like protease (PL pro) and also has catalytic 

activity [14]. In 0349 and J0304 we observed 74 nucleotides substitutions (34 non-synonymous in 

http://www.cbs.dtu.dk/services/
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0349 and 33 in J0304), a 21 nt insertion at position 286, and a 6 nt deletion at the positions 316-321.  

The NSP4 gene is situated between the two autoproteolytical proteins NSP3 and NSP5. There are 21 

nucleotide substitutions in 0349 that cause 5 amino acid changes. In J0304, there are 19 

substitutions, 4 of them are non-synonymous. NSP5 has a proteolytic role with cystein protease 

activity. It is very important in viral replication and therefore often referred to as the main protease 

(Mpro) [14,15]. The Mpro–mediated processing pathways are well conserved in all coronaviruses and 

it cleaves as many as 11 pp1a/pp1b sites to produce a total of 13 mature proteins [16]. Although 

there are 7 changes at nucleotide acid level in 0349, there is only 1 amino acid difference (E222D). 

The same for J0304 with 10 substitutions that cause only 2 changes in amino acid level (F12L and 

E222D). The NSP6 gene encodes a membrane–spanning protein [14]. Eight nucleotide substitutions 

are found in 0349 and 7 in J0304, of which one is non-synonymous (V86I). The HCoV-229E genome 

encodes several small non-structural proteins, like NSP7 to NSP10, that have RNA binding activity and 

are believed to be involved in viral RNA synthesis [14]. There is one substitution in the NSP7 gene in 

0349 and 3 in J0304 that have no effect on the encoded protein. In NSP8 there are 6 nucleotides 

substitutions, all except one are synonymous (I179T). There are 3 nucleic acids substitutions in NSP9 

of 0349 and 5 in J0304, one of them non-synonymous (T23I). Within the NSP10 gene there are 6 

nucleotide substitutions in 0349, including two that change the amino acid sequence (S18A and 

C57S). Although we have 8 nucleotide substitutions in J0304, there is only one that has effect on 

amino acid level (C57S). 

NSP12, or RNA dependent RNA polymerase, consists of 927 amino acids. In 0349 there are 35 and in 

J0304 34 nucleotides substitutions that result in 12 and 11 changes respectively in amino acid levels 

in comparison with the reference sequence (N4S, A32V, K131R, E134G, S147N, S233A, M458I, S524L, 

S757G, G767E, I842V, H906Q). Moreover, there is a difference in cleavage site between NSP10 and 

NSP12. In the reference the cleavage site is TAIQ/SFDN, whereas it is TAIQ/SFDS in both clinical 

strains.  

NSP13 encodes the viral helicase. We noticed 19 in 0349 and 20 in J0304 nucleotide substitutions, 

only three of them causing changes at the amino acid level (N58T, N352T and I591V). In J0304 there 

is one more non-synonymous substitution (I475T). The same pattern is observed in NSP14 of 0349, 

the gene encoding the exoribonuclease: 17 nucleotide substitutions and only 3 changes in amino acid 

sequence (T254N, D372E and E514D), and in J0304, there are 13 mutations that cause 2 amino acid 

changes in protein (D372E and E514D). In NSP15, seven substitutions of which 2 are non-synonymous 

(P187H and V307L), and in NSP16 there are 7 in 0349 and 8 in J0304 nucleotides substitutions, of 

which one is non-synonymous (E270D).  



Chapter 2 

 

[29] 

 

 

Table1. Nucleotide and amino acid identity among the ORFs of clinical isolates and inf1 HCoV-229E 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

 

 % Amino acid 
Identity 

% Nucleotide 
Identity 

 

% Amino acid Similarity 
 

 0349 J0304 0349 J0304 0349 J0304 

                                          

ORF1a 

                                                     

98.0 

                                                     

98.1 

 

98.3 

 

98.3 

 

98.7 

 

98.8 

ORF1b 99.2 99.2 98.9 98.0 99.5 99.6 

NSP1 99.1 99.1 99.4 99.4 99.1 99.1 

NSP2 97.6 97.4 98.3 98.3 98.5 98.7 

NSP3 97.2 97.2 97.8 97.8 98.0 98.1 

NSP4 99.0 99.0 98.5 98.7 99.8 99.6 

NSP5 99.7 99.3 99.2 98.9 100 99.7 

NSP6 99.6 99.6 99.0 99.2 100 100 

NSP7 100 100 99.6 98.8 100 100 

NSP8 99.5 99.5 99.0 99.0 99.5 99.5 

NSP9 99.1 99.1 99.1 98.5 99.1 99.1 

NSP10 98.5 99.3 98.5 98.0 99.3 99.3 

NSP12 98.7 98.8 98.7 98.8 99.3 99.5 

NSP13 99.5 99.3 98.9 98.9 99.7 99.5 

NSP14 99.8 99.7 98.9 98.9 99.4 100 

NSP15 99.4 99.4 99.3 99.3 99.7 99.7 

NSP16 99.7 99.7 99.2 99.1 100 100 

S 94.8 94.7 96.4 96.4 96.8 96.8 

E 98.7 98.7 99.1 99.6 98.7 98.7 

M 99.5 99.5 98.5 98.5 99.1 99.1 

N 98.2 98.5 97.8 97.8 98.5 98.4 
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The S gene encodes two Spike protein domains, S1 and S2 (codons 1-560 and 561-1173 respectively). 

Similar to the reference strain no furin cleavage site is present between the S1 and S2 domain. 

Alignment of the S genes identified two deletions in both clinical strains and 117 nucleotides 

substitutions, of which 56 are non-synonymous substitutions in 0349 and 57 non-synonymous in 

J0304.  

Most amino acid changes (including 48 amino acid substitutions in 0349 and 49 amino acid 

substitutions in J0304) and the deletions are within the S1 domain, especially at position 223-229, 

307-324, 349-358 and 401-411. The deletions in 0349 result in 2 codon deletions in S1 at amino acid 

position 228 and 354. The deletions in J0304 result in 3 codon deletions in S1 at amino acid position 

228, 354 and 355. Forty-four of the non-synonymous changes and the 2 codon deletions have been 

described before by Chibo and Birch [5], suggesting that they are shaped by evolution and the 

positive selection pressure on the S1. Amino acid changes in the S1 allow escape to virus neutralizing 

antibodies [5]. 

The receptor of HCoV-229E is human Aminopeptidase N that is recognized by the S1 region. Studies 

show that between amino acids 417 and 517 there is an important region for binding to the receptor 

[17]. In this region our clinical isolates have 4 synonymous and 5 non-synonymous substitutions. One 

study indicated that the area between 278 to 329 amino acids is also important for binding 

Aminopeptidase N [18]. In this region the clinical isolates have 10 non-synonymous substitutions. Of 

the total 15 amino acid changes that might affect receptor binding, all have been described 

previously [5]. Despite the amino acid changes at the receptor binding regions we have no 

indications that the clinical isolate 0349 was different in cell tropism compared to the Inf-1 isolate. 

Both strains have identical cell tropism in pseudostratified respiratory epithelium cultures (R. 

Dijkman et al manuscript in preparation).  

The putative S proteins of 0349 and J0304 contain respectively 27 and 26 potential N-glycsylation 

sites upon analysis with the NetNgly 1.0 analysis tool, from the Center for Biological Sequence 

Analysis (http:// www.cbs.dtu.dk/services/), while the reference sequence contains 24 potential N-

glycosylation sites. Indeed these 24 are conserved and there are 3 extra at positions 20, 111 and 488 

in isolate 0349, and in J0304 there are 2 extra at positions 111 and 488. The predicted signal peptide 

of S in the reference sequence is present at amino acids 1-16, using the SignalP 4.0 tool from the 

Center for Biological Sequence Analysis. The predicted signal peptide of both clinical isolates is also 

located at amino acids 1-16, with potential cleavage site between 16 and 17.  

The S2 part contains the heptad repeats (HR1 at codons 777–916; HR2 at codons 1057–1105) [19], 

the trans-membrane domain (codons 1117-1138), and a cytoplasmic tail. There are only 8 amino acid 

http://www.cbs.dtu.dk/services/
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substitutions, one of them is located in the HR1 region position 871 (T871I). All have been described 

previously by Chibo and Birch [5]. None of the amino acid changes were located in the trans-

membrane domain or the cytoplasmic tail. 

A phylogenetic analysis which includes our clinical isolates, the reference sequence, and various S 

sequences from clinical samples collected between 1979 and 2004 provides further evidence of 

divergence in time as shown previously (Fig. 1A) [5]. Chibo and Birch presented 4 phylogenetically 

distinct S gene sequences of which the clustering matched with the year of isolation, indicating 

genetic drift in time. Isolate 0349 and J0304 cluster with the group 4 viruses, a group that contains all 

Genbank S-sequences that have been collected from 1999 onwards. 
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Fig. 1A. Phylogenetic analysis of the Spike gene of the HCoV-229E clinical isolates, 

Inf1 and those available in GenBank (accession numbers, year and country of 

collection are indicated). 

 

 

 

 

 

Fig. 1A Phylogenetic analysis of the spike genes of the HCoV-229E clinical isolates, Inf-1 and those 

available in GenBank (accession numbers, year, and country of collection are indicated) 
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Fig. 1B Phylogenetic analysis of the Nucleocapsid gene of the HCoV-229E isolates, 

Inf1 and those available in GenBank (accession numbers, year, and country of 

collection are indicated). 

 

 

 

 

Fig. 1B Phylogenetic analysis of the nucleocapsid genes of the HCoV-229E clinical isolates, Inf-1 and 

those available in GenBank (accession numbers, year, and country of collection are indicated) 
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The ORF4 gene is located between the Spike and Envelope gene. Its function is unknown, yet studies 

with HCoV-NL63 accessory protein ORF3, a homolog of 229E-ORF4, revealed that the protein is 

incorporated into virions and is therefore an additional structural protein [13]. There are major 

differences between the clinical isolates and the reference sequence. Most important is a 2 nt 

deletion in the reference strain resulting in an interruption of the gene, whereas the two clinical 

isolates have an intact ORF4, as previously published [20]. The putative full protein is 219 amino acids 

in size. Besides the insertion/deletion 17 nucleotide changes are observed (equal for both clinical 

isolates), resulting in 9 amino acid substitutions. 

The Envelope protein encodes a 77 amino acid protein, and the clinical isolates have only 2 

nucleotides different from the reference, one of these results in an amino acid change (V12I). 

The Membrane gene consists of 678 necleotides, encoding a 225 amino acid protein. Both clinical 

isolates have 10 nucleotide differences with the reference sequence, of which only one is non-

snonymous (F82L).  

The Nucleocapsid protein plays a fundamental role in virus assembly and RNA synthesis [21]. Among 

the 1170 nucleotides that encode the N protein 26 nucleotides substitutions with 7 changes in amino 

acid sequence were noted in 0349 and in J0304 there are 25 nucleotide substitutions that cause 8 

changes in amino acid level. Three of these changes are located in a hot spot between aa 224 and 

228. Inspection of N-gene sequences that are available in Genbank revealed that 6 of the 7 amino 

acid changes have been present in the circulating HCoV-229E strains for decades. This includes the 

224-228 hot spot that has been present as early as 1982 [5]. Phylogenetic analysis shows clustering 

with strains obtained most recently (Fig 1B). 

In the coronavirus genome transcription–regulation sequences (TRS) are present in 3’ end of the 

leader sequence and upstream of each structural gene. For both clinical isolates the TRS has the core 

structure UCUCAACU, except the ORF4 gene for which the TRS is UCAACU. The TRS core structure for 

the M and the N gene have a 1 nucleotide different UCUAAACU, that is also found in the reference 

sequence. All are exactly the same as in the reference sequence (personal communication Volker 

Thiel), including the position of the TRSs with its adjacent AUG (Table 2). 
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Table 2. The leader and body transcription-regulating sequences (TRSs) in HCoV-229E clinical isolates 

(0349, J0304) and laboratory adapted isolate (Inf-1) 

 
 

 

 

 

Evaluation of the 3’ UTR reveals significant variation. In the clinical isolate 0349 there are 8 nt 

substitutions and 3 deletions observed. In J0304, there are 9 substitutions and 2 deletions. The 

largest deletion in both isolates is a 38 nucleotide deletion. Furthermore, two short deletions with 

lengths of two and four nucleotide are observed in 0349, and a four nucleotide deletion in J0304. The 

effect of such deletions on 3’UTR structure and function is unknown. For the betacoronaviruses MHV 

and BCoV it has been proposed that there are two conserved RNA structures at the upstream end of 

the 3’UTR: a bulged stem-loop and an adjacent pseudoknot [22]. There is a highly conserved 

pseudoknot in all alphacoronaviruses but not a detectable counterpart of the bulged stem-loop in 

any proximity, upstream or downstream of the pseudoknot [22,23]. Strain 0349 showed most 

substitution (7 / 8) and deletions in the first 150 nt of the 3’ UTR. Surprisingly, the downstream 

remainder of the 3’ UTR, in which we observe only 1 substitution, is labeled hyper-variable region 

(HVR). The HVR is marked as highly divergent in sequence and structure, even among closely related 

coronaviruses [24]. This HVR region harbors the octanucleotide 5′-GGAAGAGC-3′, which is conserved 

in all coronavirus 3’UTRs, situated around 70 to 80 nt from the 3′ end of the genome [25]. In HCoV-

229E strain 0349 and J0304 this region is also conserved at 73 nt from the 3’ end. 

In this study we report the first full genome sequences of two non-laboratory adapted strains. 

Alignment of nucleotide and protein sequences and phylogenetic analysis of the two HCoV-229E 

 TRS core structure Position 

Inf-1 

Position 

0349 

Position 

J0304 

 Leader UCUCAACUAAAN220AUG 62-295 62-295 62-295 

 S UCUCAACUAAAUAAAAUG 20571-20588 20570-20587 20570-20587 

 ORF4 UCAACUAAAN38 AUG 24054-24103 24053-24102 24050-24099 

 E UCUCAACUAAN152 AUG 24599-24764 24599-24763  24596-24760 

 M UCUAAACUAAACGACAAUG 24991-25009 24990-24008 24987-25005 

 N UCUAAACUGAACGAAAAGAUG 25680-25700 25679-25699 25676-25696 
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strains showed several differences with the reference sequence. Genetic drift was noticed in the 

Spike gene, and the only part of the genome truly affected by lab-adaptation is the ORF4 gene.  

