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No time to read, no time to sit 

this is it, 

another lab day to go. 

Oh why, oh why, is my PCR so slow? 

I’ve already prepared my gels, I’ve done quite a few 

but the results under UV, I never knew. 

The end of the qPCR is so near, 

contamination, that’s something I always fear! 

The tricks of virology, 

antibody assay, do I know anything about immunology? 

The day of submission, sun shine, 

paper accepted, time for sparkling wine. 

Plasmids, hundreds of dilutions, 

cloning, are there any solutions? 

And what is this rapid evolution? 

Writing the thesis, my eyes are almost sore 

my supervisor has corrections and wants five pages more… 

 

 

With the biggest thankfulness, 

To all of you who made this possible 
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Abstract  

Parvoviruses are minute single-stranded DNA viruses that infect a wide range of 

mammalians and invertebrates. Human parvovirus B19 (B19V) was discovered in the 

1970s when it caused cross-reactivity in a serological assay for hepatitis B virus. Soon 

B19V was found to cause several disease manifestations, including erythema 

infectiosum, arthropathy, anemias, and fetal hydrops, and in extreme cases the virus 

infection may lead to fetal death. The B19V titer in human blood is high during acute 

infection. After primary infection, B19V has been shown to persist in tissues of 

symptomatic and asymptomatic persons.  

Prior to the commencement of this work, two new genotypes were identified for B19V 

that had long been considered to be very stable regarding its DNA sequence.  The 

newly found variants are named genotype 2 and genotype 3, and the prototypic virus is 

genotype 1. The new genotypes were found from the blood of a child with aplastic 

anemia and from human skin. The sequence variation between the prototypic B19V 

genome and its new variants is approximately 10%. Altogether three genotypes are 

currently known.  

The most common transmission route of B19V is the respiratory tract but transmission 

via plasma-derived medical products has been described. To ensure the safety of 

medical blood products in the European Union, new instructions were given in 2004 for 

B19V levels in plasma pools. These necessitate quantitative PCR (qPCR) screening for 

B19V DNA. Two commercially available quantitative PCR tests existed at the beginning 

of this thesis project and were examined here for their ability to amplify, quantify, and 

differentiate B19V genotypes (Study I). Both methods were optimized for the Light 

Cycler Instrument, and were based on fluorescence resonance energy transfer (FRET). 

The Light Cycler Parvovirus B19 Kit was highly sensitive for the detection of B19V 

genotype 1, but failed to detect B19V genotype 2 and to differentiate genotypes. The 

other qPCR kit proved to be a sensitive and suitable method for detection, 

quantification, and differentiation of all B19V genotypes, although, the sensitivity of 

the kit for one of the two strains of genotype 3 was low.  

The prevalences of B19V genotypes were examined in a large number of blood and 

tissue samples (Studies I and II). B19V genotype 1 was found in 23% of maxipools of 

blood donor plasma (I), and in 17% of single samples of serum (II) whilst no genotype 2 

or 3 DNAs were detected. Various types of tissue samples contained both B19V 

genotype 1 and genotype 2 DNA, while B19V genotype 3 DNA was absent from all the 

tissues studied (II). When grouping tissue donors according to their age, a variety in 
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distribution of B19V genotypes was noticed. B19V genotype 1 DNA was found in all age 

groups, whereas genotype 2 was confined to those subjects born before 1973. 

Correspondingly, sera from the past two decades contained no B19V genotype 2 DNA. 

The results suggest that actually the newly found B19V genotype 2 is older in 

occurrence than the prototypic B19V genotype 1 and it has disappeared from global 

circulation. Furthermore, the results indicate that persistence of B19V DNA in human 

tissues is lifelong and represents a source of information from our past (Study II).  

The evolution rates of both persistent and acute B19V genomes were determined in 

collaboration with a British group at University of Edinburgh (Study III). As a sequencing 

target, the gene for viral capsid protein VP2, was amplified from serum samples 

collected from subjects with B19V acute infection. In comparison, the VP2 gene was 

amplified from tissues of subjects with serologically confirmed past B19V infection. 

Phylogenetic trees were constructed, and evolution rates were determined by linear 

regression and likelihood-based methods. Notably rapid sequence changes of 4x10-4 

substitutions/site/year were observed in plasma-derived B19V genomes. In contrast, 

the evolution rate of B19Vs found in tissues was 10 times slower. 

In 2005, two new human parvoviruses, human bocavirus 1 (HBoV1) and human 

parvovirus 4 (PARV4), were discovered by molecular screening and large-scale 

sequencing. HBoV1 has since been shown to cause systemic infection and respiratory 

illness in young children. PARV4 has mainly been restricted to those with a history of 

intravenous drug use with the exception of Sub-Saharan Africa. Later, in 2009 and 

2010, three more human bocaviruses, probably enteric viruses, were found from feces. 

Whether these newly found human parvoviruses share the ability of B19V to persist in 

human tissues, was addressed in Study IV. Tonsillar, synovial, and dermal tissues were 

examined for DNAs of these new parvoviruses; neither HBoV2-4 nor PARV4 DNAs were 

detected. HBoV1 DNA was found in tonsillar tissue but not in synovia or skin. HBoV1 

DNA prevalence was 9 % of samples collected from small children. None of the HBoV1 

IgG seropositive adults harbored HBoV1 DNA. Rather than long term persistence, the 

results indicate a slow evanescence of HBoV1 genomes in tonsillar tissue of young 

children after primary exposure.  

With the collaboration of a German group in Regensburg, the role of B19V DNA 

persistence in cardiomyopathy or myocarditis was studied (Study V). The B19V DNA 

prevalence was 85%. B19V genotype 1 and 2 DNAs were found in 9% and 76% of heart 

examined, respectively. Genotype 3 was abcent from all the tissues studied. The 

presence of B19V DNA in human heart biopsies demonstrated no correlation with 

clinical symptoms. 
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Quantitative PCR methods for B19V detection in plasma-derived medical products are 

crucial for ensuring the viral purity of the blood products. Today, quantitative B19V PCR 

alone, or together with antibody assays, is commonly used in diagnosis of B19V 

infections. Evolution studies of parvoviruses have given us a new and unexpected 

perspective to rates of evolution of single-stranded DNA viruses. The ability of B19V to 

persist lifelong in several types of human tissues is unique among parvoviruses; human 

bocaviruses are not suggested to occur in solid tissues for life. The detection of B19V 

DNA in human heart did not indicate the pathogenesis of persistent B19V, but neither 

answered the question about possibility of B19V reactivation. With known mechanism, 

and in light of full-length coding potential of the persistent viral DNA genomes, the 

persistence of B19V could, in future, provide the desired long-term permanence for 

genetherapy vectors. Furthermore, the persistence provides, at the global and 

epidemiological level, a database for analysis the occurrence and circulation of 

parvoviruses and their variants.  
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Review of literature 

Preface 

Viruses are found wherever there is life and have probably existed since living cells first 

evolved. The word virus comes from the Latin word virus, referring to poison. A virus is 

a minute biological agent that consists of a genome and a protective protein shell. 

Some viruses also contain an envelope of membraneous structures, which protect the 

virus from the extracellular environment. These biological agents are obligatory 

intracellular parasites and share several properties with cellular life. Viruses use the 

host-cell components, machineries, and energy in their production of progeny viruses. 

Thus, it is evident that viruses have co-evolved closely with their host organisms. 

Similarly to their hosts, viruses undergo evolution, which helps them to adapt to 

environmental changes. Consequently, Archaea, Prokarya, and Eukarya, the domains of 

life, each have their own viruses. 

Basic features and taxonomy of parvoviruses 

Parvoviruses have non-enveloped, icosahedral capsid and linear single-stranded-DNA 

genome of approximately 5-6 kb. The first parvovirus was found in 1959 in rats and was 

named “rat virus” (RT) (Kilham and Olivier 1959). Name parvovirus was introduced in 

the 1960s. The name originates from the Latin word parvum, which means small. 

Parvoviruses are among the smallest viruses with a virion diameter of 18-26 nm. The 

structure of parvoviruses is simple; the virion consists of only proteins and genomic 

DNA (Tattersall 2006). Parvoviruses infect vertebrates and insects to cause systemic 

infections. The family Parvoviridae is divided into two sub-families: Parvovirinae and 

Densovirinae (ICTV 2009, Tattersall 2005). Viruses from the sub-family Parvovirinae 

infect vertebrate cells and are divided further into five genera: Parvovirus, 

Dependovirus, Erythrovirus, Bocavirus, and Amdovirus (Table 1) (ICTV 2009). In 

addition, a sixth genus, Partetravirus, has been proposed. The sub-family of 

Densovirinae contains viruses of invertebrates. 

The parvoviruses of Parvovirinae appear similar in the electron microscope (EM) and 

are all similar in size. The members of the different genera have differences in their 

hairpin structures, cellular tropism, as well as in replication and transcription strategies. 

The genus Parvovirus comprises autonomously replicating parvoviruses, which 

encapsidate mainly negative-strand DNA genome (Tattersall 2006). The hairpin 
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structures at the ends of the genome are different from each other. Dependovirus 

replication is dependent on co-infection; usually by adenovirus or herpes virus. Without 

a helper virus, the dependovirus infection remains latent. During latency, adeno-

associated virus 2 (AAV2), a member of the genus Dependovirus, has been shown to 

integrate the human chromosomal DNA (Kotin et al. 1990). Dependoviruses have 

identical inverted terminal repeats at the ends of their genomes and encapsidate either 

negative or positive DNA strands in equal amounts. The viruses in the genus 

Erythrovirus infect specifically erythroid cells, from which the genus name originates. 

Erythroviruses also have identical hairpin structures (Deiss et al. 1990) and they 

encapsidate genomes with positive and negative polarities to separate virions. The 

Amdovirus genus possessed only one member for some time, the Aleutian mink disease 

virus, with an unusual N-terminus for viral protein 1 (VP1) (Tattersall 2006). However, 

in 2011 a new member of the Amdovirus genus was identified from gray fox (Li et al. 

2011). The Bocavirus genus comprises of several pathogenic animal and human viruses, 

whose genomes encode a nuclear phosphoprotein that is unknown among other 

parvoviruses (Qiu et al. 2007). The terminal sequences of bocavirus genomes are 

different from each other. Parvoviruses infecting humans are found from the genera 

Dependovirus, Erythrovirus, Bocavirus, and the proposed Partetravirus.  
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Table 1. Taxonomy of parvoviruses (ICT V 2009, The Universal Virus Database). 

 

Subfamily Genus Type species 

Parvovirinae Parvovirus Minute virus of Mice, MVM 

  Canine parvovirus, CPV 

 Dependovirus Adeno-assosiated virus AAV 

  Goose parvovirus 

 Erythrovirus Human parvovirus, B19 

  Simian parvovirus, SPV 

 Bocavirus Bovine parvovirus, BPV 

  Human bocaviruses 1-4, 

HBoV1-4 

 Amdovirus Aleutian mink disease virus, 

AMVD 

 Partetravirus (proposed) Human partetravirus, PARV4 

 

Densovirinae Densovirus Junonia coenia densovirus 

 Brevidensovirus Aedes aegypti densovirus 

 Iteravirus Bombyx mori densovirus 

 Pefudensovirus Periplanta fuliginosa 

densovirus 
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Molecular features of parvoviruses - Human parvovirus B19 as 
an example 

Parvoviruses are among the smallest viruses known and those consist only of 

icosahedral protein capsid and linear single-stranded-DNA genome.  Human parvovirus 

B19 (B19V) is the type species of the Erythrovirus and representative member of 

parvoviruses. B19V was discovered when serum sample from an asymptomatic blood 

donor gave a false-positive result in an immunoelectrophoresis assay for hepatitis B 

virus (Cossart et al. 1975). The virus was detected in panel B and was coded 19, from 

which its name originates (Cossart et al. 1975). 

Genome structure and replication of B19V  

The B19V genome is a 5596 nucleotides long single-stranded DNA molecule (Cotmore 

et al. 1984). Identical terminal repeat structures of 383 nucleotides are located at the 

ends of the genome. Of these terminal structures, 365 nucleotides are imperfect 

palindromes, which can fold over to form hairpin structures. Hairpin structures are rich 

in GC pairs and the 3’ -end is used as a primer in the replication of B19V (Astell and 

Blundel 1989, Deiss et al. 1990, Zhi et al. 2004).  

In the B19V infection cycle, the virus attaches to its receptor, globoside (P-antigen), on 

the surface of host cells (Brown et al. 1993) and is transported into the cell by 

endocytosis. The P-antigen is found on the surfaces of the erythrocyte progenitor cells, 

endothelial, cardial, synovial, and fetal cells (Brown et al. 1993, Cooling et al. 1995). In 

addition to globoside, the α5β1-integrins and KU80 autoantigen function as co-

receptors for B19V (Weigel-Kelley et al. 2003, Munakata et al. 2005).  Inside the host 

cell, the B19V virion, like those of veterinary parvoviruses (Vihinen-Ranta and Parrish 

2006), is transported to the nucleus (Pillet et al. 2003) where B19V DNA replication 

takes place. Because B19V does not encode its own polymerase, the replication 

depends on the host cell polymerase. In addition, the cells have to go through S phase 

in order for B19V to replicate. 

Because the B19V terminal repeats (ITRs) are identical, it is assumed that the 

replication mechanism is similar to that of the adeno-associated virus (AAV) of the 

genus Dependovirus. At the first step of replication, the 3’ -ITR folds and is used as a 

primer for complementary strand synthesis. Elongation initiates from the folded primer 

and is continued until the duplex DNA-molecule, which is covalently closed in the other 

end, has formed. Next the single strand is cut by viral NS1-protein and the opposite 
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original 3’ -terminus is created. The hairpin structure is melted and the original 3’-end 

becomes a part of the newly synthesized strand. (Berns and Hauswirth 1984, Cottmore 

and Tattersal 2006).  

B19V has two large open reading frames (ORF) encoding nonstructural and structural 

proteins similar to most parvoviruses (Ozawa et al. 1987) (Figure 1). The genome also 

contains the third ORF that encodes a smaller nonstructural protein of 11kDa. The ORFs 

of B19V are present only on the negative sense DNA strand (Cottmore et al. 1986, 

Ozawa et al. 1987). The expression of viral proteins is controlled by a single promoter 

element, p6, which is located to the far left end of the genome, upstream from NS1 

(Doering et al. 1987). Several TATA-boxes are located in the middle of the genome; no 

other promoters have been identified (Ozawa et al. 1987, Liu et al. 1991). Multiple 

polyadenylation signals are located in the middle and far right side of the genome 

(Ozawa et al. 1987, St Amand et al. 1991, Yoto et al. 2006). 

Non-structural protein: The non-structural protein (NS1) of B19V consists of 671 amino 

acids. NS1 has a molecular weight of 77 kDa and is encoded by the left hand side of the 

viral genome. NS1 is located in the nucleus of the infected cell (Ozawa and Young 

1987), and has several functions: it is known to be involved in viral replication, in which 

it binds to the 5’ -end of the genome and works as a nickase (Ozawa et al. 1987, Ding et 

al. 2002). NS1 binds directly or via transcription factors to the promoter p6 and acts as 

a transcription activator (Doering et al. 1990, Raab et al. 2002) and has also a role in 

inducing apoptosis by activating caspase activity (Ozava et el. 1988, Moffat et al. 1998, 

Sol et al. 1999, Poole et al. 2004). 

Structural proteins: The right hand side of the B19V genome encodes the two structural 

proteins (VP1 and VP2) of B19V. VP1 and VP2 are encoded by overlapping reading 

frames. VP2 (58 kDa) is the major capsid protein and mediates the binding of globoside 

receptor, (Brown et al. 1993). VP1 (84 kDa) is identical to VP2, with the addition of 227 

amino acids at the N-terminus of VP1 (Ozawa et al. 1987). The VP1 unique region 

contains a conserved phospolipase A (PLA2) motif, which has been shown to be 

functional in B19V and in many other parvoviruses (Zadori et al 2001, Dorsch et al. 

2002). The PLA2 is most probably required for virus escape from late endosomes during 

viral trafficking to the host nucleus, and is thus critical for B19V infection (Zadori et al. 

2001, Filippone et al. 2008). Both VP1 and VP2 contain epitopes for neutralizing 

antibodies (Kajigaya et al. 1991, Sato et al. 1991). 
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Small proteins: In addition to NS1 and VP proteins, the B19V genome also encodes two 

small proteins in the centre (7.5 kDa) and at the very right end of the genome (11 kDa) 

(Ozawa et al. 1987). Today the exact role of the 7.5kDa protein is not known while the 

11kDa protein has been shown to regulate the production rates of B19V structural 

proteins (Zhi et al. 2006) and to induce apoptosis during B19V infection of primary 

erythroid progenitor cells (Chen et al. 2010). 

 

 

Figure 1. The genome structure and protein encoding reading frames of B19V. 

Genotypes of B19V  

B19V strains have been divided to three divergent genotypes according to their 

genomic sequence (Figure 2): genotype 1 is the prototypic virus and is nowadays the 

most predominant circulating virus globally (Hübschen et al. 2009). The genotype 2 

(LaLi- and A6-like) virus was first identified in human skin and in the serum of an Italian 

HIV-positive patient with chronic anemia (Hokynar et al. 2002, Nguyen et al. 2002). 

Genotype 2 has since been found in human solid tissues but only sporadically in blood 

(Nguyen et al. 2002, Schneider et al. 2004, Blumel et al. 2005, Manning et al. 2007, Kühl 

et al. 2008, Schenk et al. 2009, Grabarczyk et al. 2011, Koppelman et al. 2011). The 

genotype 3 (V9- and D91.1-like) virus was found in France in the serum and bone 

marrow of a child with trancient aplastic anemia (Nguyen et al. 1999, Servant et al. 

2002). After its discovery, genotype 3 has been reported to be endemic in Ghana and 

Brazil (Candiotti et al. 2004, Sanabani et al. 2006, Freitas et al. 2008, Keller et al. 2009) 

and has been detected only sporadically in the Europe and the USA (Nguyen et al. 

1999, Servant et al. 2002, Cohen et al. 2006, Corcioli et al. 2008, Rinckel et al. 2009).  

The B19V genotypes vary by approximately 10% between each other within the 

genomic coding region (Hokynar et al. 2002). Within the p6 promoter, the genotypes 

vary more than 20% and thus p6 is the most variable area of B19V genotypes (Hokynar 
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et al. 2002). Despite of these differences in promoter sequences, the genotypes do not 

seem to have differences in their ability to infect B19V permissive cell lines (Blumel et 

al. 2005, Ekman et al. 2007). The transcription profiles of genotype 2 and 3 have been 

characterized by transfecting their respective clones to COS-7 cells (Chen et al. 2009). 

RNA profile of genotype 3 was identical to that of genotype 1, while the RNA profile of 

genotype 2 lacked one splicing acceptor. This acceptor is used to remove the first 

intron during transcription. Furthermore, the coding region of genotype 3 has been 

cloned between the ITRs of infective clone of genotype 1 and has been shown to be 

capable to replicate. In contrast, the coding region of genotype 2 (isolate A6) did not 

replicate when it was cloned between the ITRs of genotype 1 (Chen et al. 2009).  

Despite differences in genomic sequences, the three B19V genotypes have similar 

antigenic properties. Antigenic cross-reactivity between B19V genotypes has been 

studied by EIAs using virus-like particles (VLPs) made of recombinant genotypes 1, 2 

and 3 as antigens, and patient sera collected from individuals infected with these 

genotypes. All analyses showed immunological cross-reactivity between genotypes 

(Heegaard et al. 2002, Candotti et al. 2004, Ekman et al. 2007). In addition, the cross-

neutralization experiments have shown that antibodies raised against B19V genotype 1 

cross-neutralize genotype 2 in most cases (Blümel et al. 2005). No genotype-specific 

diseases have been described, and the genotypes 2 and 3 have been associated with 

clinical symptoms, such as anemia and aplastic crisis, symptoms of which are also 

typical to genotype 1, and therefore, are indicative of the tropism for erythroid cells 

(Nguyen et al. 1999, Servan et al. 2002, Sanabani et al. 2006). 
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Figure 2. The phylogenetic tree of B19V genotypes from Servant (2002), reproduced 

with the permission of the copyright holder.  

Transmission and epidemiology  

The major route for B19V transmission occurs via respiratory droplets and 

contaminated surfaces, but the virus can also transmit transplacentally from mother to 

fetus during pregnancy (Andersson et al. 1985, Brown et al. 1984, Jordan and DeLoia 

1999, Lyon et al. 1989). In addition, B19V can be transmitted via blood products (Siegel 

and Cassinotti 1998, Schmidt et al. 2000). The B19V titer in blood is at its highest during 

the first days of acute infection, when infected subjects are usually asymptomatic. This 

creates a risk of contaminating blood products by blood donors with asymptomatic 

B19V infection. Because of its small and non-enveloped structure, B19V is resistant to 

most viral inactivation procedures used in the manufacturing of medical blood- derived 

products (Willkommen et al. 1999, Koenigbauer et al. 2000, Schmidt et al. 2000). 

According to the European Pharmacopoeia, the blood derived transfusions 

manufactured after 2004 are not allowed to contain B19V DNA of more than 104 IU/ml. 

B19V DNA concentrations below this limit are not considered to lead to seroconversion 

(Brown et al. 2001).  

B19V circulates globally and it is a significant pathogen in humans. The highest 

prevalence of B19V infections occurs in late winter or spring. B19V infection is most 

typical in children from 3 to 10 years of age (Enders et al. 2007). B19V seropositivity 
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rates increase gradually from 2-15% among children from 1-5 years of age to 15-60% in 

children and teenagers between 6 and 19 years of age and from 30-60% among adults, 

and it can reach as high as 80% or more among the elderly (Andersson et al. 1986, 

Cohen et al. 1988a, Heegaard and Brown 2002). 

Disease associations  

Most B19V infections are asymptomatic or mild (Harger et al. 1985, Woolf et al. 1989, 

Heegaard and Brown 2002). However, reticulocytopenia with a slight drop in 

hemoglobin concentration, occurs among subjects with symptomatic and 

asymptomatic B19V infection (Andersson et al. 1985). In some cases the symptoms are 

nonspecific and indistinguishable from those of common cold. B19V is associated with 

a large spectrum of diseases and most common manifestations are described below.  

Erythema infectiosum 

Erythema infectiosum (EI), fifth disease or “slapped cheek”, is a rash disease and the 

most common B19V manifestation (Andersson et al. 1984). The illness is typical among 

B19V-infected children but adults may also be affected by it (Reid et al. 1985, Woolf et 

al. 1989, Harger et al. 1998). Typically, rash appears first on the cheeks, spreading then 

to neck, trunk, and limbs. In addition to rash, the EI patient may have headache, fever, 

nausea, and diarrhea. The intensity of the rash may vary and be more intense after 

exercise or exposure to sunlight (Naides et al. 1993). EI usually appears approximately 

two weeks after B19V infection, simultaneously with the appearance of B19V-specific 

IgM and IgG, and lasts from 1 to 3 weeks. The illness is transient and usually requires 

no treatment.  

Arthritis 

Among adults, arthritis can be the only manifestation of B19V infection affecting 45-80 

% of infected subjects (Andersson et al. 1984, Reid et al. 1985, White et al. 1985, Woolf 

et al. 1989, Kerr et al. 1995). Arthritis is more common among women than men (Reid 

et al. 1985, White et al. 1985). The onset of arthritis usually appears with B19V specific 

antibodies and is presumably immunologically mediated. Joint symptoms are 

symmetrical and affect fingers, wrists, ankles, and knees (Reid et al. 1985, White et al. 

1985). In some cases, arthritis may be prolonged and fulfill the criteria of rheumatoid 

arthritis (Naides et al. 1990, White et al. 1985). It is unusual however, that B19V 

arthritis causes permanent damage to joints or bones (Jawad et al. 1993). 
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Anemia and other hematological manifestations 

Among immunosuppressed subjects with decreased ability to produce antibodies, the 

B19V infection may become persistent and cause chronic anemia (Kurtzman et al. 

1988, Kutzman et al. 1989). Persistent B19V infections are reported among persons 

with leukemia and those undergoing chemotheraphy (Kurtzman et al. 1988). Transient 

aplastic crisis in patients with underlying hematological diseases have been described 

during B19V infection (Andersson et al. 1985, Heegaard and Brown 2002).  

B19V during pregnancy 

More than 50% of pregnant women are seropositive and thus immune to B19V 

infection (Harger et al. 1989, Jensen et al. 2000, Alanen et al. 2005). Women without 

B19V-specific antibodies are at risk of primary B19V infection and transplacental 

transmission. During maternal infection, the risk of vertical transmission is 

approximately 30 % (Brown et al. 2010). Intrauterine B19V infection has been 

associated with fetal anemia, hydrops, miscarriage, and fetal death (Brown et al. 1984, 

Enders et al. 2006). The risk of hydrops and fetal loss is predominant when infection 

occurs in early gestation (Miller et al. 1998, Enders et al. 2004, Riipinen et al. 2008) but 

has also been reported later in pregnancy (Norbeck et al. 2002).  

Persistence of B19V in body parts 

After primary infection, genomic DNA of B19V remains detectable in human tissues. 

Because one of the clinical manifestations of B19V infection is arthritis, and because 

symptoms in some cases fulfill the criteria of rheumatoid arthritis, synovial fluids and 

synovial membranes have been under wide interest for B19V investigation. Several 

other tissue types have also been studied for B19V DNA, and disease associations of 

B19V have been searched by detection of viral DNA in corresponding tissues. However, 

large proportion of healthy individuals also harbord B19V DNA in their body parts and 

thereby the mere presence of B19V DNA in tissues of a symptomatic patient does not 

prove that the present disease is caused by B19V. This chapter describes B19V DNA 

prevalences in different human body parts.  

Synovia 

B19V DNA has been detected, with prevalence rates varying from 5% to 75%, in 

synovial membranes or synovial fluids of patients with arthritis (Saal et al. 1992, 

Cassinotti et al. 1995, Kerr et al. 1995, Nikkari et al. 1995, Zakrzewska et al. 2001, 
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Schmid et al. 2007, Aslan et al. 2008). Our group collected synovial membranes from 

children with unexplained arthritis and from healthy young adults with joint trauma 

(Söderlund et al. 1997). B19V DNA was detected in 28% (8/29) of synovial membranes 

of children with arthritis and in 48% (13/27) of synovial membranes of healthy controls. 

All of the subjects studied for B19V DNA, carried B19V IgG antibodies, but no IgM or 

B19V DNA in serum. This study demonstrated the persistence of B19V DNA in healthy 

human tissue and promoted a reevaluation of the diagnostic criteria of B19V 

arthropathy (Söderlund et al. 1997). Later, the full coding regions of the B19V genomes 

were amplified in synovia (Hokynar et al. 2000). The persisting B19V sequences were 

compared to sequences isolated from acute-infection sera and the comparison showed 

no significant nucleotide changes. Thus, the B19V DNA persistence in synovia was not 

due to particular mutations in the B19V genome (Hokynar et al. 2000, Söderlund-

Venermo et al. 2002). 

Skin 

B19V DNA together with capsid proteins were first detected in the skin of a patient 

with EI (Schwarz et al. 1994, Söderlund-Venermo et al. 2002). Later Vuorinen et al. 

(2002) studied the role of B19V in chronic urticaria. Samples from 36 adult patients, 

and 22 healthy controls were examined for B19V DNA by PCR and by serology. B19V 

DNA was detected in 50% of patients and in 64% of controls. Serum samples from all 

B19V DNA positive tissue donors were positive for B19V IgG antibodies, and no B19V 

IgM antibodies were detected. 

In 2002, Hokynar et al. (2002) found a new B19V strain, genotype 2, in biopsies of skin 

obtained from constitutionally healthy adults. In skin biopsies from healthy hospital 

staff, or subjects with B19V-unrelated dermatological disorders, B19V DNA was 

detected in 41%. The variant DNA was present in the samples of skin but not in the 

synovia. In addition, in skin, the genotype 2 was more prevalent (47%) than genotype 1 

(26%). Table 2 summarizes the results of seven studies of B19V DNA in human skin.  



 

  

Table 2. B19V DNA prevalences in skin. 

 Symptomatic subjects Control subjects 

Study N = age range 
(mean) 

B19V 
DNA + 

gt 1 
DNA + 

gt 2 
DNA + 

gt 3 
DNA + 

N = age range 
(mean) 

B19V 
DNA + 

gt 1 
DNA + 

gt 2 
DNA + 

gt 3 
DNA + 

Vuorinen et al. 2002 36  18 
(50%) 

nt
*
   22  14  

(64%) 
nt   

Tomasini et al. 2004 30 11-65  
(32) 

9 
 (30%) 

nt   0      

Baskan et al. 2006 40 19-61 
(30.5) 

24  
(60%) 

nt   20 17-50  
(36.3) 

11  
(55%) 

nt   

Corcioli et al. 2008       38 33-93 
 (70) 

29 
 (76%) 

11 18 0 

Sidoti et al. 2009 156 23-95 
(-) 

85 
 (54%) 

29 55 6 42  17 
 (40%) 

11 6 0 

Zakrewska et al. 
2009 

49 20-70  
(52) 

29  
(59%) 

28 21 0 28 30-70 
(55) 

20 
 (71%) 

9 11 0 

Bonvicini et al. 2010 121 2-92 (-) 24 
 (20%) 

24 0 0 24 25-80 
(50.2) 

6 
 (25%) 

1 0 0 

Of note: multiple genotypes were detected in the studies of Sidoti et al. and Zakrewska et al. 

* nt= not typed

2
3 
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Bone marrow 

In immunocompetent persons, B19V is usually cleared from the circulation rapidly after 

viremic phase. In immunosuppressed individuals, who are unable to produce 

neutralizing antibodies against B19V, the virus can persist in blood and bone marrow 

(BM) (Kurtzmann et al. 1987, Kurtzmann et al. 1988, La Monte et al. 2004). However, 

B19V DNA has also been detected in BM samples of some immunocompetent 

individuals with or without any symptoms (Cassinotti et al. 1998, Lundqvist et al. 2005). 

Lundqvist et al. (2005) detected B19V DNA in 26% (13/50) of B19V IgG positive and IgM 

negative rheumatic patients. 

In two other studies, B19V DNA was detected in 8% (4/45) (Cassinotti et al. 1997) and 

in 2.1% (4/153) (Heegaard et al. 2002) of BMs collected from healthy bone donors or 

bone-marrow donors. In the first study, 3 out of 4 B19V DNA-positive subjects carried 

B19V IgG, and in the latter study all the B19V DNA-positive BM donors were B19V IgG 

positive. Later Manning et al. (2007) reported B19V genotype 1 DNA in 52% (12/23) 

and genotype 2 DNA in 75% (6/8) of BM samples of HIV-infected and uninfected 

subjects, respectively. 

Garcia et al. (2011) reported B19V DNA in BM samples collected from subjects with 

cytopenia. For controls they also collected BM and blood samples from healthy BM 

donors and from oncohematological patients. The prevalences were similar; 15% 

(18/120) and 12.7% (21/165) among case and control groups, respectively. In the two 

reports, B19V genotype 2 was more prevalent in BM among older subjects than 

genotype 1 (Manning et al. 2007, Garcia et al. 2011). Genotype 3 was also detected in 

BM in the recent Brazilian study (Garcia et al. 2011).  

Liver 

Several studies on detection of B19V DNA in liver tissues have been published. Among 

the first ones, B19V DNA was detected in liver tissues of children requiring liver 

transplantation due to acute fulminant liver failure of unknown etiology (Langnas et al. 

