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ABSTRACT 

Puttaraksa, Kanoktip 
Pathogenic Mechanisms of how Human Parvovirus Breaks Self-tolerance 
Jyväskylä: University of Jyväskylä, 2017, 76 p. 
(Jyväskylä Studies in Biological and Environmental Science 
ISSN 1456-9701; 330) 
ISBN 978-951-39-7114-4 (print) 
ISBN 978-951-39-7115-1 (PDF) 
Yhteenveto: Ihmisen parvoviruksen mekanismit immunologisen toleranssin 
nujertamisessa 
Diss. 

It is known that viral infections can cause acute, chronic, and autoimmune diseases 
(ADs). However, the mechanism of how a persistent viral infection contributes to ADs 
remains still unclear. In this thesis, pathological and immunological aspects of how 
common viruses can initiate autoimmunity were investigated, and human parvovirus 
B19 (B19V) was employed as a model virus. B19V non-structural protein 1 (NS1), a 
superfamily 3 (SF3) helicase, initiated DNA damage resulting in cellular apoptosis. The 
apoptotic bodies (ApoBods) induced by B19V NS1 were purified and characterized. 
These ApoBods contained viral NS1 proteins with modified autoimmune-associated 
self-antigens, e.g. DNA, Smith, Apolipoprotein H, and histone 4. Subsequently, in vitro 
B19V-induced ApoBods were phagocytized by macrophages that produced pro-
inflammatory cytokines and chemokines such as sICAM-1, IL-8, TNF- , and IFN- . 
Furthermore in vivo, the properties of viral-induced ApoBods causing immune 
responses were examined by immunization of these viral ApoBods to the non-
autoimmune mice. Pathogenesis of systemic lupus erythematosus (SLE)-like disease 
was assessed in mice by observing the production of autoantibodies against dsDNA, as 
well as inflammation and destruction in major organs. Glomerulonephritis was also 
identified within the mice as an indicator of lupus nephritis. It is speculated that 
epitope spreading and cryptic epitope are the key mechanisms to activate immune 
reactions leading to autoimmunity. Moreover, the clinical research indicated that 
antibodies against viral ApoBods, a novel antigen, were detected in chronic B19V 
infection and SLE-like patients. We hypothesize that the components of ApoBods, such 
as DNA and Smith, were the influential targets for stimulating autoimmunity in the 
host. Ineffective phagocytosis of viral-induced ApoBods could enable the release of 
viral proteins and self-antigens that participate in the collapse of immunological 
tolerance. In summary, ApoBods created by chronic viral infections can participate in 
the destruction of self-tolerance.  

 
Keywords: Autoimmunity; apoptosis; apoptotic bodies; autoantibodies; human 
parvovirus B19; non-structural protein 1; self-antigens. 
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1 INTRODUCTION  

Viruses are small infectious pathogens that can result in multiple diseases in 
their specific host. They are obligate intracellular parasites, and their genomic 
replication is completely dependent on the host’s cell machinery. Viruses 
contribute to infections through the following processes, e.g. entry to the host, 
translocation to the nucleus, replication of viral genomes, assembly into new 
progeny virions, and spreading to target cells. Newly replicated viruses are 
released to the environment and may directly spread to the sensitive target 
organs to propagate a particular disease. Infections result in damage that force 
infected cells to die (Smith A.E. and Helenius 2004). 

Viral infections are an important environmental factor to trigger 
autoimmunity. The paradigm of viral infections in association with 
autoimmunity has been intensively investigated in the past decades. 
Pathogenesis is the process of infections that leads to diseases. Autoimmune 
diseases (ADs) are chronic diseases that are developed as a consequence of 
autoimmunity circumstances, such as the presence of circulating autoantibodies 
against self-antigens and tissue damage due to irregular immune reactions 
(WHO 2006). The immune system is a part of the host defense mechanism to 
protect against damage caused by pathogenic agents. The major environmental 
pathogenic agents are bacteria and viruses. Typically, the immune system can 
distinguish between host tissues or “self-antigens” and pathogens or “foreign-
antigens”. Immune reactions are unresponsive to self-antigens, termed as self-
tolerance. Breakdown of self-tolerance leads to the development of aberrant 
immune reactions against self-antigens resulting in the initiation of 
autoimmunity and pathogenesis of ADs (Kamradt and Mitchison 2001, WHO 
2006, Sakaguchi et al. 2008). Currently, there are more than 80 identified ADs 
(NIH 2012) that affect approximately 3 – 5% of the population worldwide 
(WHO 2006) and 5 – 10% of the western population (Jacobson et al. 1997, WHO 
2006, Shapira et al. 2010, NIH 2012).  