Acknowledgements 

This study was supported by funding from the European Community's Sixth Framework Programme 

under the project RespVir, EC grant agreement grant number LSHM-CT-2006-037276, the Sixth 

Framework Programme under the project GRACE, EC grant agreement number LSHM-CT-2005-

518226 and VIDI grant 016.066.318 from the Netherlands Organization for Scientific Research 

(NWO).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

 

[37] 

 

References 

1. W. Spaan, H. Delius, M. Skinner, J. Armstrong, P. Rottier, S. Smeekens, B.A. van der Zeijst, 

S.G. Siddell, EMBO J. 2, 1839–1844 (1983) 

2. http://www.ictvonline.org/virusTaxonomy.asp?version5 2009&bhcp51. Accessed May 2012 

3. L.J. van Elden, A.M. van Loon, F. van Alphen, K.A. Hendriksen, A.I. Hoepelman, M.G. van 

Kraaij, J.J. Oosterheert, P. Schipper, R. Schuurman, M. Nijhuis, J. Infect. Dis. 189, 652–657 

(2004) 

4. L. van der Hoek, Antivir. Ther. 12, 651–658 (2007) 

5. D. Chibo, C. Birch, J. Gen. Virol. 87, 1203–1208 (2006) 

6. V. Thiel, J. Herold, B. Schelle, S.G. Siddell, J. Gen. Virol. 82, 1273–1281 (2001) 

7. D. Hamre, J.J. Procknow, Proc. Soc. Exp. Biol. Med. 121, 190–193 (1966) 

8. D. Hamre, D.A. Kindig, J. Mann, J. Virol. 1, 810–816 (1967) 

9. R. Dijkman, S.M. Koekkoek, R. Molenkamp, O. Schildgen, L. van der Hoek, J. Virol. 83, 7739–

7748 (2009) 

10. J. Nuttall, K. Hood, T.J. Verheij, P. Little, C. Brugman, R.E. Veen, H. Goossens, C.C. Butler, BMC 

Fam. Pract. 12, 78 (2011) 

11. R. Boom, C.J. Sol, M.M. Salimans, C.L. Jansen, P.M. Wertheimvan Dillen, J. van der Noordaa, J. 

Clin. Microbiol. 28, 495–503 (1990) 

12. T.G. Chen, S.F. Wu, P. Wan, C.J. Du, J.Q. Li, D. Li, G.Z. Wei, B. Li, Z.S. Wang, X.F. Xue, Y.P. Zhu, 

F.C. He, Yi Chuan Xue Bao 30, 773–780 (2003) 

13. M.A. Muller, L. van der Hoek, D. Voss, O. Bader, D. Lehmann, A.R. Schulz, S. Kallies, T. 

Suliman, B.C. Fielding, C. Drosten, M. Niedrig, Virol. J. 7, 6 (2010) 

14. J. Ziebuhr, B. Schelle, N. Karl, E. Minskaia, S. Bayer, S.G. Siddell, A.E. Gorbalenya, V. Thiel, J. 

Virol. 81, 3922–3932 (2007) 

15. J. Ziebuhr, E.J. Snijder, A.E. Gorbalenya, J. Gen. Virol. 81, 853–879 (2000) 



Chapter 2 

 

[38] 

 

16. J. Ziebuhr, Curr. Top. Microbiol. Immunol. 287, 57–94 (2005) 

17. A. Bonavia, B.D. Zelus, D.E. Wentworth, P.J. Talbot, K.V. Holmes, J. Virol. 77, 2530–2538 

(2003) 

18. H. Hofmann, G. Simmons, A.J. Rennekamp, C. Chaipan, T. Gramberg, E. Heck, M. Geier, A. 

Wegele, A. Marzi, P. Bates, S. Pohlmann, J. Virol. 80, 8639–8652 (2006) 

19. C. Liu, Y. Feng, F. Gao, Q. Zhang, M. Wang, Biochem. Biophys. Res. Commun. 345, 1108–1115 

(2006) 

20. R. Dijkman, M.F. Jebbink, B. Wilbrink, K. Pyrc, H.L. Zaaijer, P.D. Minor, S. Franklin, B. 

Berkhout, V. Thiel, L. van der Hoek, Virol. J. 3, 106 (2006) 

21. S. Zuniga, I. Sola, J.L. Moreno, S. Alonso, L. Enjuanes, Adv. Exp. Med. Biol. 581, 31–35 (2006) 

22. S.J. Goebel, J. Taylor, P.S. Masters, J. Virol. 78, 7846–7851 (2004) 

23. B. Hsue, T. Hartshorne, P.S. Masters, J. Virol. 74, 6911–6921 (2000) 

24. Q. Liu, R.F. Johnson, J.L. Leibowitz, J. Virol. 75, 12105–12113 (2001) 

25. R. Zust, T.B. Miller, S.J. Goebel, V. Thiel, P.S. Masters, J. Virol. 82, 1214–1228 (2008) 

 

 
 
 
 
 
 
 
 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Seyed Mohammad Jazaeri Farsani, Maarten F. Jebbink, Martin Deijs, Marta Canuti, Karel A. van Dort, 

Margreet Bakker, Bart PX Grady, Maria Prins, Formijn J. van Hemert, Neeltje A. Kootstra and Lia van 

der Hoek 

 

 

 

 

 

 

Virology Journal 2013, 10:323 

 

       

 

          

Identification of a new genotype of  

torque teno mini virus  
 

http://www.springerlink.com/content/?Author=Seyed+Mohammad+Jazaeri+Farsani
http://www.springerlink.com/content/?Author=Maarten+F.+Jebbink
http://www.springerlink.com/content/?Author=Martin+Deijs
http://www.springerlink.com/content/?Author=Richard+Molenkamp
http://www.springerlink.com/content/?Author=Lia+van+der+Hoek
http://www.springerlink.com/content/?Author=Lia+van+der+Hoek


Chapter 3 

 

[40] 

 

Abstract 

Background  

Although human torque teno viruses (TTVs) were first discovered in 1997, still many associated 

aspects are not clarified yet. The viruses reveal a remarkable heterogeneity and it is possible that 

some genotypes are more pathogenic than others. The identification of all genotypes is essential to 

confirm previous pathogenicity data, and an unbiased search for novel viruses is needed to identify 

TTVs that might be related to disease.  

Method 

The virus discovery technique VIDISCA-454 was used to screen serum of 55 HIV-1 positive injecting 

drug users, from the Amsterdam Cohort Studies, in search for novel blood-blood transmittable 

viruses which are undetectable via normal diagnostics or panvirus-primer PCRs. 

Results 

A novel torque teno mini virus (TTMV) was identified in two patients and the sequence of the full 

genomes were determined. The virus is significantly different from the known TTMVs (< 40% amino 

acid identity in ORF1), yet it contains conserved characteristics that are also present in other TTMVs. 

The virus is chronically present in both patients, and these patients both suffered from a 

pneumococcal pneumonia during follow up and had extremely low B-cells counts. 

Conclusion 

We describe a novel TTMV which we tentatively named TTMV-13. Further research is needed to 

address the epidemiology and pathogenicity of this novel virus. 
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Background 

Human Torque Teno virus (TTV) was first discovered in a Japanese patient with acute post-

transfusion hepatitis in 1997 [1]. It is a small and non-enveloped virus, with the size of 30 nm 

diameter, which carries an approximately 3.8 kb, circular negative sense, single-stranded DNA 

genome [2,3]. According to the latest International Committee on Taxonomy of Viruses (ICTV) 

classification [4,5], TTV has been classified into the Anelloviridae family which includes also torque 

teno mini virus (TTMV), formerly known as TTV-like Mini virus (TLMV), and TT midi virus (TTMDV), 

discovered in 2000 and 2007 respectively [6,7]. The Anelloviridae family contains 11 genera and 

TTMV belongs to the genus Betatorquevirus, where the TTV and TTMDV are in Alphatorquevirus and 

Gammatorquevirus genera respectively [4,5]. All these viruses have similar genome structure but 

different genome sizes: 3.7-3.8 kb for TTV, 3.2 kb for TTMDV and 2.8-2.9 for TTMV [6-9]. 

Using alternative splicing, TTV generates three mRNA species and produces at least six proteins by 

alternative translation initiation [10]. TTV ORF1 is the largest ORF and encodes a capsid protein, 

which has an arginine-rich N terminus that is suggested to have DNA binding activity and to function 

in packaging of the viral DNA [3,11,12]. The noncoding region, highly conserved among TTVs [13], has 

a very high GC content and is around 170 bp in size. TTVs are widely spread in the whole human 

population and most people carry a TTV or TTMV infection but the association of TTV with disease is 

unclear [14-16]. Moreover, the immunological properties, the possible pathogenic role and other 

aspects of TTVs are still poorly understood. Persistent infection and co-infection with several 

genotypes are common [17-19], and some investigations suggest that TTVs are associated with 

hepatitis, gastritis, cancer, and acute respiratory diseases (see below), but no clear evidence has ever 

been presented. TTV-like sequences were identified in tumors of the gastrointestinal tract and 

myelomas [20]. Furthermore, several studies have mentioned the possible association of TTV with 

respiratory disease, asthma and its role in prognosis of idiopathic pulmonary fibrosis [21-25], while 

others suggested a possible association of TTV with aplastic anemia, childhood leukemia, and 

lymphomas [26-28]. It is also possible that the viral load, co-infections with multiple types or other 

agents, the immune status of the host, differences in genomic sequence or more of these factors at 

the same time have an influence on the pathogenicity [29]. TTVs reveal a remarkable heterogeneity 

and multiple genotypes have already been described [13]. It is possible that only some genotypes of 

TTV have a capacity to cause disease or are characterized by a higher pathogenicity than others [30]. 

Therefore, to have a comprehensive view on TTVs and consider their possible roles in human 

infections, identification of all genotypes is needed, as it represents the first step towards 
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understanding the epidemiology, the immunology, the pathogenesis and other aspects of this virus 

family. In this study we describe a new genotype of TTMV identified in serum of two HIV-1 positive 

patients, which we tentatively named TTMV-13. 

Results 

In search for novel viruses which are potentially transmitted via blood-blood contact, we screened 

serum of 55 HIV-1 positive injecting drug users from the Amsterdam Cohort Studies via VIDISCA-454, 

an unbiased virus discovery method that can detect both RNA and DNA viruses [31]. From the total 

of 285,400 obtained reads a novel torque teno mini virus (TTMV) was identified and its full genome 

was obtained via genome walking with target specific primers and nested inverse PCR. 

Genome organization and phylogenetic analysis 

The genome of the virus carries the characteristic features of TTMVs (see Figure 1). The ORF1, the 

largest open reading frame, encodes a 662 amino acid long putative capsid protein which presents 

four potential glycosylation sites; no signal peptides were identified. As in other TTVs, the capsid 

protein is arginine rich in its N terminus and presents two conserved motives, motif 3 (YXXK) and 

motif 4 with 2 changes (GXXXXGNP instead of GXXXXGKS), which have been identified previously in 

ORF1 of other TTVs [32]. The second ORF encodes a putative Rep protein of 94 amino acids. ORF 2 

of TTV and TTMV can contain some conserved common motifs [6,33]. The WX7HX3CXCX5H motif 

was found in the ORF2 of the new TTMV described here (CX7HX3CXCX5H) at the AA positions 15–34. 

A palindromic sequence (GGGGGCTCCGCCCCC) is repeated two times in the 3′end of genome and a 

GC-rich region is also present in the non-coding part, as similarly reported for TTMV, TTV and 

TTMDV [2,6]. 

A full length genome sequence was obtained from a second patient (D11, see below). In general the 

two viruses were very similar, with the same genome composition and overall less than 1% 

difference in nt identity. The variation was mainly in the ORF1 gene (1.1%), and the ORF2 genes were 

100% identical at nucleotide level. 
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Figure 1 Genomic organization of the new TTMV genotype. Arrows represent ORFs, and the box 

indicates the GC-rich region. Putative proteins sizes for each ORF are given in amino acids: The ORF1 

encodes a 662 amino acid long putative capsid protein, ORF2 and ORF3 a 94 and 126 amino acid 

putative protein, respectively. Conserved motifs in TTVs are indicated. 
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Phylogenetic analysis shows that TTMV13 does not cluster with any of the known TTMVs (Figure 2). 

The novel TTMV-13 has only 38.6% amino acid identity in ORF1 to its closest relative TTMV4. As 

indicated by the scale bar in Figure 2, diversification is large among TTMVs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 TTMV phylogeny derived from ORF1 amino acid sequences. ORF1 amino acid sequences 

(662 amino acids) of known TTMVs were aligned with TTMV13 and phylogenetically analyzed. 

Numbers at nodes indicate bootstrap support (1000 replicates). The scale bar is a measure of the 

proportion of divergence. LogL = −20869.57. 
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Clinical characteristics of infected patients and viral prevalence among the studied cohort 

The patient (D50) in which the virus was originally detected was male, known HIV-1 positive since 

entry of the Amsterdam Cohort Studies, and followed for 43 months until death (April 1989 - January 

1993). The patient was diagnosed with AIDS, 6 months after entering the study (pneumocystis carinii 

pneumonia). At the same time (6 months after study entry) zidovudine treatment was started. Seven 

months before death the patient developed a pneumococcal pneumonia, which was treated with 

sulfamethoxazole. The sample in which the TTMV was detected was collected 16 months since study 

entry (June 1991). Besides the novel TTMV, the VIDISCA-454 sequence reads also showed that the 

patient was co-infected with HCV (2,5% of the sequences) and several known members of the 

Anelloviridae (2,1% of the reads). Furthermore, HIV-1 was detected as expected (0,1% of the 

sequences). 

To investigate whether the virus was circulating among injecting drug users, a diagnostic-TTMV13-

specific-real time PCR was developed and 548 samples from 385 HIV-1 positive injecting drug users, 

randomly chosen from the Amsterdam Cohort Studies, were screened for presence of the virus 

(collection dates 1985–1995). One additional patient carrying the virus was identified. This patient 

(D11) was male, HIV-1 and HCV positive since entry of the Amsterdam Cohort Studies, and followed 

from June 1993 until death June 1998. AIDS was diagnosed 22 months since study entry (candida 

oesophagitis). At that time the patient had been treated with zidovudine for 20 months, which was 

supplemented with lamivudine after AIDS diagnosis. The patient developed a pneumococcal 

pneumonia and died due to a pneumococcal sepsis 5 years after study entry. The TTMV positive 

sample was collected 9 months since study entry (January 1994). 

To investigate whether the TTMV infection was chronic, sequential serum samples from both 

patients collected over the study period were screened for viral DNA. In both patients the virus was 

detectable over a prolonged period in time. Patient D50 was TTMV-13 positive during the first 26 

months of follow up, whereas patient D11 became positive 7 months after study entry and cleared 

the virus at month 27 (see Figure 3A and 3B). In general, viral loads for Patient D11 were low (103 -

104 copies/ml) except one peak in 1994.  
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Figure 3 Follow up data of patient D50 (A) and D11 (B) infected by the new genotype of TTMV. On 

the X-axis the time of follow up in the Amsterdam Cohort Studies is shown, the cell counts 

(cells/mm3) on the left Y-axis and the concentration of the TTMV13 virus in copies per ml on the 

right Y-axis. TTMV-13 virus loads below the detection limit (100 copies/ml serum) are indicated as 

100 copies/ml. 
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In search for a disease association, all collected clinical and laboratory data were examined for 

specific factors which were in common for both TTMV-13 positive patients. Both patients have 

suffered a pneumococcal pneumonia during follow up and both patients had extremely low B-cells 

counts (both B-cells < 0.05 cells / mm3 blood, see Figure 3). It is possible that TTMV-13 infection is 

causing the low B-cell counts, suggesting that the virus is replicating in B-cells. To this end B-cells 

from the first patient were isolated and co-cultured with primary B-cells from a healthy donor or B 

cell lines (Ramos), but signs of replication – cytopathic effect, cell death or increase in viral DNA in 

supernatant or cells - was not observed (data not shown). A second possibility is that TTMV-13 is 

present at detectable levels in patients in which the immune pressure is seriously hampered due to 

low B-cell counts. To explore this hypothesis, we selected from the Amsterdam Cohort studies all 

subjects with consistently low B-cell counts (B-cells <0.05 cells / mm3): a total of 26 HIV-1 positive 

injecting drug users and 19 HIV-1 positive men having sex with men were examined for the presence 

of the virus but none of the serum or EDTA-plasma samples resulted positive. Attempts to express 

the viral capsid protein or parts of this protein in a prokaryotic protein expression system 

(pET100/TOPO in E.coli Rosetta 2 (Novagen)) were unsuccessful, therefore no serological test could 

be developed. 

Discussion 

In this study we report a new genotype of torque teno mini virus which was discovered in serum of 

two HIV-1 infected patients. According to the latest ICTV update [4,5], there are 12 species of TTMV 

identified until now; therefore we tentatively named the new virus TTMV-13. Based on phylogenetic 

inference of the amino acids sequences of ORF1, TTMV-13 is beyond doubt different from the known 

ones. It is known that there is a large variability among the TTVs, not only between types, but also 

within a certain type [34]. In that light it is surprising that the nucleotide identity between the two 

viruses sequenced from the two patients was remarkably high: >99% nucleotide identity. It could be 

that the two patients, who both shared needles, infected each other, however patient D50 deceased 

in 1992, whereas the first sample positive for the virus of patient D11 was obtained in 1994 (Figure 

3), therefore direct transmission of the virus is not likely. 