1995, Karetnyi et al. 1999). All of the patients carrying B19V DNA were IgG seropositive 

while none had IgM. B19V RNA was detected in three homogenates of 15 B19V DNA-

positive livers suggesting active virus replication (Karetnyi et al. 1999). B19V DNA and 

RNA have also been reported by Abe et al. (2007), who suggested that B19V could be 

an etiological agent of fulminant hepatitis. Most of the patients in this study were liver 

transplant recipients with a history of blood-product infusions. Serological studies were 

not conducted. 
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In four other studies, a large number of human liver tissues were examined for B19V 

DNA. In the first study, B19V DNA was found in 33% (22/66) of samples from patients 

undergoing liver transplantation or from autopsy (Eis-Hübinger et al. 2001). In most 

cases the cause of transplantation was cirrhosis due to alcohol consumption or due to 

HCV or HBV infection. The causes of death were artherosclerosis, internal bleeding, 

melanoma, B-cell lymphoma, heroin intoxication, or bronchial carcinoma. All of the 

liver donors were B19V IgG seropositive. Later, the same group analyzed 87 

transplanted liver samples for three B19V genotypes. B19V DNA was found in 59 (68%) 

subjects of whom 32, 27, and 4 carried genotypes 1, 2, 3 respectively. Three individual 

were positive for genotypes 1 and 2 (Schneider et al. 2008). Wong et al. (2003) 

reported B19V DNA-prevalence of 19% (7/37) in the livers of subjects with fulminant 

hepatitis, hepatitis-associated aplastic anemia, or nonviral hepatic disease. Significant 

difference in B19V DNA-prevalence between the study groups was not detected. B19V 

genotype 2 was detected in five and genotype 3 in two cases. Wang et al. (2009) 

detected B19V DNA frequently in explanted end stage liver tissues (37/50, 74%) and 

diagnostic liver-biopsy samples from patients with chronic liver disease (14/32, 44%). 

However, no association of B19V DNA and liver disease was observed in any of the four 

studies, but they suggested B19V persistence in human livers (Eis-Hübinger el. 2001, 

Wong et al. 2003, Schneider et al. 2008, Wang et al. 2009). 

Heart 

Cardiovascular diseases such as acute and chronic myocarditis, dilated cardiomyopathy, 

and coronary heart disease, are leading causes of heart failure in Western countries 

especially among men over 30 years of age. While it is known that human 

enteroviruses are among the most common causes of myocarditis (Feldman et al. 

2000), parvoviruses have also been associated with cardiac diseases.  

Fetal myocardial cells express P-antigen, B19V receptor, which has not been found in 

myocytes of older children or adults (Brown et al. 1993). Acute B19V infections are 

known to induce acute, in some cases fatal, myocarditis, among children and adults 

(Chia et al. 1996, Murry et al. 2001, Munro et al. 2003, Dina et al. 2011). 

The role of B19V in heart failures has been investigated widely over the past decade, 

with contradictory results. In a study by Bock et al. (2010) 498 endomyocardial biopsies 

from adult patients with myocarditis or dilated cardiomyopathy were studied for B19V 

DNA. In addition, 91 heart biopsies from noninflamed hearts were analyzed as controls. 

B19V DNA was detected in all groups with prevalences of 64.7% in myocarditis, 35.3 % 

in dilated cardiomyopathy, and 7.7% among the healthy controls (Bock et al. 2010). All 
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of the biopsies, which contained B19V DNA, were B19V positive also in 

immunohistological analysis. B19V DNA quantities among the myocarditis patients 

were higher than among patients with dilated cardiomyopathy, or among controls. 

Thus the presence of B19V DNA in myocardial tissue was suggested to have a causative 

role in myocardial inflammation. In contrast, a study by Schenk et al. (2009) suggested 

no correlation between B19V DNA in heart tissues and cardiac disease. Sixty nine 

myocardial biopsies and blood samples were obtained during autopsy. The causes of 

death were craniocerebrellar injury, traumas with a blunt object, drowning, 

intoxication, natural death, and cardiovascular disease. No acute viral infections were 

suspected, and acute myocarditis was diagnosed only in one subject. In addition, the 

seropositivity rate for B19V IgG was 72% and for IgM 0% indicating the absence of 

acute infection. The serum samples from IgG-positive subjects were further analyzed 

by parvovirus RecomBlot-test, a commercial line-blot test, distinguishing acute and past 

infections; with one possible acute case. B19V DNA in the myocardial tissue was 

detected in 96% seropositive and 0% seronegative subjects (Schenk et al. 2009). 

Genotype 1 and 2 DNAs were both detected. Genotype 2 was present among subjects 

born between 1927 and 1957 and genotype 1 among subjects born between 1950 and 

1969. There was no significant difference in prevalences of B19V DNA in myocardial 

tissue obtained from subjects with or without cardiac disease. The quantity of B19 DNA 

varied between 101 and 104 genome equivalents (GE)/µg DNA, and showed no 

correlation with diagnosis of acute myocarditis or cardiovascular disease (Schenk et al. 

2009).  

Tschöpe et al. (2005) analyzed 70 endomyocardial biopsies from persons with normal 

diastolic function, or with diastolic or endothelial dysfunction for B19V DNA, and found 

prevalence rates of 24 % and 84%, respectively. However, only 60% of B19V DNA-

positive hearts were found to be inflamed, indicating B19V DNA persistence. No 

serology was conducted, and authors concluded an association between B19V and 

endothelial dysfunction.  

Table 3 summarizes the B19V-DNA prevalences in 12 other studies. In several studies 

B19V DNA co-exists with other viruses including enterovirus (EV), adenovirus (AV), 

human herpesvirus 6 (HHV6), Epstein-Barr virus (EBV), or cytomegalovirus (CMV) (Lotze 

et al. 2004, Mantke et al. 2004, Kytö et al. 2005, Tschöpe et al. 2005, Küethe et al. 

2007, Lotze et al. 2010, Stewart et al. 2010). 



 

 

Table 3. B19V DNA prevalences in heart tissue. 

Study N = age range 

(mean, 

years) 

B19V DNA 

+ (%) 

gt 1 

DNA + 

gt 2 

DNA+ 

gt 3 

DNA + 

B19V IgM 

+ (%) 

B19V IgG 

+ (%) 

Association to heart 

failure by authors 

Schowengert et al. 1997 810 1 day - 21 

years 

9 (1%) nt
*
   3  yes 

Kühl et al. 2003 24 18-71 

(39.5) 

12 (50%) nt    11 (46%) yes 

Klein et al. 2004 116 19-78 (52) 9 (7.7%) nt   nd
*
 nd yes 

Mantke et al. 2004 110 4-76 (-) 9(8%) nt   nd nd no 

Lotze et al. 2004 62 23-69 

(50.1) 

18 (29%) nt   nd nd no 

Corcioli et al. 2008 19 53-84 (70) 12 (63%) 0 11 1 nd nd no 

Kytö et al. 2005 52 7 months - 

79 years 

6 (11.5%) nt   nd nd no 

Küethe et al. 2007 216 adults 38(17.6%) nt   nd nd no 

Kühl et al. 2008 317 (54.3) 151 (47%) 43 108 0 nd nd yes, genotype 1 

Stewart et al. 2010 100 adults 12 (12%) 10 2 0 0 100 

(100%) 

no 

Lotze et al. 2010 24 21-66 

(51.5) 

12 (50%) 4 8 0 0% 81% no 

Ruppert et al. 2011 139 (51.9) 65 (46.8%) 38 25 1 nd nd yes, genotype 1 
*nt indicates not typed, nd indicates not done, gt indicates genotype. 

2
7 
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Kidney 

B19V DNA has been detected by nested PCR in renal biopsies of patients with various 

forms of focal segmental glomerulosclerosis (85%), nephropathies (55%), as well as in 

normal kidney (50%) (Tanawattanacharoen et al. 2000). The prevalence of B19V DNA 

among healthy kidney donors has been reported in two studies by Barzon and 

colleagues. Among 57 donors 61% had B19V DNA prior to transplantation (Barzon et al. 

2009a). After transplantation, follow-up biopsies of kidneys were obtained after 6, 12, 

and 24 months, and 45%, 51%, and 71% contained B19V DNA, respectively. B19V 

genotype 1 was the most prevalent genotype detected since only one patient 

demonstrated genotype 2. Blood samples from transplant recipients collected both 

during transplantation and follow-ups, were analyzed for B19V DNA and B19V 

antibodies. After transplantation, nine seronegative recipients showed persistently 

B19V DNA in blood (DNAemia) while five other B19V-seronegative recipients had no 

B19V DNAemia. All of these recipients had received a B19V DNA-positive kidney. In a 

second study, authors examined 75 renal transplants from 74 donors and, in addition, 

transplant preservation and washing solutions for viral DNA. A prevalence of 30% was 

detected for B19V DNA (Barzon et al. 2009b). 

Brain 

Animal parvoviruses have been shown to cause neuropathy when infection occurs early 

in neurodevelopment, which has awoken interest to examine B19V in the human brain. 

B19V DNA prevalence in human brain tissue has been determined in three studies. 

Hobbs et al. (2006) examined 104 dorsolateral prefrontal cortices, and later 105 post-

mortem cerebellums, for AAV2 and B19V DNA (Hobbs et al. 2006, Grant et al. 2009). 

The frequency for nonpathogenic AAV2 DNA was 13% and for B19V DNA 43%, in the 

first study, and 26.7% for AAV2 DNA and 69.5% for B19 DNA in the second study. B19V 

IgG but no IgM antibodies nor B19V DNA were detected in serum of B19V DNA-positive 

subjects. These results ruled against acute B19V infections and suggested B19V 

persistence. 

Manning et al. (2007) studied autopsy tissues of adults, including brain tissues of 21 

HIV-infected and 8 HIV-uninfected persons, and found B19V DNA prevalence rate of 

57% among HIV-infected and 100% among HIV-uninfected persons. Both genotype 1 

and 2 were present in human brain tissue; genotype 2 among older tissue donors 

(mean birth year 1955), and genotype 1 was prevalent among younger tissue donors 

(mean birth year 1963-1964) (Manning et al. 2007). 



 

29 

 

Muscle 

Dermatomyositis is a relatively infrequent autoimmune disease. Chevrel et al. (2000) 

reported B19V DNA in two muscle biopsies obtained from a patient with 

dermatomyositis while control biopsies from patients undergoing hip replacement 

contained no B19V DNA. The patient carried B19V IgG antibodies but no IgM antibodies 

against B19V. Later the same study group reported B19V DNA in one of eight biopsies 

of muscle. Most of the patients had B19V IgG antibodies (Chevrel et al. 2003). 

Thyroid 

Mori et al. (2007) detected B19V DNA in thyroid and peripheral mononuclear cells 

(PBMC) of a patient with acute B19V infection and mild hypothyroidism. The patient 

carried B19V DNA in thyroid for the whole four year follow up time. In study by Wang 

et al. (2008) B19V DNA was detected in thyroid carcinoma at a high prevalence (89.6%) 

and at a lower prevalence (43.8%) in controls. B19V DNA was the most prevalent 

among patients with papillary thyroid carcinoma (PTC) (37/38, 94.7%) and B19V capsid 

proteins were also detected in 63% of patients, in folliclular epithelial cells. The results 

pointed to a role of B19V in pathogenesis of PTC. Later Wang et al. (2010) reported 

B19V DNA also in 96.7% (29/32) of adults with Hashimotos’s thyroiditis and in 44% 

(7/16) normal thyroids. 

Testis 

Germ cell tumors (GCT) of testis are the most common malignant tumors occurring 

among young men. In a study by Gray et al. (1998), forty six testis samples from 

patients who presented GCT of the testis, prostatic cancer with normal testis and in 

addition five autopsied testis samples, were examined by PCR for EBV, CMV, and B19V. 

Parvovirus B19V was the sole virus detected from GCT testes with a prevalence of 85% 

(33/39), while B19V DNA was absent from normal testes. Even if eleven out of sixteen 

patients with GCT testes presented B19V IgG in their sera, only one carried B19V IgM. 

This study initially suggested that B19V infection plays a role in testicular cancer 

development.  

 

 



 

30 

 

Diss et al. (1999) examined 20 malignant and 10 benign testes for B19V DNA and found 

virus DNA from both categories of testes (3/20 of malignant testes; 4/10 of benign 

testes). They concluded that B19V DNA may be present in testes, or tumor of testes, 

but this might not be of pathological importance. In the recent study by Ergunay et al. 

(2008), B19V DNA was detected in 3 out of 36 germ-cell tumors of the testis, but not in 

healthy testicular tissues.  

Other tissues 

B19 V DNA has also been detected in tonsils, adenoids, salivary gland, and spleen 

(Kakkola et al. 2004, Söderlund-Venermo et al. 2002, Manning et al. 2007). Kakkola et 

al. (2004) studied also 31 samples of bile collected during abdominal operations, but no 

B19V DNA was detected in this tissue type. Based on the serology, however, 45% of 

bile donors had previously experienced a B19V infection (Kakkola et al. 2004).  

Diagnosis and treatment of B19V infections 

Antibodies produced against B19V capsid proteins have proven to be a major defense 

against B19V infection. High titer viremia occurs during the first days of primary 

infection. Virus level in blood decreases when antibodies appear. IgM antibodies 

against VP2 or VP1/VP2 proteins are detectable from day 10 until 2 to 3 months after 

infection (Anderssson et al. 1986). IgG appears after the third week from infection and 

provides a lifetime protection against secondary infections (Brown et al. 1984).  

Acute B19V infections are typically diagnosed by IgM ELISA, and PCR can also be used in 

the diagnosis of acute infection. Past infections are detected by IgG ELISA alone or 

together with PCR: the absence of B19V DNA in blood by PCR and high IgG absorbance 

values are marks of past B19V infection. It has been shown by chemically denatured VP 

protein antigens, membrane protein spotting, and conformational viral like particles 

that IgGs recognizing the conformational epitopes of VP1 and VP2 remain for the life, 

but IgGs against linear epitopes of VP2 are signs of acute infection (Söderlund et al. 

1995, Kaikkonen et al. 1999, Kaikkonen et al. 2001). Especially linear heptapeptide 

epitope KYVTGIN have been shown to be immunodominant (Kaikkonen et al. 1999). 

This epitope-type specificity (ETS) can be used for timing of the infection. IgG avidity 

assay can also be used alone or with ETS EIA for distinguishing primary and past 

infections (Söderlund et al. 1995a, Söderlund et al. 1995b, Kaikkonen et al. 1999, 

Kaikkonen et al. 2001). 
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Among immunosuppressed patients, the antibody production is minimal or absent, and 

B19V DNA can remain detectable at low levels for months (Enders et al. 2006). Thus, 

ELISA or qualitative PCR alone is not a sufficient method for timing B19V infection 

among immunocompromised subjects. In these cases, quantitative PCR might play a 

role in timing the infection (Enders et al. 2006, Enders et al. 2007).  

To date there are no antiviral drugs or vaccines against B19V infection. However among 

immunocompetent patients, treatment is not necessary and infection is self cleared.  

Immunodeficient patients with chronic B19V infection, and patients with transient 

aplastic anemia, can be treated with intravenous immunoglobulin or erythrocyte 

transfusions. The immunoglobulin treatment has also shown viral clearance and 

resolution of symptoms among patients with chronic fatigue syndrome, vasculitis, 

arthritis, fetal anemia, and hydrops fetalis (Rugolotto et al. 1999, Stahl et al. 2000, 

Enders et al. 2004, Kerr et al. 2006). However, the intravenous immunoglobulin 

treatment does not always lead to complete viral clearance (Liefeldt et al. 2005). 

Patients with arthralgia may be treated with anti-inflammatory drugs.  
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Newly found human parvoviruses  

Modern molecular virus screening based on DNase treatment, random nucleic acid 

amplification, fragment cloning followed by large scale sequencing, and bioinformatic 

analyses, has identified many new parvoviruses from human samples (Allander  et al. 

2005, Kapoor et al. 2009, Arthur et al. 2009, Cheng et al. 2010, Kapoor et al. 2010a, 

Kapoor et al. 2011). The sample materials screened for new viruses have mostly 

comprised respiratory samples or feces (Allander et al. 2005, Kapoor et al. 2009, Arthur 

et al. 2009, Cheng et al. 2010, Kapoor et al. 2010a, Kapoor et al. 2011). The first human 

parvovirus identified by this approach was human bocavirus 1 (Allander et al. 2005) and 

later human bocaviruses 2-4, and human parvovirus 4, have been identified (Jones et 

al. 2005, Arthur et al. 2009, Kapoor et al. 2009, Kapoor et al. 2010a). 

Human bocavirus 1 

Human bocavirus 1 (HBoV1) was identified in 2005 in nasopharyngeal aspirates of 

children with respiratory tract infections (Allander et al. 2005). HBoV1 belongs to the 

genus Bocavirus and its closest relatives are bovine parvovirus (BPV) and minute virus 

of canines (MVC). With these viruses HBoV1 has approximately 40% amino acid identity 

within the major open reading frames.  

Morphology 

The structure of HBoV1 is typical for Parvovirinae; it is a non-enveloped, single-

stranded DNA virus with icosahedral symmetry. The 3’-terminus of the genome of 5217 

nucleotides encodes the nonstructural proteins NS1 (100kDa) and NS1-70 (70kDa) 

(Dijkman et al. 2009, Chen et al. 2010, Schildgen et al. 2012). Nuclear phosphoprotein 

NP1, whose function is unknown, is encoded by the middle of the genome. The 5´-

terminus of the genome encodes viral capsid proteins VP1 (74kDa) and VP2 (60kDa). All 

of the transcripts are transcribed from a single promoter (P3) (Chen et al. 2010).  
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Figure 3. The structure of the HBoV1 genome and protein encoding reading frames. 

Diagnostics and epidemiology 

The methods recommended for HBoV1 diagnosis are quantitative PCR in serum or 

antibody detection by IgM and IgG EIAs. Even though HBoV1-4 IgGs do crossreact, 

those of acute-phase, as well as HBoV1 IgM, have been shown to be HBoV1 spesific 

(Kantola et al. 2011). A sensitive VP2-IgG avidity assay is helpful in dating HBoV1 

infections (Hedman et al. 2010, Meriluoto et al. 2012). Because of prolonged 

persistence of HBoV1 DNA in the airways, a qualitative PCR test in nasopharynx as such, 

is not sufficient for HBoV1 diagnosis. 

HBoV1 infections have turned out occur early in childhood (Endo et al. 2007, Kahn et al. 

2008, Lindner et al. 2008, Lin et al. 2008, Söderlund-Venermo et al. 2009, Don et al. 

2009, Riipinen et al. 2010, Meriluoto et al. 2012). HBoV1 IgG seroprevalence increases 

until age of 6 years, when most children are seropositive (Endo et al. 2007, Don et al. 

2009, Söderlund-Venermo et al. 2009, Meriluoto et al. 2012). HBoV1 IgG 

seroprevalences among adults have been reported to approach 100% (Endo et al. 2007, 

Lindner et al. 2008b, Checcini et al. 2009, Söderlund-Venermo et al. 2009).  

HBoV1 DNA has been observed by PCR in respiratory secretions of young children with 

upper or lower respiratory tract disease, globally and throughout the year. Some 

studies indicate higher prevalences during winter and spring months (Allander et al. 

2005, Arnold et al. 2006, Foulonge et al. 2006, Kesebir et al. 2006, Ma et al. 2006, 

Chung et al. 2007, Fry et al. 2007, Lau et al. 2007, Pozo et al 2007, Brieu et al. 2008, 

Chow et al. 2008, Cilla et al. 2008, Smuts et al. 2008). The prevalence rates of HBoV1 

DNA in respiratory samples of children range from 2% to 19% (Allander et al. 2005, 

Foulonge et al. 2006, Bastien et al. 2007, Kesebir et al. 2006, Maggi et al. 2007, Allander 

et al. 2007, Fry et al. 2008, Chow et al. 2008, Tozzer et al. 2009). Among adults, HBoV1 

is less prevalent and is confined to patients with immunosuppressive or cardiac disease 
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(Bastien et al. 2006, Manning et al. 2006, Maggi et al. 2007, Chow et al. 2008, Longtin 

et al. 2008, Costa et al. 2009, Ringhousen et al. 2009). 

HBoV1 DNA has also been found in serum, feces, urine, saliva, and cerebrospinal fluid 

(Pozo et al. 2007, Chieochansin et al. 2008, Tozzer et al. 2009, Söderlund-Venermo et 

al. 2009, Martin et al. 2009, Kapoor et al. 2010, Wang et al. 2010, Christensen et al. 

2010, Mitui et al. 2012), but rarely in other tissues (Lu et al. 2008, Clément et al. 2009, 

Falcone et al. 2011). HBoV1 has been absent in autopsied brain, bone marrow, and 

lymphoid tissues (Manning et al. 2007). The same holds true for tissues of deceased 

fetuses (Riipinen et al. 2010). However, adenoid and tonsillar tissues of young children 

showed HBoV1 DNA prevalences from 5% to 32% (Lu et al. 2008, Clément et al. 2009). 

HBoV1 was also reported in 17.6% of paranasal sinuses or nasal polyps, predominantly 

in adult patients undergoing elective surgery for chronic sinusitis (Falcone et al. 2011). 

Clinical features  

The clinical role of HBoV1 has been under active investigations during the past few 

years. Initially, HBoV1 DNA was found much more frequently in children with 

respiratory symptoms than in asymptomatic subjects, but later HBoV1 DNA has also 

been found prevalently among the latter (Kesebir et al. 2006, Allander et al. 2007, Fry 

et al. 2007, Maggi et al. 2007, von Linstow et al. 2008, Martin et al. 2010, Söderlund-

Venermo et al. 2009). HBoV1 DNA was reported in 43% of children who had undergone 

tonsillectomy, indicating prolonged occurrence of HBoV1 DNA in asymptomatic 

children (Longtin et al. 2008). Characteristic feature of HBoV1 is that it has frequently 

been detected in co-infections with other respiratory viruses such as respiratory 

syncytial virus (RSV), rhinovirus, influenza virus, and adenovirus (Allander et al. 2005, 

Sloots et al. 2006, Allander et al. 2007, Fry et al. 2007, Pozo et al. 2007, Vicente et al. 

2007, Brie et al. 2008, Cilla et al. 2008). 

HBoV1 has been detected in 1-9% of stool samples from children with symptoms of 

gastroenteritis (Albuquerque et al. 2007, Lau et al. 2007, Vicente et al. 2007, Yu et al. 

2008, Szomor et al. 2009, Chow et al. 2010). From 20% to more than 50% of these 

children were also infected with other viruses causing enteric diseases (Albuquerque et 

al. 2007, Lau et al. 2007, Vicente et al. 2007, Yu et al. 2008, Sozmor et al. 2009, Chow et 

al. 2010). In most of these studies, HBoV1 occurred in both respiratory samples and 

stool. The significance of HBoV1 as enteric virus is questionable since there is lack of 

evidence of replication in the enteric tract or firm clinical association to gastric disease.  
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Combined serological and PCR analysis of HBoV1 showed HBoV1 DNA in serum of 94% 

of wheezing children with HBoV1 serodiagnosis (Söderlund-Venermo et al. 2009). In 

other studies, HBoV1 serodiagnosis and HBoV1 DNA in serum correlated with 

respiratory symptoms including pneumonia and otitis media (Allander et al. 2007, 

Kantola et al. 2008, Karalar et al. 2010, Don et al. 2010, Meriluoto et al. 2012). 

According to the most recent longitudinal study, primary infections of HBoV1 are 

significantly associated with respiratory illnesses (Meriluoto et al. 2012). A correlation 

between high HBoV1 DNA concentration in respiratory samples and clinical symptoms 

has also been observed (Söderlund-Venermo et al. 2009, Christensen et al. 2010).  

Human bocaviruses 2-4  

In 2009, human bocavirus 2 (HBoV2) was discovered by PCR in stool samples of 

patients with acute flaccid paralysis in Pakistan, and at lower frequencies from Scottish 

adults and children with enteric disease (Kapoor et al. 2009). Soon thereafter, 

researchers in Australia found HBoV2, as well as a new human bocavirus, HBoV3, in 

children with diarrhea (Arthur et al. 2009). In 2010, Kapoor et al. were screening stool 

samples from several countries and found all three previously found HBoVs, and, in 

addition, a new HBoV species, HBoV4 (Kapoor et al. 2010). 

Similarly to HBoV1, the genomes of HBoV2, 3, and 4 encode three major ORFs. The ORF 

at the 3’ -side encodes the non-structural protein NS1, the middle ORF encodes NP1, 

and the 5’ -side ORF encodes the overlapping capsid proteins VP1/VP2 (Kapoor et al. 

2010). In genomic analysis, HBoV2 and HBoV1 show of 67% to 80% nucleotide 

homology (Kapoor et al. 2009). The HBoV3 genome shows close homology to HBoV1 in 

the nonstructural protein coding regions NS1 and NP1 (87% nucleotide similarity), but 

is more similar to HBoV2 in the structural protein-coding region VP1/VP2 (77% 

nucleotide similarity) (Arthur et al. 2009, Kapoor et al. 2010). This suggests that HBoV3 

may have arisen by recombination of HBoV1 and HBoV2. HBoV4 was shown to be a 

recombinant of HBoV2 and HBoV3 (Kapoor et al. 2010). 

 

HBoV2 has been found in stool and respiratory samples while HBoV3 and 4 have been 

detected in stool samples. HBoV2 seems to be the most prevalent of the enteric HBoVs, 

causing gastroenteritis and circulating globally (Arthur et al. 2009, Blinkova et al. 2009, 

Han et al. 2009, Kapoor et al. 2009, Shan et al. 2009, Chow et al. 2010, Kantola et al. 

2010, Kapoor et al. 2010, Song et al. 2010, Wang et al. 2011). The virus-like particles of 

HBoV1-4 have been shown to cross react, which affects the serological assays of these 

viruses (Kantola et al. 2011). 
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Figure 4. Phylogenetic tree of human bocaviruses. From Kapoor (2010), reproduced by 

permission of copyright holder. 
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Human parvovirus 4 

Parvovirus 4 (PARV4) was identified first in 2005 by molecular screening and large scale 

sequencing approaches from hepatitis B-positive drug user (IDU) with various 

symptoms (fatigue, vomiting, arthralgias, neck stiffness, night sweats, and diarrhea) 

(Jones et al. 2005). A related virus variant (PARV5) was identified in plasma pools used 

in the manufacturing of plasma-derived medicinal products (Fryer et al. 2006). Later, 

the name PARV5 was changed to PARV4 genotype 2. In 2008, a third genotype of 

PARV4 was found from two AIDS patients in sub-Saharan Africa (Simmonds et al. 2008).  

PARV4 is not closely related to any of the previously known parvoviruses in the genera 

Parvoviridae, but represents a lineage between avian dependoviruses and bovine 

parvovirus type 3 (Jones et al. 2005). PARV4-like viruses have been detected in swine 

and cows in Hong Kong and Great Britain (Lau et al. 2008, Szelei et al. 2010). These 

viruses are putatively named porcine and bovine hokoviruses (Lau et al. 2008). PARV4-

like viruses are also found in plasma of Cameronian wild chimpanzees and gorillas 

(Sharp et al. 2010). For PARV4 and PARV4-like viruses, a genus of Partetraviruses has 

been proposed, yet not accepted. 

Morphology 

PARV 4 is a nonenveloped, single-stranded, small DNA virus. The PARV4 particles are 

20-22 nm in diameter and morphologically typical for parvoviruses (Tuke et al. 2010). 

The PARV4 genome has not yet been sequenced in full length; genomes in literature 

lack the terminal repeats (Fryer et al. 2007a, Lou et al. 2012). However, the genome 

organization and the expression profile was lately disclosed as the PARV4 based 

expression plasmid containing known PARV4 sequence and AAV5 inverted terminal 

repeats (Lou et al. 2012). The viral genome contains two promoters, p6 and p38, for 

transcription of NS-encoding and VP-encoding mRNAs, respectively (Figure 5). The 3’ -

side of the genome encodes a large nonstructural protein NS1a (66kDa). Similarly to 

B19V NS1, the PARV4 NS1 has been shown to induce G2/M arrest during cell cycle (Lou 

et al. 2012). The mRNAs for NS1b, and the predicted NS2 protein, were transcribed, 

however, no protein products were observed for these. The 5’ -side of the PARV4 

genome encodes structural proteins VP1 (101kDa) and VP2 (60kDa). The VP1 of PARV4 

is especially large when comparing to VP1s of other parvoviruses. The unique part of 

parvovirus VP1 (uVP1) has been shown to have strong PLA2 activity, but surprisingly, 

PARV4 VP1u does not exhibit PLA2 activity (Lou et al. 2012).  
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Figure 5. The genome structure and predicted protein-encoding reading frames of 
PARV4. 

Diagnostics and Epidemiology 

PARV4 infections can be diagnosed by IgM and IgG EIAs and PCR. Following  its 

discovery in a person with viral acute syndrome, the DNAs for PARV4 genotype-1 and -

2 have been identified in bone marrow, lymphoid tissues, and liver of subjects with a 

history of IDU, or HIV, or HCV infection (Manning et al. 2007, Simmonds et al. 2007, 

Longhi et al. 2008, Schneider et al. 2008). In several studies blood samples and 

coagulation factor concentrates also contained PARV4 genotype-1 and -2 DNAs (Fryer 

et al. 2006, Fryer et al. 2007a, Fryer et al. 2007b, Lurcharchaiwong et al. 2008, 

Schneider et al. 2008, Toussini et al. 2011). Two Italian studies reported PARV4 DNA in 

blood, skin, heart, and bone marrow of subjects without HCV, or HIV infection, or 

history of drug use (Botto et al. 2009, Corcioli et al. 2010). In addition, PARV4 DNA has 

been reported in the blood of 3 mothers having newborn with hydrops, and in the 

cerebrospinal fluids of two children with encephalitis (Benjamin et al. 2011, Chen et al. 

2011). 

For PARV4 antibodies serological assays have recently been established (Sharp et al. 

2010, Lahtinen et al. 2011). A Scottish research group detected PARV4 IgG among 67% 

of HIV and HCV infected IDUs. Similarly, a 78% seroprevalence of PARV4 IgG was 

observed among IDUs, but 0% for randomly chosen Finnish medical students (Lahtinen 

et al. 2011). Hemophiliacs who were treated with uninactivated or virally inactivated 

blood products have also been shown to carry PARV4 IgG (Sharp et al. 2010, Sharp et 

al. 2011). The first cases and diagnostic criteria of PARV4 primary infection, and IgM-

positive individuals, were recently reported among Finnish IDUs and Scottish 

hemophiliacs, respectively (Lahtinen et al. 2011, Sharp et al. 2011). While the latter 

cohort (Sharp et al. 2011) was enriched in rashes and exacerbation of hepatitis, a causal 

connection with PARV4 remains to be disclosed. 
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Evolution of parvoviruses 

Genetic variation is ultimately reflected as gene mutations. Natural selection, genetic 

drift, gene flow, and recombination also act in evolutionary processes that shape the 

genetic structure of any organism. Various estimates for mutation rates of viruses have 

been shown (Duffy et al. 2008). These reflect the number of changes in nucleotide 

organization that occur during each viral replication cycle. RNA viruses are known to 

have high mutation rates, which are assumed to be due to error-prone RNA 

polymerase. Basically, a standard idea of viral evolution rates has been that most 

single-stranded RNA viruses mutate faster than retroviruses, which include DNA 

intermediates in their replication cycle, and that retroviruses mutate faster than DNA 

viruses (Duffy et al. 2008). The rate estimates vary between 1.5 x 103 

mutations/nucleotide/replication cycle in RNA viruses to 1.8 x 108 for human herpes 

virus (large DNA virus). However, in recent studies the evolution rates of small, single-

stranded DNA viruses have proven to be higher than previously believed (Shackelton et 

al. 2005, Shackelton et al. 2006a, Shackelton et al. 2006b, Hoeltzer et al. 2008, Streck et 

al. 2011). 