Many common viruses, including Epstein-Barr virus (EBV) or human 
herpesvirus 4 (HHV4), cytomegalovirus (CMV) or human herpesvirus 5 
(HHV5), hepatitis C virus (HCV), adeno-associated virus 2 (AAV2), and human 
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parvovirus B19 (B19V), are known to participate in multiple ADs (Cohen B.J. 
and Buckley 1988, Sekigawa et al. 2002, James et al. 2003, Posnett and Yarilin 
2005, Barzilai et al. 2007, Kerr J.R. 2016). These common viruses are involved in 
a broad array of ADs, for example, systemic lupus erythematosus (SLE), 
rheumatoid arthritis (RA), myocarditis, fulminant liver failure, and systemic 
sclerosis (Posnett and Yarilin 2005, Getts et al. 2013, Kerr J.R. 2016). Incidentally, 
many of these common viruses are categorized in the superfamilies (SF) 
helicase protein family, e.g. BBLF4 of EBV (Gorbalenya et al. 1988), UL105 of 
CMV (Smith J.A. et al. 1996), NS3 of HCV (Kadare and Haenni 1997), Rep40 of 
AAV2 (James et al. 2003), and NS1 of B19V (Gorbalenya et al. 1990). These 
viruses have helicase properties that bind and separate their own DNA strands 
for replication processes. Some of these viruses including B19V have the ability 
to bind host DNA that leads to DNA damage and cell death by apoptosis 
(Schmidt et al. 2000, Hickman and Dyda 2005, Poole et al. 2011). Therefore, B19V 
was used as a model virus in this thesis to investigate the mechanism of how 
common viruses, that have helicase properties, contribute to the pathogenesis of 
ADs. The non-structural protein 1 (NS1) from a B19V infection has been 
proposed to have a central role in the contribution of ADs (Moffatt et al. 1996, 
Tsay and Zouali 2006, Poole et al. 2011); however, the exact mechanism of its 
involvement remains still unclear. 

The aim of this study was to explore the pathogenic mechanism of how 
common viruses break self-tolerance. Results obtained in the thesis 
demonstrated the properties of recombinant B19V NS1 protein, a superfamily 3 
(SF3) helicase, in initiating apoptosis of mammalian cells and creation of 
ApoBods that contained various self-antigens associated with autoimmunity. 
The clinical results confirmed that antibodies against B19V NS1-induced 
ApoBods, a new antigen in B19V diagnosis, were highly detected in chronic 
B19V infection and autoimmune-associated patients. Furthermore, immunized 
non-autoimmune mice with B19V NS1-induced ApoBods activated systemic 
autoimmunity in multiple organs such as glomerulonephritis, a clinical 
manifestation of lupus nephritis. As a result, induction of apoptosis and 
formation of apoptotic bodies are the crucial influence of B19V infection to 
disrupt self-tolerance. I hypothesize here that epitope spreading and 
presentation of cryptic self-epitopes to activate autoreactive lymphocytes are 
the primary mechanisms of how B19V contributes to immune reactions against 
self-antigens, via these NS1 induced ApoBods. Therefore, results of this thesis 
have aided in improving diagnostics for viral infections and provided insights 
for therapeutic interventions so that ADs are prevented. 



2 REVIEW OF THE LITERATURE 

2.1 Parvoviruses 

Parvoviruses belong to the Parvoviridae family and are pathogenic among many 
species of vertebrate (e.g. rodents, humans) and invertebrate (e.g. arthropods, 
insects) hosts (Cotmore et al. 2014, Anon. 2015). There are two subfamilies 
distinguished by their ability to infect hosts, including Parvovirinae and 
Densovirinae. Parvovirinae subfamily infects vertebrate hosts, while Densovirinae 
subfamily infects invertebrate hosts. The International Committee on 
Taxonomy of Viruses (ICTV) has recently approved that the members of 
Parvovirinae subfamily are classified into 8 genera, including Amdoparvovirus, 
Aveparvovirus, Bocaparvovirus, Copiparvovirus, Dependoparvovirus, 
Erythroparvovirus, Protoparvovirus, and Tetraparvovirus. The members of 
Densovirinae subfamily are classified into 5 genera, including Ambidensovirus, 
Brevidensovirus, Hepandensovirus, Iteradensovirus, and Penstyldensovirus (Cotmore 
et al. 2014, Anon. 2015). The pathogenesis of Parvovirinae subfamily was the 
main interest since members in this class are known to trigger various diseases 
in vertebrates. The summary of specific hosts, genomic structures, and clinical 
spectrum of viruses in the Parvovirinae subfamily is illustrated in Table 1. 