Infection by the virus was chronic in both patients, although in both cases the virus became 

undetectable after a few years. It could be that the TTMV was poorly cleared by the host because of 

the hampered immunity, in fact both patients had low CD4 cell counts (below average) and were at 

the end stage of HIV-1 disease. It is known that HIV-1 affects humoral immunity through changes in 
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the B-cell compartment [35], loss of memory B-cell subsets and B-cell exhaustion [36]. TTVs can 

replicate in PBMC and the viral DNA has been detected in NK cells, granulocytes cells, monocytes, B 

lymphocytes and T lymphocytes [23,37]. In one study TTV DNA was detected in the lymph nodes of 

patients with B-cell lymphomas and Hodgkin’s disease [27] and the role of TTV in lymphomas 

pathogenesis has been suggested [27,29]. In theory, it is possible that the low B-cell count is caused 

by the infection with TTMV, or a combination of an HIV-1 and TTMV infection. In one patient (patient 

D11, Figure 3) the low B-cell count preceded the infection with the novel TTMV-13, therefore it is not 

likely that the TTMV-13 was the sole cause of the low B-cell counts. Involvement of the novel TTMV-

13 in pneumonia can also be considered, since it has been shown that TTMV can be detected in 

children hospitalized for severe pneumonia with parapneumonic empyema (PPE) and Galmes et al. 

suggested a possible role of TTMV in the pathogenesis of pneumonia [38]. TTVs are able to aggravate 

bacterial and viral infections by their ability to replicate in proliferating lymphocytes and impair the 

antimicrobial defenses of the host [39]. This mechanism is known for other small circular viruses such 

as chicken anaemia virus [40]. In some studies, association of TTV with aggravated course of 

multifactorial diseases such as asthma and arthritis has been suggested [24,39,41]. Furthermore, an 

association of TTV load with severity of acute respiratory diseases (ARD) in patients positive for 

community-acquired respiratory viruses (adenovirus group, cytomegalovirus, influenza A and B 

viruses, parainfluenza virus types 1 to 3, and RSV) has been described previously [22]. Both TTMV-13 

positive patients had a pneumococcal pneumonia: one patient had pneumonia during the period in 

which TTMV-13 was detectable in blood and the second patient developed pneumonia when TTMV-

13 was no longer detectable in blood (patient D11). It still could be that the virus had continued 

replicating at a lower level in patient D11, with viral loads below the detection limits of our 

diagnostic assay. In general, the concentration of the virus in blood was constantly low, with 

exception of a viral load peak in 1994 for what regards patient D11, which might have been the time 

of primary infection. Later time-points were negative or close to the detection level of our diagnostic 

PCR assay thus prolonged and continued infection with low levels of virus in blood could have been 

missed. 

Conclusion 

With the discovery of the novel TTMV-13 we are one step further with revealing the full spectrum of 

genotypes and sequence variation among anelloviruses. 
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Methods 

Clinical samples 

Serum samples of HIV-1 infected individuals were obtained from the Amsterdam Cohort Studies on 

HIV infection and AIDS [42]. The selected patients were injecting drug users who were HIV-1 positive 

at entry of the Amsterdam Cohort Studies. Samples (N = 55) for VIDISCA-454 (virus discovery cDNA-

AFLP, Amplified Fragment–Length Polymorphism combined with Roche 454 high-throughput 

sequencing) were collected at least 2 years since study entry and were selected to be from patients 

whose CD4 counts decreased below 0.3 cells/mm3 (characteristics are shown in Additional file 1: 

Table S1). The Amsterdam Cohort Studies has been conducted in accordance with the ethical 

principles set out in the declaration of Helsinki and written informed consent has been obtained. The 

study was approved by the Academic Medical Center institutional medical ethics committee. 

VIDISCA-454 and full-length genome sequencing and characterization 

VIDISCA-454 was performed with 110 μl of serum/EDTA-plasma samples as previously described [31]. 

Full length sequencing of the virus was performed via genome walking starting from fragments 

identified with VIDISCA-454. After extraction of nucleic acids from the serum samples [43], DNA 

walking (Seegene) with target specific primers was used together with a nested inverse PCR. Primers 

used for sequencing are shown in Additional file 2: Table S2. PCR products were cloned into pCR2-

TOPO vector and sequencing was performed employing Big Dye terminator chemistry (BigDye® 

Terminator v1.1 Cycle Sequencing Kit, Applied Biosystems). Sequences were analyzed with Codon 

Code Aligner software (version 3.7.1). Open reading frames were identified via ORF finder 

(http://www.ncbi.nlm.nih.gov/gorf/gorf.html ). N- and O-linked glycosylation sites and signal peptide 

cleavage sites were predicted using the NetNGly 1.0, NetOGly 3.1, and SignalP 4.0 analysis tools, 

from the Center for Biological Sequence Analysis (http://www.cbs.dtu.dk/services/). 

Real time PCR 

Nucleic acids were extracted from serum samples using the Boom method [43]. Absolute 

quantification of viral DNA (copies/ml of serum) was achieved by TTMV-13-specific real-time qPCR kit 

(Platinum® Quantitative PCR SuperMix, invitrogen) using the forward primer, 5′-

ACAACACACATGGGAAAATGCA-3′, reverse primer, 5′-CTTTTGGTGTGTTGCCCTGTTG-3′, and the probe, 

5′-FAM-TATTTTTAGGAAACACATTAGACAA-TAMRA-3′. Real-Time PCR was performed on an ABI Prism 
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7000 Sequence Detection System machine. A positive control was prepared by cloning PCR products 

into the pCR2-TOPO plasmid vector according to the instructions of the manufacturer (Invitrogen, 

Karlsruhe, Germany) followed by plasmid DNA isolation with QIAprep Spin Miniprep Kit (Qiagen, 

Hilden, Germany). Plasmid concentration was quantified using Nanodrop 2000 (Thermo Scientific) 

and a standard curve with 1:10 serial dilutions was prepared as reference for DNA quantification. The 

detection limit for the assay was 100 copies/ml. 

Phylogenetic analysis 

Available complete TTMV genome sequences in GenBank database 

(http://www.ncbi.nlm.nih.gov/genbank/) were used for the analysis (accession numbers are listed in 

Figure 2). Redundancies were removed and the few nucleotide ambiguities were solved via 

replacement by either the consensus nucleotide at the position involved or the corresponding 

nucleotide of the nearest neighbor. At absence of these opportunities, a gap was introduced in the 

translated reading frames. The amino acid sequences of ORF1 were aligned by means of ProbCons 

[44] using default parameters. Phylogenetic and molecular evolutionary analyses were conducted 

using MEGA version 5.2 [45]. The WAG + Freq + G + I model for assessing amino acid replacements 

during TTMV evolution turned out to be the best fitting model judged by BIC score (Bayesian 

Information Criterion, 42296.3052) and AICc value (corrected Akaike Information Criterion, 

41880.2816) and therefore used for the following Maximum likelihood phylogenetic analysis via 

Mega5 [45]. Non-uniformity of evolutionary rates among sites has been modeled by using a discrete 

Gamma distribution (+G = 2.3418) with 5 rate categories and by assuming that a certain fraction of 

sites is evolutionarily invariable (+I = 0.0280). Maximum Likelihood (ML) value for model selection 

was logL = −20883.8854. In view of the relatively low number of taxa, all sites were used for 

phylogenetic analysis. To test the robustness of the analysis, a bootstrap test (1000 replicates) was 

performed and only clusters associated with a value higher than 75% were considered significant 

[46]. 

Accession numbers 

Two complete genome sequences of TTMV-13 obtained in this study have been deposited in the 

GenBank database under accession numbers KF764701 and KF764702. 
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Abstract 

Discovery of new viruses has been boosted by novel deep sequencing technologies. Currently, many 

viruses can be identified by sequencing without knowledge of the pathogenicity of the virus. 

However, attributing the presence of a virus in patient material to a disease in the patient can be a 

challenge. One approach to meet this challenge is identification of viral sequences based on 

enrichment by autologous patient antibody capture. This method facilitates identification of viruses 

that have provoked an immune response within the patient and may increase the sensitivity of the 

current virus discovery techniques. To demonstrate the utility of this method, virus discovery deep 

sequencing (VIDISCA-454) was performed on clinical samples from 19 patients: 13 with a known 

respiratory viral infection and 6 with a known gastrointestinal viral infection. Patient sera was 

collected from one to several months after the acute infection phase. Input and antibody capture 

material was sequenced and enrichment was assessed. In 18 of the 19 patients, viral reads from 

immunogenic viruses were enriched by antibody capture (ranging between 1.5x to 343x in 

respiratory material, and 1.4x to 53x in stool). Enriched reads were also determined in an identity 

independent manner by using a novel algorithm Xcompare. In 16 of the 19 patients, 21% to 100% of 

the enriched reads were derived from infecting viruses. In conclusion, the technique provides a novel 

approach to specifically identify immunogenic viral sequences among the bulk of sequences which 

are usually encountered during virus discovery metagenomics. 
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Introduction   

Virus infections are a continuous threat to the human population; e.g. HIV, hepatitis viruses, and 

influenza viruses constitute a large proportion of morbidity and mortality each year. Apart from 

infection with well-described viruses, outbreaks with previously undescribed viruses occur regularly 

(e.g. SARS-CoV, MERS-CoV) [1–4].  Furthermore, respiratory tract infections and diarrhoea in young 

children or immunocompromised persons often test negative for known viruses, and could very well 

be caused by yet unknown pathogens.  

Discovery of new viruses in the last decade has been boosted by large improvements in sequencing 

technology. These methods form the basis for improved virus discovery processes capable of 

generating 10e5-10e7 sequence reads directly from a clinical sample. A virus discovery method to 

amplify RNA and DNA virus sequences directly in patient material (VIDISCA-454) without prior 

knowledge of the viral genome sequence has been developed [5]. The resulting DNA library is then 

subjected to Roche-454 next generation sequencing and this method has been successfully used to 

identify human coronavirus NL63 [6], a novel HIV-1 subtype [7], and 2 novel parvoviruses in bats [8].  

One limitation of the current technique is that a substantial amount of non-viral RNA and DNA 

derived from the host or from other agents in the sample can dominate the resulting sequences. 

Especially in respiratory samples, ribosomal RNA is massively present, over 80% of all sequence reads 

derived from a clinical sample originate from this material [9]. Sequence reads from fecal samples 

can be dominated by bacterial or dietary components. A method for focusing sequencing on 

immunogenic viruses was sought. 

Another limitation of the current techniques is that detection of reads derived from a known virus 

does not necessarily indicate that this virus is a pathogen. Recently, many new viruses have been 

identified in human samples without clear association with disease, necessitating further detailed 

investigations to determine the pathogenicity of the virus [10–13].  

To facilitate the detection of immunogenic viruses and to reduce the detection of non disease-

related viruses (bacteriophages and plant viruses) and host cellular RNA, a technique was developed 

that uses convalescent serum of the patient to concentrate viruses that have elicited and immune 

response prior to sequencing. Comparing the sequences derived from input and antibody captured 

material identifies immunogenic agents and can provide an important first step in identifying a 

disease-related virus.  
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Methods 

Samples. Respiratory samples were collected during the GRACE study. Flocked nasopharyngeal 

swabs (Copan) were collected in universal transport medium (UTM). In addition, a single 

nasopharyngeal specimen was obtained at the Academic Medical Center from a patient with an 

upper respiratory tract infection.  

Fecal samples were selected from a sample bank from 196 HIV-1-infected patients with and without 

diarrhea, aged above 18 who visited the out-patients clinic at the Academic Medical Center in the 

years 1994–1995. Fecal samples were suspended in broth (1:3 dilution, Oxoid nutrient broth no.2, pH 

7.5). 

Ethical approval. Ethics review committees in each country approved the study, Cardiff and 

Southampton (United Kingdom): Southampton & South West Hampshire Research Ethics Committee 

A; Utrecht (Netherlands) Medisch Ethische Toetsingscommissie Universitair Medisch Centrum 

Utrecht; Barcelona (Spain) Comitè ètic d'investigació clínica Hospital Clínic de Barcelona; Mataro 

(Spain): Comitè d'Ètica d'Investigació Clínica (CEIC) del Consorci Sanitari del Maresme; Rotenburg 

(Germany) Ethik-Kommission der Medizinischen Fakultät der Georg-August-Universität Göttingen, 

Antwerpen (Belgium): UZ Antwerpen Comité voor Medische Ethiek; Lodz, Szeczecin, and Bialystok 

(Poland): Komisja Bioetyki Uniwersytetu Medycznego W Lodzi; Milano (Italy) IRCCS Fondazione Cà 

Granda Policlinico; Jonkoping (Sweden): Regionala etikprövningsnämnden i Linköping; Bratislava 

(Slovakia): Etika Komisia Bratislavskeho; Gent (Belgium): Ethisch Comité Universitair Ziekenhuis Gent; 

Nice (France) Comité de Protection des Personnes Sud-Méditerranée II, Hôpital Salvator; Jesenice 

(Slovenia): Komisija Republike Slovenije za Medicinsko Etiko. Written informed consent was provided 

by all study participants.  

Collection of fecal material was performed in accordance with the ethical principles set out in the 

declaration of Helsinki and written informed consent has been obtained prior to data collection. The 

study was approved by the Amsterdam Medical Center institutional medical ethics committee. 

Antibody capture. Respiratory and fecal samples were centrifuged (10,000g) and 150µl of the 

supernatant was mixed with 50µl Dynabeads protein A and G (1:1, Invitrogen). After 20 minutes 

incubation, 10 µl of autologous convalescent serum of the patient was added to the mixture (Table 

1). After a 20 minutes incubation with continuous shaking at room temperature, samples were 

washed six times with PBS using a magnetic particle concentrator. Universal transport medium with 

TURBOTM DNase (2U/µl, Ambion) was added to the antibody-antigen complex and samples were 

incubated at 37oC for 30 minutes. The complexes were lysed with Boom-lysis buffer L6 and the lysate 

was used as input for Boom extraction [14], followed by VIDISCA-454 sequencing as described below. 
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Table 1: Collection of serum in month(s) after infection 

 

Patient ID  ΔT since acute phase Patient ID  ΔT since acute phase 

Patient 1  1 month Patient 11  1 month 

Patient 2  1 month Patient 12  1 month 

Patient 3  1 month Patient 13  2 months 

Patient 4  1 month Patient 14  3 months 

Patient 5  1 month Patient 15  5 months 

Patient 6  1 month Patient 16  3 months 

Patient 7  1 month Patient 17  8 months 

Patient 8  1 month Patient 18  4 months 

Patient 9  1 month Patient 19  13 months 

Patient 10  1 month    

 

 

 

Real time RT-PCR for ribosomal RNA. Real time PCR for ribosomal RNA was performed as described 

[5] using primer set 5/6 and the rRNA28S_3674 probe. The platinum quantitative PCR Supermix-UDG 

system (Invitrogen) was used.  

VIDISCA and Roche Titanium-454 sequencing. VIDISCA-454 was performed as previously described 

[5]. In short, samples were centrifuged for 10 minutes at 10,000g and the supernatant was treated 

with DNase. Subsequently, nucleic acids were extracted by the Boom extraction method [14]. rRNA-

blocking oligonucleotides were added to prevent amplification of ribosomal RNA and a reverse 

transcription reaction with Superscript II (Invitrogen) was performed using non-ribosomal random 

hexamers [15]. Subsequently, second strand DNA synthesis was performed with 5 U of Klenow 

fragment (Westburg). Double-stranded DNA was purified by phenol/chloroform extraction and 

ethanol precipitation and digested with Mse I restriction enzyme (New England Biolabs). Adaptors 

with different Multiplex Identifier sequences (MIDs) were ligated to the digested fragments of the 

different samples. Next, a PCR with adaptor-binding primers was performed. After purification 
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(Agencourt AMPure XP PCR, Beckman Coulter), the purified DNA was quantified with the Quant-it 

dsDNA HS Qubit kit (Invitrogen) and diluted to 107 ng/µl. Samples were pooled and Kapa PCR (Kapa 

Biosystems) was performed to determine the quantity of amplifiable DNA in each pool. 

Subsequently, the Bioanalyser (hsDNA chip, Agencourt) was used to determine the average 

nucleotide length of the libraries and the pools were diluted until 106 copies/µl to be used for a 

titration (DNA:beads ratio of 0.5:1, 1:1, 2:1 and 4:1) in an emulsion PCR according to the suppliers’ 

protocol (LIB-A SV emPCR kit). Sequencing was done on a 2 region GS FLX Titanium PicoTiterPlate 

(70x75) with GS FLX Titanium XLR 70 Sequencing kit (Roche). 

Sequence analysis. Primers, MIDs and ribosomal RNA sequences were trimmed from the reads. 