Evolution rates of carnivore-, porcine-, and human parvovirus B19V 

The best known parvovirus-related example of evolution is the transfer of a carnivore 

parvovirus, feline panleukopenia virus (FVP), from cats to dogs. In early 1978, a canine 

disease with symptoms of vomiting and diarrhea in old dogs, and myocarditis in 

neonatal pups, was observed globally. Small, round, non-enveloped viruses were 

detected in the stool of these dogs by EM, and parvoviruses were soon isolated from 

the tissue cultured cells. The enteric disease that the new parvovirus caused in canines 

was similar to that of cats caused by FPV. The new virus was shown to be antigenically 

related to cat parvovirus FPV and emerged from that or one of the closely related 

carnivore parvoviruses. The new parvovirus was named canine parvovirus (CPV) and 

later CPV-2 (Parrish 1999, Parrish and Hueffer 2005). 

CPV-2 caused a severe pandemic with high mortality in dogs but was unable to infect 

cats or raccoon. However, a variant virus CPV-2a, emerged in 1979 and this virus was 

able to infect both cats and dogs. CPV-2a replaced CPV-2 worldwide within a year 

(Parrish et al. 1988). At the beginning of the 1980s another antigenic variant, named 

CPV-2b, was detected and was showed to spread until 1984, and was also able to infect 
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cats and dogs. The currently circulating virus carries mutations in the capsid protein 

VP2 residues 297 and 426 (Parrish 1999, Buonavoglia et al. 2000, Hoelzer et al. 2008).  

The evolution rates of FPV and CPV-2 have been calculated in detail (Shackelton et al. 

2005, Hoelzer et al. 2008). Shackelton et al. (2005) analyzed 91 VP2 sequences and 35 

NS1 sequences of carnivore parvoviruses. A substitution rate of 9.4 x 10-5 

substitutions/site/year was detected for FVP and higher rate of 1.7 x 10-4 

substitutions/site/year for CPV-2. When studying the central branch of FPV and CPV 

separating clades containing carnivore parvovirus sequences from samples isolated 

between 1968 to 1978, the substitution rates ranged between 7.1 x 10-3 and 0.7 x 10-3 

substitutions/site/year (Shackelton et al. 2005). These rates were similar to those 

detected for other RNA viruses. Later Hoelzer et al. (2008) explored the evolution of 

carnivore parvoviruses with a bigger sample set collected from 13 countries. The 

substitution rates observed were similar to those detected in the study by Shackelton 

et al. (2005). In addition, they showed that the majority of the substitutions 

distinguishing CPV from FPV were located in the capsid protein (VP2) gene in domains 

determining the tropism of the virus. The calculation of rates of nonsynonymous and 

synonymous sites and their ratios revealed that the CPV capsid gene has been under 

positive selection resulting in an elevated evolution rate (Hoelzer et al. 2008).  

Increasing number of reports of reproductive failures due to porcine parvovirus (PPV) 

in swine herds encouraged a German group to study the evolution of porcine 

parvovirus, and evaluate the effect of a PPV vaccine against the currently circulating 

PPV strains (Streck et al. 2011). PPV isolates from Austria, Brazil, Germany, and 

Switzerland were sequenced and analyzed for their substitution rate. Their study 

indicated substitution rate of 5.39 x 10-5 substitutions/site/round for the NS1 gene and 

3.02 x 10-4 substitutions/site/round for the VP1 gene. Further analysis showed that 

substitutions among new strains were mainly located at the capsid surface and capsid 

development towards more distinct from the vaccine strain was noted (Streck et al. 

2011).  

B19V has been generally considered to be a very stable virus. Erdman et al. (1996) 

compared B19V sequences collected from a single community and from various 

geographic regions. Minimal variation (0.4%) between sequences obtained from the 

single community, and sligly greater variation (<5%) between sequences obtained from 

distinct areas, were detected. No insertions or deletions were identified. Similar results 

have also been reported by others (Gallinella et al. 1995, Kerr et al. 1995, Hemauer et 

al. 1996) 
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Substitution rates for B19V were for the first time calculated in 2006 (Shackelton et al. 

2006b). B19V sequences were collected from GenBank and aligned. The sampling dates 

for virus isolates were also obtained and phylogenetic trees for VP1 and NS1 areas 

constructed. The substitution rates 1.14 x 10-4 and 1.83 x 10-4 were detected for VP1 

alone and for the whole coding region of the B19V genome (Shackelton et al. 2006b). 

The detected rates were very similar to those for the carnivore parvoviruses FVP and 

CPV (Shackelton et al. 2005, Hoelzer et al. 2008), thus suggesting that high mutation 

rates may be typical for all autonomously replicating parvoviruses.  
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Aims of the study 

The specific aims of the study were: 

i) to examine whether the newly found B19V genotypes 2 and 3 could be 

detected, amplified and differentiated by commercially available quantitative 

real-time PCR assays  

ii) to determine the prevalence of the new B19V genotypes in Finnish blood 

samples  

iii) to examine the persistence of B19V DNA in various human tissues and to 

determine the duration and possible predilection of the tissue type 

iv) to study the evolution rate of B19V genomes amplified  from blood cells during 

primary infections and 

v) to compare the evolution rate of B19V isolated from different tissues during 

persistence 

vi) to study the DNA prevalence of the four human bocaviruses and parvovirus 4 

in human tissues 

vii) to examine whether  the occurrence of B19V DNA in heart tissue has a role in 

etiology of heart diseases 
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Materials and methods 

Clinical material 

Tonsillar tissue (II, III and IV): Altogether 443 tonsillar tissues were collected in Finland, 

from patients with tonsillitis, peritonsillar abscess, snoring, or tonsillar hypertrophy. 

The biopsies were collected in two separate sets. A set of 220 tonsillar tissues was 

collected 2000 to 2002 from children and adults (birth year range, 1929-2000; mean, 

1979 ± 15) and examined in Studies II and IV. Another set from 223 children (birth year 

range, 1991-2005; mean, 1999 ± 4) was collected 2000 to 2006 and were examined in 

study IV. B19V genotype 1 DNA-positive tonsils (N=14) collected from adults were 

included in Study III.  

Synovia and skin pairs (II, III and IV): Biopsies of synovium (N=86; birth year range, 

1931-1992; mean, 1964 ± 15) were obtained during arthroscopy from healthy adults 

with joint trauma, and biopsies of skin were obtained simultaneously from the 

arthroscopy wound edge. All synovial and skin pairs were collected in Finland. B19V-

genotype-1 DNA positive skin (N=1) was included in Study III.  

Skin (I, II and IV): Biopsies of skin (N= 54; birth year range, 1913–1991; mean, 1951 ± 

19) were obtained from patients with B19V-unrelated dermatological lesions or from 

healthy laboratory or hospital staff. All skin biopsies were collected in Finland. 

Liver (II): Biopsies of liver tissue (N= 77; birth year range, 1915–1981; mean, 1948 ± 14) 

were collected from adults in Germany for diagnostic purposes and from 

transplantation of explanted livers. These tissues were examined in Study II for B19V 

genotypes 1 and 2 DNA in Germany.  

Bone marrow and lymphoid tissue (III): Autopsy samples of bone marrow and lymphoid 

tissue (N=14) were collected between the years 1990 and 2007 in Edinburgh, Scotland. 

All tissues were from adults.  

Heart tissue (V): Biopsies of left atrium were obtained from 100 adult patients who 

underwent open-heart surgery. The surgical procedures included valve replacement or 

correction and coronary artery bypass grafting alone or in combination. The biopsies 

were performed in Germany 2007 to 2008 and were analyzed mostly in Germany. The 

B19V genotyping was performed in Finland. 
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Serum (II, IV, V): Serum (group I) was collected from tissue donors for serological 

analysis (Studies II, IV, V). Study II also included 1640 (birth year range, 1907-1993; 

mean, 1966 ± 19) sera collected in Finland for virus diagnosis (group II). Among the 

1640 sera, 1393 were collected from patients with rash, fever, or other constitutional 

symptoms and initially screened for rubella, measles, sindbis, or hantaviral disease. In 

addition, sera (N=247) were obtained from patients with serologically confirmed 

erythema infectiosum.  

Plasma (I, III): Plasma samples (N=140 160 samples in 292 maxipools) obtained from 

Finnish blood donors were collected at the Finnish Red Cross Blood Service during the 

year 2002. The plasma samples were prescreened for B19V genotype 1 DNA as 

maxipools of 480 units / pool by the Parvovirus B19V quantification Kit by Roche (qPCR 

A). In addition, 11 of high-titer B19V DNA singe donation plasmas were collected 2002 

to 2003 at the Finnish Red Cross Blood Service (Study I). A collection of 33 plasma 

samples, taken 2002 to 2007 from patients with B19V acute infection, or plasmas from 

archived plasma pools, obtained in 1990 or earlier, were collected from Finland, the 

United Kingdom, and Germany (Study III). 

Plasmid clones 

pB19: The plasmid clone of B19V genotype 1 covering nucleotides 180-5416 has been 

described in Brunstein et al. (2000) The genotype 2 genome was amplified by PCR from 

skin in several overlapping areas (LaLi 1-6), and cloned (Hokynar et al. 2002). Constructs 

containing LaLi1, LaLi2, LaLi3 and LaLi6 were used in validation of the quantitative B19V 

PCRs. After several restriction and ligation steps, a single clone covering nucleotides 

105-5147 was constructed and used as a positive control in other B19V PCRs. A 

genotype 3 V9-clone, covering nucleotides 282-5314, and a genotype 3 D91.1-clone, 

covering nucleotides 1-5028, were kindly provided by A. Garbarg-Chenon, France. 

These clones were used for validation of B19V quantitative PCR assays and as positive 

controls in the qualitative PCRs (Studies I, II, V). Nucleotide numbering was according to 

the GenBank sequence entry AY504945. Table 4 describes the backbones and GenBank 

numbers related to the plasmid constructs.  

pHBoV1: A full-length clone of HBoV1 strain 2 was kindly provided by T. Allander, 

Sweden. The clone was used as a positive control in qualitative HBoV1 PCR. Ten-fold 

dilution series of the clone was used as quantification standard in quantitative HBoV1-

PCR and in HBoV1-4 multiplex PCR (Study IV).  
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pPARV4: A full-length clone of PARV4 genotype 1 was kindly provided by E. Delwart, 

USA. The clone was used as a positive control in PARV4 PCR (Study IV).  

In addition, the empty plasmids of pSTBlue-1, Litmus 29, and pcDNA2.1 were used as 

negative controls in the validation of the B19V quantitative PCR.



 

 

Table 4. Plasmid constructs used in this thesis. 

Name 
used 

Virus Genotype Nucleotides Gen Bank 
accession 

Plasmid 
backbone 

Manufacturer of plasmid 

pB19 B19V 1 1-5300 AY504945 Litmus 29 New England Biolabs, Bewerly,USA 

pLaLi 1 B19V 2 105-1312 AY044266 Litmus 29 New England Biolabs, Bewerly, USA 

pLaLi 2 B19V 2 1092-2332 AY044266 Litmus 29 New England Biolabs, Bewerly,USA 

pLaLi 3 B19V 2 2058-3121 AY044266 pSTBlue-1 Novagen, Madison, USA 

pLaLi 6 B19V 2 105-3121 AY044266 pSTBlue-1 Novagen, Madison, USA 

pLali B19V 2 105-5147 AY044266 pSTBlue-1 Novagen, Madison, USA 

pV9 B19V 3 1-5028 AJ249437 pcDNA 2.1, 
modified 

Invitrogen Life Technologies, Paisley, UK 

pD91.1 B19V 3 1-5028 AY083234 pcDNA 3.1 
HisB 

Invitrogen Life Technologies, Paisley, UK 

pST2 HBoV1 - 1-5299 DQ000496 pCRToPo Invitrogen Life Technologies, Paisley, UK 

pPARV4 PARV4 1 1-5268 AY622943 pGEM-T Easy Promega, Madison, USA 

4
6
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DNA extraction 

DNA from tissues collected before 2006, and from sera and plasma, was extracted by 

proteinase K digestion (for 30 min at +37°C for serum and plasma samples or overnight 

at +55°C for tissue samples) followed by phenol-chloroform extraction and ethanol 

precipitation. DNA from tissues collected after 2006 was extracted by the QiAamp DNA 

Mini Kit (Qiagen, Germany) according manufacturer’s instructions for viral DNA.  

DNA amplification 

Due to the high sensitivity of PCR, very strict precautions were taken to avoid 

contaminations in all PCRs. The PCR reactions, template pipetting, DNA amplification, 

and agarose gel electrophoresis were performed in separate rooms. Aerosol resistant 

filter tips and disposable racks were used. Plasmid dilutions of appropriate viruses for 

each PCR and water control were used as positive and negative controls, respectively.  

Quantitative B19V-PCRs (I, II): 

Two commercial qPCR assays: qPCR A, Parvovirus B19 Quantification Kit, (Roche 

Diagnostics GmbH, Mannheim, Germany) and qPCR B, Real ArtTM parvo B19 LC PCR 

(Artus GmbH, Hamburg, Germany) were compared for their ability to detect and 

differentiate B19V genotypes (Study I). Both assays were Light Cycler-based, contained 

B19-specific primers and two fluorophore-labeled hybridization probes. The assays 

operate according to principles of fluorescence resonance energy transfer (FRET). In 

both qPCRs, the known concentrations of standards allowed the quantification of 

target DNA. Internal controls (IC) amplified by the same primers as for target amplicon, 

but hybridized with probes carrying different fluorophores, were included in both 

assays to monitor the DNA extraction and PCR process. The data were analyzed with 

Light Cycler Software version 3.5 (Roche Diagnostics) and by using the second 

derivative maximum method together with proportional base-line adjustment. In each 

run the WHO international standard for B19V was used as a positive control and water 

as negative control.  

The ability of both commercial qPCRs to detect and quantify B19V genotypes was 

examined with serial dilutions of B19V plasmid constructs. First the quantity of the 

plasmid containing B19V genotype 1 was measured by qPCR A, which had previously 

been validated for B19V genotype 1 DNA (Hokynar et al. unpublished data). Then the 

DNA concentrations of each plasmid were measured spectrophotometrically, 
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converted to plasmid copy numbers/µl and equilibrated to contain 109copies/µl. To 

confirm the plasmid concentrations, serial dilutions of plasmids were blotted onto 

nylon membrane and hybridized with a digoxigenin-labeled probe against the plasmid 

backbone. The plasmids were then used for evaluation of the two qPCR methods.  

After B19V amplification, a melting curve analysis was done to analyze the ability of the 

qPCRs to differentiate the B19V genotypes. The program for the melting curve analysis 

was: Segment 1: 95°C, hold 15s, slope 20°C/s, acquisition mode none; Segment 2: 40°C, 

hold time 15s, slope 20°C/s, acquisition mode none; Segment 3: 80°C, hold time 0s, 

slope 0.1°C/s, acquisition mode continuous. Melting points were determined with 

serial dilutions of B19V genotype plasmids. Each genotype alone and the mixtures of 

the genotypes were used for melting curve analysis.  

The Real ArtTM Parvo B19 assay was used for genotyping the B19V DNA present in 

tissues studied in Study II. 

Qualitative B19V-PCRs: 

I, II, V: Biopsies of skin, synovia, tonsils and heart (I, II, V), and sera (II) were screened 

for B19V DNA by nested and non-nested VP1-PCRs detecting all B19V genotypes, and 

B19V DNA-positive samples were further analyzed for genotype 2 DNA or for genotype 

2 and 3 DNAs by K71-PCR described in Hokynar et al. (2002), and by Gt3-PCR, 

respectively. The VP1-PCR and nested VP1-PCR are described by Söderlund et al. 

(1996). The biopsies of liver were examined by Gt1-PCR described by Eis-Hübinger et al. 

(1996), and by K71-PCR, in Germany (Study II). The reaction mixture of Gt3-PCR 

contained 10 x AmpliTaq GeneAmp PCR buffer I (Applied Biosystems, California, USA), 

200µM of each dNTP, 0.5µM of primers and 1.25U of AmpliTaq Gold polymerase 

(Applied Biosystems) and water for a reaction volume of 25 µl. After initial 

denaturation for 10 min at 94°C, nested Gt3-PCR-program was 35 cycles at 95 °C for 30 

s; at 65°C or 55 °C for 30s and at 72 °C for 30s, respectively.  

III: DNA extracted from B19V acute-infection plasma or from archived plasma pools 

were prescreened for B19V DNA by PCR as described in McOmish et al. (1993). B19V 

DNA-positive samples were subjected for further amplification by three overlapping 

nested-PCRs, which cover the ORF2 gene of the B19V genome. The PCRs were 

performed by using GoTaq polymerase (Promega, Wisconsin, USA), in accordance to 

the manufacturer’s instructions and by using the following conditions: 30 cycles, each 

at 94°C for 18 s, at 50°C for 21 s, and at 72°C for 3min and final extension at 72°C for 6 

min. The ORF2 amplicons were sequenced from both directions by using the Big Dye 
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Termination Kit (Applied Biosystems). The products of sequencing reactions were 

analyzed in sequencing service of University of Edinburgh to obtain the final sequences. 

Quantitative HBoV1-PCR (IV)  

DNA from tonsillar tissues was purified with the QIAamp DNA Mini Kit, then 5 µl of 

purified DNA was used as a template in the HBoV1 qPCR. The qPCR was performed as 

described by Allander et al. (2005) except that the thermal cycler was Mx3005P QPCR 

System (Stratagene, California, USA), and the settings were 95°C for 10 min, followed 

by 45 cycles at 95°C for 15 s and at 60°C for 1 min. The 25 µl qPCR reaction mix 

contained molecular biology-grade water, TaqMan universal PCR master mix (Applied 

Biosystems), 300 nM of primers and 150 nM of probe. A ten-fold dilution series of 

HBoV1 plasmid was used as quantification standard. 

HBoV1-4 multiplex PCR (IV) 

The DNAs extracted from the 219 tonsillar tissues were examined by HBoV1-4 -specific 

PCR assays. Firstly, all DNA samples were examined in multiplex format, and then those 

with positive HBoV DNA results, were used in the singleplex PCRs detecting HBoV1, 

HBoV3, and HBoV2+4. Both single and multiplex PCRs were done in a volume of 25 μl 

using Stratagene Mx3005p (Stratagene). The singleplex reactions consisted of 

1×TaqMan Universal Master Mix (Applied Biosystems) with AmpErase uracil-N-

glycosylase (UNG), 0.6 μM concentrations of sense and antisense primers, 0.3 μM 

probe and molecular biology-grade water. The multiplex reactions were set up 

similarly, but with all five primers included. UNG was allowed to degrade any potential 

carryover PCR products for 2 min at 50°C before activation of the AmpliTaq Gold 

polymerase for 10 min at 95°C. The amplification consisted of 40 cycles of 15s at 95°C 

and 1min at 60°C. Each run included plasmid and no-template controls. To generate 

baseline-corrected fluorescence data, baseline fluorescence was automatically 

determined by the Mx4000 software version 3.01 (Stratagene) baseline algorithm. The 

cutoff for quantification cycle (Cq) determination was automatically calculated as 20 

times the standard deviation of the fluorescence value of the baseline in cycles 5 

through 9. Each fluorescent reporter signal from the FAM channel was measured 

against the internal reference dye (ROX) signal to normalize for non-PCR-related 

fluorescence fluctuations between samples. 
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Qualitative HBoV1-PCR:  

Non-nested HBoV1-PCR was performed as described by Sloots et al. (2005). The 25 µl 

reaction mix contained 10 x AmpliTaq GeneAmp PCR buffer I (Applied Biosystems), 

200µM of each dNTP, 0.5µM of primers HBoV 01.2 and HBoV 02.2, 1.25U of AmpliTaq 

Gold polymerase (Applied Biosystems, CA, USA), and molecular biology grade water. 

Initial denaturation was 15 min at 95 °C, followed by 45 cycles at 94°C for 20 s; at 56°C 

for 20s, and at 72°C for 30. 

PARV4-PCR:  

Nested-Parv4-PCR was performed as described by Fryer et al. (2007), except with some 

modifications made in the cycling program; at 94°C for 10 min; 40 cycles at 94°C for 

20s, at 51°C, or at 56°C for 20s, and at 72°C for 20s; and extension at 72°C for 7 min. 

The 25µl reaction mix contained 10x AmpliTaq GeneAmp PCR buffer I (Applied 

Biosystems), 200µM of each dNTP, 0.5µM of primers HBoV 01.2 and HBoV 02.2, 1.25U 

of AmpliTaq Gold polymerase (Applied Biosystems), and molecular biology grade water.  

The primer sequences for each PCR are described in Table 5.  
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Table 5. PCR primers used in the studies of this thesis. 

PCR Primer sequence Target virus / 

genotypes 

 VP1-PCR p6: ggagaatcatttgtcggaag B19V / 1,2 and 3 

 p5: aggcttgtgtaagtcttcac  

Nested VP1-PCR p6: ggagaatcatttgtcggaag   B19V / 1,2 and 3 

 p3: cttctgcagaattaactgaagtc  

 p8: tgtgcttacctgtctggattg   

 p5: aggcttgtgtaagtcttcac  

K71-PCR of: tttactgaagacaaatggaagt B19V / 2 

 or: cactgggacagttttggcaata  

 if: agtggatttcaatcaatataca  

 ir: tcataattttggcataataatag B19V / 1 

Gt1-PCR p1: aatacactgtggttttatgggccg  

 p6: ccattgctggttataaccacaggt  

 p2: aatgaaaactttccatttaatgatgtag  

 p2: aatgaaaactttccatttaatgatgtag  

 p5: ctaaaatggcttttgcagcttctac  

Gt3-PCR gt3f: acccattttctgtgttaacttgt B19V / 3 

 gt3r: gcgagcaactaagtcaaataa  

 gt3if: cagtgacaaatttgcccaggac  

 gt3ir: aaggattatctaaagaaatg  
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PCR Primer sequence Target virus / 

genotypes 

B19V evolution PCR 1 S2360: ctgccatgtgggagcttcuaatcc B19V/ 1 

 S2341: cagatttggtgcgrtgtagctgcc  

 A3809: gctgtacctcctgtacctaaaagc  

 A3793: taaaagctgaaargaactgtgttcc  

B19V evoution PCR 2 S2911: taggtatagccaactggctaag B19V/ 1 

 S3271: tgacccacgagcaccattattaaggt  

 A3940: tgggtcacctcctaatgtgtcagg  

 A3981: ggctgaattgcatggtcttcatgtgt  

B19V evolution PCR 3 S3616: ggcaaggtcargayactttagccc B19V/ 1 

 S3674: caatatgcttacttracagtrggag  

 A4825: tacgcatcytggctgagggcacg  

 A4841: ctggtgggcgtttagttacgcatc  

Parv4-PCR pv4f: aagactacatacctacctgtg PARV4 / 1 and 2 

 pv4r: tgcctttcatattcagttcc  

 pv4if: gttgatggycctgtggttag  

 pv4ir: cctttcatattcagttcctgttcac  

HBoV1-PCR HBoV01.2: tatggccaaggcaatcgtccaag HBoV1 

 HBoV02.2: gccgcgtgaacatgagaaacaga  

HBoV1 qPCR fwd: ggaagagacactggcagacaa HBoV1 

HBoV1 qPCR rev: gggtgttcctgatgatatgagc  

 probe: FAM-ctgcggctcctgctcctgtgat-BHQ  
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PCR Primer sequence Target virus / 

genotypes 

HBoV1-4 multiplex HBoV1F: cctatataagctgctgcacttcctg HBoV1 

 HBoV1R: aagccatagtagactcaccacaag HBoV1 

 HBoV234F: gcacttccgcatytcgtcag HBoV2, 3, 4 

 HBoV3R : gtggattgaaagccataatttga HBoV3 

 HBoV24R: agcagaaaaggccatagtgca HBoV2 and 4 

 probe: FAM-ccagagatgttcactcgccg-BHQ HBoV1, 2,3 and 4 
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Southern hybridization  

In study I, serial dilutions of the B19V genotype-plasmids were blotted onto nylon 

membrane and hybridized with a digoxigenin labeled probe recognizing the plasmid 

backbone. Qualitative HBoV1-PCR results obtained in Study IV were confirmed by 

Southern hybridization with a digoxigenin-labeled probe. The HBoV1 probe was 

amplified from the pST2, with the primers for qualitative HBoV1-PCR in the presence of 

digoxigenin -11-deoxyuridine triphosphate (DIG-11-dUTP) (Roche GmbH). After agarose 

gel electrophoresis the HBoV1-PCR products were denatured in 0.4M NaOH, 1.5M 

NaCl, for 45 min and then transferred to Hybond N+ nylon filter by capillary method 

over night, after which the filters were neutralized in PBS. DNA was dried and cross-

linked to the filter at 80°C for 15 min.  

Before hybridization, non-specific sites were blocked with a prehybridization solution 

for 30 min at 42°C, after which the hybridization solution was added and incubated 

overnight at 42°C. Thereafter the filter was washed in 2xSSC, 0.1% SDS at room 

temperature and then in 0.1% SSC, 0.1% SDS at 68°C. The filter was rinsed with buffer 1 

(0.1M Tris-HCL, 0.15 M NaCl, pH 7.5) and incubated for 30 min in buffer 2 (1x TBS, 

0.05% Tween, 10% Blocking Reagent; Sigma Aldrich, USA and 2.5g sucrose/10 ml). Anti-

digoxigenin-alkaline phosphatase (anti-DIG-AP) (Roche GmbH,) was diluted 1:5000 in 

buffer 2 and the filter was incubated for 30 min in buffer 2 containing anti-DIG-AP, 

washed with buffer 1, and balanced in buffer 3 (0.1 M Tris-HCl, 0.1M NaCl, 0.05M 

MgCl2, pH 9.5). Finally the filter was incubated in the dark for 1h in the substrates 

containing 0.0045% of 5-bromine-4-chlorine-3-indolylphosphate (BCIP) with 0.0035% 

of nitro-blue-tetrazolium-chloride (NBT) (Roche GmbH) in buffer 3.  

Serological assays 

B19V genotype 1, HBoV1-4 and PARV4 VP2 virus-like particles (VLPs) were produced in 

insect cells using baculovirus expression system and biotinylated (Ekman et al. 2007, 

Kantola et al. 2011). Non-biotinylated HBoV1-4 VP2 VPLs were also used in VLP-based 

competition assay.  

IgM EIA (II, IV): Sera diluted 1:200 in PBS-0.05% Tween 20 (PBST) were added in 

duplicate to goat anti-human IgM-coated (Cappel/ICN Biomedicals, Irvine, USA) 

microstrips for 1 h at RT. After washing, the biotinylated VP2 antigen (10ng of B19 VP2 

/ 60ng of HBoV1 VP2 / 20ng of PARV4 VP2) was added and EIAs were performed as 

described (Söderlund-Venermo et al. 2009, Lahtinen et al. 2011).  
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IgG EIA (II, IV): The biotinylated VP2 antigen (40 ng of B19 VP2 / 60 ng of HBoV1 VP2 or 

/ 60 ng of Parv4 in 100 µl PBS containing 0.05% Tween 20) was added to streptavidin-

coated micro strips (Thermo Fisher Scientific, USA) and EIAs were performed as 

previously described (Kaikkonen et al. 1999, Söderlund-Venermo et al. 2009, Lahtinen 

et al. 2011)  

VLP-competition assay (IV): The assay was performed as described by Kantola et al. 

(2011). Briefly; for the detection of HBoV1 specific antibodies, the sera were diluted in 

PBS containing soluble unbiotinylated HBoV2+3 VLPs and incubated 1.5 hours at 4°C. 

The sera were transferred to wells containing immobilized heterologous HBoV VLPs. 

For detection of combined HBoV2/3 antibodies, the assay was performed in reverse.  

Phylogenetic analysis and calculation of evolutionary rates  

The ORF2-covering sequences in Study III were aligned by using Simmonic Sequence 

Editor 1.5. The sequence data were supplemented with 34 previously published B19V 

genotype-1 sequences (17 sequences from plasma/sera and 17 sequences from tissue), 

from which the sample type and collection year were available. The sequences 

amplified from plasma and tissues were analyzed separately. Phylogenetic trees of 

B19V ORF2 sequences were constructed by neighbor-joining of Jukes-Cantor (J-C) 

corrected pairwise distances between sequences. Regression analysis used maximum 

composite likelihood distances between each sequence and the earliest available dated 

sequence, collected in 1973. Distances were calculated using the program MEGA4 with 

an empirically determined gamma distribution value of 0.179 across all three codon 

positions. 

A Markov Chain Monte Carlo (MCMC) approach was used to independently estimate 

the rate of sequence change of B19V using the BEAST package version 1.4. Output from 

BEAST was analyzed using the program TRACER (http://beast.bio.ed.ac.uk/Tracer).  
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Results and Discussion  

Human parvovirus B19V is well known human pathogen identified in 1970s. After 

primary infection the viral DNA persists in human tissues. This thesis project was 

commenced in 2003, shortly after two B19V variants, genotypes 2 and 3, were 

identified. In the first study (I), the commercially available B19V PCR tests were 

evaluated for their ability to detect and differiate all three B19V genotypes. After the 

evaluation, the prevalences of circulating B19V genotypes among Finnish blood donors, 

and among subjects with virus infection-related symptoms, were examined by several 

PCR methods (I, II). In study II, the duration of tissue persistence and possible tissue 

type specificity of B19V genotypes, were studied by PCRs with a large number of 

human tissues. No tissue type specificity was detected, but different distribution of 

B19V genotypes was observed. B19V genotype 2 was prevalent in tissues of subjects 

born before 1973, while genotype 1 was detected in contemporary samples. B19V 

genotype 3 was absent from all the samples studied, indicating that it is not commonly 

circulating genotype in North Europe.  

The identification of B19V genotypes 2 and 3, and their different distributions, have 

awaken the interest in the evolution studies of B19V. In study III the evolution rate of 

B19V genomes amplified from blood during primary B19V infection was calculated, and 

compared with the evolution rate of B19V genomes amplified during persistence. The 

evolution rate observed among sequences obtained during primary infection was ten 

times higher than evolution rate of persistence. The Study III also predicted years for 

the most recent common ancestor of B19V genotype 1 and it was dated in the 1950s. 

The results of Studies II and III supports the assumption that B19V genotype 1 is 

actually a new variant and the later identified B19V genotype 2 is an older variant that 

has disappeared from wide circulation.  

Whether B19V DNA persistence in human heart tissue has correlation with clinical 

symptoms was examined in Study V, and no correlation was observed. After year 2005 

several new human parvoviruses have been identified by molecular screening, large 

scale sequencing, and bioinformatics. DNA- and seroprevalences of the new human 

parvoviruses (HBoV1-4 and PARV4) were examined in Study IV to answer the question 

whether the tissue persistence is shared ability among parvoviruses. Human bocavirus 

1 DNA was detected in 9% of tonsils of small children while human bocaviruses 2-4 and 

PARV4 were absent from all the tissue samples studied.  
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Evaluation of commercial quantitative PCR assays for detection 
of B19V genotypes (I) 

B19V is transmitted mainly via respiratory route but spreading also occurs via medical 

plasma products, as B19V is a frequent contaminant in plasma products (Eis-Hübinger 

et al. 1999, Schmidt et al. 2001, Schneider et al. 2004, Geng et al. 2007). Several reports 

describe B19V infection among hemophiliacs receiving B19V contaminated coagulation 

factor concentrates (Yee et al. 1995, Yee et al. 1996, Matsui et al. 1999, Blümel et al. 