2.1.1 Genomic structure of parvoviruses 

Parvoviruses are small, isometric, non-enveloped DNA viruses that contain 
linear and single-stranded genomes, approximately 4 – 6 kilobases in length. 
Parvo or parvus means small, which is a hallmark characteristic of viruses in this 
family. Their genomes are enclosed within an icosahedral capsid (T = 1) 
consisting of 60 structural subunits, which is 18 – 26 nm in diameter (Agbandje 
et al. 1995, Cotmore and Tattersall 1995, Tu et al. 2015).  
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TABLE 1   Representative members of each genus in Parvovirinae subfamily according to 
the approval by the International Committee on Taxonomy of Viruses (ICTV) 
report 2015 (Cotmore et al. 2014, Anon. 2015). Specific hosts, genomic 
structures, and spectrum of clinical manifestations of each virus have been 
illustrated. 

Genus Virus Specific 
hosts 

Genomic 
structure Clinical spectrum Additional 

references 
Amdoparvovirus Aleutian 

mink 
disease 
virus 
(AMDV) 

Mink, 
Ferret 

NS1, NS2, 
NS3, VP1, 
VP2 

Glomerulonephritis, 
Splenomegaly, 
Arteritis, 
Spontaneous abortion 

(Cheng et al. 
2010, Huang et 
al. 2014) 

Aveparvovirusa Chicken 
parvovirus 
(ChPV) 

Chicken, 
Bird 

NS1, NP1, 
VP1, VP2 

Enteritic syndromes, 
Runting stunting 
syndrome (RSS) 

(Day and Zsak 
2010, Spatz et al. 
2013) 

Bocaparvovirus Bovine 
parvovirus 
(BPV) 

Bovine NS1, NS2, 
NP1, VP1, 
VP2 

Acute gastroenteritis, 
Spontaneous abortion 
and fetal death 

(Qiu J. et al. 
2007, Kailasan et 
al. 2015) 

Human 
bocavirus 
(HBoV) 

Human NS1, NP1, 
VP1, VP2 

Lower respiratory 
tract infections (LRTI) 

(Allander et al. 
2005) 

Copiparvovirusa BPV2 Bovine, 
Swine 

NS, VP Data not available (Allander et al. 
2001, Cibulski et 
al. 2016)  

Dependoparvovirus Adeno-
associated 
virus 
(AAV) 

Human Rep40, 
Rep52, 
Rep68, 
Rep78, 
VP1, VP2, 
VP3 

Hemophilia, Cystic 
fibrosis, Rheumatoid 
arthritis 

 

(Wu et al. 2006)  

Goose 
parvovirus 
(GPV) 

Goose 
 

Rep1, 
Rep2, 
VP1, VP2, 
VP3 

Derzsy’s or Hepatitis 
disease 

 

(Qiu J.M. et al. 
2005, Ju et al. 
2011) 

Erythroparvovirus Human 
parvovirus 
B19 (B19V) 

Human 7.5-kDa, 
11-kDa, 
NS1, VP1, 
VP2 

Fifth disease, 
Transient aplastic 
crisis, Chronic 
anemia, Hydrops 
fetalis, Arthritis 

(Heegaard and 
Brown 2002, Zhi 
et al. 2006) 

Protoparvovirus Canine 
parvovirus 
(CPV) 

Dogs, 
Cats 

NS1, NS2, 
VP1, VP2, 
VP3 

Myocarditis, 
Temporary 
Panleukopenia, 
Lymphopenia 

(Tsao et al. 1991) 

Minute 
virus of 
mice 
(MVM) 

Murine NS1, NS2, 
VP1, VP2, 
VP3 

Severe leukopenia, 
Dysregulation of 
hemopoiesis 

(Tullis et al. 
1988, Young P.J. 
et al. 2005, 
Lopez-Bueno et 
al. 2008) 

Porcine 
parvovirus 
(PPV) 

Swine NS1, NS2, 
SATb, 
VP1, VP2, 
VP3 

Embryonic and fetal 
death, Dermatitis, 
Nephritis 

 
(Ranz et al. 1989, 
Zadori et al. 
2005) 

Tetraparvovirusa Human 
parvovirus 
4 (PARV4) 

Human NS1, VP1, 
VP2 

Hepatitis, 
Encephalitis 

(Jones M.S. et al. 
2005, Lou et al. 
2012b, Matthews 
et al. 2014) 

VP, viral protein; NS, non-structural protein; NP, nuclear phosphoprotein; kDa, kilodalton 
aNewly approved classifications 

bSAT, small open reading frame, is a late non-structural protein of PPV and expressed from the same mRNA as VP2 
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The parvoviral genome mostly has two open reading frames (ORF), including 
the ORF on the left side that encodes for non-structural proteins (NS or Rep) 
that are replication proteins, and the ORF on the right side that encodes for two 
or three viral proteins (VP or Cap) that are structural proteins that assemble 
into the viral capsid (Agbandje et al. 1995, Cotmore and Tattersall 1995, Tu et al. 
2015). There are few parvoviruses that code for more than two ORF, for 
example Bocaparvovirus contains an additional ORF in between the main two 
ORFs, which encodes for a nuclear phosphoprotein 1 (NP1) (Lederman et al. 
1984, Schwartz et al. 2002, Kapoor et al. 2012).  