Sequences were compared with all available sequences in the nonredundant Genbank database [16] 

via the BlastN (http://blast.ncbI.nlm.nih.gov/Blast.cgi) tool [17]. The following Blast settings were 

used: expect threshold: 1000, Match/Mismatch Scores: 1.-1, Gap Costs: Existence: 2 Extension: 1.  

The blast output was subsequently used to create a taxonomic classification of the reads with Megan 

software version 4.70.4 [18]. The following settings were used: Min Support: 1, Min Score: 80, and 

Top Percent 100. The sequences reads are submitted to the European Nucleotide Archive, accession 

number PRJEB4561. 

Enrichment index. The percentage of viral sequences was calculated by dividing the number of virus 

derived reads in the sample by the total numbers of reads in the same sample. The enrichment index 

was calculated by dividing the percentage of viral sequences in the captured sample by the 

percentage viral sequences in the input sample. A value above 1 indicates antibody capture of the 

virus, which suggests a immunogenic course of infection. 

Determination of enriched sequences. To identify sequences which are enriched by antibody 

capture, input and enriched sequences were compared using a Python algorithm xcompare (source 

available on request). The algorithm is comprised of the following steps: the identification of 

identical or nearly-identical sequences within the input subset was performed by creating a custom 

BLAST database [19] comprising all the reads derived from the input sample and subsequently 

performing a BLAST search within this database towards its own sequences. Via this method a list of 

closely related sequences could be created which were extracted and aligned via MUSCLE 3.8.31 

[20,21] (maximum number of iterations: 1; diagonal optimization enabled) and both consensus 

sequences and unique sequences were joined into a unique fragment library. In turn, this unique 

fragment library was converted into a second custom BLAST database, against which the reads 

obtained from the enriched sample were compared. For the BLAST comparison the following settings 

were used: E-value threshold 3E-60 for within the input sample library and 3E-25 for between the 
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enriched and input samples library; word size: 11; match/mismatch scores 1/-2; gap 

existence/extension penalty: 5/2.  

The second BLAST analysis yields the percentage of sequence space occupied by each fragment in the 

original sample (number of reads comprising a fragment, divided by the total number of reads in the 

input sample library) and the enriched sample (number of sequences in the enriched sample 

matching to a specific fragment, divided by the total number of reads in the enriched sample library). 

The ratio between these percentages is calculated and all fragments with a ratio higher than 1.0 

were extracted and further analyzed.  

 

Results  

Serum collected a few weeks to a few months after respiratory or gastrointestinal infection generally 

contains a substantial amount of pathogen-specific immunoglobulin type G (IgGs) with a proportion 

of these antibodies binding to virus surface exposed epitopes [22–24]. These IgGs can be bound to 

magnetic beads and used to capture a target virus and to separate it from non-viral material (e.g. 

ribosomes) or non-immunogenic viruses (e.g. plant viruses in stool). After deep sequencing, 

comparison of reads in the captured material to reads in the input material should reveal virus-

specific reads via capture by the antibodies. We tested this strategy in 13 respiratory samples, 

diagnosed as containing one of the following viruses: human parainfluenza virus 1, 2 and 4, human 

rhinovirus, human metapneumovirus virus, influenza virus A and B, human respiratory syncytial virus 

and human coronavirus 229E, OC43 and NL63. We also tested 6 fecal samples containing adenovirus, 

norovirus, enterovirus and sapovirus. Autologous convalescent sera collected one to a few months 

after infection was available for all samples (see table 1). Plant viruses and enterobacteriophages - 

viruses which are frequently present in feces - were used as negative control. These viruses are not 

known to elicit an immune response and are not expected to be captured by the antibody-bound 

beads.  

 

Enrichment index. Of the 13 respiratory samples and the 6 fecal samples, a total of 110,752 reads 

were obtained from the input material and 93,779 reads were obtained from the antibody captured 

material with a median read length of 159 nucleotides. For each patient the enrichment index was 

determined by calculating the ratio between the percentage of viral reads in the captured sample 

versus the input sample (Table 2).  
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Table 2: Reads of viruses after antibody capture 

Patient ID Virus % viral reads in input % viral reads in capture Enrichment index
a
 

Patient 1 PIV-1 0.26% 0.38%  1.5 

Patient 2 PIV-2 0.07% 3.6%  54 

Patient 3 PIV-4 0.78% 15%  19 

Patient 4 HRV 42% 77%  1.9 

Patient 5 hMPV 1.4% 9.9%  7.2 

Patient 6 NL63 1.7% 33%  20 

Patient 7 RSV 18% 29%  1.6 

Patient 8 Inf B 0.61% 2.0%  3.3 

Patient 9 Inf A 3.0% 75%  25 

Patient 10 OC43 0.35% 59%  169 

Patient 11 NL63 0.14% 48%  343 

Patient 12 229E 0.55% 13%  23 

Patient 13 HRV 1.4% 4.5%  3.1 

Patient 14 Norovirus 0.16% 3.2%  20 

Patient 14 Adenovirus 3.9% 3.7%  0.9 

Patient 15 Norovirus 8.3% 88%  11 

Patient 16 Enterovirus 0.03% 0.18%  5.2 

Patient 17 Sapovirus 0.08% 0.40%  4.9 

Patient 18 Sapovirus 3.2% 4.5%  1.4 

Patient 18 Enterovirus 1.0% 0.00%  0.00 

Patient 19: Hepatitis B virus 0.05% 2.50%  53 

Patient 15 Cucumber mosaic virus
b 

0.36% 0.03%  0.08 

Patient 19: Caudovirales
b 

63% 0.62%  0.01 

 

a The enrichment index is calculated by dividing the percentage of virus reads in the captured 
material by the number of virus reads in the input material. 
b Control, non pathogenic viruses 
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For all respiratory samples the enrichment index was above 1.0, indicating that in every sample 

tested the number of viral reads increased after capture. The human coronaviruses OC43, NL63 and 

229E were detected with an enrichment index of 169, 343 and 23 respectively. In a second NL63 case 

(patient 6), the virus was enriched 20-fold. The parainfluenza viruses 1, 2 and 4 infections were 

detected with an enrichment index of 1.5, 54 and 19 respectively. The enrichment index for the 

metapneumovirus was 7.2, while it was 1.6 for the respiratory syncytial virus. Human rhinovirus 

infection was observed in two different patients and the enrichment index was 1.9 and 3.1 

respectively. Influenza B virus was detected with an enrichment index of 3.3 and influenza A virus 

with an enrichment index of 25. 

Fecal samples were analyzed by the same process. Norovirus infection was observed in two patients 

and enriched 20-fold and 11-fold. Adenovirus was also detected in a patient with norovirus infection 

and no enrichment for adenovirus was scored (0.9). Enterovirus reads were detected with an 

enrichment factor of 5.2 in one case but enterovirus reads were not enriched (enrichment factor of 

0.0) in a second case. Viral reads derived from sapovirus were detected in samples from two patients 

with an enrichment factor of 4.9 and 1.4 respectively. Hepatitis B viral reads were detected in patient 

19 with an enrichment factor of 53. As controls, a plant virus (cucumber mosaic virus) and an 

enterobacteriophage were tested. These viruses had an enrichment index of 0.08 and 0.01 

respectively, indicating that there presence was reduced in the captured material. 

Consistent with capture working as anticipated, reads derived from human ribosomal RNA showed a 

consistent reduction in the antibody captured fractions with an average decrease of 1,000 fold (a 

median decrease of 9.6 Ct values, Figure 1). Greater than 90% of the reads showing decreased levels 

were of ribosomal RNA origin in 11 of the 13 patients. In the two other cases the amount of 

ribosomal RNA was low in the input material, but commensal bacterial reads were massively present 

and for these patients a strong decrease (>70%) was observed in the number of bacterial reads (data 

not shown). 
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Figure 1: Decrease in ribosomal RNA after antibody capture. Ribosomal RNA was measured in the 

input material and the captured material. On the Y-axis the Ct value of the real time PCR on the cDNA 

is shown. 

 

 

 

 

Identity independent enrichment. The enrichment index shows that viral reads appear more 

frequently in the antibody-captured material compared to the input. This increase can also be used 

to identify viruses without the necessity of having sequence similarity to known viruses that can be 

probed by Blast to search for identity. Since restriction enzyme digestion is part of the protocol, 

identical fragments of the same size will be generated from identical viruses and this means that the 

number of these identical fragments should increase if the relative load of the virus increases. 

Xcompare was used to calculate the frequency distribution between the input and the captured 

reads (see Materials and Methods). Reads present in higher quantity in the captured samples 
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compared to the input samples were selected. Reads originated from archaea, bacteria or eukaryota 

were excluded and the remaining reads, (Enriched Analysis Reads, EAR), were further investigated. 

EAR values ranged from 0 to 3019 (Table 3). In respiratory samples, almost all EAR were derived from 

viruses. In patients 3-13, 98-100% of all EAR sequences were of viral origin. Also in fecal samples, 

virus reads represent the majority of the EAR. In patient 14, 30% of the EAR were derived from 

norovirus and 50% from adenovirus. In patient 15, all 3019 enriched reads were derived from 

norovirus. In patient 16 none of the 42 EAR were derived from an enterovirus, and also in patient 18 

no enterovirus reads were detected in the EAR as expected since no enterovirus reads were present 

in the captured reads. Sapovirus sequences were detected in the EAR of patient 17 and 18, 21% and 

65% respectively. In patient 19, 62% of the EAR were derived from a hepatitis B virus. The plant virus 

and the enterobacteriophage were not detected in the EAR of patient 15 and 19. 
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Table 3: Reads of viruses after antibody capture 

Patient ID Virus Sequences in the enriched analysis-pool
a
 % Viral sequences 

Patient 1 PIV-1 0 0% 

Patient 2 PIV-2 0 0% 

Patient 3 PIV-4 99 98% 

Patient 4 HRV 1945 100% 

Patient 5 hMPV 65 100% 

Patient 6 NL63 177 100% 

Patient 7 RSV 636 99% 

Patient 8 Inf B 13 100% 

Patient 9 Inf A 1634 100% 

Patient 10 OC43 71 100% 

Patient 11 NL63 249 100% 

Patient 12 229E 15 100% 

Patient 13 Rhino A 124 100% 

Patient 14 Norovirus 349 30% 

Patient 14 Adenovirus 349 50% 

Patient 15 Norovirus 3019 100% 

Patient 16 Enterovirus 121 0.00% 

Patient 17 Sapovirus 42 21% 

Patient 18 Sapovirus 246 65% 

Patient 18 Enterovirus 246 0.00% 

Patient 19: Hepatitis B virus 21 62% 

Patient 15 Cucumber mosaic virus
b 

3019 0.00% 

Patient 19: Caudovirales
b 

21 0.00% 

 

a Only enriched sequences with the potency to be viral are shown, so no known bacterial, human, 
fungal, etc. or other sequences are included. 
b Control, non pathogenic viruses 
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Discussion 

A new method is described that facilitates virus identification by enriching viral material with 

convalescent autologous patient antibody capture followed by deep sequencing. For all samples 

tested here, an increase in percentage of viral reads was detected when compared to the input 

sample. In 9 out of the 21 viruses the amount of viral reads after capture increase 10-fold or more. 

By using the Xcompare script, enriched reads in the antibody captured sample could be determined 

in an identity independent manner. In 11 out of the 13 patients, between 98% and 100% of the 

enriched analysis reads were of mammalian viral origin. In fecal samples between 21% and 100% 

viral reads were detected in the EAR in 4 out of 6 cases. Surprisingly, in two patients with enterovirus 

infection, no viral reads were detected in the EAR. 

Of note are patient 1 and 2. For both patients viral reads were increased after capture (table 2), but 

the EAR contained no PIV-1 or PIV-2 sequences (table 3). This was caused by the comparison used to 

determine the EAR; reads which are present in the input are included in the analysis (see material 

and methods). Apparently the low number of viral reads in the captured material were from a 

different part of the viral genome than the few reads of the viral reads in the input. Therefore, it has 

to be kept in mind that using this approach during data analysis might diminish the chance to identify 

viruses which are hardly present in the input material when identification is only based on the 

detection of enriched sequences. On the other hand, inclusion of the reads which are only present in 

one of the two libraries might lead to wrong interpretations by the presence of experimental 

artefacts due to PCR errors and/or chimeric PCR products.  

Also enteroviruses were poorly captured. A possible explanation might be that the bacteria or 

bacteriophage background in fecal samples is high which makes it more difficult to enrich a virus with 

a relatively low load. Nonetheless, we were able to reduce the amount of reads originating from 

bacteriophages and plant viruses (enrichment index of 0.01 and 0.08), indicating that this method 

can efficiently reduce the background in fecal samples. Furthermore, it could be that the immune 

response to enteroviruses is poor, especially in immunocompromised patients, which is the case in 

our study patients with diarrhoea. These patients were HIV-1 positive with relatively low CD4 counts 

(0.18 and 0.05 x 10E9 cells/L in the two patients with enterovirus infection). On the other hand, it has 

been published that HIV-1 infected patients are not hampered in their immune response to 

enteroviruses, and chronic shedding is as rare as in the normal population [25]. 

Antibody response to a virus infection can vary, depending on the virus, but also age and immune 

state of patients. Also, antibodies subclasses can differ; some viruses elicit a strong IgG response, 

while others induce a response dominated by IgA. In our antibody capture experiment, a 
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combination of protein A and G coupled beads was used. Both proteins strongly bind to IgGs, but not 

or less efficient to IgA. It has been shown that serum antibodies, for instance against PIV-1 are not 

neutralizing efficiently, and that especially secretory IgA plays an important role in preventing re-

infection [26,27]. To address that point, protein L coupled beads, which are able to capture IgA, were 

tested. However, no difference was observed in the amount of PIV-1 or enterovirus capture (data not 

shown). 

To date many new viruses have been identified [10–13], yet for a substantial number the link with 

disease remains to be established. Especially in stool samples, which contain many unknown viruses, 

it is important to determine whether novel viruses are pathogenic. A pathogenic virus elicits an 

immune response in the host, whereas bacteriophages and plant viruses, which are also massively 

present in stool, do not. The restriction that the agent has to be recognized by the patients’ 

antibodies adds an important selectivity tool to virus discovery when one wants to focus on 

pathogenic viruses. 

In summary, a new selective approach for virus discovery is presented that enables detection of 

viruses that have recently elicited an immune response resulting in antibody production. The method 

appears to be an effective tool for reducing host DNA/RNA and bystander virus sequences and 

provides a selection for viruses that are able to elicit an antibody response, thus agents that are 

possibly pathogenic for the host. Moreover, the possibility of comparing reads obtained after 

antibody capture with reads obtained from the input samples is useful for identifying sequences not 

yet labelled in Genbank. Further analysis of those sequences (e.g. via genome walking) will allow the 

identification and characterization of viruses which are highly divergent from the currently known 

virus families. 
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Abstract: 

VIDISCA-454 is a sequence independent virus discovery tool to amplify nucleic acid sequences from 

RNA and DNA virus directly in patient material. Recently, we increased the utility of the method by 

adding antibody capture to facilitate detection of immunogenic viruses. However it is unknown how 

much of the relevant virus present in the sample is lost during antibody capture. To this end, using a 

clinical sample from a patient with upper respiratory tract infection containing human rhinovirus A 

(HRV-A), the sensitivity of VIDISCA-454 method in a dilution series was determined with and without 

antibody capture. The results of this study showed that the virus detection rate of antibody capture 

on the clinical sample was approximately 5 times lower than standard VIDISCA-454, however it does 

provide more viral sequence reads in samples with high viral loads.  
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Introduction 

Molecular virus discovery techniques have been improved by the novel development of sequencing 

technologies. Several new viruses have been identified by high-throughput sequencing methods. 

These methods form the basis for improved virus discovery processes capable of generating 10E5-

10E7 sequence reads directly from a clinical sample. The VIDISCA-454 virus discovery method to 

amplify RNA and DNA virus sequences directly in patient material without prior knowledge of the 

viral genome sequence has been developed by us [1]. The resulting DNA library is subjected to 

Roche-454 next generation sequencing and this method has been successfully used to identify 

human coronavirus NL63 [2], a novel HIV-1 subtype [3], two novel parvoviruses in bats [4] and a 

novel torque teno mini virus [5].  