2002). At the beginning of this thesis project, two new B19V genotypes, genotypes 2 

and 3, had been identified. In addition, the new instructions for B19V concentration in 

plasma pools used for human anti-D immunoglobulin production were set by the 

European Union (European Pharmacopoeia 2004). Quantitative PCR method for B19V 

detection was, therefore, needed in the manufacture of blood-derived medical 

products. Study I compared the performances of commercially available qPCR assays, 

qPCR A and qPCR B, for the ability to detect, quantify, and differentiate B19V 

genotypes 1, 2 and 3.  

qPCR A was highly sensitive for the detection of B19V genotype 1. The limit for 

accurate quantification of genotype 1 was 50 copies/reaction. The qPCR A barely 

recognized B19V genotype 2, however: in four parallel runs, only two, gave a positive 

signal, with > 5 million copies of pLaLi1/reaction. Further diluted preparations of pLaLi1 

remained negative. Similar results were obtained with pLaLi 6, which contained the full 

NS1 region of the B19V genome. qPCR A recognized one of the two genotype 3 isolates. 

Isolate V9 was detected with a sensitivity of approximately 1 log lower than genotype 

1. The signal for genotype 3 isolate D91.1 remained negative, even with a plasmid 

dilution of 1x109 copies/µl. Melting curve analysis of qPCR A showed the same two 

peaks for all amplicons regardless of genotype (Figure 6). Thus qPCR A is not sufficient 

for the differentiation of the three B19V genotypes. 

qPCR B, in contrast, detected and amplified genotypes 1 and 2, and isolate V9 of 

genotype 3, with equal sensitivity. All three were detected to copy numbers as low as 

5/reaction. However, the sensitivity for the genotype-3 isolate D91.1 was 

approximately 3 log lower than for V9, and genotypes 1 and 2. The detection limit for 

D91.1 was 5000 copies/reaction. Melting curve analysis after qPCR B amplification, 

gave distinct peaks for each genotype (Figure 6). The mean melting temperatures for 

genotype 1, genotype 2, and genotype 3 were 67.57°C, 65.34°C, and 60.96°C, 

respectively. When the genotypes were tested in mixture of two or three genotypes 

per reaction, mimicking dual or triple infections, the individual melting peaks were not 
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always observed. A mixture of all three genotypes gave melting peaks characteristic for 

genotypes 1 and 3.  A mixture of genotype 1 and 2 resulted in only one peak that was 

characteristic for genotype 1. A mixture of genotypes 2 and 3 showed two correct 

peaks. As demonstrated with the plasmid dilution series the melting temperatures did 

not shift upon variations in DNA template loads (Figure 6). 

 

Figure 6. The result of melting curve analysis of qPCR B (left) and qPCR A (right).  

The suitability of qPCRs A and B for the identification of the three B19V genotypes in 

clinical samples was examined with skin biopsies containing genotypes 1 (4 biopsies) or 

2 DNA (6 biopsies), and with serum samples containing genotype 3 (2 sera). Because of 

the low B19V DNA level in these samples, and the presence of inhibitory compounds in 

the phenol-chloroform extracted DNA preparations, both undiluted and 1:10 diluted 

samples were tested. qPCR A detected samples containing B19V genotype 1 DNA whilst 

all biopsies that contained B19V genotype 2 DNA, as well as genotype 3 DNA-positive 

serum samples, gave negative results. The internal control (IC) gave a positive signal 

indicating the absence of PCR inhibition. In line with the results obtained with plasmids, 

the qPCR B also detected all genotypes in clinical samples. However, the serum 

containing genotype 3 isolate V9 remained negative, even though IC was positive. The 

three genotypes in clinical samples could be differentiated by melting curve analysis 

with qPCR B.  

In summary: qPCR A was slightly more sensitive for detection of B19V genotype 1 than 

qPCR B. However, the ability of qPCR A to detect B19V genotypes 2 and 3 was not 

desirable, while qPCR B performed well. qPCR B detected all the B19V genotypes with 

high sensitivity, with the exception of the B19V genotype-3 isolate D19.1 that was 

detected with lower sensitivity. qPCR B detected all B19V genotypes also in clinical 
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samples and allowed the differentiation of genotypes by melting curve analysis. The 

performance of qPCR A with clinical samples or in melting curve analysis was different 

and showed no genotype 2 detection in biopsies nor the genotype differentiation 

capability by melting curve analysis.  

Soon after Study I, the same qPCR methods were evaluated with B19V genotype-

containing plasmids and compared to TaqMan- and SYBR Green 1- based in-house 

B19V qPCRs (Baylis et al. 2004). The results were identical to Study I. The specificity of 

qPCR A to B19V genotype 1 was good, but it was the only genotype to be detected. 

qPCR B detected and quantified all B19V genotypes, but with reduced sensitivity for 

isolate D91.1. Melting curve analysis was not performed in that study. Braham et al. 

(2004) evaluated qPCR A for B19V genotype 1 diagnostics and compared the 

commercial assay with an in-house B19V nested PCR and hybridization (Braham et al. 

2004). Altogether 228 clinical samples were examined and qPCR A showed higher 

sensitivity. Two serum and three bone marrow samples remained negative, although 

they were positive by the nested PCR assay. New serum samples were collected from 

the same subjects within a short time period, and were shown in a later study to  to be 

positive for B19V genotype 2 (Cohen et al. 2006). These studies proved further the 

incapability of qPCR A to detect B19V genotype 2.  

In the Netherlands a large number of plasma donations have been screened for B19V 

DNA by combining qPCR A and in-house qPCR assay capable of detecting all B19V 

genotypes (Koppelman et al. 2004, 2007, and 2011). Between 2006 and 2009, 6.2 

million plasma donations were screened, from which 363 containing high B19V DNA 

titers. These samples were analyzed further (Koppelman et al. 2011). Fifteen out of 363 

samples were negative in qPCR A but positive in in-house qPCR assay. The B19V strains 

in these samples were sequenced, and 3 samples with B19V genotype 2 were detected. 

The ability of qPCR A to detect different B19V genotype 1 isolates was also poorer than 

that of the in-house PCR. As well as primers and probes of qPCR A are incapable to 

detect B19V genotype 2, those are prone to miss isolates of B19V genotype 1.  

In summary, the results obtained here (Study I), and in literature, qPCR B allows the 

detection, quantification, and differentiation of the B19V genotypes. As a real-time 

qPCR, it is rapid, less laborious, and time saving when compared to qualitative PCR 

assays neccesiating agarose gel electrophoresis. The qPCR assay B can be 

recommended for screening of plasma pools for B19V DNA.  
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B19V genotypes in blood (I and II) 

Number of studies has described B19V genotype 1 DNA in medical blood derived 

products used for transfusion purposes. Prior to the beginning of this thesis, circulation 

in Europe of B19V genotype 1 but not genotypes 2 or 3 was reported in several studies. 

To examine the prevalence of B19V genotypes 2 and 3 in blood samples, 292 randomly 

chosen blood donor maxipools, consisting of 140 160 individual plasma samples, and 

11 highly B19V viremic single blood donations, were analyzed (Study I). In addition, 

1640 sera collected from patients with rash, or various other virus infection-related 

symptoms, including subjects with serologically confirmed erythema infectiosum, were 

examined for B19V genotypes (Study II). 

The maxipools had been pre-screened by qPCR A at the Blood Service unit of the 

Finnish Red Cross. In this thesis, the maxipools were screened by qPCR B and the 

results were further confirmed by sensitive, qualitative VP1-PCR and K71-PCR (I). The 

majority of samples, 225 of 292, were negative with both qPCR assays. The samples 

that were positive can be divided into three different groups. Group 1 consisted of 13 

samples positive for B19V DNA by both qPCR A and qPCR B; group 2 consisted of 3 

samples qPCR B positive but qPCR A negative; and group 3 consisted of 51 samples 

which were positive by qPCR A but negative by qPCR B.  

For verification, the samples found positive by qPCR B were examined by VP1-PCR and 

K71-PCR. All the samples analyzed by K71-PCR, which recognizes only B19V genotype 2, 

were negative. Out of 13 samples in group 1, seven were positive by VP1-PCR and 

contained B19V DNA ≥ 104 IU/ml, as quantified by qPCR A. The six negative samples 

contained B19V DNA less than 103 IU/ml. The melting curve analysis after qPCR B 

amplification showed peaks corresponding to genotype 1 for the majority of samples. 

However, five samples gave melting peaks at approximately 63.6°C. This temperature is 

intermediate between the melting points characteristic for genotypes 2 and 3. No 

melting point was observed for one qPCR B-positive sample. The 51 samples in group 3 

were low in B19V DNA quantity, less than 103IU/ml in 50 samples and 103-104 IU/ml in 

one. All samples had been screened by qPCR A soon after collection, and stored frozen 

at -20°C (with two thawings) before qPCR B testing.  

Eleven single blood donations containing high titers of B19V DNA were analyzed by 

qPCR B for B19V genotypes (I). All of the donations were found positive for B19V DNA 

by qPCR B. The DNA extractions of these samples were done by both phenol-

chloroform extraction and by the QIAamp DNA Mini Kit and the DNAs purified by the 

commercial kit showed slightly higher DNA concentrations than by the traditional way 
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with phenol-chloroform. The melting points of the phenol-chloroform extracted DNAs 

were unusually low, mean 64.9°C. When these samples were diluted 1:100 or DNAs 

extracted by QIAamp DNA Mini Kit, all except one, showed a melting peak 

characteristic for genotype 1. The melting peak for the one plasma donation (number 

7) was approximately 63°C, again intermediate between genotypes 2 and 3. The 

amplicon generated from plasma donation number 7 was sequenced and was shown to 

contain B19V genotype 1 with some nucleotide changes. In conclusion, all 11 single 

blood donations contained DNA of B19V genotype 1 (I). 

Around 1640 serum samples, collected between 1983 and 1997 from subjects with 

various virus infection- related symptoms, were examined as pools of ten for B19V DNA 

by VP1-PCR, genotype 2-specific K71-PCR, and by qPCR B ( Study II). B19V DNA was 

found in 17% of pools. According to melting curve analysis and genotype 2-specific PCR, 

all the B19V positive samples contained B19V genotype 1 DNA. Genotypes 2 and 3 

were absent from all the sera. 

In conclusion, the results obtained from 140 160 blood donations studied in maxipools 

(I), and from 1640 serum samples (II), viremic infections by B19V genotypes 2 and 3 are 

extremely rare in Northern Europe. This view is largely supported by other studies, 

which further widen the geographical area from Northern Europe to include all of 

Europe, and in case of genotype 2 to the entire globe. In two studies Heegaard et al. 

(2001, 2002a) examined 100 000 blood donor plasma samples, 100 individual sera 

containing B19V IgM, and 190 bone marrow samples from healthy subjects for B19V 

genotypes 1 and 3. In both studies, B19V genotype 1 was the only genotype found. 

Servant et al. (2002) evaluated the prevalence of B19V genotypes in France in 1084 

clinical samples. B19V DNA was detected in 396 samples, of which 385 represented 

genotype 1. Genotype 2 DNA was found in two samples, and genotype 3 in 9 samples. 

Both V9 and D91.1 isolates of genotype 3 were represented. In the USA, Nguyen et al. 

(2002) examined 149 sera and 18 bone marrow samples for B19V DNA, and found 29 

sera to contain B19V DNA. Only one sample contained genotype 2. Among 1411 clinical 

samples sent for B19V diagnosis in the UK, the majority contained B19V genotype 1 

DNA (Cohen et al. 2006). Genotypes 2 and 3 were detected only in one (separate) case.  

At the beginning of this thesis in 2003 two new B19V genotypes were identified. 

However, most published and commercially available PCR methods for B19V DNA 

detection were designed by using sequences of B19V genotype 1 and thus missed the 

detection of B19V genotypes 2 and 3. After that, several PCR methods have been 

evaluated for genotypes 2 and 3, and new detection methods have been established. 

With the advent of current methods for the detection of B19V genotypes 2 and 3  it has 
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been possible to make a notion that the occurrence of B19V genotype 2 is, indeed, 

sporadic, and not due the unsuitable detection assays. In the Netherlands between the 

years 2005 and 2009 approximately 8.8 million plasma donations were screened by 

qPCR for high titer B19V plasma. According to sequencing data, only four plasma 

donations contained B19V genotype 2. Genotype 3 was not detected in any of the 

donations screened (Koppelman et al. 2007, Koppelman et al. 2011). Medical plasma 

derivatives were also examined for B19V in South Korea and among more than 10 000 

donors, none represented B19V genotypes 2 and 3, but genotype 1 was present (Oh et 

al. 2011). Genotype 2 has also been found in the serum of a pregnant woman (Enders 

et al. 2006), in a donated plasma sample (Blumel et al. 2005), in blood of a transplant 

recipient (Liefeldt et al. 2005) and in blood of the two kidney-transplant recipients 

(Grabarczyk et al. 2010).  

Endemic distribution of B19V genotype 3 is mainly restricted to African and South-

American areas(Table 6) (Candotti et al. 2004, Candotti et al. 2006, Parsyan et al. 2006, 

Sanabani et al. 2006, Freitas et al. 2008). Candotti et al. (2004, 2006) found 1.3 % of 

Ghanaian blood donors to be positive for B19V genotype 3 DNA, and later, B19V-

containing sera from pregnant women were mostly positive for genotype 3 DNA. 

Parsyan et al. (2006) studied the sera of 200 Ghanaian children and reported a B19V 

DNA prevalence of 11.5%. All of these samples contained B19V genotype 3. The sera 

were also analyzed for B19V antibodies by ELISA, and 34.8% were positive for IgM 

antibodies suggestive of acute B19V infections (Parsyan et al. 2006). Furthermore, 

B19V genotype 3 has been detected among patients with B19V-related symptoms in 

the Amazonian region in Brazil with a prevalence of 9% (Freitas et al. 2008). 

Results of Studies I and II, and others, strongly indicate that genotype 2 has 

disappeared from wide circulation In addition, B19V genotype 3 was absent in our 

serum and plasma samples but has been detected endemically elsewhere. Table 6 

summarizes the prevalences of B19V genotypes detected in blood.  
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Table 6. Different distribution of B19V genotypes 2 and 3 detected in blood samples. 

Study Country N= Genotype 2 Genotype 3 

Nguyen et al. 1999 France 1 ns* 1 

Heegaard et al. 2001 Denmark 100 100 ns* 0 

Heegaard et al. 2002 Denmark 190 ns* 0 

Nguyen et al. 2002 USA, Denmark 287 1 0 

Servant et al. 2002 France 1084 2 9 

Candotti et al. 2004 Sub-Saharan 

Africa, UK  

2440 0 12, Ghana 

Schneider et al. 

2004 

Germany 202 5 ns* 

Blümel et al. 2005 Germany 6 1 0 

Liefeldt et al. 2005 Germany 1 1 ns* 

Cohen et al. 2006 UK 1411 1 1 

Candotti et al. 2006 Ghana 885 0 14 

Enders et al. 2006 Germany 185 1 0 

Parsyan et al. 2006 Brazil 200 ns* 23 

Sanabani et al. 2006 Brazil 69 1 6 

Koppelman et al. 

2007 

Netherlands 2.6 

million 

1 0 

Freitas et al. 2008 Brazil 487 0 11 
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Study Country N= Genotype 2 Genotype 3 

Hübschen et al. 

2009 

Kyrgyzstan, 

Bulgaria, 

Burgina Faso,  

Estonia, 

Georgia, 

Greece, Israel, 

Luxembourgh, 

Nigera, Russia, 

Serbia 

152 0 35, Nigeria, 

Burkina 

Faso,Greece, 

Bulgaria, 

Kyrgyzstan 

Keller et al. 2009 Brazil 842 0 1 

Rinckel et al. 2009 USA 810 000 0 1 

Grabarczyk et al. 

2010 

Poland 69 2 0 

Koppelman et al. 

2011 

Netherlands 6.2 

million 

3 0 

*ns indicates not studied
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Parvovirus B19V persistence in solid tissues (II and V) 

After primary infection, B19V genomic DNA remains detectable in human tissues in 

both symptomatic and asymptomatic subjects. In Study II, the extent of the DNA 

persistence of the different B19V genotypes was determined by examining 523 tissues 

of several types by qualitative and quantitative PCR assays. In addition, 100 biopsies of 

heart tissue, collected from adult patients undergoing open-heart surgery in Germany, 

were examined for B19V DNA (Study V).  

Altogether 190 (36.3%) samples of 523 dermal, synovial, tonsillar and liver tissues 

contained parvovirus B19V DNA (Table 7). B19V genotype 1 was found in 132 (25%) 

tissues and B19V genotype 2 in 58 (11%) tissues. After amplification by qPCR B, the 

melting curve analysis in the case of two tonsillar tissues showed a melting point of 

63°C. Similar to the case of plasma samples in Study I, after sequencing, the B19V 

genomes in the two tonsils turned out to be subvariants of genotype 1. B19V genotype 

3 was absent from all the tissues examined (Table 7). Importantly, all the tissue donors 

carrying B19V DNA were seropositive for B19V IgG.  

In the study of German heart biopsies (Study V), B19V DNA was found in 85 (85%) heart 

samples. Genotype 1 was detected in 9 (9%) and B19V genotype 2 DNA in 76 (76%) 

biopsies of heart. Genotype 3 was absent also from these tissues.  

Both genotypes, 1 and 2, were found in all tissue types studied. Thus, the universal 

distribution of both B19V genotypes ruled out tissue type specificity of any of the B19V 

genotypes. In addition, our results point out that B19V DNA persistence is a 

characteristic for this virus among healthy subjects.  
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Table 7. Number of tissues studied for the DNA of B19V genotypes and the prevalences 

obtained. 

 Genotype (%)   

Tissue 1  2  3 Negative Total 

Skin 41 (31%) 24 (17%) ND* 73 (52%) 140 

Synovia 30 (35%) 7 (8%) ND 49 (57%) 86 

Tonsil 36 (16%) 3 (1%) 0 (0%) 181 (82%) 220 

Liver 25 (32%) 24 (31%) ND 28 (36%) 77 

Heart 9 (9%) 76 (76%) 0 (0%) 15 (15%) 100 

*ND, not done 

In human solid tissues, B19V DNA prevalence rates similar to Study II, have been shown 

among symptomatic and asymptomatic tissue donors (Söderlund et al. 1997, Eis-

Hübinger et al. 1999, Wong et al. 2003, Manning et al. 2007, Corcioli et al. 2008, 

Bonvicini et al. 2010, Schenk et al. 2009, Ruppert et al. 2011). Both B19V genotypes 1 

and 2 have been detected in different tissue types including brain, skin, bone marrow, 

spleen, heart, and liver (Manning et al. 2007,  Schneider et al. 2008a, Schenk et al. 

2009, Zakrewska et al. 2009, Bonvicini et al. 2010). B19V genotype 3 have been found 

in tissues in only few cases, with low prevalence rates; between 2.2% and 3.4% in 

livers, 2.6% in synovium, and between 1.4% and 5.2 % in the heart (Wong et al. 2003, 

Corcioli et al. 2008, Schneider et al. 2008a, Ruppert et al. 2011). However, genotype 3 

has been detected in 23% of BM samples collected in Brazil from subjects with past 

serologically-verified B19V infection (Garcia et al. 2011).  
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Distribution of B19V genotypes (II) 

Tissue donors in Study II were grouped according to the birth year, and they were 

analyzed for the prevalence of B19V genotypes (Figure 1 in II). B19V genotype 1 was 

seen almost uniformly in subjects of all ages. Among those born in 1950s or earlier the 

prevalences for genotype 1 and 2 were similar, 22% and 28%, respectively. In contrast, 

genotype 2 occurred in merely 3% in the individuals born in the 1960s, and in only a 

single individual born in the 1970s. Overall B19V DNA prevalence was low (4%) in 

children, and uniformly of genotype 1. None of the 1640 sera, collected in the 1980s 

and the 1990s (II), contained B19V genotype 2.  

Studies II and V presented similar tissue donor age distributions; the prevalence of 

B19V genotype 2 increased in older age groups.  Among heart biopsy donors (Study V) 

aged less than 60 years, 25% were positive for genotype 1 and 75% for genotype 2. 

Among those, aged from 60 to 69 years, 8% were positive for genotype 1 and 92% for 

genotype 2. Among those, aged from 70 to 79 years, the prevalences for genotype 1 

and 2 were 11% and 89%, respectively. All patients aged over 80 years carried solely 

B19V genotype 2 DNA.  

The findings of the two B19V genotypes in human tissues suggested that there are are 

genotypic variations in the viruses that are in circulation in the population. It was found 

that the newly-found variant, genotype 2, is in fact older in occurrence than the 

prototypic genotype 1. Subjects with persistent infections by genotype 2 were born on 

the average 20 years earlier than those carrying genotype 1. Therefore, assuming for 

genotype 2 preferential acquisition during childhood and adolescence, as holds for 

genotype 1, both genotypes have  circulated in Northern and Central Europe in equal 

frequencies since the 1930s to 1950s. However, genotype 2 appears to have 

disappeared from wide circulation by the 1970s and has remained absent ever since. 

This result is further supported by the results with serum samples, as well as by the 

sporadic genotype 2 cases in blood discussed in the chapter ‘B19V genotypes in blood’. 

Results reported in Scottish and German studies are in line with this study. In a B19V 

genotype  prevalence study, 68% of liver tissues contained B19V DNA,  and the birth 

year ranges for genotypes 1, 2, and 3 positive subjects were 1923-81, 1916-51, and 

1939-74, respectively (Schneider et al. 2008a). In two other studies of B19V DNA in 

heart biopsies, a clear age distribution was also seen between those who carried 

genotypes 1 and 2; genotype 1 was detected among those born between 1950 and 

1969 and genotype 2 among those born between 1927 and 1957 (Schenk et al. 2009). 

In a study by Kühl et al. (2008) the B19V genotype 1 was preferentially found in the 
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heart biopsies of patients aged below 45 years, whereas patients above 45 years 

carried mostly genotype 2, and those over 65 years carried only genotype 2. In a study 

by Peter Simmond’s group, the subjects carrying genotype 1 were born approximately 

10 years later than those carrying genotype 2 (Manning et al. 2007).  

The results with tissue and sera in Studies I and II, as well as those in the literature, do 

indicate different circulation of B19V genotypes; B19V genotype 2 was circulated in 

Northern and Central Europe several decades ago and then disappeared from wide 

circulation. Furthermore, B19V genotype 3 has not circulated widely in Europe during 

the past 70 years, even if it is endemic in South-America and Africa. Today the most 

prevalent circulating virus type in Europe is genotype 1. 

The reasons for these epidemiological differences between three B19V genotypes are 

not known. Promoters and NS1 proteins of the three genotypes have been shown to be 

equally active (Ekman et al. 2007, Chen et al. 2009). Furthermore, in the coding area of 

structural proteins, the variation between genotypes is at its lowest level; at the DNA 

level ~10% and at the amino acid level less than 2% (Hokynar et al. 2002). These 

variations in capsid structure have not been observed to affect the infectivity of B19V 

genotype 2 in perimissive cell lines (Blümel et al. 2005, Ekman et al. 2007). These data 

suggest that sequence variations have not reduced the fitness of genotype 2. However, 

changes in the use of the first splicing acceptor, between genotype 1 and 2, have been 

detected, as well as changes in replication of genotype 2 and 3 genomes cloned in 

between of ITRs of genotype 1 infectious clone. Whether these latter changes could 

have affected the circulation of B19V genotype 2, remains to be determined. An 

entirely different explanation for the occurrence of B19V genotype 2 among the elderly 

could be their selective susceptibility to primary infections of this genotype. However, 

such an inverse chronological tropism is highly unlikely because it would imply 

continued circulation of genotype 2, which was ruled out by the results presented in 

studies I and II, and this has not been shown for any human virus known. 

Collectively, the data reported here indicate that human tissues possess, regarding the 

genomes of single-stranded DNA viruses, a storage mechanism of lifelong capacity and 

provides a registry of individual´s encounters with infectious agents. At the 

epidemiological level this lifelong persistence provides a database for the analysis of 

the occurrence and circulation of viruses and their variants. This concept was 

designated as the Bioportfolio. 
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B19V and heart diseases (V) 

B19V has been frequently found in tissues of symptomatic and asymptomatic adults, 

including heart biopsies of subjects with and without symptoms of myocarditis or 

cardiomyopathy, but it is not fully known whether B19V is related to ethiology of 

cardiac diseases. In this study, B19V DNA prevalence in heart tissue obtained from 

patients who had myocardial diseases with unknown ethiology was analyzed.  

Left atrium tissues of 100 patients undergoing open heart surgery, including valve 

replacement or correction, and coronary artery bypass grafting, were collected and 

examined by quantitative PCR for B19V DNAs. In B19V DNA positive tissues, the 

genotyping was done by qualitative PCR assays. In addition, the patient’s sera were 

analyzed for B19V antibodies by EIA and immunoblotting. B19V DNA was detected in 

85% of tissues and both genotypes 1 and 2 were found. The mean quantity of B19V 

DNA detected was 146.6 GE/106 cells, and the maximum was 1025 GE/106 cells. The 

ejection fraction was >55% in 58 patients and < 35% in 16 patients. The quantity of 

B19V DNA was not significantly different between the patients with different ejection 

fractions. Most of (96%) patients were B19V IgG seropositive.  

The B19V copy numbers detected in heart tissue are similar to those in human skin, 

synovial or tonsils reported in Study II.  In diseases, associated with B19V acute 

infection, copy numbers are significantly higher. It has been reported that B19V may 

induce acute myocarditis that clinically mimics ischemic heart disease, and that high 

quantity (4.3x105 copies/µg) of B19V DNA was detected in endomyocardial biopsy 

obtained from 34 years old woman, who encountered fatal B19V infection (Bultman et 

al. 2003). Bock et al. (2010) have also reported the different B19V quantities in 

inflamed and non-inflamed hearts, and suggested that B19V copies above 500GE/µg 

DNA would be clinically relevant threshold for myocardial inflammation. Of note, B19V 

DNA quantities 101-105 GE/µg DNA in heart tissues, have been observed in samples 

from subjects with and without inflammation (Schenk et al. 2009, Lindner et al. 2009, 

Steward et al. 2011).   

Inflamed tissues are infiltrated by leukocytes such as natural killers and macrophages 

as well as proinflammatory cytokines (Feldman et al. 2000). Lindner et al. (2009) 

investigated whether adaptive immune responses, among patients with acute 

myocarditis or dilated cardiomyopathy, and prevalences of B19V DNA in their heart 

tissue, are different from those observed in healthy individuals. No differences in the T-

cell mediated immune responses were observed. The result suggested that the mere 

precence of B19V DNA in heart tissue is not of clinical significance.  
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In study by Kühl et al. (2008), the most prevalent B19V genotype in heart of patients 

with dilated cardiomyopathy was genotype 2. The patients with B19V genotype 1 were 

younger and had poorer left ventricular function than those with genotype 2. Thus, 

genotype 1 was proposed to trigger the more severe cardiac dysfunction than 

genotype 2. In Study V, genotype 1 was found among older and younger patients, as 

well as in the study with other tissue types (Study II). B19V genotypes have been shown 

to be equally active, infect the same cell types, and represent one serotype (Blümel et 

al. 2005, Ekman et al. 2007). Thus far, clear cut evidence of different pathobiology of 

B19V genotypes has not been reported. Even if B19V primary infection may lead to 

acute cardiac disease, the results in this study (V) and in others indicate that the B19V 

DNA in heart tissue of seropositive patients is not predictive for the outcome of 

myocarditis or cardiac myopathy.  

 

Newly found human parvoviruses in human tissues (IV, V) 

The prevalence of human parvovirus 4 and human bocaviruses in tonsillar, dermal, and 

synovial tissues was determined in order to answer the question of whether tissue 

persistence is a universal property of parvoviruses (Study IV). Prior to PCR analysis for 

viral DNA, the success of DNA extraction and the quality of the DNA after long storage 

was ensured by PCR for human β-globin gene. All of the tissues gave positive β-globin 

PCR results. In addition, the heart biopsies from German subjects were studied for 

HBoV1 DNA (Study V).  

Prevalence of human parvovirus 4 in tissues and blood (IV) 

Altogether 334 solid tissues were examined by nested PCR for PARV4 DNA. The 

sensitivity of the PARV4 PCR was determined with ten-fold dilutions of a PARV4 

containing plasmid, and a sensitivity of 10 copies/reaction was observed. Tissues of 

tonsils (N=215), synovia (N=56), and skin (N=63), contained no PARV4 DNA. The PARV4 

plasmid used as a positive control in each PCR run, gave a positive results in agarose gel 

electrophoresis, indicating the successful performance of PARV4 PCR.  

The presence of PARV4 VP2 antibodies were also examined in serum samples obtained 

from a subset (N=199) of the tonsillae from child and adult donors by IgM and IgG EIAs. 

No samples contained IgM or IgG against PARV4, while positive samples from a study 

by Lahtinen et al. (2011) served as controls.  
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In the literature, PARV 4 has been detected in tissue and blood samples (Table 8). 

Viremia seems to be the hallmark of PARV4 infection. PARV4 was found in 16% of 

Clotting factor VIII concentrates with a higher prevalence in older products, 

manufactured 30-35 years ago (Fryer et al. 2007b). Similar results were obtained by 

Schneider et al. (2008a) who reported a prevalence of 33% in older coagulation factor 

concentrates and a prevalence of 9% in the most recently manufactured concentrates. 

In a study from Thailand, the PARV4 prevalence among IDUs was higher (7.95%) than 

among blood donors (3.95%).  

Information of blood donors is rarely available from blood-derived medical products. 

However, Fryer et al. (2007b) described the source of the blood in one of the plasma 

products manufactured in year 2000. This product consisted of blood collected from 

paid donors (Fryer et al. 2007b). Plasma products like these may have originated from 

IDUs or subjects, who are HIV- or HCV infected. The higher prevalence of PARV4 DNA in 

older coagulation factor concentrates reflects, most probably, the situation when 

instructions for blood safety were not as strict as today. After mid 1980s the 

instructions have changed in response to the HIV epidemics, and plasmas containing 

HCV or HIV have been destroyed.  

PARV4 has been found mainly in lymphoid tissue and bone marrow of HIV-infected 

IDUs (Longhi et al. 2007, Manning et al. 2007, Simmonds et al. 2007), but also in other 

tisssues (Schneider et al. 2008b, Botto et al. 2009, Corcioli et al. 2010) (Table 8). This 

may be due to the fact that population exposure to PARV4 is more restricted than to 

B19V. The published PARV4 DNA findings in tissues and blood suggest that the 

transmission route for PARV4 is parenteral, at least for PARV4 genotypes 1 and 2. This 

is supported by results of serological studies in which PARV4 IgG is detected with 

prevalences of 67% and 78% among IDUs, but 0% among healthy controls (Sharp et al. 

2009, Lahtinen et al. 2011). PARV4 antibodies were not detected among healthy blood 

donors from France, or among the general population in the United Kingdom (Sharp et 

al. 2010). Parenteral exposure is furthermore supported by a recent study of PARV4 

serology, which describes the transmission of PARV4 by virally inactivated clotting 

factor concentrates (Sharp et al. 2011). This study also shows that PARV4 is resistant, at 

least, to some viral inactivation procedures. 

PARV4 has three genotypes, which interestingly have similar age and geographical 

distributions to B19V genotypes. PARV4 genotype 2 has been found mainly in older 

tissue donors than genotype 1 (Manning et al. 2007, Schneider et al. 2008b). 