2.1.1.1 Structural proteins 
In general, Parvovirinae viruses contain VP1 – VP3 whereas the Densovirinae 
viruses contain VP1 – VP4 (Meng et al. 2013). VP1 consists of the minor capsid 
protein, approximately 5% of the total particle in the capsid. Conformation 
alterations of VP1 and the exposure of its N-terminal play a crucial role in 
parvovirus infections. VP1 has a phospholipase A2 (PLA2) domain which is 
essential for early steps of viral entry, and a nuclear localization signal (NLS) 
that navigates the viral genome into the host nucleus (Zadori et al. 2001, Ros et 
al. 2006, Tu et al. 2015). VP1 N-terminal is originally located internally but is 
exposed when the virus is in altered environment, e.g. heat and low pH, though 
it is an irreversible process (Zadori et al. 2001, Ros et al. 2006, Tu et al. 2015). The 
major capsid protein, VP2, is highly conserved. Its activities are necessary in 
cellular receptor recognition that results in the internalization in the host, 
nuclear translocation, and spreading of the replicated viruses to neighbour cells 
(Pillet et al. 2003, Meng et al. 2013, Tu et al. 2015). In B19V, the N-terminal of VP2 
has a NLS domain that function in nuclear transport activity (Pillet et al. 2003). 
In minute virus of mice (MVM), the N-terminal of VP2 has a short amino acid 
sequence, known as 2Nt, which is exposed outside of capsids. This 2Nt 
sequence has a nuclear export signal (NES) for efficient exit of the viral capsids 
from the nucleus (Maroto et al. 2004). The VP3 is identified in few parvoviruses, 
e.g. MVM and goose parvovirus (GPV) (Tu et al. 2015). VP3 is an amino acid
sequence that is cleaved from the N-terminal of VP2 during host cell entry
(Agbandje-McKenna et al. 1998), and capsid assembly (Padron et al. 2005, Tu et
al. 2015).

The role of VP3 remains unclear, but it possibly plays an essential role in 
cellular binding, antigenic properties, and genomic DNA packaging (Padron et 
al. 2005). The VP4 is basically seen in Densovirinae subfamily, e.g. Acheta 
domesticus densovirus (Meng et al. 2013), Junonia coenia densovirus (Bruemmer 
et al. 2005), and Galleria mellonella densovirus (Simpson et al. 1998). The sequence 
of VP4 starts with the conserved polyglycine motif residues at the N-terminus 
of VP1 (Simpson et al. 1998); however, VP4 has no glycine-rich sequence like 
other VPs (Meng et al. 2013). The conserved glycine-rich sequence allows VP 
motifs to be located in channels along the five-fold axis and facilitate the 
externalization of the N-terminal of the capsid proteins (Tsao et al. 1991, 
Simpson et al. 1998, Meng et al. 2013). Therefore, the N-terminal of VP4 is 
located on the five-fold axis inside the capsid (Bruemmer et al. 2005). The 
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structural proteins particularly VP2 of parvoviruses can self-assemble into 
virus-like particles (VLPs), which have morphological and immunological 
similarities to the original virions (Kajigaya et al. 1991); however, they lack 
infectivity. These VLPs have been researched for their utilization as subunits of 
vaccines, diagnosis, and treatment protocols (Gilbert et al. 2005, Ju et al. 2011). 

2.1.1.2 Non-structural proteins  
Non-structural proteins (NS) of autonomous parvoviruses, or Rep proteins of 
adeno-associated virus (AAV), play a central role in multiple functions that are 
necessary for various aspects of the viral life cycle and pathogenesis. 
Parvoviruses are mostly defined as autonomous according to their replication 
strategy, which is rigorously dependent on cellular proliferation during the S 
phase; consequently, a helper virus is not required for this process (Maxwell et 
al. 2002). However, the non-autonomous AAVs need a helper virus to stimulate 
S phase entry (Russell et al. 1994). In general, the structure and functions of the 
two NS proteins, NS1 and NS2, are well characterized in parvoviral infections. 
The expression of NS1 and NS2 is initiated from a single promoter P4 or P6, and 
activated prior to the start of capsid protein production (Cotmore and Tattersall 
1986, Rhode and Richard 1987, Clemens K.E. and Pintel 1988). Transcription of 
capsid proteins begins by NS1 transcriptional mechanism via the trans-
activation P38 promoter (Rhode and Richard 1987). The processing of viral 
replication exploits host DNA replication and results in cell cycle arrest, cellular 
DNA damage, and eventually leads to apoptosis of the host cell (Cotmore and 
Tattersall 2013). 