Applying the high-throughput sequencing methods on clinical samples to find new viral pathogens 

has some limitations. One limitation of the current technique is that a substantial amount of non-

viral RNA and DNA derived from the host or from other agents in the sample can dominate the 

resulting sequences. Especially in respiratory samples ribosomal RNA is massively present, over 80% 

of all sequence reads derived from a clinical sample originate from this material [6]. Sequence reads 

from fecal samples can be dominated by bacterial or dietary components. Another limitation of the 

current techniques is that detection of reads derived from a known virus does not necessarily 

indicate that this virus is a pathogen. Recently, many new viruses have been identified in human 

samples without clear association with disease, necessitating further detailed investigations to 

determine the pathogenicity of the virus [7-10].  

To overcome these limitations we have introduced antibody capture in combination with VIDISCA 

and next generation sequencing approach [11]. The essence of the method is that antibodies elicited 

by the infection, present in serum one month after the respiratory illness, are used to extract the 

causative viral agent from the respiratory material that was collected during the acute phase. 

This additional step decreases the amount of rRNA in respiratory samples considerably. Furthermore, 

it restricts the virus search to those microbes that elicit an immune response, thus raising the 

likelihood of identifying a disease-causing pathogen [11]. However, it is not known how many viruses 

will be lost during antibody capture. If a substantial fraction of viruses that can be present are not 

captured by antibodies of the infected individual, the modified method may be far less sensitive than 

normal VIDISCA-454. To determine if the viral harvest is affected in antibody capture VIDISCA-454, 

we determined the sensitivity of this method. A clinical respiratory sample was collected from a 

patient with upper respiratory tract infection and a serum sample was obtained one month later 
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(convalescent serum). The sensitivity of VIDISCA-454 was determined in a dilution series with and 

without antibody capture.  

Materials and methods 

Clinical material 

A clinical sample was obtained from an adult with an upper respiratory tract infection who fully 

recovery 4 days after sample collection. A nasopharyngeal swab (Copan) in universal transport 

medium (UTM) was obtained at the Academic Medical Center. In addition, serum of the patient 1 

month after recovery from the acute infection was collected. Written informed consent of the 

patient was obtained.   

 

Real time RT-PCR  

Nucleic acids were extracted from the respiratory sample using the Boom method [12]. Reverse 

transcription was performed at 37 °C for 90 min using Superscript II (Invitrogen) and non-ribosomal 

hexamers [13]. Multiplex real time PCR was used to diagnose the HRV-A. In addition, absolute 

quantification of viral cDNA was achieved using a real-time PCR as previously described [14]. 

 

Antibody capture 

Dilutions of the respiratory sample were centrifuged (10,000 g) and 150 µl of the supernatant was 

mixed with 50 µl Dynabeads protein A and G (1:1, Invitrogen). After 20 minutes incubation, 10 µl of 

autologous serum of the patient was added to the mixture. After a 20 minutes incubation with 

continuous shaking at room temperature, samples were washed six times with PBS using a magnetic 

particle concentrator. Universal transport medium with TURBOTM DNase (2U/µl, Ambion) was added 

to the antibody-antigen complex and samples were incubated at 37 °C for 30 minutes. The 

complexes were lysed with Boom-lysis buffer L6 and the lysate was used as input for Boom 

extraction [12], to isolate the nucleic acids of the captured material.  

VIDISCA and Roche Titanium-454 sequencing 

VIDISCA-454 was performed on the input and on the antibody capture material. The pretreatment of 

the input was performed as previously described [15]. In short, samples were centrifuged for 10 

minutes at 10,000 g and the supernatant was treated with DNase. Subsequently, nucleic acids were 

extracted by the Boom extraction method [12], with rRNA-blocking oligonucleotides added to 

prevent amplification of ribosomal RNA. The nucleic acids from the input and captured material were 
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reverse transcribed into cDNA with Superscript II (Invitrogen) using non-ribosomal random hexamers 

[13]. Second strand DNA synthesis was performed with 5 U of Klenow fragment (Westburg) and 

double-stranded DNA was purified by phenol/chloroform extraction and ethanol precipitation. The 

duble stranded DNA was digested with Mse I restriction enzyme (New England Biolabs). Adaptors 

were ligated to the digested fragments and a PCR with adaptor-binding primers was performed (28 

cycles). After purification of the PCR products (Agencourt AMPure XP PCR, Beckman Coulter), the 

DNA was quantified with the Quant-it dsDNA HS Qubit kit (Invitrogen) and diluted to 107 ng/µl. The 

Kapa PCR (Kapa Biosystems) was performed to determine the quantity of DNA. Subsequently, the 

Bioanalyser (hsDNA chip, Agencourt) was used to determine the average nucleotide length of the 

libraries and the pools were diluted until 106 copies/µl to be used for a titration (DNA:beads ratio of 

0.5:1, 1:1, 2:1 and 4:1) in an emulsion PCR according to the suppliers’ protocol (LIB- A SV emPCR kit). 

Sequencing was done on a GS FLX Titanium PicoTiterPlate (70675) with the GS FLX Titanium XLR 70 

Sequencing kit (Roche). 

Sequence analysis 

Primer, MID and ribosomal RNA sequences were trimmed or removed from the reads. Sequences 

were assembled with Codon Code Aligner software version 3.5.6. The consensus sequences (contigs) 

and the unassembled reads were compared with a rhinovirus reference sequence [16]. 

 

Results 

The clinical sample that is used in this study was obtained from a patient with upper respiratory tract 

infection. Results from multiplex real time PCR revealed that the clinical sample contained HRV-A 

with a viral load of 4.7E+7 copies/ml. Ten dilutions were prepared by 5 fold serial dilutions in UTM. 

The viral load for each dilution is listed in table 1 and the dilutions were subjected to VIDISCA-454 

with and without antibody capture.  

Table 1 

Dilution Viral load copies/ml 

1 4.7E+07 
2 9.4E+06 
3 1.9E+06 
4 3.8E+05 
5 7.5E+04 
6 1.5E+04 
7 3.0E+03 
8 6.0E+02 
9 1.2E+02 
10 2.4E+01 



Chapter 5 

 

[80] 

 

In short, of each dilution 300 µl was prepared. Half of the dilution was used in antibody capture 

(“capture”) and in parallel, nucleic acid were extracted from the remaining 150 µl without 

performing antibody capture (“input”).  

Both extracted nucleic acids from inputs and captures were subjected to VIDISCA-454 as described in 

the materials and methods. Retrieved reads were analysed and the percentages of viral reads were 

calculated for each dilution (table 2).  

 

Table 2 Viral sequence reads in input and capture 

total capture 
viral 

reads % 
total      
input viral reads % 

1 6655 525 7,89% 9885 238 2,41% 
2 11122 266 2,39% 6151 66 1,07% 
3 10813 38 0,35% 8089 43 0,53% 
4 0 0 0,00% 14162 76 0,54% 
5 10707 1 0,01% 8757 15 0,17% 
6 6665 0 0,00% 8049 6 0,07% 
7 6468 0 0,00% 3726 0 0,00% 
8 9863 0 0,00% 12358 0 0,00% 
9 8018 0 0,00% 8909 0 0,00% 

10 5316 0 0,00% 3852 0 0,00% 
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Fig. 1 Percentage viral sequence reads in input (red) and capture (blue) 
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In total, 83939 input reads and 75675 capture reads were obtained. The amount of HRV-A reads in 

the captures was 830 and for the inputs it was 444. A high number of viral reads is observed 

especially in the first and second dilutions of the antibody capture (viral loads 4.7E+07 and 9.4E+06 

copies/ml) with viral sequence reads in the captures more than two to three times that of the input 

sample (Figure 1). With a viral load of 1.9E+06, the amount of viral reads in capture was slightly less 

than that of the input (Figure 1 and Table 2). The sequencing of the fourth antibody capture dilution 

was unsuccessful (no sequence reads), but there were 43 sequences of HRV-A among the input. In 

the fifth dilution more viral sequence reads in the input was present: a single HRV-A fragment in the 

capture versus 15 sequences in the input. Thus, a viral load of 7.5E+04 copies/ml in a clinical sample 

can be sufficient for virus detection by antibody capture VIDISCA-454. The input even showed several 

viral sequences at a higher dilution: 6 virus sequences at a concentration of 1.5E4 cDNA copies/ml.  

 

Discussion 

The antibody capture method enriches viral sequences [11]. To evaluate the effect of viral quantity in 

clinical samples on the outcome and to measure the viral detection efficiency we designed the 

present study to determine the sensitivity of antibody capture VIDISCA-454. To this end an antibody 

capture VIDISCA-454 library was compared with the traditional VIDISCA-454 library. The detection 

rate of normal VIDISCA 454 on the respiratory sample containing HRV-A was 1.5+E4 copies per ml, 

comparable with the previous study, which was between 1.4E+03 and 7.4E+05 copies/ml [15]. 

The virus detection efficiency of antibody capture on the clinical sample containing HRV-A was 

7.5E+04 copies/ml, which is 5 times lower than standard VIDISCA-454. The essence of antibody 

capture is binding of immunogenic viruses to magnetic beads coated by the antibodies present in 

convalescent serum of the same patient. This binding is not 100% efficient, explaining lower 

sensitivity. Indeed, several factors may influence the binding efficacy, for instance the immune status 

of the patient, the immunogenicity of the particular virus to be discovered, and possible saturation of 

the beads with non-specific antibodies. 

Although the antibody capture VIDISCA-454 is less sensitive, it does provide more viral sequence 

reads in samples with high viral loads. This is probably due to the drop in background rRNA signal in 

the protocol using antibody capture. We previously showed that rRNA is effectively removed in the 

washing steps during antibody capture (with an average decrease of 1,000 fold) [11]. 

It should be noted that in this study we only measured the dilutions once, therefore the difference in 

sensitivity between capture and input is not statically significant. The experiment should be repeated 
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several times to get significance. Furthermore, in this study the sensitivity of the antibody capture 

VIDISCA-454 was determined for HRV-A and it may differ significantly for other viruses.  
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Abstract 

Still more than 30 percent of respiratory infections remain unexplained, which indicates that 

unknown respiratory pathogens might be involved. In this study, antibody capture VIDISCA-454 (virus 

discovery cDNA-AFLP combined with Roche 454 high-throughput sequencing) as a new approach was 

applied on unexplained lower respiratory tract infections samples, which resulted in the discovery of 

a novel type of human rhinovirus C (HRV-C). This HRV-C type has an RNA genome of 7122 nt and 

carries all characteristics of rhinovirus C species, for instance encoding only a single open reading 

frame (ORF) of 6444 nt. Its viral protein 1 (VP1) gene has 81% sequence identity with the closest 

known HRV-C type, and therefore represents the first member of the novel HRV-C type 54.  
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Introduction 

Viral respiratory infections cause serious health problems in the human population. Many cause 

respiratory infection, yet still more than 30 percent of respiratory infections remain unexplained [1–

3], suggesting that unrecognized pathogens, including viruses, remain to be discovered. Many of 

these unknown viruses are probably difficult to culture as otherwise they would have been identified 

already. For that reason, culture independent and sequence independent metagenomic based 

methods are needed to identify novel viral agents. One of these techniques is VIDISCA-454, which is a 

restriction enzyme recognition based amplification technique that was developed in our laboratory. 

This allows amplification of both RNA and DNA viruses regardless of the viral characteristics and its 

genome composition [4–9].  

Discovery of unknown pathogens in respiratory samples is difficult due to the high concentration of 

ribosomal RNA (rRNA). The rRNA acts as competitor in VIDISCA, resulting in the majority 

(approximately 80%) of sequence reads [10]. Furthermore, attributing the presence of a virus in 

patient material to a disease can be a challenge. In particular, many new viruses have been identified 

in human respiratory samples by sensitive deep sequencing techniques, but a clear association with a 

disease requires further detailed investigations to determine the pathogenicity of these viruses (e.g. 

torque teno mini virus and gamma human papillomavirus [11,12]). Another difficulty is to recognize 

new viruses among the massive sequence reads. Identification is dependent on the identity of the 

new virus to already known viruses. Via GenBank searches one can identify closely related viruses, 

but highly divergent viruses may remain unrecognized. 

To overcome these limitations, we recently developed an adaptation to VIDISCA-454 by adding 

antibody capture. The essence of the method is that antibodies elicited by the infection, present in 

serum one month after the respiratory illness, are used to extract the causative viral agent from the 

respiratory material that was collected during the acute phase. The advantage of this approach is 

multi-fold: 1) it decreases the background rRNA 2) it facilitates discovery of viruses that induced an 

immune response, which increases the chance to find a pathogenic virus, and 3) it allows the 

identification of new viruses that have very low identity to known viruses [13]. In this study we 

identified a new type of human rhinovirus C by this novel antibody capture VIDISCA-454 method.  

Rhinoviruses are non-enveloped viruses with a single-stranded positive-sense RNA genome of 

approximately 7,200 nt. The rhinovirus genome contains a single ORF encoding a single polyprotein 

that is cleaved into four structural proteins (VP1, VP2, VP3 and VP4) and seven non-structural 
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proteins (2A, 2B, 2C, 3A, 3B, 3C and 3D) [14]. VP1, VP2, VP3, and VP4 form the capsid that 

encapsidates the RNA genome, while the remaining nonstructural proteins are involved in viral 

genome replication and virion assembly [15]. Rhinoviruses belong to the Picornaviridae family  of the 

Enterovirus genus [16]. There are three species of rhinoviruses; Rhinovirus A, Rhinovirus 

B and Rhinovirus C [16]. HRVs were first discovered in the 1950s and have been linked to the majority 

of upper respiratory tract infections in humans. HRV-C is associated with about half of the HRV 

infections in young children [17]. HRV-Cs are however difficult to culture, with replication reported 

only on commercial 3D human upper airway epithelia [18]. According to the latest classification, 53 

HRV-C have been identified so far [19] and the HRV-C presented here is named HRV-C54 by the 

International Committee on Taxonomy of Viruses (ICTV) Picornaviridae Study Group [19].   

Materials and Methods 

Clinical samples 

The respiratory sample was collected during the GRACE study. A flocked nasopharyngeal swabs 

(Copan) was collected in universal transport medium (UTM). The serum of sample was collected 5 

weeks after acute infection, at that time the patient was 5 weeks symptom free. The patient had 

respiratory symptom including runny nose, sever shortness breath, wheeze and phlegm production. 

The sample was tested for known viruses including influenzavirus A, influenzavirus B, respiratory 

syncytial virus (RSV), HRVs, human parainfluenza viruses 1-4, adenovirus, bocavirus, human 

metapneumovirus (hMPV), polyomaviruses KI and WU, coronaviruses OC43, 229E and NL63 by real 

time PCR and it was negative for all in diagnostics. 

Ethical approval 

The ethics review committee in Barcelona (Spain) Comitè ètic d'investigació clínica Hospital Clínic de 

Barcelona approved the study.  

Antibody capture 

Dilutions of the respiratory sample were centrifuged (10,000 g) and 150 µl of the supernatant was 

mixed with 50 µl Dynabeads protein A and G (1:1, Invitrogen). After 20 minutes incubation, 10 µl of 

autologous serum of the patient was added to the mixture. After a 20 minutes incubation with 

continuous shaking at room temperature, samples were washed six times with PBS using a magnetic 

particle concentrator. Universal transport medium with TURBOTM DNase (2U/µl, Ambion) was added 

to the antibody-antigen complex and samples were incubated at 37°C for 30 minutes. The complexes 
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were lysed with Boom-lysis buffer L6 and the lysate was used as input for Boom extraction [20], to 

isolate the nucleic acids of the captured material.  

VIDISCA and Roche Titanium-454 sequencing 

VIDISCA-454 was performed on the input and on the antibody capture material. The pretreatment of 

the input was performed as previously described [4]. In short, samples were centrifuged for 10 

minutes at 10,000 g and the supernatant was treated with DNase. Subsequently, nucleic acids were 

extracted by the Boom extraction method [20], with rRNA-blocking oligonucleotides added to 

prevent amplification of rRNA. The nucleic acids from the input and captured material were reverse 

transcribed into cDNA with Superscript II (Invitrogen) using non-ribosomal random hexamers [21]. 