Furthermore, PARV4 genotype 2 is more prevalent in older plasma pools and 

coagulation factor concentrates compared to genotype 1, for which prevalence is 
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higher in the most recent blood products (Fryer et al. 2007b, Schneider et al. 2008a). 

PARV4 genotype 3 has been found only in sub-Saharan areas where it also occurs 

among healthy subjects and infants (Simmonds et al. 2008, Panning et al. 2010, Sharp 

et al. 2010). The reasons for these epidemiological differences are not known.  

Taken together, the results presented in Stydy IV and results by others indicate that 

PARV4 genotypes 1 and 2 are parenterally transmitted. The result that no PARV4 DNA 

was found in tissues collected from children and adults without history of drug use, HIV 

or HCV is thus not surprising, reflecting the absence of exposure to this virus in 

Northern Europe. The absence of PARV4 IgG and IgM further confirmed this conclusion. 
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Table 8. PARV4 DNA findings by PCR. 

Study Sample material N= PARV4 

DNA (%) 

PARV4 DNA+ 

sample material 

Jones et al. 2005 plasma 25 1 (4%) IDU, HBV 

Fryer et al. 2006 plasma pools 137 7 (5.1%) - 

Fryer et al. 2007a plasma pools, 

individual 

plasma 

766 

416 

67(8.7%) 

17 (4%) 

healthy donors, 

plasma pools 

collected 

between 1990-

1993, febrile 

patients, 

including IDUs 

Fryer et al. 2007b VIII concentrates 175 28 (16%) Collected in the 

1970s and 1980s 

Fryer et al. 2007c blood 26 3 (11.5%) HCV and/or  IDU 

Manning et al. 2007 bone marrow 

brain 

lymphoid tissue 

31 

29 

31 

15 (48%) 

0 (0%) 

14 (45%) 

HIV, IDU, 

hemophilia 

Longhi et al. 2007 bone marrow 35 16 (40%) HIV, IDU 

Simmonds et al. 

2007 

lymphoid tissue, 

bone marrow 

51 

51 

14 (27%) 

14 (27%) 

IDU, HIV 

Lurcharchaiwong et 

al. 2008 

serum 264 14 (5.3%) IDU + blood 

donors negative 

for HIV, HCV and 

HBV 
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Study Sample material N= PARV4 

DNA (%) 

PARV4 DNA+ 

sample material 

Schneider et al. 

2008a 

coagulation 

factor 

concentrates 

169 21 (12.4) Coagulation factor 

concentrates from 

1980s, 1997 and 

between 2000 and 

2003 

Schneider et al. 

2008b 

liver 87 13 (15%) HCV infection, 

alcoholic liver 

cirrhosis, liver 

failure of unknown 

reason 

Simmonds et al. 2008 lymphoid tissue 

bone marrow 

13 

13 

7 (53%) 

6 (46%) 

HIV, study subjects 

from sub-Saharan 

Africa 

Botto et al. 2009 blood 

skin 

broncho alveolar 

lavage 

53 

142 

39 

2 (3.8%) 

26 (18%) 

0 (0%) 

healthy blood and 

skin donors, skin 

donors with 

dermatological 

disease 

Vallerini et al. 2008 plasma, serum, 

PBMC 

417 3 (0.6%) 2 kidney 

transplant 

recipients and 1 

patient with 

suspected viral 

disease 

Tuke et al. 2010 blood 460 8 (1.7%) HCV, HIV, HBV 
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Study Sample material N= PARV4 

DNA (%) 

PARV4 DNA+ 

sample material 

Corcioli et al. 2010 bone marrow 

skin 

myocardium 

lung 

kidney 

liver 

synovium 

plasma 

26 

25 

35 

17 

17 

17 

21 

39 

2 (5.5%) 

1 (4%) 

17 (49%) 

4 (23%) 

3 (18%) 

7 (41%) 

1 (5%) 

8 (20.5%) 

17 autopsy 

samples from 

subjects with 

various causes of 

death, subjects 

without known 

acute viral 

infections, 

immunodepressed 

hematological 

patients 

Panning et al. 2010 blood 279 24 (8.6%) Ghanaian infants 

Benjamin et al. 

2011 

cerebrospinal fluid 12 2 (16.7%) central nervous 

system infection 

Chen et al. 2011 blood 4 3 (75%)) mothers and 

infants with 

hydrops 

Touinssi et al. 2011 plasma 289 71 (24.5%) hemodialysis 

patients with or 

without HBV 

markers, lung 

transplant 

recipients 
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Occurrence of human bocaviruses and corresponding antibodies against 
them (IV, V) 

Altogether 557 biopsies of tonsils, skin, and synovium were examined for HBoV1 DNA 

by qualitative or quantitative PCR (Study IV). Biopsies of skin and synovium were 

negative, while 16 (3.4%) tonsillar tissues contained HBoV1 DNA (Table 9). The quantity 

of HBoV1 DNA was low (≤ 461 copies/mg tissue). All tonsils positive for HBoV1 DNA 

were collected from young children, 2 to 8 years of age.  

Serum samples from 496 tissue donors were studied for HBoV1 antibodies (Study IV). 

The IgG prevalence rate of 94.9% was obtained for the tonsil donors and 88% for those 

who donated skin and synovia samples. No HBoV1 IgM was detected among any of the 

donors. Those 16 children, who carried HBoV1 DNA in their tonsils, were HBoV1 IgG 

positive by regular EIA and fifteen sera of them were further assayed by VLP 

competition, after which eleven (73.3%) exhibited HBoV1-specific antibodies. 

Combined HBoV2/3 antibodies were detected in six (40%) subjects. One sample did not 

show reactivity against any of the HBoVs when assayed after VLP competition. No 

HBoV1-4 DNA was detected by by multiplex qPCR in the serum of the HBoV1 DNA-

positive children.  

A subset of tonsillar tissues (N=215), available after HBoV1 analysis, was examined by 

HBoV1-4 multiplex PCR for HBoV2-4 DNAs (Study IV). No positive PCR results were 

observed for HBoV1-4. Corresponding serum samples from most of the tonsillar tissue 

donors (N=212) were studied for HBoV1-3 antibodies by VLP competition assay. After 

removing cross-reacting HBoV2/3 IgG antibodies by VLP competition the prevalence 

solely for HBoV1 IgG was 68.4%. After competition with HBoV1 VLPs the combined 

prevalence for HBoV2/3 was 28.3%.  

In addition to the tissues in Study IV, 100 biopsies of heart collected during open heart 

surgery from patients without cardiomyopathy or myocarditis had been examined for 

HBoV1 DNA in Germany (Study V). HBoV1 DNA was detected in 5 heart biopsies, in all 

cases from adults. All of these HBoV1 DNA positive subjects carried HBoV1 IgG in their 

serum.  
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Table 9. Geno- and seroprevalences of HBoV1 by PCR and regular EIA. 

 Tissue donors (N=657) 

HBoV1 tonsils 

(N=438) 

synovia 

(N=56) 

skin (N=63) heart 

(N=100) 

DNA prevalence, % 3.4% 0% 0% 5% 

Seroprevalence, % 94.9% 87.5% 85.7% 96% 

 

The receptors, host cells, and the entire cell biology of HBoV1-4 are unknown. 

Nevertheless, one study reported the replication and transcription activity of HBoV1 in 

pseudostratified human airway epithelium (Dijkman et al. 2009). Tonsillar tissues, 

examined in large numbers in Study IV, represent both upper airway epithelium and 

lymphoid tissue, and could be the tissue of HBoV1 persistence if such occurs. We found 

HBoV1 DNA in the tonsils of 3.7% subjects, all of whom were children. In contrast, the 

skin and synovia that were from adults, as well as the tonsils of adults, harbored no 

HBoV1 DNA.  All 16 HBoV1 DNA-positive tonsillar donors were also HBoV1 seropositive 

by the regular EIA, while 4 became negative for HBoV1-specific IgG after VLP 

competition. This seronegativity does, however, not necessarily mean that these 

children could not have been exposed to HBoV1 in their past. Competition assays, by 

definition, eliminate cross-reactive antibodies, including antibodies towards common 

epitopes, and therefore initially low IgG titer could lead to a “false” negative 

competition-EIA result (Kantola et al. 2011). 

The presence of HBoV1 IgG and the absence in the serum of both HBoV1 IgM and 

HBoV1 DNA indicates that the children in this study (IV) did not have an ongoing acute 

HBoV1 infection, but rather had been infected in the past. In prior studies HBoV1 DNA 

in tonsils or adenoids with prevalences of 5.5% and 32% were described (Table 10) (Lu 

et al. 2008, Clément et al. 2009). However, in those studies neither HBoV1 PCR in 

serum nor serology, were conducted, thus it is difficult to determine whether the 

described HBoV1 DNA prevalences were due to acute HBoV1 infection or remained 

from past infection. HBoV1 DNA has been shown to remain detectable for months in 

the respiratory tract after acute infection (Brieu et al. 2008, von Linstow et al. 2008, 

Martin et al. 2010, Lehtoranta et al. 2012) and has been found in nasopharyngeal 

aspirates of 43% asymptomatic children undergoing elective surgery (Longtin et al. 
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2008). Whether the findings of past-infection DNA positivities made in Study IV 

represent prolonged replication and shedding, passive persistence after primary 

infection, or mucosal (in vivo) contamination, remains to be shown.  

 

In contrast with the results obtained from adult synovium, tonsil, and skin donors, 5% 

of heart biopsies contained HBoV1 DNA. All of the HBoV1 DNA-positive heart donors 

were HBoV IgG positive and IgM negative (Study V), showing no evidence of HBoV1 

acute infection. In samples from adults, HBoV1 DNA was reported in 18% of paranasal 

sinuses or nasal polyps in patients undergoing elective surgery for chronic sinusitis 

(Falcone et al. 2011). Whether these HBoV1-persistence data have any connection with 

disease pathogenesis remains to be determined. 

 

Table 10. HBoV1-3 DNA in human tissues. 

Study Tissue N= HBoV1-4 DNA 

(%) 

Children/adults 

Lu et al. 2008 tonsils, adenoids 164 HBoV1: 53 

(32.3%) 

children 

Clément et al. 2009 tonsils, adenoids 91 HBoV1: 5    

(5.5%) 

children 

Falcone et al. 2011 paranasal 

mucosal tissue, 

nasal polyps 

102 HBoV1: 18 

(17.6%) 

adults 

Kapoor et al. 2011 intestine 22 HBoV2: 1    

(4.5%)       

HBoV3: 3 

(13.6%) 

children 

 

The age distribution of tonsillectomy patients in Study IV was wide, ranging from 1.5 to 

72 years. Among children ≤ 8 years of age, the HBoV1 DNA prevalence was 9.5%. In 

addition, more than half of the patients were HBoV1 seropositive. Skin and synovium 

donors were adults with a high HBoV IgG seroprevalence rate. Nevertheless they did 

not harbor HBoV1 DNA in their tissues. Among the heart biopsy donors, the HBoV1 

seroprevalence rate was as high as 96%, yet only a few of them carried HBoV1 DNA in 

tissues. In contrast to this, B19V DNA was detected in 48% of synovial, in 43% of skin, 
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and in 85% of heart biopsies of the B19V seropositive adult subjects (Studies II, V). Our 

HBoV PCR results indicate that HBoV1 can remain detectable in tonsillar tissue of 

children, long after primary infection, and may randomly occur in coronary specimens, 

yet without lifelong persistence.  

The tonsillar biopsies lacked HBoV2-4 DNA (IV). Even though only 28% of the children 

were seropositive for HBoV2/3 combined, indicating past infection of HBoV2/3, it may 

be that IgG is not a good marker of past exposure to these enteric viruses as the 

infections may not be systemic. HBoV2 and 3 have been found in small numbers (Table 

7) of intestinal biopsies (Kapoor et al. 2011), which could be the tissue type for future 

studies of HBoV2-4 persistence.  

To summarize, PCR and serological data does not support the possibility of lifelong 

persistence of HBoV1 genomes in solid tissues, but instead point to slow evanescence 

from tonsillar tissues in young children after primary infection. The mechanism of 

HBoV1 DNA occurrence in tonsils remains to be clarified.  

Possible mechanisms of tissue persistence of parvoviruses 

It is not known which cell types support the persistence of B19V and PARV4 DNAs or 

the occurrence of HBoV1 DNA in human solid tissues. The receptors and host cells of 

PARV4 and HBoV1-4 are unknown. The primary receptor for B19V, P antigen, and other 

glycosphingolipids capable of binding B19V, have also been detected in cells other than 

erythrocytes. B19V has been shown to slowly replicate in the monocytic cell line U937 

(Munakata et al. 2006). B19V vector, carrying marker genes, has been described to 

enter several epithelial cell lines (human umbilical vein endothelial cells, HUVEC, 

human embryonal kidney cells 293 and HeLa), and express the vector markers (Weigel-

Kelley et al. 2001, Weigel-Kelley et al. 2003). In addition, the production of B19V NS1 in 

hepatocytes and the presence of mRNAs for NS1 and VP1 in dermal fibroblasts have 

been reported (Poole et al. 2004, Zakrewska et al. 2005). These data suggest that B19V 

entry into, and restricted expression, in cells other than erythroid, is possible.  

The cellular and molecular mechanisms of the tissue persistence of B19V (and PARV4) 

are unknown. Possible alternatives for viral persistence are: i) viral integration (known 

to occur with AAV-2, which is parvovirus); ii) endosomal persistence (reported for rat 

parvovirus), and iii) episomal storage (recently described for HBoV1 and HBoV3 and 

AAV). In addition, B19V as well as HBoVs and PARV4 could even be encapsidated and 

remain attached as full virions on the cell surface. The concept behind the mechanism 
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of the Bioportfolio could also involve equilibrium between viral replication and 

efficiency of the host immunity.  

Several percentages of the human genome comprise endogenous viral elements. Most 

of these are derived from retroviruses, which normally integrate into the human 

chromosomal DNA. The endogenization occurs when the viral genome integrates into 

the host genome of reproductive germ- line cells. Endogenous occurrence of parvovirus 

genomes in different mammalian species has been described in two studies (Kapoor et 

al. 2010b, Belyi et al. 2010). The sequence of the structural protein gene of canine 

parvovirus (CPV) was used as a template in the screening of genetically related 

sequences in the genomes of several vertebrate (Kapoor et al. 2010b). Several 

sequences, homologous to exogenous parvoviruses, were found within the genomes of 

several mammals, including wallabies, opossums, guinea pigs, and hedgehogs. When all 

representatives of known exogenous parvoviruses were compared with the obtained 

endogenous sequences, two separate clades were observed. One was more similar to 

the genus Parvovirus and the other to genus Dependovirus. These results speak on 

behalf of integration of several parvoviruses. Belyi et al. (2010) described results in line 

with those of Kapoor et al. (2010b) for both parvoviruses and circoviruses. Kapoor et al. 

(2010b) also suggested that integration is characteristic not only for dependoviruses, 

which are known to integrate, but also for autonomous parvoviruses. Interestingly, 

endogenous sequences homologous to autonomous primate parvoviruses or human 

parvovirus B19 were not observed. 

Endogenous occurrence of B19V DNA could explain the wide and long term persistence 

observed for B19V. However, if endogenous storage of B19V DNA would be the 

mechanism, it would be likely that the B19V DNA had commonly been amplified from 

subjects without history of B19V infection, meaning seronegative subjects.  In the 

Studies II and V, in which large number of tissues were examined, this was not the case, 

but the B19V DNA-positive subjects were seropositive for B19V IgG. In other words 

B19V DNA was detected among those provably carried B19V infection in their past. 

B19V DNA has only been detected in tissues of seropositive subjects in other studies as 

well (Söderlund et al. 1997, Eis-Hübinget et al. 2001, Vuorinen et al. 2002, Shenck et al. 

2009). In the study II, tissues obtained from young children rarely harbored B19V DNA, 

which does not support the endogenous mechanism for B19V persistence. In addition, 

the occurrence of HBoV1 in tonsillar tissue (IV) hardly represents endogenous 

persistence because most of the subjects were negative for HBoV1 DNA, and viral DNA 

was only observed in one tissue type. Furthermore, HBoV1 was found only in children. 

DNA persistence of PARV4 in lymphoid tissue among IDUs, is unlikely to be due to 

endogenous mechanism. 
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If endogenous parvoviral elements would exist in human chromosomal DNA it would 

be of interest if those were to be expressed along with host genes. If parvovirus-like 

proteins would appear on the cell surface together with host proteins, this could in 

theory lead to adaptation of the host immune system for parvovirus-like domains and, 

thus, support persistence, or low-level replication of B19V in permissive and non-

permissive cells. In other words for example to prevent the regocnition of B19V 

infected cells by lymphocytes.  

The life cycle of adeno-associated virus 2 (AAV-2) that belongs to the genus 

Dependovirus, comprises two phases. In the presence of helper virus AAV-2 replicates 

actively to levels of 105 virus particles per cell. In the absence of helper virus AAV 

establishes latency (Dutheil and Linden 2005). During latency AAV-2 genome integrates 

site-specifically into chromosome 19 (Kotin et al. 1990, Samulski et al. 1991) by a non-

homologous recombination mechanism, and is mediated by AAV-2 nonstructural rep 

proteins (Surosky et al. 1997). Integration of B19V has not been described, but similar 

mechanisn as observed in AAV-2 could explain the long-term persistence of B19V in 

human tissues. 

Another latency-related form of AAV-2 genome was detected in human tonsillar tissue 

in spleen and in lung tissues. In the study by Shnepp et al. (2005) site-specific 

integration of AAV-2 was not detected by PCR designed to amplify the viral-cellular 

DNA junctions. Instead of integrated AAV-2, double-stranded head-to-tail oriented 

circular AAV-2 episomes were detected. Furthermore, Penaud-Bodloo et al. (2008) 

showed that the recombinant AAV-2 vector injected into muscle of non-human 

primates also occurred as monomeric or concatemeric episomes, and that cellular 

histones were regularly positioned along the episomes creating a chromatin-like 

structure. One could hypothesize that this chromatin-like structure could maintain the 

tissue persistence of AAV-2 episomes and protect the virus from degradation by host 

cell machineries.  

Recently, a head-to-tail oriented circular form of HBoV1 was reported in respiratory 

samples by a German group (Lüsebrink et al. 2011). The head-to-tail structure 

contained genomic sequence without any hairpin structures.  The episomal structure 

was formed by covalent linkage of novel 54 base pair sequence, of which 20 base pairs 

are also detected in the palindromic ends of MCV (Lüsebrink et al. 2011). This novel 

HBoV1 structure of Lüsebrink et al. was confirmed by Kapoor et al. who detected 

HBoV3 head-to-tail sequences in intestinal tissues obtained from patients with diarrhea 

(Kapoor et al. 2011, Schildgen et al. 2012). Assays used in both of the latter studies 

could have detected integration of HBoV1 or HBoV3, but no integration was observed. 
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The results described for AAV and HBoVs illustrate the ability of different parvovirus 

genomes to occur as circular forms in solid tissues and respiratory specimens. 

B19V episomes have not been described. The recombinant AAV-2 episome, in close 

contact of chromatin-like structures, could also be imagined to be the mechanism of 

B19V persistence. With HBoV1 and HBoV3, it is not clear, similar structures are 

mechanisms of persistence/long term occurrence or actually the replicative forms of 

human bocaviruses. The exact replication mechanism of human bocaviruses is not 

known and the specimens where episomes of HBoV1 and HBoV3 were found could 

represent the type for persistence as well as the type where those bocaviruses actively 

replicate during acute infection. However, the current replication model of 

parvoviruses does not support the hypothesis of replicating episomes, i.e. the rolling 

circle mechanism. 

It is not known whether B19V can be activated from persistence, but genotypes 2 and 3 

have been encountered in the blood and bone marrow of immunosuppressed subjects 

relatively often compared to immunocompetent individuals (Nguyen et al. 2002, 

Servant et al. 2002, Liefeldt et al. 2005, Cohen et al. 2006, Sanabani et al. 2006). B19V 

genotype 1 DNAnemia has also been described after transplantation of B19V DNA-

positive kidneys (Barzon et al. 2009) and after bone marrow transplantations 

(Söderlund et al. 1997b). Whether the viremic events obtained after transplantation 

represent primary infections, exogenous re-infections, or reactivation is often difficult 

to determine due to the immunosuppressive status of transplant recipients.  

Pozzuto et al. (2011) described the possible mechanism for B19V reactivation in vitro. 

They infected non-permissive endothelial hybrid cells (Eahy926) and 293 cells with 

B19V and observed activation of B19V protein expression after infection with 

adenovirus (Pozzuto et al. 2011). Furthermore, the adenovirus infection induced the 

appearance of putative replication intermediates of B19V. It might be that another 

virus with potential transactivation functions can activate persistent B19V. If 

reactivation of this type occurs in vivo, and if it has any pathological role or is 

immediately neutralized by the host immune system, are the questions to be answered 

in the future.  
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Rapid sequence changes of B19V (III) 

The wide and different distribution, prevalence, and existence of B19V genotypes have 

awakened interest in the evolution and molecular epidemiology of this virus. Large 

dataset of B19V genotype 1 VP1/VP2 sequences of plasma-derived B19V viruses with 

known sampling dates was generated and analyzed. In addition, the dataset of tissue-

derived variants of B19V was constructed and compared with plasma-derived data. 

At first, synonymous-site variability (SSV) within B19V genotype 1 and between 

genotypes was examined and suppressed regions overlapping the B19V small proteins 

were observed. In addition, suppression was observed in a third region, between 

nucleotide positions 2650 and 3200. These suppressed overlapping coding sequences 

were excluded from the evolution analysis. Next, the phylogenetic analysis (Figure 7.) 

was carried out from amplified plasma-derived sequences and from sequences 

obtained from GenBank. Altogether 50 plasma-derived sequences were used for 

phylogenetic analysis, which showed evidence of time-related sequence drift of B19V 

from the root of the tree with later sampling dates. Furthermore, regression analysis 

revealed a sequence change rate of 4x104 substitutions/site/year for each sequence. 

Sequence change rate of synonymous sites showed even higher substitution rate. The 

same dataset was also analyzed by the Bayesian MCMS method by applying strict and 

relaxed molecular clocks. Substitution rates of 3.64x10-4 and 3.72x10-4 

substitutions/site/year were observed. By this method the predicted years for the most 

recent common ancestor were from 1956 to 1959. These predicted years, in the late 

1950s, are consistent with the epidemiology of B19V genotypes 1 and 2. As shown in 

epidemiological Study II, with a large number of human tissues and sera, the genotype 

1 infections are detected in contemporary samples with extremely few genotype 2 

infections. Genotype 2 was prevalent in tissues of subjects born before 1973. In other 

words, the most recent common ancestor for B19V genotype 1 in the 1950s, in 

combination with the Study II with tissue samples, supports the assumption that the 

currently circulating genotype 1 is actually a new B19V variant. The later-identified 

B19V genotype 2 is actually an older variant that indeed has disappeared from wide 

circulation. 
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Figure 7. Phylogenetic analysis (left) and relationship between sample year and 
divergence between the sequence of the reference B19V strain collected in 1973 (right). 

To investigate whether persistent B19V evolved in a comparable manner to the 

plasma-derived B19V, a phylogenetic tree was also constructed from tissue-derived 

B19V sequences. The tree lacked the temporal structure. Furthermore, the correlation 

between sample dates and divergence was also lacking (Figure 8.). The substitution 

rates calculated for the tissue-derived variants by MCMC method were 10-fold lower 

than those calculated for the plasma-derived viruses.  
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Figure 8. Phylogenetic analysis (left) and the relationship between sample year and 
divergence, between the sequence of the reference B19V strain collected in 1973 (right). 

The observed substitution rates from plasma-derived sequences by both the regression 

and MCMC analyses were approximately fourfold higher than those observed earlier 

for B19V genotypes 1 and 3 (Shackelton et al. 2006b, Parsyan et al. 2007). This may 

possibly be due to analysis of tissue-derived sequences. It was shown that the 

sequence changes in B19V variants during persistence are not modeled adequately by 

assuming that they have the same substitution rate as horizontally transmitted viruses. 

The effect of the inclusion of the tissue-derived sequences was also demonstrated by 

analyzing combined data sets of plasma- and tissue-derived B19V variants by the 

MCMC method and obtained a substitution rate of 1.66x10-4. This was three times 

lower than the rate for plasma-derived viruses. Previous analyses by Shackelton et al. 

(2006b) and Parsyan et al. (2007) also included regions with suppressed variability, 

which were shown by us to effectively drive the SSV down close to zero.  

It has been shown that sequence changes in B19V genome occur at the synonymous 

sites (Shackelton et al. 2006b, Parsyan et al. 2007, Norja et al. 2008). When comparing 

the synonymous substitution rate of B19V with the substitution rates of other viruses, 

the rate 1.8x10-3 synonymous substitutions/site/year of B19V lies within the range of 

flaviviruses, paramyxoviruses, and orthomyxoviruses, and was even higher than 

reported for togaviruses and reoviruses. The evolution rates within B19V NS1 and VP 

areas are similar (Shackelton et al. 2006b, Parsyan et al. 2007), which suggest that B19V 
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evolution is not driven primarily by immune pressure. Furthermore, the association of a 

high diversity of genomes with low amino acid variability is in line with the results of 

similar pathogenicity and antigenic reactivity between genotypes (Nguyen et al. 1999, 

Blûmel et al. 2005, Candotti et al 2006, Parsyan et al. 2006, Ekman et al. 2007) Whether 

the rapid evolution rates could have affected distributions of B19V genotypes or 

disappearance of genotype 2 from circulation, is not known. Within the carnivore 

parvovirus clade, the cessation of CPV2 and its replacement by the more effective 

lineage, CPV2a, has been described, and resembles a situation observed for B19V 

genotypes 1 and 2. Within the CPV strains, the capsid protein gene is under positive 

selection, most likely due to the driving force of host adaptation and immune escape 

(Hoelzer et al. 2008). Similar calculations for B19V genotypes 1 and 2 have not been 

performed, which is due to the lack of B19V genotype 2 blood-derived sequences. 

Calculations with the tissue-derived persistent sequences would lead to incorrect 

results, as we have shown that the sequence changes during persistence are not 

identical with the blood-derived acute phase viruses. The calculations comparing B19V 

genotypes 1 and 3 suggest that B19V genotype 3 is actually more ancient than B19V 

genotypes 1 and 2 (Parsyan et al. 2007, Lukashov and Goudsmit 2001). 

The reasons for rapid sequence changes of B19V are not known. Similar evolution rates 

have been shown for carnivore parvoviruses and porcine parvovirus, which may 

suggest that high mutation rates are characteristics for all autonomous parvoviruses 

(Shackelton et al. 2005, Hoelzer et al. 2008, Streck et al. 2011). Although autonomous 

parvoviruses replicate by using the host cell polymerase, it is possible that the required 

polymerase, or proofreading proteins, do not repair unique single-stranded viral 

genomes, which are synthesized in unidirectional way, as accurately as they replicate 

or repair cellular genomes. In mammalian cells, the rate for synonymous substitutions 

is approximately 2x10-9 substitutions/site/year (Bulmer et al. 1991), which is around a 

million times slower than calculated for B19V genomes. Substitution rates for RNA 

viruses correlate with the genome size; lower rates occurring in viruses with larger 

genomes (Jenkins et al. 2002, Duffy et al. 2008). This provides evidence that viruses, in 

common with larger organisms, have the ability to modulate their mutation rates to 

provide a correct balance between replicative fitness and adaptability. It is also possible 

that there is evolutionary trade-off between replication speed and replication fidelity, 

meaning that high mutation rates are simply consequences of rapid replication (Duffy 

et al. 2008).  

The observation that sequence changes of tissue-associated B19V variants showed no 

correlation with sample collection dates indicates that the evolution of B19V during its 
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persistence differs from that of horizontally transmitted viruses. Whether these 

persistent B19Vs are active or replicating at a low level are questions for future studies.  
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Conclusions 

Two new B19V genotypes were found in 1999 and 2002 from blood and human skin, 

and have been shown, together with the prototype B19V, to form a single serotype of 

B19V. This thesis describes the evaluation of two commercial qPCR assays for the 

detection and differentiation of B19V genotypes (Study I). Both methods were 

functional in detection of B19V genotype 1 but only one of them was good for 

detection, quantification, and differentiation of the B19V genotypes 2 and 3.  

With the evaluated qPCR assay and qualitative PCRs, the prevalence of B19V genotypes 

in human blood (Studies I and II) and solid tissues (Study II) was analyzed. B19V 

genotype 1 was prevalent in blood and tissue samples while genotype 2 was detected 

only in tissues of subjects born before 1973. Genotype 3 was absent from all the tissues 

studied. The age distribution of the donors harboring B19V genotypes 1 and 2, together 

with the absence of genotype 2 in blood, suggested the disappearance of B19V 

genotype 2 from wide circulation after 1970s (Study II). The total absence of genotype 

3 in the samples analyzed in this study indicated a sporadic circulation of this genotype 

in Northern and Central Europe, which is further supported by other studies in which 

B19V genotype 3 was detected to be endemic in African and South-American regions.  

The presence of B19V DNA in human heart tissues of seropositive subjects was shown 

not to be associated with pathogenesis (Study V). The lifelong persistence of B19V 

genomic DNA in human solid tissues after primary infection was found to be a 

characteristic feature of B19V. The remarkable longevity of B19V persistence, a feature 

that was named Bioportfolio, has interesting potential utilities; at the level of individual 

patients it provides a registry of individual’s infectious encounters. At the 

epidemiological level it provides a database for the analysis of the occurrences of 

viruses and their variants. 

The rate of parvovirus evolution has been observed to be higher than previously 

suggested (Study III). The reason for that is not known, but similar evolution rates have 

also been detected for carnivore parvoviruses and for porcine parvovirus. This suggests 

that the rapid sequence changes may be typical for parvoviruses and thus could have 

affected different distribution of B19V genotypes.  

The ability of human bocaviruses 1-4, and human parvovirus 4, to occur in human solid 

tissues was also examined by PCR methods (Study IV). HBoV1 DNA was detected at low 

prevalence in the tonsils of young children. However, the tissues obtained from 

seropositive adults, did not contain HBoV1 DNA, indicating a likely slow evanescence of 
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HBoV1 from the tonsillar tissues of small children rather than long-term persistence. 

Neither PARV4 DNA nor PARV4 antibodies were detected in the samples. However, 

PARV4 has been shown to be more prevalent among Finnish IDUs, indicating parenteral 

infection route for PARV4. 

The molecular and cellular mechanisms that maintain B19V persistence are not known. 

Several possibilities have been described for other parvoviruses, including episomal 

and endogenous persistence, and integration. The exact mechanism for B19V 

persistence and mechanism for occurrence of HBoV1 in human tonsillar tissues remains 

to be answered in future studies. 

 



 

90 

 

Acknowledgements 

This study was carried out at the department of Virology, Haartman Institute, 

University of Helsinki. I warmly thank the former and current heads of the Virology 

Department, Professors Antti Vaheri and Kalle Saksela for the excellent working 

environment. 

I would like to express my sincere gratitude to my supervisors, professor Klaus Hedman 

and docent Maria Söderlund-Venermo, for the great opportunity and encouragement 

to carry out the PhD project. The project has been extremely interesting, and both of 

you have taught me a lot about science. Especially I thank you for the guidance in 

writing, and your patience during the years. Furthermore, I thank both of you for 

always being there, the doors of your offices have always been open.  