NS1 is a large non-structural protein that contains multiple distinct 
domains. The functional key structures of NS1 include: (i) the N-terminus 
domain which is an origin binding specific domain that encodes for DNA 
binding and endonuclease activities (Nuesch et al. 1995, Yoon et al. 2001, Tewary 
et al. 2013); (ii) the central domain that encodes for NTP-binding and 
superfamily 3 (SF3) helicase activities (Gorbalenya et al. 1990, Momoeda et al. 
1994); and (iii) the C-terminus domain is variable and encodes for promoter 
trans-regulation activities and virus species specific interactions (Legendre and 
Rommelaere 1994, Nuesch and Rommelaere 2006, Kivovich et al. 2010). For 
example, NS1 of B19V has been reported as a trans-activator of numerous 
cellular promoters, including the expression for TNF-  (Fu et al. 2002) and 
interleukin 6 (Moffatt et al. 1996). The N-terminus and helicase domains are 
adenosine triphosphate (ATP)-dependent and their activities are site specific 
(Jindal et al. 1994, Yoon et al. 2001). 

NS1 is the main cytotoxic protein of parvoviruses. The cytotoxic properties 
of NS1 have been extensively explored of its involvement in various aspects of 
infection, invasion, amplification of viral replication, and initiation of damage 
to the host (DeBeeck and CailletFauquet 1997, Poole et al. 2004, Nuesch and 
Rommelaere 2006, Poole et al. 2006, Chen and Qiu 2010, Kivovich et al. 2010, 
Poole et al. 2011, Kivovich et al. 2012). The versatile roles of NS1 are necessary 
for the propagation of parvovirus infections, including transactivation and 
replication of viral genomes, capsid packing, DNA binding to a recognition 
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motif, site- and strand- specific nicking on the host DNA, DNA unwinding, 
helicase activities, promoter transcriptional regulation, specific interactions with 
host-cellular proteins, cell cycle arrest and death, and trafficking the replicated 
progeny virions from the nucleus to extracellular membrane (Daeffler et al. 
2003, Iyer et al. 2004, Nuesch and Rommelaere 2006, Chen and Qiu 2010, Poole 
et al. 2011, Kivovich et al. 2012). Furthermore, the covalent binding and nicking 
of NS1 on the host DNA initiates cellular apoptosis (Poole et al. 2011). 

Like NS1, NS2 shares similar sequences at the beginning of the N-
terminus and in the central region, and differs at the C-terminal domain 
(Jongeneel et al. 1986, Cotmore and Tattersall 1995). Functions of NS2 in the 
involvement in parvovirus’ infectious life cycle are less evident than seen with 
NS1. In MVM infections, NS2 has essential roles in DNA amplification, viral 
replication and translation, capsid formation and assembly, and egression of 
progeny virions (Cotmore and Tattersall 1987, 1995, Daeffler et al. 2003). For 
Bocaparvovirus, the unique NP1 is required for the access of capsid gene and 
viral RNA processing (Sukhu et al. 2013), and induction of cellular apoptosis 
(Sun et al. 2013). For the non-autonomous AAV, the regulation of Rep proteins, 
Rep78/68 and Rep52/40, expression is driven by two promoters the P5 and P19 
(Labow et al. 1986, Wistuba et al. 1995). The major Rep78/68 is responsible for 
suppression of transcription and maintenance of the levels of viral proteins. The 
minor Rep52/40 proteins are implicated in subcellular trafficking of viral capsid 
proteins, assembly of capsid, and packaging of viral genomes (Labow et al. 
1986, Im and Muzyczka 1992, Wistuba et al. 1995, King et al. 2001).  