Second strand DNA synthesis was performed with 5 U of Klenow fragment (Westburg) and double-

stranded DNA was purified by phenol/chloroform extraction and ethanol precipitation. The double 

stranded DNA was digested with Mse I restriction enzyme (New England Biolabs). Adaptors were 

ligated to the digested fragments and a PCR with adaptor-binding primers was performed (28 cycles). 

After purification of the PCR products (Agencourt AMPure XP PCR, Beckman Coulter), the DNA was 

quantified with the Quant-it dsDNA HS Qubit kit (Invitrogen) and diluted to 107 ng/µl. The Kapa PCR 

(Kapa Biosystems) was performed to determine the quantity of DNA. Subsequently, the Bioanalyser 

(hsDNA chip, Agencourt) was used to determine the average nucleotide length of the libraries and 

the pools were diluted until 106 copies/µl to be used for a titration (DNA:beads ratio of 0.5:1, 1:1, 2:1 

and 4:1) in an emulsion PCR according to the suppliers’ protocol (LIB- A SV emPCR kit). Sequencing 

was done on a GS FLX Titanium PicoTiterPlate (70675) with the GS FLX Titanium XLR 70 Sequencing 

kit (Roche). 

Sequence analysis 

Adaptor sequences and rRNA sequences were trimmed and removed from the reads. Sequences 

were compared with all available sequences in the non-redundant Genbank database [22] via the 

BlastN (http://blast.ncbI.nlm.nih.gov/Blast.cgi) tool [23]. The following settings were used: expect 

threshold: 1000, Match/ Mismatch Scores: 1.-1, Gap Costs: Existence: 2 Extension: 1. The output was 

subsequently used to create a taxonomic classification of the reads with Megan software version 

4.70.4 [24]. The following settings were used: Min Support: 1, Min Score: 80, and Top Percent 100.  
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Full-length genome sequencing 

Full length sequencing of the rhinovirus C was performed via genome walking starting with the 

sequences identified with VIDISCA-454. DNA walking (Seegene) was performed, but also PCRs to 

connect viral sequences. Amplification of the fragments was performed with the following thermal 

cycle profile: 5 min at 95°C, 45 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 2 min, followed 

by a final elongation step of 7 min at 72°C. PCR fragments were visualized via agarose gel 

electrophoreses and ethidium bromide staining. PCR fragments were sequenced with their forward 

and reverse primers, using the BigDye Terminator v1.1 protocol (ABI life science). Sequences were 

analyzed with Codon Code Aligner software (version 3.7.1). The complete genome sequence of the 

new type of HRV-C have been deposited in the GenBank sequence database under accession number 

XXX.  

5′ and 3′ random amplification of cDNA ends (RACE) 

In order to complete the full-genome sequence of new HRV-C with 5′ and 3′ termini, 5′ and 3′ RACE 

was performed. The 5′ end was determined with the 5′ RACE kit (Invitrogen). Gene-specific primers 

for 5′ RACE PCR amplification were designed to flank approximately 300 nt of the 5′ region. The 3′ 

end of the new HRV-C was determined with 3′ RACE, using the Oligo-dT-JZH primer in the reverse 

transcription and PCR amplification with the JZH primer and a gene-specific primer [25]. The PCR 

products were excised after agarose gel electrophoresis and purified with the Nucleospin Extract II kit 

(Machery-Nagel). Purified PCR products were cloned into the pCRII-TOPO TA vector (invitrogen) and 

chemically competent E. Coli  (Top 10 cells, Invitrogen). Transformants were directly analyzed via 

colony PCR with T7 and M13Rev primers. PCR products were diluted 1:10 and sequenced with the 

BigDye Terminator v1.1 protocol (ABI life science). 

Phylogenetic analysis 

Phylogenetic analyses (neighbor-joining method) were conducted using MEGA, version 

6. Phylogenetic analyses are performed based on the VP1 and VP4/VP2 (accession numbers are listed 

in the figures). 

Results 

The GRACE study investigated lower respiratory infections (http://www.grace-lrti.org). All respiratory 

samples collected were tested for known viruses and bacteria to explain the acute infection 

symptoms. Part of the infections remained unexplained as all diagnostic tests remained negative, yet 

http://www.grace-lrti.org/
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several signs indicate that an infection has occurred. Our index case was a patient with respiratory 

symptoms including runny nose, severe shortness of breath, wheeze and phlegm production. 

Since the clinical sample was from the respiratory tract, the antibody capture VIDISCA-454 was 

performed [13] in order to diminish rRNA background and focus only on viruses to which the patient 

has developed an immune response. In total 6569 sequence reads were obtained from the untreated 

material and 11819 reads from the antibody-mediated captured material. As expected the amount of 

rRNA in the capture was low (3% in captured sample compared to 35% in the untreated input). 

A Blast search with strict setting did not reveal any identity to known viruses, indicating that it was 

not an infection with a known virus that was missed in diagnostics. Subsequently Blast N analysis 

with broader setting was performed, which revealed that there are 8 sequences with some identity 

to rhinovirus C in the antibody capture and 3 of such sequences in the input. This enrichment 

indicates that antibodies from the patient have captured the virus, raising the possibility that the 

rhinovirus C was likely the cause of the lower respiratory tract infection.  

The identity of the VIDISCA sequences with known rhinovirus C sequences was on average 73%. Since 

only full genome sequences can reveal whether it truly represents a new HRV type or a recombinant 

virus, the complete genome sequence was determined. The full-length genome is 7122 nt with a 

single large ORF of 6444 nt. The base composition of the RNA genome is rich in A (31.5%) and U (25.2 

%) and relatively poor in G (22.0 %) and C (21.3 %), a property that is similar to other rhinoviruses 

[26]. The genome consists of the large ORF (running from nucleotide position 608 to 7051) and 3’ and 

5’ untranslated regions (UTRs). The ORF encodes a polyprotein of 2148 amino acids (aa), which in 

analogy to other HRVs is probably cleaved by virally encoded proteases (2A and 3C) to yield 11 

proteins. Proteinase cleavage sites on the polyprotein were predicted by the NetPicoRNA program 

[27] and potential cleavage sites are listed in table 1 and table 2. 

 

 Table1. 2A protease cleavage sites prediction  

Position Cleavage Surface Sequence           

  841 0.780 0.511 DSIKTA*GPSDL                                     
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Table2. 3C protease cleavage sites prediction  

 Position Cleavage Surface Sequence 

  983 0.926 0.715 LATTQ*GPIT       
1437 0.917 0.795 YCEKE*GLIH         
1687 0.914 0.590 FVESQ*GEII       

1407 0.893 0.675 NAIFQ*GLGS         
1504 0.867 0.631 RAVVQ*GPQH         
  330 0.830 0.656 SNRTQ*GLPV         

1482 0.821 0.698 LCMTQ*GAYT         
  537 0.594 0.652 VQSGQ*GAIL         
1329 0.582 0.602 LVIRQ*GFKT         
 

Analysis of secondary structure by Mfold program revealed that the 5’ UTR of the new HRV-C is 607 

nt with a potential cloverleaf secondary structure motif (position 1 to 87) followed by a spacer tract 

(88-107) and an internal ribosome entry site (IRES, see below) to allow initiation of translation from 

the ORF. Although the configuration of the cloverleaf secondary structure motif is quite similar 

between species, the spacer tract is highly variable [28]. The motif of the new HRV-C isolate consist 

of 24 nt (88-GCUAUCCCCCCCAACUUAUGUAAU-107).  

The IRES length is 498 nt (109-606) and forms an unbranched stem in the 3’ part of the predicted 

RNA structure. As has been shown for other rhinoviruses, in the new type of HRV-C the last AUG of 

the IRES with the open reading frame AUG create a variably pair, facilitating ribosome entry in a 

specific mechanism known for rhinoviruses [28].  

Alignment of the VP1 encoding region revealed that the new virus shares 81% nucleotide identity 

with its closest relative HRV-C29. Phylogenetic analysis was performed based on the VP1 and 

VP4/VP2 regions using available sequences in the Genbank and the phylogenic trees are shown in 

figure 2 and figure 3. For VP4/VP2, the closest relatives are HRV-C45 and HRV-C29 with 85.0% and 

84.8% identity, respectively.  
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Fig 1. Phylogenetic tree based on nucleotide sequences of the VP1 gene. The neighbor-joining tree 

was evaluated by 1,000 bootstrap pseudoreplicates. The red bar in bold indicates the VP1 gene of 

HRV-C54.  
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Fig 2. Phylogenetic tree based on nucleotide sequence of the VP4/VP2 gene. The neighbor-joining 

tree was evaluated by 1,000 bootstrap pseudo-replicates. The red bar in bold indicates the VP4/VP2 

gene of HRV-C54. 
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Attempt to culture the virus on differentiated airway epithelial cells (HAE) failed (data not shown). As 

the virus was missed in a diagnostics real time PCR for HRV-C, we looked into this in more detail. 

There are two mismatches in one of the primer binding site used for PCR, which probably caused the 

negative result in the HRV diagnostic test. The primers and the probe combined with the sequence of 

HRV-C54 used for screening are shown in figure 3. 

 

 

Fig 3. Alignment of primers and probe that were used in diagnostic PCR with the virus genome.  

 

Discussion  

In this study we describe a new type of HRV-C that was identified in a patient with respiratory 

symptoms, yet remained negative in diagnostics for known viruses. The virus was discovered by a 

virus discovery technique named antibody capture VIDISCA-454. This method is a culture 

independent and sequence independent virus discovery technique applicable to detect both RNA 

and DNA viruses. We have previously shown that the method facilitates virus identification by 

enriching viral material with convalescent autologous patient antibody capture followed by deep 

sequencing [13]. The restriction that the agent has to be recognized by the patients’ antibodies adds 

an important selectivity tool to virus discovery when one wants to focus on pathogenic viruses [13]. 

Here we describe the new HRV-C type by the antibody capture technique, demonstrating that the 

method can be used on clinical samples and that it has good potential to identify novel immunogenic 

and likely pathogenic viruses. The viral sequence reads were enriched by patient autologous serum 

after antibody capture, indicating the existence of an antibody response after acute infection. 

Although the immunogenicity of rhinoviruses is known, in case of a completely new virus for which 

no prior data is available, the antibody capture gives a strong indication about human infectivity and 

immunogenicity. The enrichment factor is a proper indication to exclude non immunogenic viruses or 
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viruses from other sources, including ingredients used in sample preparation or contaminants of the 

sample.   

According to the latest proposal for the classification of rhinoviruses, a threshold of 13% divergence 

for VP1 nucleotide sequences is used for type assignment of HRV-A and HRV-C [16]. For HRV-B the 

threshold is 12% divergence at the nucleotide level of VP1 [16]. Since HRV-C54 virus has 19% 

divergence in the VP1 region, the virus is classified as a new type (54) [19]. 

The full genome sequence of the novel virus was determined. Since HRV-C strains are not easily 

cultivable in vitro, typing of HRV-C is based on molecular phylogeny analysis. So far, nucleotide 

fragments of VP1, VP4/VP2 and the 5’ UTR coding region were used for typing [16]. One of the 

important causes for diversification of Rhinovirus species is genetic recombination [14]. This can 

create additional serotypes, it has for instance been shown that HRV-A46 arose from recombination 

between HRV-A53 and HRV-A80 [26]. To this end we compared HRV-C54 by RDP software with 30 

full-length genome sequences of HRV-Cs available in GenBank, but we could not observe any 

significant evidence of recombination (data not shown).  

In conclusion, our results highlight the strength of the antibody capture method to identify novel 

viruses that have elicited an immune response in the host. 
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Abstract 

Background: Currently virus discovery is mainly based on molecular techniques. Here we propose a 

method that partly relies on the classical method of virus culture combined with state-of-the-art 

sequencing techniques. As culture system the most natural ex-vivo system was used to allow 

replication of respiratory viruses. 

Method: Three respiratory clinical samples were inoculated on well-differentiated pseudostratified 

tracheobronchial human airway epithelial (HAE) cultures, a sophisticated culture technique that 

resembles the airway epithelia. Cells were stained with serum of the patients to identify infected 

cells, apical washes were analyzed by VIDISCA-454, a next generation sequencing virus discovery 

technique. 

Results: In two cases infected ciliated cells were visible, in the third sample infected non-ciliated 

cells. Sequence reads subsequently showed that the infected ciliated cells were harboring human 

coronavirus OC43 and influenzavirus B, whereas the non-ciliated cells contained influenzavirus A. The 

sequence reads covered a large part of the genome (52%, 82% and 57% respectively). The observed 

preference of infecting ciliated cells by influenzavirus B has not been described before, and may 

explain the lack of rearrangements between influenzavirus A and B, since influenzavirus A infects 

mainly non-ciliated cells. 

Conclusion: We present here an approach to perform virus discovery that requires a virus culture 

and antibody staining step. The virus in the harvest can be used to characterize the viral genome 

sequence and its cell tropism, but also provides progeny virus to initiate experiments to fulfill the 

Koch’s postulates.  
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Introduction 

Discovery of new viruses has been boosted in the last decade by high-throughput sequencing 

methods. These techniques improved virus discovery processes by generating ten thousands 

sequence reads directly from a clinical sample, and sequence alignment tools subsequently revealed 

the presence of previously unknown viruses. The main limitation of the viral metagenomics 

techniques is that detection of reads derived from a viral nucleic acids does not necessarily indicate 

that this virus is pathogenic, since it provides no information on phenotypic properties such as 

infectivity, cell tropism and the ability to induce the immune system (1).  

Once a new respiratory virus is identified, fulfilment of Koch’s postulates is essential to establish the 

role of the virus in disease. A necessity in the fulfilment of the postulates is a virus culture stage to 

obtain relatively pure virus stocks for inoculation in a animal model. Exactly this part is extremely 

difficult nowadays. In the 20th century, virus research and identification were limited to those 

viruses that could be cultured in conventional cell lines. This aspect has advantages and 

disadvantages. The advantage was that a virus culture system was available, but the drawback was 

that only culturable viruses were discovered. As mentioned above, powerful metagenomics 

sequencing methods allow the identification of previously unknown viruses in clinical samples, and a 

virus culture amplification step is no longer required. The downside is however obvious: without a 

culture system Koch’s postulates and the involvement in disease cannot be proven. As a result the 

quest for involvement in disease is often limited to determine the association with disease, either by 

showing a higher frequency of the virus in infected subjects compared to controls and/or 

seroconversion to the agent during the course of the disease (2).  

Well-differentiated pseudostratified airway epithelium is formed by culturing primary human airway 

epithelial cells in an air-liquid interface. The morphology and functionality of the cells resemble those 

of the human airways, and this system has been used previously to culture a wide range of 

respiratory viruses, e.g., influenzavirus A (3), parainfluenza virus (4), respiratory syncytial virus (5), 

adenovirus (6), and severe acute respiratory syndrome coronavirus (7). Furthermore, viruses which 

have recently been described can be cultured on these cells, whereas all regular cell lines are not 

permissive for these viruses (8-10). These results collectively demonstrate that the HAE cell cultures 

form a very promising candidate for universal respiratory virus culturing. 

A combination of the two abovementioned powerful techniques: the universal HAE culture system 

for virus isolation and molecular next generation sequencing to detect the genome of a novel virus, 

would be ideal in future virus discovery programs. There is however one pitfall with HAE cultures. 

Even with a fast replicating respiratory virus there is seldom a cytopathic effect observed. Only some 
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influenzavirus A strains cause cell death, but in the majority of infections a change in the epithelial 

layer is not obvious. Thus a detection system to monitor replication of each virus (also previously 

unknown ones) is needed. This detection system could be immunostaining with convalescent serum 

collected from the patient a few weeks after infection. This material will generally contain substantial 

amounts of antibodies directed to the virus that caused the respiratory illness a few weeks earlier. In 

this proof of principle study we tested the combination of 1) replication of an unknown virus on HAE 

cell cultures, followed by 2) immunostaining with serum of the patient, and 3) unbiased detection of 

the infecting virus by a metagenomics virus discovery tool: VIDISCA-454 (virus discovery cDNA-AFLP 

combined with Roche 454 high-throughput sequencing), a restriction enzyme recognition based 

amplification technique developed in our laboratory that allows amplification of both RNA and DNA 

viruses regardless of the genome composition (11-15). 