I am grateful to professor Peter Simmonds from the department of Virology, University 

of Edinburgh. I thank you for the excellent working environment, supervision, and 

guidance to the world of virus evolution. It was a great opportunity to be a visiting 

student in your group. I wish all the best for all of the group and staff members, 

especially Jill, Matt, Colin, Ingrid, and Carol. Peter and Heli Simmonds, you are also 

warmly thanked for being my “family” during my stay in Edinburgh; the Finnish 

Juhannus and the dinners were great.  

Reviewers of this thesis, docent Maija Vihinen-Ranta and docent Petri Susi are greatly 

acknowledged for the invaluable comments and suggestions that improved this thesis. 

Jennifer Rowland is warmly thanked for the revision of the English text. Docent Tytti 

Vuorinen is acknowledged for accepting the role of opponent in my thesis dissertation.  

I wish to thank all the collaborators and co-authors, who have contributed this thesis 

work. Our German collaborators, Anna-Maria Eis-Hübinger, Susanne Modrow, Juha 

Lindner and Friedheim Küethe are warmly thanked. I am glad that I have had 

opportunities to meet you during the Parvovirus workshops. It has been nice and 

fruitful to share the projects! Leena-Maija Aaltonen, Annamari Ranki, Esa partio, Olli 

Kiviluoto, Maija Lappalainen, Antti Vaheri, Olli Vapalahti, Harri Laitinen, Irja Davidkin, 

Anne Pitkäranta, Jari Suvilehto, and Mikko Seppänen provided me invaluable clinical 

materials for laboratory work. Without the huge number of tissue and blood donors, 

this thesis projects could have not been possible. I also thank Laura Mannonen from 

HUSLAB for helping with qPCRs whenever problems occurred. Leena Kostamovaara is 

thanked for her continuous help with PCR rooms and all the ‘other stuff’. 



 

91 

 

I am grateful to all of my past and former co-workers at our group; Kati, Lea, Laura, 

Simo, Heidi, Anna, Leena, Rauli, Taru, Kalle, Elina, Hanna, Anne, Mira, Mari, Claudia, 

Tingting, Arun, Reza and Benedict. It has been pleasure to share projects, ideas, 

discussions and coffee breaks. Kati is especially thanked for introducing me the 

fascinating world of qPCRs, continuous help, as well as shared projects. Lea is thanked 

for all the ELISA teaching and the huge amount of ELISA work you did for the last paper.  

Laura, Simo, Kati, Claudia, and Elina are also thanked for the enjoyable workshop trips, 

and for your genuine friendship. All the colleagues in Department of Virology are 

thanked for the nice companionship and help.  

I greatly thank Kalle Saksela and Anna Mäkelä for the opportunity to work at Next 

Biomed Technologies. Anna is also thanked for friendship and for tempting me to 

participate to the ‘tennis-perjantait’. All the working friends in Next Biomed are warmly 

thanked for their help and support. Special thanks for my study friends Iina and Sari, 

with whom I shared courses, group works and free time. Jeong-Yon, Itzi, Jill, Cedra, 

Trish and Wilson are deeply thanked for sharing a life with me in Edinburgh and for 

being such great friends. 

I warmly thank my dear friends Anne, Johanna, Katri, Satu, Saara, and Laura. Thank you 

for fun trips, parties, nights out with glass of wine, and nights in with cups of tea. You 

have shared most years of my life with me, and there are no words to describe how 

happy I am for your friendship. 

I would like to express my gratitude to my parents Seija and Markku, to my brother 

Mika, and his girlfriend Maija for all the love and support. My dear grand parents, 

relatives, and perhe Pesonen; you all are thanked for care and support, and being a 

part of my network outside of laboratory. I deeply thank Mika for your love. You have 

stood by me for better or worse. Thank you! 

Commission of the European Community (QLK2-CT-2001-00877), Emil Aaltonen 

Foundation, Biomedicum Helsinki Foundation, Finnish Cultural Foundation, Maud 

Kuistila Memorial Foundation, Orion-Farmos Foundation, Paulo Foundation, Sigrid 

Juselius Foundation, the Academy of Finland (projects 1122539, 76132 ), the Helsinki 

University Central Hospital Research and Education Fund, the Finnish Technology 

Advancement Fund, the Medical Society of Finland (FLS), the Foundation for Research 

on Viral Diseases, the Finnish Society for Study of Infectious Diseases, the Foundation 

of Laboratory Medicine, and  University of Helsinki are thanked for financial support. 

Espoo, April 2012 



 

92 

 

References 

Web Page: http://ictvonline.org/virusTaxonomy.asp?version=2009. 

Abe, K., Kiuchi, T., Tanaka, K., Edamoto, Y., Aiba, N., Sata, T. (2007). Characterization of 
erythrovirus B19 genomes isolated in liver tissues from patients with fulminant 
hepatitis and biliary atresia who underwent liver transplantation.Int J Med Sci. 4, 105-
109. 

Agbandje, M., Kajigaya, S., McKenna, R., Young, N.S., and Rossmann, M.G. (1994).The 
structure of human parvovirus B19 at 8 A resolution. Virology. 203, 106-115. 

Agbandje, M., McKenna, R., Rossmann, M.G., Kajigaya, S., and Young, N.S. (1991). 
Preliminary X-ray crystallographic investigation of human parvovirus B19. Virology 184, 
170-174. 

Alanen, A., Kahala, K., Vahlberg, T., Koskela, P., Vainionpää R. (2005). Seroprevalence 
incidenceof prenatal infections and reliability of maternal history of varicella zoster 
virus, cytomegalovirus, herpes simplex virus and parvovirus B19 infection in South-
Western Finland. Br J Obstet Gynaecol. 112, 50-56 

Albuquerque, M.C., Rocha, L.N., Benati, F.J., Soares, C.C., Maranhão, A.G., Ramírez, 
M.L., Erdman, D., Santos, N. (2007). Human bocavirus infection in children with 
gastroenteritis, Brazil. Emerg Infect Dis. 13, 1756-1758. 

Allander, T., Tammi, M.T., Eriksson, M., Bjerkner, A., Tiveljung-Lindell, A., and 
Andersson, B. (2005). Cloning of a human parvovirus by molecular screening of 
respiratory tract samples. Proc. Natl. Acad. Sci. U. S. A. 102, 12891-12896. 

Allander, T., Jartti, T., Gupta, S., Niesters, H.G., Lehtinen, P., Osterback, R., Vuorinen, T., 
Waris, M., Bjerkner, A., Tiveljung-Lindell, A., van den Hoogen, B.G., Hyypiä, T., 
Ruuskanen, O. (2007). Human bocavirus and acute wheezing in children. Clin Infect Dis. 
1, 904-910  

Anderson, L.J., Tsou, C., Parker, R.A., Chorba, T.L., Wulff, H., Tattersall, P., and 
Mortimer, P.P. (1986). Detection of antibodies and antigens of human parvovirus B19 
by enzyme-linked immunosorbent assay. J. Clin. Microbiol. 24, 522-526. 

Anderson, M.J., Higgins, P.G., Davis, L.R., Willman, J.S., Jones, S.E., Kidd, I.M., Pattison, 
J.R., and Tyrrell, D.A. (1985). Experimental parvoviral infection in humans. J.Infect. Dis. 
152, 257-265. 

Anderson, M.J., Lewis, E., Kidd, I.M., Hall, S.M., and Cohen, B.J. (1984). An outbreak of 
erythema infectiosum associated with human parvovirus infection. J. Hyg. 93, 85-93. 



 

93 

 

 

Arthur, J.L., Higgins, G.D., Davidson, G.P., Givney, R.C., Ratcliff, R.M. (2009). A 
novel bocavirus associated with acute gastroenteritis in Australian children. PLoS 
Pathog. 5, e1000391.  

Arnold, J.C., Singh, K.K., Spector, S.A., Sawyer M.H. (2006). Human bocavirus: 
prevalence and clinical spectrum at a children's hospital. Clin Infect Dis. 43, 283-
288.  

Aslan, B., Serin, M.S., Aslan, G., Kalaci, A., Yanat, A.N., Tezcan, S., Emekdas, G. (2008). 
Detection of parvovirus B19 in synovial fluids of patients with osteoarthritis. Diagn 
Microbiol Infect Dis. 60, 381-385.  

Astell, C.R., and Blundell, M.C. (1989). Sequence of the right hand terminal palindrome 
of the human B19 parvovirus genome has the potential to form a 'stem plus arms' 
structure. Nucleic Acids Res. 17, 5857. 

Barzon, L., Murer, L., Pacenti, M., Biasolo, M.A., Vella, M.D., Ghirardo, G., Gamba, P.G., 
De Arias, A.E., Zanon, G.F., Palù, G. (2009b). Detection of viral DNA in kidney graft 
preservation and washing solutions is predictive of posttransplant infections in 
pediatric recipients. J Infect Dis. 1, 1425-1433. 

Barzon, L., Murer, L., Pacenti, M., Biasolo, M.A., Della Vella, M., Benetti, E., Zanon, G.F., 
Palù, G. (2009a). Investigation of intrarenal viral infections in kidney transplant 
recipients unveils an association between parvovirus B19 and chronic allograft injury. J 
Infect Dis. 199, 372-380. 

Baskan, E.B., Yilmaz, E., Saricaoglu, H., Alkan, G., Ercan, I., Mistik, R., Adim, S.B., Goral, 
G., Dilek, K., and Tunali, S. (2007). Detection of parvovirus B19 DNA in the lesional skin 
of patients with Behcet's disease. Clin. Exp. Dermatol. 32, 186-190. 

Bastien, N., Chui, N., Robinson, J.L., Lee, B.E., Dust, K., Hart, L., and Li, Y. (2007). 
Detection of human bocavirus in Canadian children in a 1-year study. J. Clin. Microbiol. 
45, 610-613. 

Bastien N, Brandt K, Dust K, Ward D, Li Y. (2006). Human Bocavirus infection, Canada. 
Emerg Infect Dis. 12, 848-850. 

Baylis, S.A., Shah, N., and Minor, P.D. (2004). Evaluation of different assays for the 
detection of parvovirus B19 DNA in human plasma. J. Virol. Methods. 121, 7-16. 

Belyi, V.A., Levine, A.J., Skalka, A.M. (2010). Sequences from ancestral single-stranded 
DNA viruses in vertebrate genomes: the parvoviridae and circoviridae are more than 40 
to 50 million years old. J Virol. 84, 12458-12462. 



 

94 

 

Benjamin, L.A., Lewthwaite, P., Vasanthapuram, R., Zhao, G., Sharp, C., Simmonds, P., 
Wang, D., Solomon, T. (2011). Human parvovirus 4 as potential cause of encephalitis in 
children, India.Emerg Infect Dis. 17, 1484-1487. 

Berns, K.I., and Hauswirth, W.W. (1984). Adeno-associated virus DNA structure and 
replication. In The Parvoviruses, Berns, K. I. ed., (New York, USA: Plenum Press). 

Blinkova, O., Rosario, K., Li, L., Kapoor, A., Slikas, B., Bernardin, F., Breitbart, M., 
Delwart, E. (2009). Frequent detection of highly diverse variants of cardiovirus, 
cosavirus, bocavirus, and circovirus in sewage samples collected in the United States.J 
Clin Microbiol. 47, 3507-3513.  

Blümel, J., Eis-Hubinger, A.M., Stuhler, A., Bonsch, C., Gessner, M., and Lower, J. (2005). 
Characterization of Parvovirus B19 genotype 2 in KU812Ep6 cells. J. Virol. 79, 14197-
14206. 

Blümel, J., Schmidt, I., Effenberger, W., Seitz, H., Willkommen, H., Brackmann, H.H., 
Löwer, J., Eis-Hübinger, A.M. (2002). Parvovirus B19 transmission by heat-treated 
clotting factor concentrates. Transfusion. 42, 1473-1481. 

Bock, C.T., Klingel, K., Kandolf, R. (2010). Human parvovirus B19-associated 
myocarditis.N Engl J Med. 1, 1248-1249. 

Bonvicini, F., La Placa, M., Manaresi, E., Gallinella, G., Gentilomi, G.A., Zerbini, M., 
Musiani, M. (2010). Parvovirus B19 DNA is commonly harboured in human skin. 
Dermatology. 220, 138-142. 

Botto, S., Bergallo, M., Sidoti, F., Terlizzi, M.E., Astegiano, S., Ponti, R., Costa, C., 
Cavallo, R. (2009). Detection of PARV4, genotypes 1 and 2, in healthy and pathological 
clinical specimens. New Microbiol. 32, 189-192. 

Braham, S., Gandhi, J., Beard, S., and Cohen, B. (2004). Evaluation of the Roche 
LightCycler parvovirus B19 quantification kit for the diagnosis of parvovirus B19 
infections. J. Clin. Virol. 31, 5-10. 

Brieu, N., Guyon, G., Rodière, M., Segondy, M., Foulongne, V. (2008). Human bocavirus 
infection in children with respiratory tract disease. Pediatr Infect Dis J. 27, 969-973. 

Brown, C.S., Van Lent, J.W., Vlak, J.M., and Spaan, W.J. (1991). Assembly of empty 
capsids by using baculovirus recombinants expressing human parvovirus B19 structural 
proteins. J. Virol. 65, 2702-2706. 

Brown, K.E., Anderson, S.M., and Young, N.S. (1993). Erythrocyte P antigen: cellular 
receptor for B19 parvovirus. Science 262, 114-117. 



 

95 

 

Brown, K.E., and Cohen, B.J. (1992). Haemagglutination by parvovirus B19. J. Gen. Virol. 
73 ( Pt 8), 2147-2149. 

Brown, K.E., Hibbs, J.R., Gallinella, G., Anderson, S.M., Lehman, E.D., McCarthy,P., and 
Young, N.S. (1994). Resistance to parvovirus B19 infection due to lack of virus receptor 
(erythrocyte P antigen). N. Engl. J. Med. 330, 1192-1196. 

Brown, K.E., Mori, J., Cohen, B.J., and Field, A.M. (1991). In vitro propagation of 
parvovirus B19 in primary foetal liver culture. J. Gen. Virol. 72 ( Pt 3), 741-745. 

Brown, K.E., Young, N.S., Alving, B.M., and Barbosa, L.H. (2001). Parvovirus B19: 
implications for transfusion medicine. Summary of a workshop. Transfusion 41, 130-
135. 

Brown, T., Anand, A., Ritchie, L.D., Clewley, J.P., and Reid, T.M. (1984). Intrauterine 
parvovirus infection associated with hydrops fetalis. Lancet 2, 1033-1034. 

Brunstein, J., Soderlund-Venermo, M., and Hedman, K. (2000). Identification of a novel 
RNA splicing pattern as a basis of restricted cell tropism of erythrovirus B19.Virology 
274, 284-291. 

Bulmer, M., Wolfe, K.H., Sharp, P.M. (1991). Synonymous nucleotide substitution rates 
in mammalian genes: implications for the molecular clock and the relationship of 
mammalian orders. Proc Natl Acad Sci USA. 88, 5974-5978. 

Bultmann, B.D., Klingel, K., Sotlar, K., Bock, C.T., Baba, H.A., Sauter, M., and Kandolf, R. 
(2003). Fatal parvovirus B19-associated myocarditis clinically mimicking ischemic heart 
disease: an endothelial cell-mediated disease. Hum. Pathol. 34, 92-95. 

Buonavoglia, D., Cavalli, A., Pratelli, A., Martella, V., Greco, G., Tempesta, M., 

Buonavoglia, C. (2000). Antigenic analysis of canine parvovirus strains isolated in 

Italy.New Microbiol. 23, 93-96. 

Candotti, D., Danso, K., Parsyan, A., Dompreh, A., and Allain, J.P. (2006). Maternal 
fetaltransmission of human parvovirus B19 genotype 3. J. Infect. Dis. 194, 608-611. 

Candotti, D., Etiz, N., Parsyan, A., and Allain, J.P. (2004). Identification and 
characterization of persistent human erythrovirus infection in blood donor samples. J. 
Virol. 78, 12169-12178. 

Cassinotti, P., Bas, S., Siegl, G., Vischer, T.L. (1995). Association between human 
parvovirus B19 infection and arthritis. Ann Rheum Dis.54, 498-500. 

Cassinotti, P., Burtonboy, G., Fopp, M., and Siegl, G. (1997). Evidence for persistence of 
human parvovirus B19 DNA in bone marrow. J. Med. Virol. 53, 229-232. 



 

96 

 

Cassinotti, P., Siegl, G., Michel, B.A., and Bruhlmann, P. (1998). Presence and 
significance of human parvovirus B19 DNA in synovial membranes and bone marrow 
from patients with arthritis of unknown origin. J. Med. Virol. 56, 199-204. 

Cecchini, S., Negrete, A., Virag, T., Graham, B.S., Cohen, J.I., Kotin, R.M. (2009). 
Evidence of prior exposure to human bocavirus as determined by a retrospective 
serological study of 404 serum samples from adults in the United States. Clin Vaccine 
Immunol. 16, 597-604.  

Chen, M.Y., Yang, S.J., Hung, C.C. (2011). Placental transmission of human parvovirus 4 
in newborns with hydrops, Taiwan.Emerg Infect Dis. 17, 1954-1956. 

Chen, A.Y., Qiu, J. (2010a). Parvovirus infection-induced cell death and cell cycle arrest. 
Future Virol. 5, 731-743. 

Chen, A.Y., Cheng, F., Lou, S., Luo, Y., Liu, Z., Delwart, E., Pintel, D., Qiu, J. (2010b). 
Characterization of the gene expression profile of human bocavirus.Virology. 1, 145-
154.  

Chen, Z., Guan, W., Cheng, F., Chen, A.Y., Qiu, J. (2009). Molecular characterization of 
human parvovirus B19 genotypes 2 and 3. Virology. 394, 276-285. 

Chen, K.C., Shull, B.C., Moses, E.A., Lederman, M., Stout, E.R., and Bates, R.C. (1986). 
Complete nucleotide sequence and genome organization of bovine parvovirus. J. Virol. 
60, 1085-1097. 

Cheng WX, Li JS, Huang CP, Yao DP, Liu N, Cui SX, Jin Y, Duan ZJ. (2010). Identification 
and nearly full-length genome characterization of novel porcine bocaviruses. PLoS One. 
5, e13583. 

Chevrel, G., Calvet, A., Belin, V., and Miossec, P. (2000). Dermatomyositis associated 
with the presence of parvovirus B19 DNA in muscle. Rheumatology (Oxford). 39, 1037-
1039. 

Chevrel G, Borsotti JP, Miossec P. (2003). Lack of evidence for a direct involvement of 
muscle infection by parvovirus B19 in the pathogenesis of inflammatory myopathies: a 
follow-up study. Rheumatology (Oxford). 42, 349-352. 

Chia, J.K., Jackson, B. (1996). Myopericarditis due to parvovirus B19 in an adult. Clin 
Infect Dis. 23, 200-201. 

Chieochansin T, Thongmee C, Vimolket L, Theamboonlers A, Poovorawan Y. (2008). 
Human bocavirus infection in children with acute gastroenteritis and healthy controls. 
Jpn J Infect Dis. 61, 479-481. 



 

97 

 

Chow BD, Huang YT, Esper FP. (2008). Evidence of human bocavirus circulating in 
children and adults, Cleveland, Ohio. J Clin Virol. 4, 302-306.  

Chow, B.D., Ou, Z., Esper, F.P. (2010). Newly recognized bocaviruses (HBoV, HBoV2) in 
children and adults with gastrointestinal illness in the United States. J Clin Virol. 47, 
143-147.  

Christensen, A., Nordbø, S.A., Krokstad, S., Rognlien, A.G., Døllner, H. (2010). Human 
bocavirus in children: mono-detection, high viral load and viraemia are associated with 
respiratory tract infection.J Clin Virol. 49, 158-162.  

Chung, J.Y., Han, T.H., Kim, S.W., Kim, C.K., Hwang, E.S. (2007). Detection of viruses 
identified recently in children with acute wheezing.J Med Virol.79, 1238-1243. 

Cilla, G., Oñate, E., Perez-Yarza, E.G., Montes, M., Vicente, D., Perez-Trallero, E. 
(2008).Viruses in community-acquired pneumonia in children aged less than 3 years 
old: High rate of viral coinfection. J Med Virol. 80, 1843-1849. 

Clément, N., Battaglioli, G., Jensen, R.L., Schnepp, B.C., Johnson, P.R., St George, K., 
Linden, R.M. (2009). Prevalence of human bocavirus in human tonsils and adenoids. 
Emerg Infect Dis. 15, 1149-1150. 

Cohen, B.J., and Buckley, M.M. (1988). The prevalence of antibody to human parvovirus 
B19 in England and Wales. J. Med. Microbiol. 25, 151-153. 

Cohen, B.J., Gandhi, J., and Clewley, J.P. (2006). Genetic variants of parvovirus B19 
identified in the United Kingdom: implications for diagnostic testing. J. Clin. Virol. 36, 
152-155. 

Cooling, L.L., Koerner, T.A., and Naides, S.J. (1995). Multiple glycosphingolipids 
determine the tissue tropism of parvovirus B19. J. Infect. Dis. 172, 1198-1205. 

Corcioli, F., Zakrzewska, K., Fanci, R., De Giorgi, V., Innocenti, M., Rotellini, M., Di Lollo, 
S., Azzi A. (2010). Human parvovirus PARV4 DNA in tissues from adult individuals: a 
comparison with human parvovirus B19 (B19V). Virol J. 7, 272. 

Corcioli F., Zakrzewska K., Rinieri A., Fanci R., Innocenti M., Civinini R., De Giorgi V., Di 
Lollo S., Azzi A. (2008). Tissue persistence of parvovirus B19 genotypes in asymptomatic 
persons.J Med Virol. 80, 2005-2011. 

Cossart, Y.E., Field, A.M., Cant, B., and Widdows, D. (1975). Parvovirus-like particles in 
human sera. Lancet 1, 72-73. 

Costa, C., Bergallo, M., Cavallo, R. (2009). Detection of Human Bocavirus in 
bronchoalveolar lavage from Italian adult patients. J Clin Virol. 45, 81-82.  



 

98 

 

Cotmore, S.F., McKie, V.C., Anderson, L.J., Astell, C.R., and Tattersall, P. (1986). 
Identification of the major structural and nonstructural proteins encoded by human 
parvovirus B19 and mapping of their genes by procaryotic expression of isolated 
genomic fragments. J. Virol. 60, 548-557. 

Cotmore, S.F., and Tattersall, P. (2006). A rolling-hairpin strategy: basic mechanisms of 
DNA replication in the parvoviruses. In Parvoviruses, Kerr, J. R., Cotmore, S. F., Bloom, 
M. E., Linden, R. M. and Parrish, C. R. eds., (London, Great Britain: Edward Arnold 
Publishers Ltd) pp. 172-188. 

Cotmore, S.F., and Tattersall, P. (1984). Characterization and molecular cloning of a 
human parvovirus genome. Science 226, 1161-1165. 

Deiss, V., Tratschin, J.D., Weitz, M., and Siegl, G. (1990). Cloning of the human 
parvovirus B19 genome and structural analysis of its palindromic termini. Virology 175, 
247-254. 

Dijkman, R., Koekkoek, S.M., Molenkamp, R., Schildgen, O., van der Hoek, L. (2009). 
Human bocavirus can be cultured in differentiated human airway epithelial cells. J 
Virol. 83, 7739-7748. 

Dijkmans, B.A., van Elsacker-Niele, A.M., Salimans, M.M., van Albada-Kuipers,G.A., de 
Vries, E., and Weiland, H.T. (1988). Human parvovirus B19 DNA in synovial fluid. 
Arthritis Rheum. 31, 279-281. 

Dina, J., Villedieu, F., Labombarda, F., Freymuth, F., de la Gastine, G., Jokic, M., Vabret, 
A. (2011). Childhood myocarditis and parvovirus B19 genotypes. J Clin Virol. 50, 61-64. 

Ding, C., Urabe, M., Bergoin, M., and Kotin, R.M. (2002). Biochemical characterization 
of Junonia coenia densovirus nonstructural protein NS-1. J. Virol. 76, 338-345. 

Diss, T.C., Pan, L.X., Du, M.Q., Peng, H.Z., and Kerr, J.R. (1999). Parvovirus B19 is 
associated with benign testes as well as testicular germ cell tumours. Mol. Pathol. 52, 
349-352. 

Doerig, C., Beard, P., and Hirt, B. (1987). A transcriptional promoter of the human 
parvovirus B19 active in vitro and in vivo. Virology 157, 539-542. 

Doerig, C., Hirt, B., Antonietti, J.P., and Beard, P. (1990). Nonstructural protein of 
parvoviruses B19 and minute virus of mice controls transcription. J. Virol. 64, 387-396. 

Don, M., Söderlund-Venermo, M., Valent, F., Lahtinen, A., Hedman, L., Canciani, M., 
Hedman, K., Korppi, M. (2010). Serologically verified human bocavirus pneumonia in 
children. Pediatr Pulmonol. 45, 120-126. 



 

99 

 

Dorsch, S., Kaufmann, B., Schaible, U., Prohaska, E., Wolf, H., and Modrow, S. (2001). 
The VP1-unique region of parvovirus B19: amino acid variability and antigenic stability. 
J. Gen. Virol. 82, 191-199. 

Dorsch, S., Liebisch, G., Kaufmann, B., von Landenberg, P., Hoffmann, J.H., Drobnik,W., 
and Modrow, S. (2002). The VP1 unique region of parvovirus B19 and its constituent 
phospholipase A2-like activity. J. Virol. 76, 2014-2018. 

Duffy, S., Shackelton, L.A., Holmes, E.C. (2008). Rates of evolutionary change in viruses: 
patterns and determinants. Nat Rev Genet. 9, 267-276. 

Eid, A.J., Brown, R.A., Patel, R., Razonable, R.R. (2006). Parvovirus B19 infection after 
transplantation: a review of 98 cases. Clin Infect Dis. 1, 40-48. 

Eis-Hubinger, A.M., Reber, U., Abdul-Nour, T., Glatzel, U., Lauschke, H., and Putz,U. 
(2001). Evidence for persistence of parvovirus B19 DNA in livers of adults. J. Med.Virol. 
65, 395-401. 

Eis-Hübinger, A.M., Sasowski, U., Brackmann, H.H., Kaiser, R., Matz, B., Schneweis, K.E. 

(1996). Parvovirus B19 DNA is frequently present in recombinant coagulation factor VIII 

products. Thromb Haemost. 76, 1120. 

Ekman A., Hokynar K., Kakkola L., Kantola K., Hedman L., Bondén H., Gessner M., 
Aberham C., Norja P., Miettinen S., Hedman K., Söderlund-Venermo M. (2007). 
Biological and immunological relations among human parvovirus B19 genotypes 1 to 3. 
J Virol. 2007 81, 6927-6935. 

Enders, M., Schalasta, G., Baisch, C., Weidner, A., Pukkila, L., Kaikkonen, L., Lankinen, 
H., Hedman, L., Soderlund-Venermo, M., and Hedman, K. (2006). Human parvovirus 
B19 infection during pregnancy-value of modern molecular and serological diagnostics. 
J. Clin. Virol. 35, 400-406. 

Enders, M., Weidner, A., and Enders, G. (2007). Current epidemiological aspects of 
human parvovirus B19 infection during pregnancy and childhood in the western part of 
Germany. Epidemiol. Infect. 135, 563-569. 

Enders, M., Weidner, A., Zoellner, I., Searle, K., and Enders, G. (2004). Fetal morbidity 
and mortality after acute human parvovirus B19 infection in pregnancy:prospective 
evaluation of 1018 cases. Prenat. Diagn. 24, 513-518. 

Endo, R., Ishiguro, N., Kikuta, H., Teramoto, S., Shirkoohi, R., Ma, X., Ebihara, T., Ishiko, 
H., Ariga, T. (2007). Seroepidemiology of human bocavirus in Hokkaido prefecture, 
Japan. J Clin Microbiol. 45, 3218-3223. 



 

100 

 

Erdman, D.D., Durigon, E.L., Wang, Q.Y., and Anderson, L.J. (1996). Genetic diversity of 
human parvovirus B19: sequence analysis of the VP1/VP2 gene from multiple isolates. 
J. Gen. Virol. 77, 2767-2774. 

Ergunay, K., Tezel, G.G., Dogan, A.I., Ozen, H., Sirin, G., Ozbay, M., Karabulut, E., 
Ustacelebi, S. (2008). Testicular persistence of Parvovirus B19: evidence for preferential 
infection of germ cell tumors. Pathol Res Pract. 204, 649-653.  

European Pharmacopoeia monograph of human anti-D immunoglobulin. 
EuropeanPharmacopoeia (2004) Document 01:0557 

Falcone, V., Ridder, G.J., Panning, M., Bierbaum, S., Neumann-Haefelin, D., Huzly, D. 
(2011).Human bocavirus DNA in paranasal sinus mucosa. Emerg Infect Dis. 17, 1564-
1565. 

Feldman, A.M., McNamara, D. (2000). Myocarditis. N Engl J Med. 343, 1388-1398. 

Ferri, C., Giuggioli, D., Sebastiani, M., Panfilo, S., Abatangelo, G., Zakrzewska, K., and 
Azzi, A. (2002). Parvovirus B19 infection of cultured skin fibroblasts from systemic 
sclerosis patients: comment on the article by Ray et al. Arthritis Rheum. 46, 2262-2263; 
author reply 2263-2264. 

Filippone, C., Zhi, N., Wong, S., Lu, J., Kajigaya, S., Gallinella, G., Kakkola, L., Söderlund-
Venermo, M., Young, N.S., Brown, K.E. (2008). VP1u phospholipase activity is critical for 
infectivity of full-length parvovirus B19 genomic clones. Virology. 10, 444-452. 

Freitas, R.B., Melo, F.L., Oliveira, D., Romano, C., Freitas, M, Macêdo, O., Linhares, A., 
de A Zanotto, P.M., Durigon, E. (2008).Molecular characterization of human 
erythrovirus B19 strains obtained from patients with several clinical presentations in 
the Amazon region of Brazil. J Clin Virol. 43, 60-65. 

Fry, A.M., Lu, X., Chittaganpitch, M., Peret, T., Fischer, J., Dowell, S.F., Anderson, L.J., 
Erdman, D., Olsen, S.J. (2007). Human bocavirus: a novel parvovirus epidemiologically 
associated with pneumonia requiring hospitalization in Thailand.J Infect Dis. 1, 1038-
1045. 

Fryer JF, Delwart E, Bernardin F, Tuke PW, Lukashov VV, Baylis SA. (2007a). Analysis of 
two human parvovirus PARV4 genotypes identified in human plasma for fractionation. J 
Gen Virol. 88, 2162-2167. 

Fryer, J.F., Delwart, E., Hecht, F.M., Bernardin, F., Jones, M.S., Shah, N., Baylis, 
S.A.(2007b). Frequent detection of the parvoviruses, PARV4 and PARV5, in plasma from 
blood donors and symptomatic individuals. Transfusion. 47, 1054-1061. 

Fryer, J.F., Hubbard, A.R., Baylis, S.A. (2007c). Human parvovirus PARV4 in clotting 
factor VIII concentrates.Vox Sang. 93, 341-347. 



 

101 

 

Fryer, J.F., Lucas, S.B., Padley, D., and Baylis, S.A. (2007d). Parvoviruses PARV4/5 in 
hepatitis C virus-infected patient. Emerg. Infect. Dis. 13, 175-176. 

Fryer, J.F., Kapoor, A., Minor, P.D., Delwart, E., and Baylis, S.A. (2006). Novel parvovirus 
and related variant in human plasma. Emerg. Infect. Dis. 12, 151-154. 