2.1.1.3 Human parvovrirus B19 
Human parvovirus B19 (B19V) is a member of the Erythroparvovirus genus in 
Parvovirinae subfamily (Table 1). B19V was firstly discovered in 1975 when 
Cossart and colleagues were screening for hepatitis B virus in blood samples. 
They detected a positive antibody response towards new antigens, which were 
characterized of parvovirus-like particles in the sera. The virus name has been 
designated as the code of the serum sample number 19 in the panel B (Cossart et 
al. 1975). B19V is a DNA virus with single-stranded DNA; linear genome 
consists of 5,596 nucleotides (nt) in total including the central coding sequence 
of 4,830 nt and the identical terminal repeat sequences of 383 nt on each side. 
The B19V virion has the simple structure like other parvoviruses. The particle is 
non-enveloped with icosahedral symmetry approximately 22 – 26 nm in 
diameter (Shade et al. 1986, Deiss et al. 1990). Transcription begins at the single 
P6 promoter at the left side of the genome (5’ – 3’) and produces at least nine 
overlapping mRNA transcripts of viral proteins (Blundell et al. 1987, Ozawa et 
al. 1987b, Raab et al. 2002). The genomes contain two large ORFs with the NS1 
77 kDa on the left side and the structural capsid proteins, VP1 84 kDa and VP2 
58 kDa, on the right side (Cotmore et al. 1986, Ozawa et al. 1987b, Ozawa and 
Young 1987). The VP1 and VP2 of B19V have similar structure and functions 
with other parvoviruses as described in the section 2.1.1.1. The unique structure 
of B19V capsid proteins has been verified and comprises of 95% of the major 
capsid protein VP2, and approximately 5% of the minor capsid protein VP1 
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(Shade et al. 1986, Ozawa and Young 1987). The structure of VP1 is identical to 
VP2 plus an additional 227 amino acids at the N-terminal that is known as the 
VP1 unique region (VP1u) (Cotmore et al. 1986, Shade et al. 1986, Ozawa and 
Young 1987). VP1u contains a conserved phospholipase A2 (PLA2) motif, 
which is necessary for the entry and nuclear translocation of the virus (Zadori et 
al. 2001, Dorsch et al. 2002). The VP2 binds specific cellular receptors, and it can 
self-assemble into VLPs in the absence of viral DNA (Kajigaya et al. 1991). Like 
other parvoviruses, the major NS1 is a multifunctional protein and known as 
cytotoxic protein in B19V infection. The structure and functions of B19V NS1 
proteins have been intensively examined in the past decades due to their 
implication in various aspects of viral life cycle and pathogenesis to the hosts 
(Moffatt et al. 1996, Heegaard and Brown 2002, Kaufmann et al. 2004, Poole et al. 
2004, Poole et al. 2006, Kivovich et al. 2010, Poole et al. 2011, Kivovich et al. 2012). 
The genomic structure and summary of functions of each domain of B19V NS1 
is illustrated in Fig. 1.  

 

FIGURE 1  Illustration of a simple transcriptional map and genomic structures of B19V, 
including VP1, VP2, NS1, 7.5 kDa and 11 kDa proteins. Cytotoxic functions of 
each domain of NS1 are disclosed. The transcription of B19V genomes starts 
at the P6 promoter. Modified from Ozawa et al. 1987b, Luo W.X. and Astell 
1993, Jindal et al. 1994, Momoeda et al. 1994, Yoon et al. 2001, Daeffler et al. 
2003, Iyer et al. 2004, Nuesch and Rommelaere 2006, Zhi et al. 2006. 

Currently, three NS proteins have been identified including the major NS1, and 
two small NS proteins 11 kDa and 7.5 kDa, respectively (Luo W.X. and Astell 
1993, Stamand and Astell 1993, Zhi et al. 2006). Of the two additional small NS 
proteins, 7.5 kDa has been translated from a small mid-ORF that overlaps 
between the NS1 and VP1 genes, whereas, 11 kDa has been translated on a 
different reading frame that overlaps with the C-terminal of the VP1/VP2 ORF 
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(Ozawa et al. 1987b, Luo W.X. and Astell 1993, Zhi et al. 2006). To date, the 
functions of the 7.5 kDa protein are not evident, while the roles of 11 kDa 
proteins have been investigated by a few studies. The 11 kDa protein consists of 
three proline-rich domains encoded by consensus Src-homology 3 (SH3)-
binding motifs, which is responsible for protein-protein interaction with host 
cell factors and growth factor receptor-bound protein 2. The properties of SH3 
of the 11 kDa protein might contribute to the pathogenesis of B19V infection 
(Fan et al. 2001). Zhi and colleagues have demonstrated the manipulation of 11 
kDa protein in the encapsidation of the B19V viral genomes. Blocking of this 
protein expression can reduce and alter the distribution pattern of viral capsid 
protein in the hosts. Functions of 11 kDa protein probably lead to the formation 
of capsid proteins into large clusters in the nucleus with no distribution to the 
cytoplasm (Zhi et al. 2006). Furthermore, the 11 kDa protein affects the 
induction of erythroid progenitor cell apoptosis via caspase 10 dependent 
pathway (Chen et al. 2010).  