Three respiratory samples - which were anonymized of their respective infecting agent - were 

included in this study. In all three cases the virus was isolated, detected with the patients’ own 

antibodies and identified easily with VIDISCA-454. 
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Materials and Methods 

Samples  

Three respiratory samples (Copan nasal swabs in universal transport medium) were collected from 

patients with lower respiratory tract illness via the GRACE European Network of Excellence (16). 

Sample S2705 was collected from a patient in Bialystock (Poland), I2125 from Lodz (Poland) and 

E1517 from Mataro (Spain). Serum was collected 5 weeks after the acute phase of lower respiratory 

tract illness from the same patients.  

Ethical approval  

Ethics review committees in each country approved the study: Mataro (Spain): Comitè d'Ètica 

d'Investigació Clínica (CEIC) del Consorci Sanitari del Maresme; Lodz, and Bialystok (Poland): Komisja 

Bioetyki Uniwersytetu Medycznego W Lodzi; Written informed consent was provided by all study 

participants.  

Human airway epithelial cell culture 

Normal primary human bronchial epithelial cells (HBEpC) were isolated from patients (>18 years old) 

who underwent bronchoscopy and/or surgical lung resection in their diagnostic pathway for any 

pulmonary disease. This was done in accordance with local regulations from the Academic Medical 

Center, Netherlands. Pathologically examined bronchial segments were incubated for 48 hours at 

+4°C in minimal essential medium (MEM; Sigma) supplemented with a mixture of protease XIV-

DNase I (Sigma) and the following additives (Sigma): penicillin G sulfate (100 units/ml), streptomycin 

sulfate (100 μg/ml), amphotericin B (1.25 μg/ml), gentamicin (50 μg/ml), and nystatin (100 units/ml). 

After cell dissociation, the HBEpC were maintained for one or two serial passages as a monolayer in 

bronchial epithelial cell serum-free growth medium (BEGM), which is LHC basal medium (Invitrogen) 

supplemented with the required additives (Sigma and Sciencecell). BEGM was refreshed at 2- or 3-

day intervals. Subpassaging of HBEpC to form well-differentiated pseudostratified human 

tracheobronchial epithelial cell cultures was done as described previously (8). The washing of the 

apical surface was adjusted to 7-day intervals. Prior to the experiments, all cultures were maintained 

at 37°C in a 5% CO2 incubator. 

Inoculation of HAE  

Prior to infection the apical surfaces of HAE cells were rinsed three times with HBSS and then 

inoculated via the apical surface with 200 μl of a 1:2-diluted respiratory materials. Following two 

hours incubation at 34°C in a 5% CO2 incubator, the unbound virus was removed by rinsing the apical 

surface with 500 μl for 10 min at 34°C, and the HAE were maintained at an air-liquid interface for the 

remainder of the experiment at 34°C. Harvests were collected after 24, 48, 72, 96 and 120 hours post 
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inoculation from both the apical and basolateral sides, except for sample E1517 of which the last 

harvests was collected at 96 hours post inoculation. Apical washing and harvesting was performed by 

adding 200 μl of HBSS to the apical surface and incubation for 10 min at 34°C in a 5% CO2 incubator, 

followed by the removal and storage of the 200 μl HBSS from the apical surface. For real time PCRs a 

100 μl aliquot of apical wash was transferred into 900 μl L6 lysis buffer (17). RNA was extracted from 

the samples by the silica affinity-based Boom extraction method (17), and transcribed into cDNA as 

described (14).  

Confocal microscopy analysis 

Infected HAE cultures were fixed with 4% paraformaldehyde (PFA; FormaFix) for 30 min at room 

temperature, followed by rinsing of the apical and basolateral sides three times with 1 ml of 

phosphate-buffered saline (PBS). Fixed HAE cultures were immunostained as described (18). In this 

study, for simultaneous detection of viral proteins and ciliated cells, autologous convalescent serum 

of the patient (250 μl, 1:25 dilution in confocal staining buffer) and mouse monoclonal anti-β-tubulin 

IV (1:400) (Sigma) were applied as primary antibodies for 2 hours at RT in confocal staining buffer. 

Donkey-derived Dylight 488-labeled anti-mouse IgG(H+L) and Dylight 594-labeled anti-human 

IgG(H+L) (1:200) (Jackson Immunoresearch) were applied as secondary antibodies for 1 hour at RT in 

confocal staining buffer, followed by nuclear DNA staining with Hoechst 33528 (5 μg /ml, Sigma). 

Fluorescence images were acquired using a Leica TCS SP2 AOBS specteral confocal microscope. 

Image capture, analysis, and processing were performed using the Leica Application Suite, Advanced 

Fluorescence Lite software packages (Leica).  

VIDISCA and Roche Titanium-454 sequencing 

VIDISCA-454 was performed as previously described (12). In short, virus harvests were centrifuged 

for 10 minutes at 10,000 g and the supernatant was treated with TURBO DNase (2U/µl Ambion). 

Subsequently, nucleic acids were extracted by the Boom extraction method (17). rRNA-blocking 

oligonucleotides were added to prevent amplification of ribosomal RNA and a reverse transcription 

reaction with Superscript II (Invitrogen) was performed using non-ribosomal random hexamers (19). 

Subsequently, second strand DNA synthesis was performed with 5 U of Klenow fragment (New 

England Biolabs). Double-stranded DNA was purified by phenol/chloroform extraction and ethanol 

precipitation and digested with Mse I restriction enzyme (New England Biolabs). Adaptors with 

different Multiplex Identifier sequences (MIDs) were ligated to the digested fragments of the 

different samples. Before PCR amplification, the fragments were purified with AMPure XP beads 

(Agencourt AMPure XP PCR, Beckman Coulter). Next, a 28 cycles PCR with adaptor-binding primers 

was performed: the programme of PCR- reaction was: 5 min 95 °C, and cycles of 1 min 95 °C, 1 min 
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55 °C, and 2 min 72 °C, followed by 10 min 72 °C and 10 min 4 °C . After purification with AMPure XP 

beads, the purified DNA was quantified with the Quant-it dsDNA HS Qubit kit (Invitrogen) and diluted 

to 107 ng/µl. Samples were pooled and Kapa PCR (Kapa Biosystems) was performed to determine the 

quantity of amplifiable DNA in each pool. Subsequently, the Bioanalyser (hsDNA chip, Agencourt) was 

used to determine the average nucleotide length of the libraries and the pools were diluted until 

10E6 copies/µl to be used for a titration (DNA:beads ratio of 0.5:1, 1:1, 2:1 and 4:1) in an emulsion 

PCR according to the suppliers’ protocol (LIB-A SV emPCR kit). Sequencing was done on a 2 region GS 

FLX Titanium PicoTiterPlate (70x75) with GS FLX Titanium XLR 70 Sequencing kit (Roche). 

Sequence analysis 

Primer, MID and ribosomal RNA sequences were trimmed or removed from the reads. Sequences 

were assembled with CodonCode Aligner software version 3.5.6. The contig sequences and the 

unassembled reads were compared with available sequences in Genbank via the BlastN tool using 

default settings. The blast output was used to create a taxonomic classification of the reads with 

Megan software version 4.70.4. The following settings were used: Min Support: 1, Min Score: 50, Min 

Score/Length: 0.5, Top Percent 100.  

 

Results 

Virus replication on pseudostratified airway epithelium 

Three respiratory samples were used to inoculate well-differentiated human pseudostratified 

epithelial cultures. Samples were inoculated onto the apical surface of the cells and after 2 hours 

unbound viral particles were removed by washing. The cultures were maintained for 120 hours, 

followed by fixation of the cells in 4% PFA. Immunostaining of infected cells was performed by 

incubation with convalescent patient sera obtained approximately 5 weeks after onset of symptoms, 

when full recovery of the patient was apparent. In theory these sera will contain a substantial 

amount of pathogen-specific immunoglobulins that can recognize epitopes exposed on the virus 

surface (20;21). In addition, cells were probed with a monoclonal antibody against a ciliated cell-

specific marker (ß-tubulin IV) to identify ciliated cells and to enable the determination of the cellular 

localization of the virus antigens. For all three cultures infected cells could be visualized by confocal 

microscopy (Fig 1). In Sample S2705 and E1517 staining of infected ciliated cells was visible, whereas 

sample I2125 showed mainly staining of the non-ciliated cells. Furthermore a strong cytopathic effect 

was noted for I2125 (data not shown). 
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Figure 1: 

Immunostaining of infected HAE cell cultures with patient sera. Three respiratory samples, S2705 

(HCoV-OC43), I2125 (influenzavirus A, H3N2) and E1517 (influenzavirus B), were inoculated onto HAE 

cell cultures. The cells were fixed 96 or 120 hours post inoculation with 4% PFA and the histological 

sections immunostained using the autologous antibody derived from patients (red) and mouse 

monoclonal anti ß-tubulin IV (green), examined by confocal microscopy. An overlay image was 

generated to determine the cell tropism of each infection. Bars, 10 μm. 
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Virus genome characterization 

The apical wash obtained at 96 or 120 hours post inoculation was used as input in VIDISCA-454. Of 

the three culture harvests a total of 9124 sequence reads were obtained: 3227 sequence reads from 

S2705, 2686 sequence reads of I2125, and 3211 sequence reads were obtained from the harvest of 

sample E1517. An identity search using the BLAST tool from NCBI showed that the samples contained 

three different respiratory viruses: human coronavirus OC43 (sample S2705), influenzavirus A H3N2 

(sample I2125) and influenzavirus B (sample E1517). The number of reads was substantial for each 

virus (in all cases more than 10% of the reads), and – even more important – a large coverage of the 

genome was noted (> 50% for all viruses), which is remarkable since only a few thousand sequences 

were obtained from each sample (Table 1). 

 

 

Table 1. Sequence reads belonging to viruses in the apical harvests of the virus cultures  

 

Sample 

name 

Number of sequence 

reads 

% viral 

sequence 

Virus identified % of the genome 

 

S2705 

 

3227 

 

10.8 %. 

 

HCoV-OC43 

 

51.6 % 

I2125 2686 13.2 % Inf-A (H3N2) 57.5 % 

E1517 3211 88.5 % Inf-B 81.8 % 

 

 

 

The replication of influenzavirus B on HAE is noteworthy. To our knowledge this is the first 

description of a spreading infection caused by this virus on HAE. We therefore determined the 

replication characteristics by quantification of the apical harvests (Fig 2). As early as 24 hours post-

infection a rise in virus yield is detected, with a maximum at 72 hours post-infection. Production of 

virus is most probably from infected ciliated cells, since these were preferentially infected (Fig 1).  
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Figure 2 Replication of influenzavirus B on HAE cell cultures. Apical harvests of the E1517 culture 

were collected at 2, 24, 48, 72 and 96 hours post inoculation. Virus yield was determined by real-time 

PCR as previously described (34).  

 

Discussion  

The currently available high throughput sequencing platforms provide us with an impressive amount 

of sequence information in a limited time frame. Undoubtedly useful in many ways, these 

sequencing platforms have not always benefitted the human virus discovery field. The acquisition of 

essential additional knowledge that is needed to address the pathogenicity of a novel virus is lagging 

behind (22;23). The discovery of a novel human virus should preferably be accompanied by serology 

(seroconversion to the virus during the acute phase of disease), an association with disease (more 

frequent detection in disease cases compared to unaffected controls), and ideally a virus culture 

system as the first requirement in fulfilling the Koch’s postulates. In this study we present a 

combination of a virus culture and virus discovery tool that allows the identification of novel viruses 
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that 1) have elicited an immune response, 2) are able to infect cells which match with the affected 

organ from which the samples are obtained.  

Three clinical samples containing known viruses were used to evaluate the culture-virus-discovery 

combined tool. For all three viruses, staining by convalescent serum of the patients was positive, 

therefore the apical washes were investigated by VIDISCA-454, a sequence independent virus 

discovery tool that can detect RNA and DNA viruses (12). The genome coverage of the sequence 

reads was high (52%, 57% and 82%), which provides the opportunity of identifying viruses that are 

highly divergent from the known viruses, since the inclusion of a sequence from a conserved region is 

likely. Of each apical wash only a few thousand sequences were obtained. The low number of 

sequences needed to identify the cultured virus has the advantage that many samples can be 

analysed in a single 454 run (approximately 150 samples per run), which makes the assay only 

moderately expensive. One should note however that this combined assay is currently not suitable to 

be used in a high throughput setting, considering the relatively large investment in hands-on time 

and expert experience needed to prepare the HAE cell cultures in approximately 6 weeks for these 

experiments. On the other hand, once a novel virus is discovered in this manner, the availability of a 

culture method is enormously beneficial as it provides the reagents to perform serological assays, 

but also the progeny virus material to inoculate animal models. 

We presented the replication of respiratory viruses in respiratory tract cells, but equally relevant is 

the use of this kind of combined system for discovery of gastrointestinal pathogenic viruses. In fecal 

samples a whole range of non-relevant viruses can be present – many of which still unknown - which 

either originate from food or from the collection of viruses that infect intestinal bacteria. There are 

advanced intestinal epithelial culture systems of which the Human Intestinal Organoids are promising 

for virus replication (24). This could be combined with virus discovery to identify only those viruses 

that infect human cells in the intestine. We recently published a virus discovery tool that relies on 

antibody recognition (25), which prevents that food related viruses are mistaken for human 

pathogens. The inclusion of an additional virus culture step would add even more weight to a 

discovery since bacteriophages and other bacteria-infecting viruses are incapable of infecting 

intestinal epithelial cells. 

There is an additional important advantage of immunostaining to identify the cultures in which a 

virus is replicating. The tropism of the virus can be determined at the same time. We observed 

infection of ciliated cells by HCoV-OC43, and infection of non-ciliated cells during influenzavirus A 

infection, in accordance with the literature (26;27). Interestingly, influenzavirus B replicated mainly in 

ciliated cells, which has not been described previously. The human influenza A H3N2 and B HA 
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proteins are structural very alike and both have a preference for α(2,6)-linked sialic acids (28;29), 

suggesting that other host or viral factors play a role in influenza B replication.This different cell 

tropism for influenzavirus A and B might well explain the lack of reassortment between genome 

segments of these two viruses (30). 

The choice for this particular culture system of well-differentiated pseudostratified human airway 

epithelial cells was based on our in house experience (8;9;26). Thus far the majority of respiratory 

viruses can replicate in these kind of cultures, even the viruses that cannot be cultured on traditional 

cell lines (e.g. human bocavirus and human coronavirus HKU1 (8;9)). The procedure to culture these 

differentiated cells has been described in detail, however handling of the cells requires experience 

and relatively large amount of hands-on time and therefore is not routinely available in most 

laboratories. An alternative would be to obtain HAE from commercial suppliers (e.g. 3D human upper 

airway epithelia from MucilAir™, Epithelix, Geneva, Switzerland) (31;32). 

We did not add a negative staining control (infection of cells by the three viruses, but leaving out the 

convalescent serum) to check if the procedure would give false positives. This negative control was 

included in other studies, where we noticed that staining of infected and uninfected cells is 

distinctively negative when no primary antibody is added (26). Another control: no infection of cells 

but incubation with the convalescent serum, was also not included here. As the amount of false 

immunostaining will vary from patient to patient, it will likely not be informative for this proof of 

principle study.  

It could be that staining with convalescent serum provides no signal. This can occur when 1) there is 

only IgM or IgA-no IgG yet – and the secondary antibody only recognizes IgG; or 2) the only response 

to an infection is via IgA at the mucosal level. In theory, the second point might be solved in case a 

respiratory sample is available at a subsequent time-point. Thus far we have no experience with this 

material as source of primary antibodies, and it is definitely a part of future research. 

One limitation of the proposed combined discovery tool is that there are not many patient studies 

that collect convalescent serum after an infection. In case this material is lacking there is the 

possibility to use concentrated immunoglobulins from donors (IVIg; Nanogam, Sanquin B.V.). This 

pool can detect viruses that are common in the population but simply have not been discovered yet, 

which was the case for rhinovirus C, HCoV-HKU1, HCoV-NL63, human bocavirus etc. Moreover, it 

could be that the pooled immunoglobulins even recognize emerging viruses, like SARS-CoV and/or 

MERS-CoV, as it has been shown that antibodies directed to the common cold coronaviruses may 

display some cross reactivity with newly emerging coronaviruses (33).  
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In conclusion, we present here a combined approach to exclusively identify viruses that infect human 

cells and that have elicited an immune response. Both are strong indicators that the agent is the 

causative agent of the disease. 
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Sequencing of additional variants of known coronaviruses leads to a better understanding of their 

evolution and also allows the investigating of coronavirus genetic diversity. Although HCoV-229E was 

first identified as early as the 1960s, no full genome of clinical isolates were available thus far. 