Foulongne, V., Olejnik, Y., Perez, V., Elaerts, S., Rodière, M., Segondy, M. (2006). Human 
bocavirus in French children. Emerg Infect Dis. 12, 1251-1253. 

Gallinella, G., Venturoli, S., Gentilomi, G., Musiani, M., Zerbini, M. (1995). Extent of 

sequence variability in a genomic region coding for capsid proteins of B19 parvovirus. 

Arch Virol. 140, 1119-1125. 

Garcia, Sde O., Kleine-Neto, W., da Costa, A.C., Sanabani, S.S., Mendrone, A. Jr, Pereira, 
J., Sabino, E.C. (2011). Parvovirus among patients with cytopenia of unknown origin in 
Brazil: a case-control study. J Clin Microbiol. 49, 1578-1580. 

Geng, Y., Wu, C.G., Bhattacharyya, S.P., Tan, D., Guo, Z.P., Yu, M.Y. (2007). Parvovirus 
B19 DNA in Factor VIII concentrates: effects of manufacturing procedures and B19 
screening by nucleic acid testing. Transfusion. 47, 883-889. 

Grabarczyk, P., Kalińska, A., Kara, M., Wieczorek, R., Ejduk, A., Sulkowska, E., 
Gołębiowska-Staroszczyk, S., Matysiak, M., Baylis, S.A., Brojer, E. (2011). Identification 
and characterization of acute infection with parvovirus B19 genotype 2 in 
immunocompromised patients in Poland. J Med Virol. 83, 142-149. 

Grant, J.K., Yin, N.C., Zaytoun, A.M., Waseem,H., Hobbs, J.A. (2009). Persistent adeno-
associated virus 2 and parvovirus B19 sequences in post-mortem human cerebellum. 
Cerebellum. 8, 490-498.  

Gray, A., Guillou, L., Zufferey, J., Rey, F., Kurt, A.M., Jichlinski, P., Leisinger, H.J. and 
Benhattar, J. (1998). Persistence of parvovirus B19 DNA in testis of patients with 
testicular germ cell tumours. J. Gen. Virol. 79, 573-579. 

Han, T.H., Kim, C.H., Park, S.H., Kim, E.J., Chung, J.Y., Hwang, E.S. (2009). Detection of 
human bocavirus-2 in children with acute gastroenteritis in South Korea. Arch Virol. 
154, 1923-1927. 

Harger, J.H., Adler, S.P., Koch, W.C., Harger, G.F. (1998). Prospective evaluation of 618 
pregnant women to parvovirus B19:risks and symptoms. Obstet Gynecol. 91, 295-302. 

Hedman, L., Söderlund-Venermo, M., Jartti, T., Ruuskanen, O., Hedman, K. (2010). 
Dating of human bocavirus infection with protein-denaturing IgG-avidity assays-
Secondary immune activations are ubiquitous in immunocompetent adults. J Clin Virol. 
48, 44-48.  



 

102 

 

Hedman, K., Franssila, R., Kaikkonen, L., Hokynar, K., Kakkola, L., and Söderlund-
Venermo, M. (2006). Immunology of human erythrovirus infection. In Parvoviruses, 
Kerr, J. R., Cotmore, S. F., Bloom, M. E., Linden, R. M. and Parrish, C. R. eds. (Great 
Britain: Hodder Arnold) pp. 351-363. 

Heegaard, E.D., and Brown, K.E. (2002). Human parvovirus B19. Clin. Microbiol. Rev. 15, 
485-505. 

Heegaard, E.D., Eiskjaer, H., Baandrup, U., and Hornsleth, A. (1998). Parvovirus B19 
infection associated with myocarditis following adult cardiac transplantation. Scand. J. 
Infect. Dis. 30, 607-610. 

Heegaard, E.D., Panum Jensen, I., and Christensen, J. (2001). Novel PCR assay for 
differential detection and screening of erythrovirus B19 and erythrovirus V9. J. 
Med.Virol. 65, 362-367. 

Heegaard, E.D., Petersen, B.L., Heilmann, C.J., and Hornsleth, A. (2002a). Prevalence of 
parvovirus B19 and parvovirus V9 DNA and antibodies in paired bone marrow and 
serum samples from healthy individuals. J. Clin. Microbiol. 40, 933-936. 

Heegaard, E.D., Qvortrup, K., and Christensen, J. (2002b). Baculovirus expression of 
erythrovirus V9 capsids and screening by ELISA: serologic cross-reactivity with 
erythrovirus B19. J. Med. Virol. 66, 246-252. 

Hemauer, A., von Poblotzki, A., Gigler, A., Cassinotti, P., Siegl, G., Wolf, H., and 
Modrow, S. (1996). Sequence variability among different parvovirus B19 isolates. J. 
Gen. Virol. 77, 1781-1785. 

Hobbs, J.A. (2006). Detection of adeno-associated virus 2 and parvovirus B19 in the 
human dorsolateral prefrontal cortex. J. Neurovirol. 12, 190-199. 

Hoelzer, K., Shackelton, L.A., Parrish, C.R., Holmes, E.C. (2008). Phylogenetic analysis 
reveals the emergence, evolution and dispersal of carnivore parvoviruses. J Gen Virol. 
89, 2280-2289. 

Hokynar K, Söderlund-Venermo M, Pesonen M, Ranki A, Kiviluoto O, Partio EK, Hedman 
K. (2002). A new parvovirus genotype persistent in human skin. Virology. 25, 224-228. 

Hokynar, K., Brunstein, J., Söderlund-Venermo, M., Kiviluoto, O., Partio, E.K., Konttinen, 
Y., Hedman, K. (2000) Integrity and full coding sequence of B19 virus DNA persisting in 
human synovial tissue. J Gen Virol. 81, 1017-1025 

Hübschen J.M., Mihneva Z., Mentis A.F., Schneider F., Aboudy Y., Grossman Z., Rudich 
H., Kasymbekova K., Sarv I., Nedeljkovic J., Tahita M.C., Tarnagda Z., Ouedraogo J.B., 
Gerasimova A.G., Moskaleva T.N., Tikhonova N.T., Chitadze N., Forbi JC., Faneye A.O., 
Otegbayo J.A., Charpentier E., Muller C.P. (2009). Phylogenetic analysis of human 



 

103 

 

parvovirus b19 sequences from eleven different countries confirms the predominance 
of genotype 1 and suggests the spread of genotype 3b. J Clin Microbiol. 11, 3735-3738.  

International Human Genome Sequencing Consortium. Initial sequencing and analysis 
of the human genome.(2001). Nature. 409, 860-921. 

Jawad, A.S.M. (1993). Persistent arthritis after human parvovirus B19 infection. Lancet. 
341, 494. 

Jenkins, G.M., Rambaut, A., Pybus, O.G., Holmes, E.C. (2002). Rates of molecular 

evolution in RNA viruses: a quantitative phylogenetic analysis. J Mol Evol. 54, 156-165. 

Jensen, I.P., Thorsen, P.,Jeune, B., Moller, B.R., Vestergaard, B.F. (2000). An epidemic of 
parvovirus B19 in a population of 3596 pregnant women: a study of sosiodemocrapihic 
and medical risk factors. Obstet Gynaecol. 107, 637-643. 

Jones, M.S., Kapoor, A., Lukashov, V.V., Simmonds, P., Hecht, F., and Delwart, E. (2005). 
New DNA viruses identified in patients with acute viral infection syndrome. J.Virol. 79, 
8230-8236. 

Jordan, J., Tiangco, B., Kiss, J., and Koch, W. (1998). Human parvovirus B19: prevalence 
of viral DNA in volunteer blood donors and clinical outcomes of transfusion recipients. 
Vox Sang. 75, 97-102. 

Jordan, J.A., and DeLoia, J.A. (1999). Globoside expression within the human placenta. 
Placenta. 20, 103-108. 

Kahn, J.S., Kesebir, D., Cotmore, S.F., D'Abramo, A. Jr, Cosby, C., Weibel, C., Tattersall, 
P. (2008). Seroepidemiology of human bocavirus defined using recombinant virus-like 
particles. J Infect Dis. 198, 41-50. 

Kaikkonen, L., Lankinen, H., Harjunpaa, I., Hokynar, K., Soderlund-Venermo, M., Oker-
Blom, C., Hedman, L., and Hedman, K. (1999). Acute-phase-specific heptapeptide 
epitope for diagnosis of parvovirus B19 infection. J. Clin. Microbiol. 37, 3952-3956. 

Kaikkonen, L., Soderlund-Venermo, M., Brunstein, J., Schou, O., Panum Jensen, I., 
Rousseau, S., Caul, E.O., Cohen, B., Valle, M., Hedman, L., and Hedman, K. (2001). 
Diagnosis of human parvovirus B19 infections by detection of epitope-type-specific VP2 
IgG. J. Med. Virol. 64, 360-365. 

Kajigaya, S., Fujii, H., Field, A., Anderson, S., Rosenfeld, S., Anderson, L.J., 
Shimada, T., and Young, N.S. (1991). Self-assembled B19 parvovirus capsids, 
produced in a baculovirus system, are antigenically and immunogenically similar 
to native virions.Proc. Natl. Acad. Sci. U. S. A. 88, 4646-4650. 



 

104 

 

Kajigaya, S., Shimada, T., Fujita, S., and Young, N.S. (1989). A genetically 
engineered cell line that produces empty capsids of B19 (human) parvovirus. 
Proc. Natl. Acad. Sci. U. S. A. 86, 7601-7605. 

Kakkola ,L., Kaipio, N., Hokynar, K., Puolakkainen, P., Mattila, P.S., Kokkola, A., Partio, 
E.K., Eis-Hübinger, A.M., Söderlund-Venermo, M., Hedman, K. (2004). Genoprevalence 
in human tissues of TT-virus genotype 6. Arch Virol. 149, 1095-1106.  

Kantola, K., Hedman, L., Allander, T., Jartti, T., Lehtinen, P., Ruuskanen, O., Hedman, K., 
Söderlund-Venermo, M. (2008). Serodiagnosis of human bocavirus infection. Clin Infect 
Dis. 15, 540-546. 

Kantola, K., Hedman, L., Arthur, J., Alibeto, A., Delwart, E., Jartti, T., Ruuskanen, O., 
Hedman, K., Söderlund-Venermo, M. (2011). Seroepidemiology of human bocaviruses 
1-4. J Infect Dis. 204, 1403-1412. 

Kantola, K., Sadeghi, M., Antikainen, J., Kirveskari, J., Delwart, E., Hedman, K., 
Söderlund-Venermo, M. (2010).  Real-time quantitative PCR detection of four human 
bocaviruses. J Clin Microbiol. 48, 4044-4050. 

Kapoor, A., Mehta, N., Dubovi, E.J., Simmonds, P., Govindasamy, L., Medina, J.L., Street, 
C., Shields, S., Lipkin, W.I.(2012). Characterization of novel canine bocaviruses and their 
association with respiratory disease. J Gen Virol. 93, 341-6. 

Kapoor, A., Hornig, M., Asokan, A., Williams, B., Henriquez, J.A., Lipkin, W.I. 
(2011). Bocavirus episome in infected human tissue contains non-identical 
termini. PLoS One.6, e21362.  

Kapoor, A., Simmonds, P., Lipkin, W.I. (2010b). Discovery and characterization of 
mammalian endogenous parvoviruses. J Virol. 84, 12628-12635.  

Kapoor, A., Simmonds, P., Slikas, E., Li, L., Bodhidatta, L., Sethabutr, O., Triki, 
H., Bahrim, O., Oderinde, B.S., Baba, M.M., Bukbuk, D.N., Besser, J., Bartkus, 
J., Delwart, E. (2010a). Human bocaviruses are highly diverse, dispersed, 
recombination prone, and prevalent in enteric infections. J Infect Dis. 1, 
1633-1643 

Kapoor, A., Slikas, E., Simmonds, P., Chieochansin, T., Naeem, A., Shaukat, S., 
Alam, M.M., Sharif, S., Angez, M., Zaidi, S., Delwart, E. (2009). A newly identified 
bocavirus species in human stool.J Infect Dis. 15, 196-200 

Karalar, L., Lindner, J., Schimanski, S., Kertai, M., Segerer, H., Modrow, S. (2010). 
Prevalence and clinical aspects of human bocavirus infection in children. Clin 
Microbiol Infect. 16, 633-639. 



 

105 

 

Karetnyi, Y.V., Beck, P.R., Markin, R.S., Langnas, A.N., and Naides, S.J. 
(1999).Human parvovirus B19 infection in acute fulminant liver failure. Arch. 
Virol. 144, 1713-1724. 

Kaufmann, B., Baxa, U., Chipman, P.R., Rossmann, M.G., Modrow, S., and Seckler, R. 
(2005). Parvovirus B19 does not bind to membrane-associated globoside in 
vitro.Virology 332, 189-198. 

Kaufmann, B., Simpson, A.A., and Rossmann, M.G. (2004). The structure of human 
parvovirus B19. Proc. Natl. Acad. Sci. U. S. A. 101, 11628-11633. 

Keller, L,W., Barbosa, M.L., Melo, F.L., Pereira, L.M., David-Neto, E., Lanhez, L.E., 
Durigon, E.L. (2009) Phylogenetic analysis of a near-full-length sequence of an 
erythrovirus genotype 3 strain isolated in Brazil. Arch Virol. 154, 1685-1687.  

Kerr, J.R. (2005). Pathogenesis of parvovirus B19 infection: host gene variability, and 
possible means and effects of virus persistence. J. Vet. Med. B Infect. Dis. Vet. Public 
Health. 52, 335-339. 

Kerr, J.R., and Boschetti, N. (2006). Short regions of sequence identity between the 
genomes of human and rodent parvoviruses and their respective hosts occur within 
host genes for the cytoskeleton, cell adhesion and Wnt signalling. J. Gen. Virol. 87, 
3567-3575. 

Kerr, J.R., Cartron, J.P., Curran, M.D., Moore, J.E., Elliott, J.R., and Mollan, R.A. (1995). A 
study of the role of parvovirus B19 in rheumatoid arthritis. Br. J. Rheumatol. 34, 809-
813. 

Kesebir, D., Vazquez, M., Weibel, C., Shapiro, E.D., Ferguson, D., Landry, M.L., and Kahn, 
J.S. (2006). Human bocavirus infection in young children in the United States:molecular 
epidemiological profile and clinical characteristics of a newly emerging respiratory 
virus. J. Infect. Dis. 194, 1276-1282. 

Kilham, L., and Oliver, L. (1959). A latent virus of rats isolated in tissue culture. Virology. 
7, 428-437. 

Klein, R.M., Jiang, H., Niederacher, D., Adams, O., Du, M., Horlitz, M., Schley, P., Marx, 
R., Lankisch, M.R., Brehm, M.U., Strauer, B.E., Gabbert, H.E., Scheffold, T., Gülker, H. 
(2004). Frequency and quantity of the parvovirus B19 genome in endomyocardial 
biopsies from patients with suspected myocarditis or idiopathic left ventricular 
dysfunction. Z Kardiol. 93, 300-309. 

Koenigbauer U.F., Eastlund T., Day J.W. (2000). Clinical illness due to parvovirus B19 
infection after infusion of solvent/detergent-treated pooled plasma. Transfusion. 40, 
1203-1206. 



 

106 

 

Koppelman, M.H., van Swieten, P., Cuijpers, H.T. (2011). Real-time polymerase chain 
reaction detection of parvovirus B19 DNA in blood donations using a commercial and 
an in-house assay. Transfusion. 51, 1346-1354. 

Koppelman, M.H., Rood, I.G., Fryer, J.F., Baylis, S.A., Cuypers, H.T. (2007). Parvovirus 
B19 genotypes 1 and 2 detection with real-time polymerase chain reaction assays. Vox 
Sang. 93, 208-215. 

Koppelman, M.H., Cuypers, H.T., Emrich, T., Zaaijer, H.L. (2004). Quantitative real-time 
detection of parvovirus B19 DNA in plasma. Transfusion. 44, 97-103. 

Kotin, R.M., Linden, R.M., and Berns, K.I. (1992). Characterization of a preferred site on 
human chromosome 19q for integration of adeno-associated virus DNA by 
nonhomologous recombination. EMBO J. 11, 5071-5078. 

Kotin, R.M., Menninger, J.C., Ward, D.C., and Berns, K.I. (1991). Mapping and direct 
visualization of a region-specific viral DNA integration site on chromosome 19q13-qter. 
Genomics 10, 831-834. 

Kotin, R.M., Siniscalco, M., Samulski, R.J., Zhu, X.D., Hunter, L., Laughlin, 
C.A.,McLaughlin, S., Muzyczka, N., Rocchi, M., and Berns, K.I. (1990). Site-specific 
integration by adeno-associated virus. Proc. Natl. Acad. Sci. U. S. A. 87, 2211-2215. 

Kuethe, F., Sigusch, H.H., Hilbig, K., Tresselt, C., Glück, B., Egerer, R., Figulla, H.R. (2007). 
Detection of viral genome in the myocardium: lack of prognostic and functional 
relevance in patients with acute dilated cardiomyopathy. Am Heart J. 153, 850-858. 

Kühl, U., Lassner, D., Pauschinger, M., Gross, U.M., Seeberg, B., Noutsias, M., Poller, W., 
Schultheiss, H.P. (2008). Prevalence of erythrovirus genotypes in the myocardium of 
patients with dilated cardiomyopathy. J Med Virol. 7, 1243-51. 

Kühl, U., Pauschinger, M., Bock, T., Klingel, K., Schwimmbeck, C.P., Seeberg, B., 
Krautwurm ,L., Poller, W., Schultheiss, H.P., Kandolf, R. (2003). Parvovirus B19 infection 
mimicking acute myocardial infarction. Circulation. 108, 945-950. 

Kupfer, B., Vehreschild, J., Cornely, O., Kaiser, R., Plum, G., Viazov, S., Franzen, C., 
Tillmann, R.L., Simon, A., Muller, A., and Schildgen, O. (2006). Severe pneumonia and 
human bocavirus in adult. Emerg. Infect. Dis. 12, 1614-1616. 

Kurtzman, G., Frickhofen, N., Kimball, J., Jenkins, D.W., Nienhuis, A.W., and Young,N.S. 
(1989). Pure red-cell aplasia of 10 years' duration due to persistent parvovirus B19 
infection and its cure with immunoglobulin therapy. N. Engl. J. Med. 321, 519-523. 

Kurtzman, G.J., Cohen, B., Meyers, P., Amunullah, A., and Young, N.S. (1988). Persistent 
B19 parvovirus infection as a cause of severe chronic anaemia in children with acute 
lymphocytic leukaemia. Lancet. 2, 1159-1162. 



 

107 

 

Kurtzman, G.J., Ozawa, K., Cohen, B., Hanson, G., Oseas, R., and Young, N.S. (1987). 
Chronic bone marrow failure due to persistent B19 parvovirus infection. N. Engl. J. 
Med. 317, 287-294. 

Kytö, V., Vuorinen, T., Saukko, P., Lautenschlager, I., Lignitz, E., Saraste, A., Voipio-
Pulkki, L.M. (2005). Cytomegalovirus infection of the heart is common in patients with 
fatal myocarditis. Clin Infect Dis. 40, 683-688.  

Lahtinen, A., Kivelä, P., Hedman, L., Kumar,A., Kantele, A., Lappalainen, M., Liitsola, K., 
Ristola, M., Delwart, E., Sharp, C., Simmonds, P., Söderlund-Venermo, M., Hedman, K. 
(2011). Serodiagnosis of primary infections with human parvovirus 4, Finland. Emerg 
Infect Dis. 17, 79-82. 

LaMonte, A.C., Paul, M.E., Read, J.S., Frederick, M.M., Erdman, D.D., Han, L.L., 
Anderson, L.J., and Women and Infants Transmission Study. (2004). Persistent 
parvovirus B19 infection without the development of chronic anemia in HIV-infected 
and –uninfected children: the Women and Infants Transmission Study. J. Infect. Dis. 
189, 847-851. 

Langnas, A.N., Markin, R.S., Cattral, M.S., and Naides, S.J. (1995). Parvovirus B19 as a 
possible causative agent of fulminant liver failure and associated aplastic anemia. 
Hepatology. 22, 1661-1665. 

Lau, S.K., Woo, P.C., Tse, H., Fu, C.T., Au, W.K., Chen, X.C., Tsoi, H.W., Tsang, T.H., Chan, 
J.S., Tsang, D.N., Li, K.S., Tse, C.W., Ng, T.K., Tsang, O.T., Zheng, B.J., Tam, S., Chan, K.H., 
Zhou, B., Yuen, K.Y. (2008). Identification of novel porcine and bovine parvoviruses 
closely related to human parvovirus 4. J Gen Virol. 89, 1840-1848. 

Lau, S.K., Yip, C.C,. Que, T.L., Lee, R.A., Au-Yeung, R.K., Zhou, B., So, L.Y., Lau, Y.L., Chan, 
K.H., Woo, P.C., Yuen, K.Y. (2007). Clinical and molecular epidemiology of human 
bocavirus in respiratory and fecal samples from children in Hong Kong. J Infect Dis. 196, 
986-993.  

Lefrere, J.J., Servant-Delmas, A., Candotti, D., Mariotti, M., Thomas, I., Brossard, 
Y.,Lefrere, F., Girot, R., Allain, J.P., and Laperche, S. (2005). Persistent B19 infection in 
immunocompetent individuals: implications for transfusion safety. Blood. 106, 2890-
2895. 

Lehtoranta, L., Söderlund-Venermo, M., Nokso-Koivisto, J., Toivola, H., Blomgren, K., 
Hatakka, K., Poussa, T., Korpela, R., Pitkäranta, A. (2012). Human bocavirus in the 
nasopharynx of otitis-prone children. Int J Pediatr Otorhinolaryngol. 76, 206-211. 

Liefeldt, L., Plentz, A., Klempa, B., Kershaw, O., Endres, A.S., Raab, U., Neumayer,H.H., 
Meisel, H., and Modrow, S. (2005). Recurrent high level parvovirus B19/genotype 2 
viremia in a renal transplant recipient analyzed by real-time PCR for simultaneous 
detection of genotypes 1 to 3. J. Med. Virol. 75, 161-169. 



 

108 

 

Li, L., Pesavento, P.A., Woods, L., Clifford, D.L., Luff, J., Wang, C., and Delwart, E. (2011). 
Novel amdovirus in gray foxes. Emerg Infect Dis. 17, 1876-1878. 

Lin, F., Guan, W., Cheng, F., Yang, N., Pintel, D., Qiu, J. (2008). ELISAs using human 
bocavirus VP2 virus-like particles for detection of antibodies against HBoV. J Virol 
Methods. 149, 110-117.  

Lindblom, A., Isa, A., Norbeck, O., Wolf, S., Johansson, B., Broliden, K., and Tolfvenstam, 
T. (2005). Slow clearance of human parvovirus B19 viremia following acute infection. 
Clin. Infect. Dis. 41, 1201-1203. 

Lindner, J., Karalar, L., Zehentmeier, S., Plentz, A., Pfister, H., Struff, W., Kertai, M., 
Segerer, H., Modrow, S. (2008). Humoral immune response against human bocavirus 
VP2 virus-like particlesViral Immunol. 21, 443-449. 

Lindner, J., Noutsias, M., Lassner, D., Wenzel, J., Schultheiss, H.P., Kuehl, U., Modrow, 
S.(2009). Adaptive immune responses against parvovirus B19 in patients with 
myocardial disease.J Clin Virol. 44, 27-32. 

Liu, J.M., Fujii, H., Green, S.W., Komatsu, N., Young, N.S., and Shimada, T. (1991). 
Indiscriminate activity from the B19 parvovirus p6 promoter in nonpermissive cells. 
Virology. 182, 361-364. 

Liu, J.M., Green, S.W., Shimada, T., and Young, N.S. (1992). A block in full-length 
transcript maturation in cells nonpermissive for B19 parvovirus. J. Virol. 66, 4686-4692. 

Longhi, E., Bestetti, G., Acquaviva, V., Foschi, A., Piolini, R., Meroni, L. (2007). Human 
parvovirus 4 in the bone marrow of Italian patients with AIDS. AIDS. 21, 1481–1483.  

Longtin, J., Bastien, M., Gilca, R., Leblanc, E., de Serres, G., Bergeron, M.G., Boivin, G. 
(2008). Human bocavirus infections in hospitalized children and adults. Emerg Infect 
Dis. 14, 217-221 

Lotze, U., Egerer, R., Tresselt, C., Gluck, B., Dannberg, G., Stelzner, A., and Figulla, H.R. 
(2004). Frequent detection of parvovirus B19 genome in the myocardium of adult 
patients with idiopathic dilated cardiomyopathy. Med. Microbiol. Immunol. 193, 75-82. 

Lotze, U., Egerer, R., Glück, B., Zell, R., Sigusch, H., Erhardt, C., Heim, A., Kandolf, R., 
Bock, T., Wutzler, P., Figulla, H.R. (2010). Low level myocardial parvovirus B19 
persistence is a frequent finding in patients with heart disease but unrelated to ongoing 
myocardial injury. J Med Virol. 82, 1449-1457.  

Lou, S., Xu, B., Huang, Q., Zhi, N., Cheng, F., Wong, S., Brown, K., Delwart, E., Liu, Z., Qiu, 
J. (2012). Molecular characterization of the newly identified human parvovirus 4 in the 
family Parvoviridae. Virology. 5, 59-69.  



 

109 

 

Lu, X., Gooding, L.R., Erdman, D.D. (2008). Human bocavirus in tonsillar lymphocytes. 
Emerg Infect Dis. 14, 1332-1334. 

Lu, J., Zhi, N., Wong, S., and Brown, K.E. (2006). Activation of synoviocytes by the 
secreted phospholipase A2 motif in the VP1-unique region of parvovirus B19 minor 
capsid protein. J. Infect. Dis. 193, 582-590. 

Lukashov, V.V., Goudsmit, J. (2001). Evolutionary relationships among parvoviruses: 
virus-host coevolution among autonomous primate parvoviruses and links between 
adeno-associated and avian parvoviruses. J Virol. 75, 2729-2740. 

Lundqvist, A., Isa, A., Tolfvenstam, T., Kvist, G., and Broliden, K. (2005). High frequency 
of parvovirus B19 DNA in bone marrow samples from rheumatic patients. J.Clin. Virol. 
33, 71-74.  

Lundqvist, A., Tolfvenstam, T., Brytting, M., Stolt, C.M., Hedman, K., and Broliden, K. 
(1999). Prevalence of parvovirus B19 DNA in bone marrow of patients with 
haematological disorders. Scand. J. Infect. Dis. 31, 119-122. 

Lurcharchaiwong, W., Chieochansin, T., Payungporn, S., Theamboonlers, A., 
Poovorawan, Y. (2008). Parvovirus 4 (PARV4) in serum of intravenous drug users and 
blood donors. Infection. 36, 488–491. 

Lyon, D.J., Chapman, C., Martin, C., Brown, K.E., Clewley, J.P., Flower, A.J., Mitchell, V.E. 
(1989). Symptomatic parvovirus B19 infection and heat-treated factor IX concentrate. 
Lancet. 1, 1085. 

Lüsebrink, J., Schildgen, V., Tillmann, R.L., Wittleben, F., Böhmer, A., Müller, A., 
Schildgen, O. (2011). Detection of head-to-tail DNA sequences of human bocavirus in 
clinical samples.PLoS One. 6e194577/s15010-008-7336-4. 

Ma, X., Endo, R., Ishiguro, N., Ebihara, T., Ishiko, H., Ariga, T., and Kikuta, H. (2006). 
Detection of human bocavirus in Japanese children with lower respiratory tract 
infections. J. Clin. Microbiol. 44, 1132-1134. 

Maggi, F., Andreoli, E., Pifferi, M., Meschi, S., Rocchi, J., and Bendinelli, M. (2007). 
Human bocavirus in Italian patients with respiratory diseases. J. Clin. Virol. 38, 321-325. 

Manning, A., Russell, V., Eastick, K., Leadbetter, G.H., Hallam, N., Templeton, K., 
Simmonds, P. (2006). Epidemiological profile and clinical associations of human 
bocavirus and other human parvoviruses. J. Infect. Dis. 194, 1283-1290. 

Manning, A., Willey, S.J., Bell, J.E., and Simmonds, P. (2007). Comparison of Tissue 
Distribution, Persistence, and Molecular Epidemiology of Parvovirus B19 and Novel 
Human Parvoviruses PARV4 and Human Bocavirus. J. Infect. Dis. 195, 1345-1352. 



 

110 

 

Mantke, O., Nitsche, A., Meyer, R., Klingel, K., Niedrig, M. (2004). Analysing myocardial 
tissue from explanted hearts of heart transplant recipients and multi-organ donors for 
the presence of parvovirus B19 DNA. J Clin Virol. 31, 32-39. 

Martin, E.T., Taylor, J., Kuypers, J., Magaret, A., Wald, A., Zerr, D., Englund, J.A. (2009). 
Detection of bocavirus in saliva of children with and without respiratory illness. J Clin 
Microbiol. 47, 4131-4132. 

Meriluoto, M., Hedman, L.. Tanner, L., Simell, V., Mäkinen, M., Simell, S., Mykkänen, J., 
Korpelainen, J., Ruuskanen, O., Ilonen, J., Knip, M., Simell, O., Hedman, K., Söderlund-
Venermo, M. (2012). Association of human bocavirus 1 infection with respiratory 
disease in childhood follow-up study, Finland. Emerg Infect Dis. 18, 264-271. 

Mitui, M.T., Bin Tabib, S.M.S., Matsumoto, T., Khanam, W., Ahmed, S., Mori, D., Akhter, 

N., Yamada, K., Kabir, L., Nishizono, A., Söderlund-Venermo, M., Ahmed K. (2012). 
Detection of human bocavirus in the cerebrospinal fluid of children with encephalitis. 
Clin Infect Dis. 54, 964-967. 

Miller, E., Fairley, C.K., Cohen, B.J., and Seng, C. (1998). Immediate and long term 
outcome of human parvovirus B19 infection in pregnancy. Br. J. Obstet. Gynaecol. 105, 
174-178. 

Moffatt, S., Yaegashi, N., Tada, K., Tanaka, N., and Sugamura, K. (1998). Human 
parvovirus B19 nonstructural (NS1) protein induces apoptosis in erythroid lineage cells. 
J. Virol. 72, 3018-3028. 

Mori, K., Munakata, Y., Saito, T., Tani, J., Nakagawa, Y., Hoshikawa, S., Ozaki, H., Ito, S., 
Yoshida, K. (2007). Intrathyroidal persistence of human parvovirus B19 DNA in a patient 
with Hashimoto's thyroiditis. J Infect. 55, 29-31.  

Munakata, Y., Kato, I., Saito, T., Kodera, T., Ishii, K.K., and Sasaki, T. (2006). Human 
parvovirus B19 infection of monocytic cell line U937 and antibody-dependent 
enhancement. Virology. 345, 251-257. 

Munakata, Y., Saito-Ito, T., Kumura-Ishii, K., Huang, J., Kodera, T., Ishii, T., Hirabayashi, 
Y., Koyanagi, Y., and Sasaki, T. (2005). Ku80 autoantigen as a cellular coreceptor for 
human parvovirus B19 infection. Blood. 106, 3449-3456. 

Munro, K., Croxson, M.C., Thomas, S., Wilson, N.J. (2003). Three cases of myocarditis in 
childhood associated with human parvovirus (B19 virus). Pediatr Cardiol. 24, 473-475. 

Murry, C.E., Jerome, K.R., Reichenbach, D.D. (2001). Fatal parvovirus myocarditis in a 5-
year-old girl. Hum Pathol. 32, 342-345. 