2.1.2 Life cycle of parvoviruses 

The primary interaction of parvoviruses with the host begins with the attachment 
of virion molecules to the host cellular membrane receptors and penetration into 
the cell. The binding sites vary among different parvoviruses, including ubiquitous 
heparin sulfate proteoglycan, human fibroblast growth factor receptor 1, v 5 
integrins, platelet-derived growth factor, and sialic acid, are specific receptors for 
AAVs. The sialic acid receptor is also specific for Aleutian mink disease virus 
(AMDV), MVM and BPV (Tu et al. 2015), while the transferrin receptor is specific 
for CPV (Parker et al. 2001, Tu et al. 2015). The B19V can enter through specific 
receptors, including erythrocyte P antigen globoside (Brown K.E. et al. 1993), 5 1 
integrins (Weigel-Kelley et al. 2003) and Ku80 (Munakata et al. 2005).  

The interaction of virion attached on the host membrane receptor allows the 
virus to enter the cell. The specific binding receptors vary among different 
parvoviruses as described above. Parvoviruses enter the host cells by receptor-
mediated endocytosis and directly translocate to the nuclear target mainly by the 
clathrin-dependent endocytic pathway as demonstrated in Fig. 2. In addition, 
lipid-raft mediated endocytosis and macropinocytosis are alternative pathways for 
Protoparvovirus (Tu et al. 2015). Subsequently, internalized viruses activate the 
intracellular trafficking and active transport mechanism from early endosome (pH 
6.0 – 6.5) through late endosome (pH 5.0) and lysosome (pH 4.0) (Tu et al. 2015). 
The low pH can activate the PLA2 activity of viruses to destroy membrane 
integrity resulting in the breakdown of lysosomal membrane and release of virus 
to the cytosol (Ros et al. 2002, Suikkanen et al. 2003, Tu et al. 2015). The viruses are 
transported toward the nucleus with the assistance of VP1’s nuclear localization 
signal (NLS). Viruses access the nucleus and release their genome to start the 
replication processes. The replicated genomes are assembled to new capsids and 
the viruses are ready to spread. The matured virions are released from the nucleus 
through the nuclear pore complex (NPC) before extracellular egression (Tu et al. 
2015).  
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FIGURE 2  Life cycle of parvoviruses through the clathrin-dependent endocytic pathway. 

(a) Viruses attach on the specific membrane receptors to (b) penetrate the host 
cell by endocytosis. Internalized viruses are transported to the nuclear target 
by (c) early endosome (pH 6.0-6.5), (d) late endosome (pH 5.0), and (e) 
lysosome (pH 4.0). (f) The lysosomal membrane is lysed to release the viruses 
to the cytosol. (g) Viruses are transported near the nucleus, viral genomes are 
uncoated and released into the nucleus. (f) The viral genome starts to (h) 
replicate by taking over the host cell’s machinery and (i) assemble the 
replicated genomes into the empty capsids. (j) The new progeny virions 
spread extracellularly. Modified from Heegaard and Brown 2002, Tu et al. 
2015. 

2.2 Pathogenicity, cytotoxicity, and immunology of human 
parvovirus 

There are four species of parvoviruses that have been determined pathogenic to 
humans including human bocavirus, human parvovirus 4, AAV, and B19V as 
illustrated in Table 1. However, B19V is predominantly involved in various 
human diseases (Heegaard and Brown 2002, Young N.S. and Brown 2004). The 
most common diseases associated with B19V infections are fifth disease 
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(Anderson M.J. et al. 1984), transient arthropathy, arthritis (Naides et al. 1990, 
Naides 1998), transient aplastic crisis, persistent anemia (Pattison et al. 1981), 
and hydrops fetalis (Anand et al. 1987, Giorgio et al. 2010). B19V (Lehmann et al. 
2003, Meyer 2003, Lunardi et al. 2008, Kerr J.R. 2016) and other common viruses, 
e.g. EBV, CMV, HCV, and AAV2 (James et al. 2003, Posnett and Yarilin 2005,
Barzilai et al. 2007), that are seen in all age groups worldwide can cause clinical
manifestations similar to various ADs. Many of these common viruses are
members of helicase superfamily (SF) and have the ability to damage host DNA
as well as force the cell to undergo apoptosis (More literature reviews in 2.2.2).
For this reason, B19V was used as a model virus to investigate the pathogenic
mechanism of how common viruses can break self-tolerance and contribute to
the pathogenesis of autoimmunity.