Availability of full-length genome sequences of HCoV-229E clinical isolates is important to determine 

genetic variation possibly due to immune escape and changes in genome organization over time. The 

only available complete genome sequence of HCoV-229E was the lab-adapted strain VR-740 

originating from 1962. In chapter two the full-length genome sequence of two clinical isolates of 

coronavirus 229E (0349 and J0304) were obtained and compared with the lab-adapted VR-740 strain. 

The most notable difference was in the genome organization. The two clinical isolates have 7 

putative protein-coding genes compared with 8 in the lab-adapted strain. A 2 nt deletion in the 

genome of the lab-adapted strain resulted in truncation of the ORF4. ORF4, one of the accessory 

genes, is conserved among clinical isolates, similar to what was published recently [1], suggesting a 

possible vital role for ORF4 in in vivo infection of HCoV-229E. The genetic distance between the 

clinical isolates and the lab-adapted isolate was apparent in the spike gene, nucleocapsid gene, NSP3 

gene and 3’UTR. In fact, it is striking that so limited genetic divergence was present in other parts of 

the genome after 40 years of HCoV-229E evolution in vivo.  

The S proteins are used by coronaviruses for receptor binding and viral entry. At the same time, 

these S proteins have the most variable sequences among the coronavirus proteins. The S gene 

encodes two spike protein domains, S1 and S2. The S1 domain encodes the receptor binding site, but 

deletions and around 88% of all amino acid substitutions in the S gene occur within S1. Amino acid 

changes in the S1 domain may allow the virus to escape from neutralizing antibodies. The 

preferential changes in the spike suggest that it is shaped by evolution and that there is positive 

selection pressure on particularly the S1 domain [2]. Recombination has been reported for HCoV-

HKU1 and several animal coronaviruses [3,4], yet no indication for recombination was obtained for 

229E. However, before a more definitive conclusion can be drawn about the possibility of genetic 

recombination among HCoV-229E isolates, more full-length sequences of clinical isolates are needed. 

Recently, three additional full-length genomes have been sequenced and submitted to Genbank. A 

recombination analysis with these sequences that originate from the USA (2013) did again not yield 

any strong indication for recombination (unpublished finding, S.M. Jazaeri Farsani , M.Canuti and L. 

van der Hoek). 

Discovery of new viral pathogens has been hindered by the fact that many viruses are not able to 

grow in cell culture, and a number of viruses, even if able to grown in culture, do not yield an easy-
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to-detect cytopathic effect. To this end, cell culture independent virus discovery methods are needed 

for the efficient discovery of new viruses. One of these methods is VIDISCA-454, a next generation 

sequencing or metagenomic virus discovery tool.    

Metagenomic based tools can be used to rapidly identify agents in case of emerging epidemics or 

virus outbreaks, and should help us to prepare for new zoonotic diseases in humans. These methods 

are powerful not only for the investigation of diseases of unknown etiology but also to study viral 

evolution and the molecular description of novel viruses. High-throughput sequencing technologies 

such as Roche-454 and Illumina improved virus discovery techniques substantially by providing a fast, 

sensitive, and cost effective sequencing tool. These techniques combined with bioinformatics 

resulted in a significant increase in the number of novel viruses that were recently published in 

literature [5,6].   

Using VIDISCA-454 a new TTMV was discovered in blood (chapter 3). The virus was detected in two 

HIV-1 positive individuals. The virus seemed to cause a chronic infection in these patients, and both 

patients suffered from a pneumococcal pneumonia during follow up with an extremely low B-cell 

count when compared to the average for this patient group. In theory, it is possible that the low B-

cell count is caused by TTMV infection. One study detected TTV DNA in the lymph nodes of patients 

with B-cell lymphomas and Hodgkin’s disease and the role of TTV in lymphoma pathogenesis has 

been suggested [7]. It could even be that TTMV replicated in the B-cells of the patients, but attempts 

failed to culture the virus in primary B-cells from a healthy donor or the Ramos B cell line. 

Research on different aspects of TTMV infection, including cell tropism, antiviral drug sensitivity and 

replication rate are hampered by the lack of an efficient cell culture system. Cell culture is critical to 

assess infectivity and pathogenesis of viral agents. Via a culture system that allows the replication of 

newly identified viruses one can make a start with the testing of Koch’s postulates by providing virus 

stocks for further investigation, including the inoculation in an animal model. For respiratory viruses 

there is probably a good candidate system: the human airway epithelial cell culture (HAE) system. 

This pseudostratified primary cell culture allows replication of many respiratory viruses, even the 

otherwise unculturable human bocavirus and HCoV-HKU1 [8,9]. In this respect HAE in combination 

with VIDISCA-454 provides a powerful combination, not only will a discovery be accompanied by 

generation of a high titer virus stock and coverage of the nearly full-length viral genome sequence by 

VIDISCA-454, but also the cell tropism can be established at the moment of discovery (chapter 7). 

Furthermore, infection of human cells provides a very strong indication that the virus can indeed 

infect human cells in vivo. In virus discovery projects it is extremely important to establish whether a 
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virus is truly infecting human cells or just present in the infected organ. Especially the gastrointestinal 

tract is notorious for harbouring numerous bystander viruses that are not related to disease. Such 

bystander viruses are either ingested with food or they represent bacteriophages that infect gut 

bacteria. Interestingly, nut not only the gut harbours bacteriophages as they can also be found in the 

respiratory tract (unpublished finding, S.M. Jazaeri Farsani and B.B. Oude Munnink).  

Besides HAE combined with VIDISCA-454, another new virus discovery method that combines 

methods is presented in this thesis. Antibody capture VIDISCA-454 (chapter 4 and chapter 5) can 

provide an important first step in the identification of a disease-related virus. Convalescent serum of 

the patient can be used to concentrate viruses that have elicited an immune response. The technique 

facilitates the detection of immunogenic viruses by decreasing the detection of non-immunogenic 

bystander viruses (bacteriophages and e.g. plant viruses in food) and host cellular background. A 

plant virus is not captured by autologous sera and also the amount of bacteriophage sequence reads 

is reduced 100 times in antibody captured samples. Thus, this method facilitates virus identification 

by enrichment of virus-derived material, which was confirmed by detection of a novel virus, the 54th 

type of rhinovirus C (chapter 6). 
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Summary  

 

Viral infections represent the majority of emerging infectious diseases in humans. The etiology of a 

substantial part of human diseases remains unknown and it is likely that a fair percentage of these 

diseases are caused by unknown viruses. Therefore, identification of new viruses and improvement 

of the methods to discover yet-unknown viruses are important. Nowadays, application of molecular 

methods such as high throughput sequencing in virus discovery becomes more frequent (e.g. 

VIDISCA-454). These technologies are able to provide ten thousands or even millions of sequences 

from a clinical sample, facilitating exploration of new viral agents and virus evolution. However, 

cellular background signals hamper the detection of new viruses, and the determination of clinical 

relevance of new viral pathogens remains a significant challenge. Furthermore, with the high 

sensitivity of these methods, contamination of laboratories and reagents should be considered 

carefully. To this end, virus discovery techniques should be optimized to not only detect new viruses 

in clinical samples but also provide preliminary data about infectivity and pathogenesis of novel 

viruses.   

In chapter 2, the first full-length genome sequence of clinical isolates of human coronavirus 229E was 

characterized and compared with the laboratory-adapted strain VR-740. The latter strain was 

isolated in 1962 and the two clinical strains were isolated recently in 2009 and 2010. By alignment of 

the nucleotide and amino acid sequences and a phylogenetic analysis we detected several intriguing 

differences between the clinical isolates and the laboratory-adapted strain. Changes were most 

frequent in the genes encoding the spike, the nucleocapsid and non-structural protein 3 and the 

3’UTR. The most significant change in genome organization in the lab-adapted strain VR-740: The 

clinical isolates had an intact ORF4 where the lab adapted strain had a truncated ORF4.  

In chapter 3, VIDISCA-454 was applied on serum samples of injecting drug users in a search for 

unknown viruses in HIV-patients. This resulted in the identification of a new torque teno mini virus 

(TTMV) genotype. The virus is chronically present in two HIV-1 infected patients, and both suffered 

from a pneumococcal pneumonia during follow up with extremely low B-cell counts. The direct effect 

of TTMV infection on these clinical features remains unknown. 

Attributing the presence of a virus in patient material to a disease in that patient remains a 

challenge. We therefore developed an optimized virus discovery technique: antibody capture 

VIDISCA-454 (chapter 4). This method facilitates the identification of viruses that have provoked an 



 

 

[124] 

 

immune response in those patients. A decrease in the cellular background signal, enrichment of 

immunogenic virus and detection of viruses in an identity independent manner are some benefits of 

the method. The utility was confirmed in a pilot study using 19 clinical samples that contain 

respiratory and gastrointestinal viruses. In 18 of the 19 patients, viral reads from the immunogenic 

viruses were enriched by antibody capture. The sensitivity of antibody capture VIDISCA-454 on 

clinical samples was determined in chapter 5 using a clinical sample containing human rhinovirus A. 

The sensitivity of antibody capture VIDISCA-454 was 7.5E+04 copies/ml, only a bit reduced compared 

to the sensitivity of traditional VIDISCA-454 (1.5E+04 copies/ml). However, at higher concentration 

the percentage viral sequences in antibody capture material is higher. In chapter 6, the discovery of 

human rhinovirus C type 54 by the antibody capture method is described showing the utility of the 

antibody capture VIDISCA-454 to discover novel viruses.  

In chapter 7, a universal cell culture system for respiratory viruses, human airway epithelium cell 

culture, is combined with VIDISCA-454 to create a virus discovery tool with the added possibility to 

provide information about infectiousness and cell tropism of new viruses. The efficiency of the 

method is verified by testing three clinical samples with influenzavirus A, influenzavirus B or human 

coronavirus OC43. The sequence reads covered a large part of the genome (more than 50%). The 

study also showed, for the first time, that influenzavirus B can be cultured in the ex vivo respiratory 

culture system by replicating in the ciliated cells.  
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Samenvatting 

 

Virussen veroorzaken regelmatig nieuwe infectieziekten, bovendien bestaat het vermoeden dat 

onbekende virussen betrokken kunnen zijn bij een aantal ziektes waarvan de oorzaak onbekend is. 

Het is daarom belangrijk dat de methodologie om deze virussen op te sporen en te identificeren 

wordt verbeterd. De toepassing van moleculaire technieken, zoals ‘high throughput’ DNA en RNA 

sequentie-bepalingen, vindt tegenwoordig steeds meer plaats (bv. de VIDISCA-454 methode). Deze 

technieken kunnen tienduizenden tot miljoenen sequenties opleveren uit een klinisch monster en 

maken het mogelijk om inzicht te verkrijgen in nieuwe virussoorten en hun evolutie. Een probleem 

hierbij is de aanwezigheid van cellulair DNA en RNA in die monsters, wat de detectie van nieuwe 

virussen bemoeilijkt. Bovendien is het vaststellen van de klinische relevantie van een nieuw virus een 

serieuze uitdaging. Door  de enorme gevoeligheid van deze nieuwe technieken kunnen DNA/RNA 

contaminaties op laboratoria en in reagentia leiden tot vals positieve uitslagen. Om deze redenen is 

het belangrijk dat de technieken om virussen op te sporen zodanig worden geoptimaliseerd dat ze 

niet alleen nieuwe virussen kunnen opsporen, maar tevens inzicht geven in de door deze virussen 

veroorzaakte infectie en het bijbehorende ziektebeeld. 

In hoofdstuk 2 worden de eerste twee complete genoom sequenties van klinische isolaten van het 

humaan coronavirus 229E beschreven en vergeleken met die van de aan het laboratorium-

aangepaste stam VR-740. Deze laatste stam werd geïsoleerd in 1962, terwijl de twee klinische 

isolaten recentelijk (in 2009 en 2010) circuleerden. Door de nucleïnezuur- en eiwit-sequenties te 

vergelijken en de fylogenetische verwantschap te bepalen zijn er een aantal opvallende verschillen 

ontdekt tussen de klinische isolaten enerzijds en de laboratorium-aangepaste stam anderzijds. Vooral 

de genen die coderen voor het zogenaamde ‘spike’ eiwit, het nucleocapside eiwit, het niet-

structurele eiwit NSP-3, en de niet-coderende 3’UTR vertonen verschillen. De meest in het oog 

springende verandering bij de klinische isolaten is de aanwezighied van een intact open leesraam 4, 

welke is onderbroken in de laboratorium stam. 

In hoofdstuk 3 staat beschreven hoe VIDISCA-454 wordt toegepast op serum monsters van hiv-

geïnfecteerde druggebruikers om te zoeken naar onbekende virussen in deze immuun-

gecompromitteerde individuen. Dit resulteerde in de identificatie van een nieuw genotype van 

torque teno mini virus (TTMV). Dit virus bleek chronisch aanwezig in twee patiënten, waarbij het 

opvallend is dat beide patiënten een longontsteking doormaakten die werd veroorzaakt door de 
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pneumokok bacterie. Bovendien hadden beide patiënten een extreem lage hoeveelheid B-cellen. Het 

directe effect van de TTMV infectie op het klinische beeld bij deze patiënten blijft vooralsnog 

onbekend.  

Het blijft lastig om te bepalen in hoeverre de aanwezigheid van een virus daadwerkelijk bijdraagt aan 

een ziektebeeld. Een verbeterde methode om virussen te detecteren en direct te koppelen aan een 

bepaald ziektebeeld wordt beschreven in hoofdstuk 4: De antilichaam-gekoppelde VIDISCA-454. Deze 

methode maakt het mogelijk om selectief virussen te identificeren die in patiënten een 

immuunreactie hebben opgewekt. De voordelen van deze techniek zijn velerlei, waaronder verlaging 

van de cellulaire DNA en RNA achtergrond en verrijking van het immunogene virus. Door deze meer 

selectieve aanpak wordt het ook makkelijker om virussen te vinden die weinig tot geen gelijkenis 

vertonen met thans bekende virussen. De nieuwe methode werd getest op 19 patiënten monsters 

met reeds gediagnosticeerde respiratoire en gastro-intestinale virussen. In 18 van de 19 patiënten 

werden meer virale sequenties gevonden met behulp van de antilichaam-gekoppelde VIDISCA-454 

dan met de reguliere VIDISCA-454 methode. De gevoeligheid van de antilichaam-gekoppelde 

VIDISCA-454 wordt beschreven in hoofdstuk 5 door gebruik te maken van een klinisch monster met 

rhinovirus A. Deze gevoeligheid is ongeveer 7.5 E+04 virusdeeltjes per milliliter, iets minder gevoelig 

dan de traditionele VIDISCA-454 (1.5E+04 virusdeeltjes per mL), maar bij hogere concentraties virus 

is het percentage virus sequenties sterk verrijkt na antilichaam koppeling. In hoofdstuk 6 wordt de 

nieuwe methode toegepast voor de ontdekking van een nieuw type rhinovirus (type 54). 

In hoofdstuk 7 wordt beschreven hoe het celkweek systeem van humaan luchtweg epitheel 

gecombineerd kan worden met VIDISCA-454 om een virus opsporing methode  te creëren die tevens 

informatie kan verschaffen over het cel tropisme van een nieuw virus. De efficiëntie van deze 

methode is getest op 3 klinische monsters die influenzavirus A, influenzavirus B of humaan 

coronavirus OC43 bevatten. De aan de celkweek gekoppelde VIDISCA-454 sequentie informatie 

leverde een groot deel van de sequentie van het virale genoom (meer dan 50%). Tevens laat deze 

studie zien dat influenzavirus B gekweekt kan worden in het ex-vivo respiratoir kweeksysteem en - 

voor het eerst - dat influenzavirus B voornamelijk cellen met trilharen infecteert. 
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