Naides, S.J. (1993). Parvovirus B19 infection. Rheum. Dis. Clin. North Am. 19, 457-475. 



 

111 

 

Naides, S.J., Scharosch, L.L., Foto, F., and Howard, E.J. (1990). Rheumatologic 
manifestations of human parvovirus B19 infection in adults. Initial two-year clinical 
experience. Arthritis Rheum. 33, 1297-1309. 
 
Naides, S.J., and Weiner, C.P. (1989). Antenatal diagnosis and palliative treatment of 
non-immune hydrops fetalis secondary to fetal parvovirus B19 infection. Prenat. Diagn. 
9, 105-114. 

Nguyen, Q.T., Wong, S., Heegaard, E.D., and Brown, K.E. (2002). Identification and 
characterization of a second novel human erythrovirus variant, A6. Virology. 301, 374-
380. 

Nguyen, Q.T., Sifer, C., Schneider, V., Allaume, X., Servant, A., Bernaudin, F., Auguste, 
V., and Garbarg-Chenon, A. (1999). Novel human erythrovirus associated with transient 
aplastic anemia. J. Clin. Microbiol. 37, 2483-2487. 

Nguyen, Q.T., Sifer, C., Schneider, V., Bernaudin, F., Auguste, V., and Garbarg-Chenon, 
A. (1998). Detection of an erythrovirus sequence distinct from B19 in a child with acute 
anaemia. Lancet. 352, 1524. 

Nikkari, S., Roivainen, A., Hannonen, P., Mottonen, T., Luukkainen, R., Yli-Jama, T., and 
Toivanen, P. (1995). Persistence of parvovirus B19 in synovial fluid and bone marrow. 
Ann. Rheum. Dis. 54, 597-600. 

Norbeck, O., Papadogiannakis, N., Petersson, K., Hirbod, T., Broliden, K., 

andTolfvenstam, T. (2002). Revised clinical presentation of parvovirus B19-associated 

intrauterine fetal death. Clin. Infect. Dis. 35, 1032-1038.  

Oh, D.J., Lee, Y.L., Kang, J.W., Kwon, S.Y., Cho, N.S. (2010). Investigation of the 
prevalence of human parvovirus B19 DNA in Korean plasmapheresis donors. Korean J 
Lab Med. 30, 58-64. 

Ozawa, K., Ayub, J., Hao, Y.S., Kurtzman, G., Shimada, T., and Young, N. (1987). Novel 
transcription map for the B19 (human) pathogenic parvovirus. J. Virol. 61, 2395-2406. 

Ozawa, K., Ayub, J., Kajigaya, S., Shimada, T., and Young, N. (1988a). The gene encoding 
the nonstructural protein of B19 (human) parvovirus may be lethal in transfected cells. 
J. Virol. 62, 2884-2889. 

Ozawa, K., Ayub, J., and Young, N. (1988b). Functional mapping of the genome of the 
B19 (human) parvovirus by in vitro translation after negative hybrid selection. J. Virol. 
62, 2508-2511. 

Ozawa, K., Kurtzman, G., and Young, N. (1986). Replication of the B19 parvovirus in 
human bone marrow cell cultures. Science 233, 883-886. 



 

112 

 

Ozawa, K., and Young, N. (1987). Characterization of capsid and noncapsid proteins of 
B19 parvovirus propagated in human erythroid bone marrow cell cultures. J. Virol. 61, 
2627-2630. 

Paces, J., Pavlícek, A., Paces, V. (2004). HERVd: database of human endogenous 
retroviruses. Nucleic Acids Res.30, 205-206. 

Pallier, C., Greco, A., Le Junter, J., Saib, A., Vassias, I., and Morinet, F. (1997). The 3' 
untranslated region of the B19 parvovirus capsid protein mRNAs inhibits its own mRNA 
translation in nonpermissive cells. J. Virol. 71, 9482-9489. 

Panning, M., Kobbe, R., Vollbach,.S., Drexler, J.F., Adjei ,S., Adjei,.O., Drosten, C., May, 
J., Eis-Hubinger , A.M. (2010). Novel human parvovirus 4 genotype 3 in infants, Ghana. 
Emerg Infect Dis. 16, 1143-1146 

Parrish, C.R. (1999).Host range relationships and the evolution of canine parvovirus. 
Vet Microbiol. 69, 29-40. 

Parrish, C.R., Have, P., Foreyt, W.J., Evermann, J.F., Senda, M., and Carmichael, L.E. 
(1988). The global spread and replacement of canine parvovirus strains. J. Gen. Virol. 
69 , 1111-1116. 

Parsyan, A., Kerr, S., Owusu-Ofori, S., Elliott, G., and Allain, J.P. (2006). Reactivity of 
genotype-specific recombinant proteins of human erythrovirus B19 with plasmas from 
areas where genotype 1 or 3 is endemic. J. Clin. Microbiol. 44, 1367-1375. 

Parsyan, A., Szmaragd, C., Allain, J.P., and Candotti, D. (2007). Identification and genetic 
diversity of two human parvovirus B19 genotype 3 subtypes. J. Gen. Virol. 88, 428-431. 

Penaud-Budloo, M., Le Guiner, C., Nowrouzi, A., Toromanoff, A., Chérel, Y., Chenuaud, 
P., Schmidt, M., von Kalle, C., Rolling, F., Moullier, P., Snyder, R.O. (2008). Adeno-
associated virus vector genomes persist as episomal chromatin in primate muscle. J 
Virol. 82, 7875-7885.  

Pillet, S., Annan, Z., Fichelson, S., and Morinet, F. (2003). Identification of a 
nonconventional motif necessary for the nuclear import of the human parvovirus B19 
major capsid protein (VP2). Virology. 306, 25-32. 

Ponnazhagan, S., Weigel, K.A., Raikwar, S.P., Mukherjee, P., Yoder, M.C., and 
Srivastava, A. (1998). Recombinant human parvovirus B19 vectors: erythroid cell-
specific delivery and expression of transduced genes. J. Virol. 72, 5224-5230. 

Poole, B.D., Karetnyi, Y.V., and Naides, S.J. (2004). Parvovirus B19-induced apoptosis of 
hepatocytes. J. Virol. 78, 7775-7783. 



 

113 

 

Poole, B.D., Zhou, J., Grote, A., Schiffenbauer, A., and Naides, S.J. (2006). Apoptosis of 
liver-derived cells induced by parvovirus B19 nonstructural protein. J. Virol. 80, 4114-
4121. 

Pozo, F., García-García, M.L., Calvo, C., Cuesta, I., Pérez-Breña, P., Casas, I. (2007). High 
incidence of human bocavirus infection in children in Spain. J Clin Virol. 40, 224-228. 

Pozzuto, T., von Kietzell, K., Bock, T., Schmidt-Lucke, C., Poller, W., Zobel, T., Lassner, D., 
Zeichhardt, H., Weger, S., Fechner, H. (2011). Transactivation of human parvovirus B19 
gene expression in endothelial cells by adenoviral helper functions. Virology. 411, 50-
64. 

Qiu, J., Cheng, F., Johnson, F.B., Pintel, D. (2007). The transcription profile of the 
bocavirus bovine parvovirus is unlike those of previously characterized parvoviruses. J 
Virol. 81, 12080-12085. 

Raab, U., Beckenlehner, K., Lowin, T., Niller, H.H., Doyle, S., and Modrow, S. (2002). NS1 
protein of parvovirus B19 interacts directly with DNA sequences of the p6 promoter 
and with the cellular transcription factors Sp1/Sp3. Virology. 293, 86-93. 

Reid, D.M., Reid, T.M., Brown, T., Rennie, J.A., and Eastmond, C.J. (1985). Human 
parvovirus-associated arthritis: a clinical and laboratory description. Lancet. 1, 422-425. 

Riipinen, A., Väisänen, E., Lahtinen, A., Karikoski, R., Nuutila, M., Surcel, H.M., Taskinen, 
H., Hedman, K., Söderlund-Venermo, M. (2010). Absence of human bocavirus from 
deceased fetuses and their mothers. J Clin Virol. 47, 186-188. 

Riipinen, A., Väisänen, E., Nuutila, M., Sallmen, M., Karikoski, R., Lindbohm, M.L., 
Hedman, K., Taskinen, H., Söderlund-Venermo, M. (2008). Parvovirus b19 infection in 
fetal deaths. Clin Infect Dis. 47, 1519-1525. 

Rinckel L.A., Buno B.R., Gierman T.M., Lee D.C. (2009). Discovery and analysis of a novel 
parvovirus B19 Genotype 3 isolate in the United States. Transfusion. 49, 1488-1492. 

Ringshausen FC, Tan AY, Allander T, Borg I, Arinir U, Kronsbein J, Hauptmeier BM, 
Schultze-Werninghaus G, Rohde G. (2009). Frequency and clinical relevance of human 
bocavirus infection in acute exacerbations of chronic obstructive pulmonary disease. 
Int J Chron Obstruct Pulmon Dis. 4, 111-117. 

Rugolotto, S., Padovani, E.M., Sanna, A., Chiaffoni, G.P., Marradi, P.L., Borgna-Pignatti, 
C. (1999). Intrauterine anemia due to parvovirus B19: successful treatment with 
intravenous immunoglobulins. Haematologica. 84, 668-669. 

Ruppert V, Meyer T, Balbach A, Richter A, Müller HH, Maisch B, Pankuweit S; German 
Heart Failure Network. (2011). Genotype-specific effects on left ventricular function in 



 

114 

 

parvovirus B19-positive patients with dilated cardiomyopathy. J Med Virol. 83, 1818-
1825.  

Saal, J.G., Steidle, M., Einsele, H., Muller, C.A., Fritz, P., and Zacher, J. (1992). 
Persistence of B19 parvovirus in synovial membranes of patients with rheumatoid 
arthritis. Rheumatol Int. 12, 147-151. 

Samulski, R.J., Zhu, X., Xiao, X., Brook, J.D., Housman, D.E., Epstein, N., and Hunter, L.A. 
(1991). Targeted integration of adeno-associated virus (AAV) into human chromosome 
19. EMBO J. 10, 3941-3950. 

Sanabani, S., Neto, W.K., Pereira, J., and Sabino, E.C. (2006). Sequence variability of 
human erythroviruses present in bone marrow of Brazilian patients with various 
parvovirus B19-related hematological symptoms. J. Clin. Microbiol. 44, 604-606. 

Sasaki, T., Murai, C., Muryoi, T., Takahashi, Y., Munakata, Y., Sugamura, K., and Abe, K. 
(1995). Persistent infection of human parvovirus B19 in a normal subject. Lancet. 346, 
851. 

Sato, H., Hirata, J., Kuroda, N., Shiraki, H., Maeda, Y., and Okochi, K. (1991). 
Identification and mapping of neutralizing epitopes of human parvovirus B19 by using 
human antibodies. J. Virol. 65, 5485-5490. 

Schenk, T., Enders, M., Pollak, S., Hahn, R., Huzly, D. (2009). High prevalence of human 
parvovirus B19 DNA in myocardial autopsy samples from subjects without myocarditis 
or dilative cardiomyopathy. J Clin Microbiol. 47, 106-10.  

Schildgen O, Qiu J, Söderlund-Venermo M. (2012). Genomic features of the human 
bocaviruses. Future Virol. 7, 31-39. 

Schneider, B., Fryer, J.F., Reber, U., Fischer,H.P., Tolba, R.H., Baylis, S.A., Eis-Hübinger, 
A.M.(2008b). Persistence of novel human parvovirus PARV4 in liver tissue of adults. J 
Med Viro. 80, 345-351. 

Schneider, B., Höne, A., Tolba, R.H., Fischer, H.P., Blümel, J., Eis-Hübinger, A.M. (2008a). 
Simultaneous persistence of multiple genome variants of human parvovirus B19.J Gen 
Virol. 89, 164-176. 

Schneider, B., Becker, M., Brackmann, H.H., and Eis-Hubinger, A.M. (2004). 
Contamination of coagulation factor concentrates with human parvovirus B19 
genotype 1 and 2. Thromb. Haemost. 92, 838-845. 

Schmid, S., Bossart, W., Michel, B.A., Brühlmann, P.(2007). Outcome of patients with 
arthritis and parvovirus B19 DNA in synovial membranes. Rheumatol Int. 27, 747-751. 



 

115 

 

Schmidt, I., Blümel, J., Seitz, H., Willkommen, H., Löwer, J. 2001: parvovirus B19 DNA in 
plasma pools and plasma derivatives. Vox sanguinis. 80, 228-235 

Schwartz, D., Green, B., Carmichael, L.E., and Parrish, C.R. (2002). The canine minute 
virus (minute virus of canines) is a distinct parvovirus that is most similar to bovine 
parvovirus. Virology. 302, 219-223.  

Schwarz, T.F., Wiersbitzky, S., and Pambor, M. (1994). Case report: detection of 
parvovirus B19 in a skin biopsy of a patient with erythema infectiosum. J. Med. Virol. 
43, 171-174. 

Schowengerdt, K.O., Ni, J., Denfield, S.W., Gajarski, R.J., Bowles, N.E., Rosenthal, G., 
Kearney, D.L., Price, J.K., Rogers, B.B., Schauer, G.M., Chinnock, R.E., Towbin, J.A. 
(1997). Association of parvovirus B19 genome in children with myocarditis and cardiac 
allograft rejection: diagnosis using the polymerase chain reaction. Circulation. 96, 3549-
54. 

Servant, A., Laperche, S., Lallemand, F., Marinho, V., De Saint Maur, G., Meritet, J.F., 
Garbarg-Chenon, A. (2002). Genetic diversity within human erythroviruses: 
identification of three genotypes. J. Virol. 76, 9124-9134 

Shackelton, L.A., Parrish, C.R., Holmes, E.C.(2006a). Evolutionary basis of codon usage 
and nucleotide composition bias in vertebrate DNA viruses. J Mol Evol. 62, 551-563.  

Shackelton, L.A., Holmes, E.C. (2006b). Phylogenetic evidence for the rapid evolution of 
human B19 erythrovirus. J Virol. 80, 3666-3669. 

Shackelton, L.A., Parrish, C.R., Truyen, U., and Holmes, E.C. (2005). High rate of viral 
evolution associated with the emergence of carnivore parvovirus. Proc. Natl. Acad. Sci. 
U. S. A. 102, 379-384. 

Shan, T.L., Zhang, W., Guo, W., Cui, L., Yuan, CL., Dai, X.Q., Shen, Q., Yang, Z.B., Zhu, 
J.G., Hua, X.G. (2009). The first detection of human bocavirus 2 infections in China. J 
Clin Virol. 46, 196-197.  

Sharp, C.P., Lail, A., Donfield, S., Gomperts, E.D., Simmonds, P. (2011). Virologic and 
clinical features of primary infection with human parvovirus 4 in subjects with 
hemophilia: frequent transmission by virally inactivated clotting factor 
concentrates.Transfusion. 10.1111/j.1537-2995.2011.03420 

Sharp, C.P., Vermeulen, M., Nébié, Y., Djoko, C.F., LeBreton, M., Tamoufe, U., Rimoin, 
A.W., Kayembe P.K., Carr, J.K., Servant-Delmas, A., Laperche, S., Harrison, G.L., Pybus, 
O.G., Delwart, E., Wolfe, N.D., Saville, A., Lefrère, J.J., Simmonds, P. (2010). Changing 
epidemiology of human parvovirus 4 infection in sub-Saharan Africa. Emerg Infect Dis. 
16, 1605-1608. 



 

116 

 

Sharp, C.P., Lail, A., Donfield, S., Simmons, R., Leen, C., Klenerman, P., Delwart, E., 
Gomperts, E.D., Simmonds, P. (2009). High frequencies of exposure to the novel human 
parvovirus PARV4 in hemophiliacs and injection drug users, as detected by a serological 
assay for PARV4 antibodies. J Infect Dis. 1, 1119-1125. 

Schnepp, B.C., Jensen, R.L., Chen, C.L., Johnson, P.R., Clark, K.R. (2005). 
Characterization of adeno-associated virus genomes isolated from human tissues. J 

Virol. 79, 14793-14803. 

Siegl, G., and Cassinotti, P. (1998). Presence and significance of parvovirus B19 in blood 
and blood products. Biologicals. 26, 89-94. 

Sidoti, F., Fierro, M.T., Costa, C., Ponti, R., Bergallo, M., Comessatti, A., Fumagalli, M., 
Novelli, M., Merlino, C., Cavallo, R., Bernengo, M.G. (2009). Prevalence and significance 
of human parvovirus variants in skin from primary cutaneous T cell lymphomas, 
inflammatory dermatoses and healthy subjects. Arch Dermatol Res. 301, 647-652. 

Simmonds, P., Douglas, J., Bestetti, G., Longhi, E., Antinori, S., Parravicini, C., and 
Corbellino, M. (2008). A third genotype of the human parvovirus PARV4 in sub-Saharan 
Africa. J Gen Virol. 89, 2299–2302. 

Simmonds P., Manning A., Kenneil R., Carnie F.W., Bell J.E. (2007). Parenteral 
transmission of the novel human parvovirus PARV4. Emerg Infect Dis. 13, 1386-1388. 

Sloots, T.P., McErlean, P., Speicher, D.J., Arden, K.E., Nissen, M.D., and Mackay, I.M. 
(2006). Evidence of human coronavirus HKU1 and human bocavirus in Australian 
children. J. Clin. Virol. 35, 99-102. 

Smuts, H., Workman, L., Zar, H.J. (2008). Role of human metapneumovirus, human 
coronavirus NL63 and human bocavirus in infants and young children with acute 
wheezing. J Med Virol. 80, 906-912. 

Song,, J.R., Jin, Y., Xie, Z.P., Gao, H.C., Xiao, N.G., Chen, W.X., Xu, Z.Q., Yan, K.L., Zhao, 
Y., Hou, Y.D., Duan, Z.J. (2010). Novel human bocavirus in children with acute 
respiratory tract infection. Emerg Infect Dis. 16, 324-327. 

Sol, N., Le Junter, J., Vassias, I., Freyssinier, J.M., Thomas, A., Prigent, A.F., Rudkin, B.B., 
Fichelson, S., and Morinet, F. (1999). Possible interactions between the NS-1 protein 
and tumor necrosis factor alpha pathways in erythroid cell apoptosis induced by human 
parvovirus B19. J. Virol. 73, 8762-8770. 

Song, J.R., Jin, Y., Xie, Z.P., Gao, H.C., Xiao, N.G., Chen, W.X., Xu, Z.Q., Yan, K.L., Zhao, Y., 
Hou, Y.D., Duan, Z.J. (2010). Novel human bocavirus in children with acute respiratory 
tract infection. Emerg Infect Dis.16, 324-327. 



 

117 

 

St Amand, J., Beard, C., Humphries, K., and Astell, C.R. (1991). Analysis of splice 
junctions and in vitro and in vivo translation potential of the small, abundant B19 
parvovirus RNAs. Virology. 183, 133-142.  

Stewart, G.C., Lopez-Molina, J., Gottumukkala, R.V., Rosner, G.F., Anello, M.S., Hecht, 
J.L., Winters, G.L., Padera, R.F., Baughman, K.L., Lipes, M.A. (2010). Myocardial 
parvovirus B19 persistence: lack of association with clinicopathologic phenotype in 
adults with heart failure. Circ Heart Fail. 4, 71-78.  

Stahl, H.D., Pfeiffer, R., Emmrich, F. (2000).Intravenous treatment with 
immunoglobulins may improve chronic undifferentiated mono and oligoarthritis. Clin 
Exp Rheumatol. 18, 515-7. 

Streck, A.F., Bonatto, S.L., Homeier, T., Souza, C.K., Gonçalves, K.R., Gava, D., Canal, 
C.W., Truyen, U. (2011). High rate of viral evolution in the capsid protein of porcine 
parvovirus. J Gen Virol. 92, 2628-2636. 

Surosky, R.T., Urabe, M., Godwin, S.G., McQuiston, S.A., Kurtzman, G.J., Ozawa, K., 
Natsoulis, G. (1997). Adeno-associated virus Rep proteins target DNA sequences to a 
unique locus in the human genome. J Virol. 71, 7951-7959. 

Szomor, K.N., Kapusinszky, B., Rigó, Z., Kis, Z., Rózsa, M., Farkas, A., Szilágyi, A., 
Berencsi, G., Takács, M. (2009). Detection of human bocavirus from fecal samples of 
Hungarian children with acute gastroenteritis. Intervirology. 52, 17-21.  

Söderlund, M., von Essen, R., Haapasaari, J., Kiistala, U., Kiviluoto, O., and Hedman,K. 
(1997a). Persistence of parvovirus B19 DNA in synovial membranes of young patients 
with and without chronic arthropathy. Lancet. 349, 1063-1065. 

Söderlund, M., Ruutu, P., Ruutu, T., Asikainen, K., Franssila, R., and Hedman, K.(1997b). 
Primary and secondary infections by human parvovirus B19 following bone marrow 
transplantation: characterization by PCR and B-cell molecular immunology. Scand. J. 
Infect. Dis. 29, 129-135. 

Söderlund, M. (1996) Human parvovirus B19. Development and application of new 
diagnostic methods based on molecular immunology and PCR. Helsinki, Finland. 

Söderlund, M., Brown, C.S., Cohen, B.J., and Hedman, K. (1995a). Accurate 
serodiagnosis of B19 parvovirus infections by measurement of IgG avidity. J. Infect. Dis. 
171, 710-713. 

Söderlund, M., Brown, C.S., Spaan, W.J., Hedman, L., and Hedman, K. (1995b). Epitope 
type-specific IgG responses to capsid proteins VP1 and VP2 of human parvovirus B19. J. 
Infect. Dis. 172, 1431-1436. 



 

118 

 

Söderlund-Venermo, M., Lahtinen, A., Jartti, T., Hedman, L., Kemppainen, K., Lehtinen, 
P., Allander, T., Ruuskanen, O., Hedman, K. (2009). Clinical assessment and improved 
diagnosis of bocavirus-induced wheezing in children, Finland. Emerg Infect Dis. 15, 
1423-1430. 

Söderlund-Venermo, M., Hokynar, K., Nieminen, J., Rautakorpi, H., and Hedman, K. 
(2002). Persistence of human parvovirus B19 in human tissues. Pathol. Biol. 50, 307-
316. 

Szelei, J., Liu, K., Li, Y., Fernandes, S., Tijssen, P. Parvovirus 4-like virus in blood 
products. (2010). Emerg Infect Dis. 16, 561-564. 

Tschöpe, C., Bock, C.T., Kasner, M., Noutsias, M., Westermann, D., Schwimmbeck, P.L., 
Pauschinger, M., Poller , W.C., Kühl, U., Kandolf, R., Schultheiss, H.P. (2005). High 
prevalence of cardiac parvovirus B19 infection in patients with isolated left ventricular 
diastolic dysfunction. Circulation. 111, 879-886.  

Tanawattanacharoen, S., Falk, R.J., Jennette, J.C., Kopp, J.B. (2000). Parvovirus B19 DNA 
in kidney tissue of patients with focal segmental glomerulosclerosis. Am J Kidney Dis. 
35, 1166-1174. 

Tattersall, P. (2006). The evolution of parvovirus taxonomy. In Parvoviruses, Kerr, J.R., 
Cotmore, S. F., Bloom, M. E., Linden, R. M. and Parrish, C. R. eds., (Great Britain: 
Hodder Arnold) pp. 5-14. 

Tomasini, D., Tomasini, C.F., Cerri, A., Sangalli, G., Palmedo, G., Hantschke, M., 
Kutzner, H. (2004). Pityriasis lichenoides: a cytotoxic T-cell-mediated skin 
disorder. Evidence of human parvovirus B19 DNA in nine cases. Cutan Pathol. 
2004 31, 531-538. 

Touinssi, M., Reynaud-Gaubert, M., Gomez, C., Thomas, P., Dussol, B. (2011). 
Parvovirus 4 in French in-patients: a study of hemodialysis and lung transplant cohorts. 
J Med Virol. 83, 717–720. 

Tozer, S.J., Lambert, S.B., Whiley, D.M., Bialasiewicz, S., Lyon, M.J., Nissen, M.D., 
Sloots, T.P. (2009). Detection of human bocavirus in respiratory, fecal, and blood 
samples by real-time PCR. J Med Virol. 81, 488-493. 

Tuke, P.W., Parry, R.P., Appleton, H. (2010). Parvovirus PARV4 visualization and 
detection. J Gen Virol. 91, 541-544. 

Vallerini D, Barozzi P, Quadrelli C, Bosco R, Potenza L. (2008). Parvoviruses in blood 
donors and transplant patients, Italy. Emerg Infect Dis. 14, 185–186. 



 

119 

 

Vihinen-Ranta M., and Parrish C. (2006). Cell infection process of autonomous 
parvoviruses. In Parvoviruses, Kerr, J.R., Cotmore, S. F., Bloom, M. E., Linden, R. 
M. and Parrish, C. R. eds., (Great Britain: Hodder Arnold) pp. 157-164. 

Vicente, D., Cilla, G., Montes, M., Pérez-Yarza, E.G., Pérez-Trallero, E. (2007). 
Human bocavirus, a respiratory and enteric virus. Emerg Infect Dis. 13, 636-637. 

von Linstow, M.L., Høgh, M., Høgh, B. (2008). Clinical and epidemiologic 
characteristics of human bocavirus in Danish infants: results from a prospective 
birth cohort study. Pediatr Infect Dis J. 27, 897-902. 

Vuorinen, T., Lammintausta, K., Kotilainen, P., and Nikkari, S. (2002). Presence of 
parvovirus B19 DNA in chronic urticaric and healthy human skin. J. Clin. Virol. 25, 
217-221. 

Wang, Y., Gonzalez, R., Zhou, H., Li, J., Li, Y., Paranhos-Baccalà, G., Vernet, G., Guo, L., 
Wang, J. (2011). Detection of human bocavirus 3 in China. Eur J Clin Microbiol Infect 
Dis. 30, 799-805. 

Wang, J., Zhang, W., Liu, H., Wang, D., Wang, W., Li, Y., Wang, Z., Wang, L., 
Zhang, W., Huang, G.(2010a). Parvovirus B19 infection associated with 
Hashimoto's thyroiditis in adults.J Infect. 60, 360-370.  

Wang, K., Wang, W., Yan, H., Ren, P., Zhang, J., Shen, J., Deubel, V. (2010b). 
Correlation between bocavirus infection and humoral response, and co-infection 
with other respiratory viruses in children with acute respiratory infection. J Clin 
Virol. 47, 148-155. 

Wang, C., Heim, A., Schlaphoff, V., Suneetha, P.V., Stegmann, K.A., Jiang, H., 
Krueger, M., Fytili, P., Schulz, T., Cornberg, M., Kandolf, R., Manns, M.P., Bock, 
C.T., Wedemeyer, H. (2009). Intrahepatic long-term persistence of parvovirus 
B19 and its role in chronic viral hepatitis. J Med Virol. 81, 2079-2088. 

Wang, J.H., Zhang, W.P., Liu, H.X., Wang, D., Li, Y.F., Wang, W.Q., Wang, L., He, F.R., 
Wang, Z., Yan, Q.G., Chen, L.W., Huang, G.S. (2008). Detection of human parvovirus B19 
in papillary thyroid carcinoma. Br J Cancer. 12, 611-618.  

Willkommen H., Schmidt I., Löwer J. (1999). Safety issues for plasma derivatives and 
benefit from NAT testing. Biologicals. 27, 325-331. 

Weigel-Kelley, K.A., Yoder, M.C., and Srivastava, A. (2003). Alpha5beta1 integrin as a 
cellular coreceptor for human parvovirus B19: requirement of functional activation of 
beta1 integrin for viral entry. Blood 102, 3927-3933. 



 

120 

 

Weigel-Kelley, K.A., Yoder, M.C., and Srivastava, A. (2001). Recombinant human 
parvovirus B19 vectors: erythrocyte P antigen is necessary but not sufficient for 
successful transduction of human hematopoietic cells. J. Virol. 75, 4110-4116. 

White, D.G., Woolf, A.D., Mortimer, P.P., Cohen, B.J., Blake, D.R., and Bacon, P.A. 
(1985). Human parvovirus arthropathy. Lancet 1, 419-421. 

Woolf, A.D., Campion, G.V., Chishick, A.,Wise, S., Cohen, B.J., Klouda, P.T., Caul, O. 
Dieppe, P.A. (1989). Clinical manifestations of human parvovirus B19 in adults. Arc 
Intern Med. 149, 1153-1156. 

Wong, S., Young, N.S., and Brown, K.E. (2003). Prevalence of parvovirus B19 in liver 
tissue: no association with fulminant hepatitis or hepatitis-associated aplastic anemia. 
J.Infect. Dis. 187, 1581-1586. 

Yee, T.T., Cohen, B.J., Pasi, K.J., Lee, C.A. (1996). Transmission of symptomatic 
parvovirus B19 infection by clotting factor concentrate. Br J Haematol. 93, 457-459. 

Yee, T.T., Lee, C.A., and Pasi, K.J. (1995). Life-threatening human parvovirus B19 
infection in immunocompetent haemophilia. Lancet 345, 794-795. 

Yoto, Y., Kudoh, T., Haseyama, K., Suzuki, N., and Chiba, S. (1996). Human parvovirus 
B19 infection associated with acute hepatitis. Lancet 347, 868-869. 

Yoto, Y., Qiu, J., and Pintel, D.J. (2006). Identification and characterization of two 
internal cleavage and polyadenylation sites of parvovirus B19 RNA. J. Virol. 80, 1604-
1609. 

Yu, J.M., Li, D.D., Xu, Z.Q., Cheng, W.X., Zhang, Q., Li, H.Y., Cui, S.X., Miao-Jin, Yang, S.H., 
Fang, Z.Y., Duan, Z.J. (2008). Human bocavirus infection in children hospitalized with 
acute gastroenteritis in China. J Clin Virol. 4, 280-285.  

Zadori, Z., Szelei, J., Lacoste, M.C., Li, Y., Gariepy, S., Raymond, P., Allaire, M.,Nabi, I.R., 
and Tijssen, P. (2001). A viral phospholipase A2 is required for parvovirus infectivity. 
Dev. Cell. 1, 291-302. 

Zakrzewska; K., Corcioli, F., Carlsen, K.M., Giuggioli, D., Fanci, R., Rinieri, A., Ferri, C., 

Azzi, A. (2009). Human parvovirus B19 (B19V) infection in systemic sclerosis patients. 

Intervirol. 52, 279-282.  

Zakrzewska, K., Cortivo, R., Tonello, C., Panfilo, S., Abatangelo, G., Giuggioli, D., Ferri, C., 
Corcioli, F., and Azzi, A. (2005). Human parvovirus B19 experimental infection in human 
fibroblasts and endothelial cells cultures. Virus Res. 114, 1-5. 



 

121 

 

Zakrzewska, K., Azzi, A., De Biasi, E., Radossi, P., De Santis, R., Davoli, P.G., and 
Tagariello, G. (2001). Persistence of parvovirus B19 DNA in synovium of patients with 
haemophilic arthritis. J. Med. Virol. 65, 402-407.  

Zhi, N., Mills, I.P., Lu, J., Wong, S., Filippone, C., and Brown, K.E. (2006). Molecular and 
functional analyses of a human parvovirus B19 infectious clone demonstrates essential 
roles for NS1, VP1, and the 11-kilodalton protein in virus replication and infectivity. J. 
Virol. 80, 5941-5950. 

Zhi, N., Zádori, Z., Brown, K.E., Tijssen, P. (2004). Construction and sequencing of an 
infectious clone of the human parvovirus B19. Virology. 5, 142-152. 



 

122 

 

Reprints of original publications 

 