2.2.1 Pathogenesis of B19V 

B19V is a well-defined human pathogen with various aspects of infection. It is a 
widespread virus that is transmitted through respiratory aerosol, parenteral 
administration of blood-derived products, and blood supply from mother to 
fetus (Heegaard and Brown 2002, Young N.S. and Brown 2004). The incidence 
of seropositivity of anti-B19V IgG is increasing with age by which it has been 
detected in up to 55% in children (less than 16 years old), 50 – 80% in adults (16 
– 70 years old), and more than 85% in elderly (> 70 years old) (Cohen B.J. and
Buckley 1988). The initial B19V infection may be asymptomatic or cause non-
specific symptoms, like a common flu (Heegaard and Brown 2002, Young N.S.
and Brown 2004).

The first disease that has been reported in association to a B19V infection 
is transient aplastic crisis in sickle cell anemia patients (Pattison et al. 1981). 
Thereafter, the outbreak of erythema infectiosum or fifth disease in children 
was seen (Anderson M.J. et al. 1984, Naides 1988). The primary tropism of B19V 
infection is for erythroid progenitors from human bone marrow (Young N. et al. 
1984, Ozawa et al. 1987a, Ozawa and Young 1987, Srivastava and Lu 1988); 
therefore, its cytotoxicity to these cells can be correlated to chronic anemia 
syndromes. B19V infection has been subsequently accepted as the causative 
agent of erythema infectiosum or fifth disease in children and transient aplastic 
anemia in adults. Fifth disease is a childhood exanthema characterized by red 
slapped cheek rash with a fever and non-specific influenza-like symptoms, 
followed by rash or maculopapular spread to the trunk and extremities 
(Anderson M.J. et al. 1984). Fifth disease demonstrated in adults has been 
correlated with high incidence of joint symptoms (Naides et al. 1990). 
Furthermore, B19V infection in pregnant women can trigger harmful effects to 
the mother and fetus, which leads to a high risk of hydrop fetalis or fetal death 
(Anand et al. 1987, Valeur-Jensen et al. 1999, Giorgio et al. 2010). High risk of 
hydrop fetalis is due to the cytotoxic effects of the viral infection on the 
erythroid progenitor cells derived from the fetal liver (Yaegashi et al. 1989, 
Morey and Fleming 1992). B19V infection induces complex pathogenesis 
resulting in the development of multiple diseases. In addition, B19V infection 
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has been identified as a causative factor to trigger autoimmune diseases. The 
less common clinical manifestations of B19V infection have been observed in 
many systems (Naides 1999, Meyer 2003, Kerr J.R. 2016), including cutaneous 
(Magro et al. 2000), haematological (Yufu et al. 1997), hepatobiliary (Karetnyi et 
al. 1999), cardiovascular (Kuhl et al. 2003), neurological (Barah et al. 2014), 
rheumatological (Kerr J.R. et al. 2010), nephrological (Tanawattanacharoen et al. 
2000), and metabolic disorders (Wang et al. 2010). Literature of B19V infection 
and autoimmune diseases is reviewed in the section 2.3.3. 

2.2.2 Cytotoxicity of B19V helicase 

Helicases are nucleoside triphosphate-dependent proteins that are capable of 
separating nucleic acid strands. Helicase activities are necessary for 
transcription, translation, packing, and nuclear export of viral genomes 
(Gorbalenya et al. 1990, Kadare and Haenni 1997, Frick and Lam 2006). Indeed, 
helicases are seen in other living organisms, including bacteria and humans, 
and their activities are mandatory for the replication of these cells. Viral 
helicases are closely related to the host helicases thus viral helicases can operate 
their own replication using the host cell’s machinery. At the same time, viral 
replication interrupts host cellular functions resulting in damage to host cells 
(Hickman and Dyda 2005, Singleton et al. 2007, Shadrick et al. 2013). Therefore, 
inhibition of helicase activity has become an attractive target in developing new 
antiviral therapeutic treatments (Kwong et al. 2005, Shadrick et al. 2013). 
Helicases are classified into 6 superfamilies based on their genetic similarities 
and shared sequence motifs (Singleton et al. 2007). However, helicases 
belonging to the SF3 superfamily, are mainly encoded by small DNA and RNA 
viruses such as parvoviruses (Gorbalenya et al. 1990, Singleton et al. 2007, 
Shadrick et al. 2013).  

Helicases belonging to the SF3 superfamily are encoded by many viruses, 
for example tumor antigen of simian virus 40, E1 protein of human 
papillomavirus type 1a and bovine papillomavirus type 1, 2C protein of 
poliovirus and rhinovirus, Rep40 of AAV2, and NS1 of porcine parvovirus and 
B19V (Kadare and Haenni 1997, James et al. 2003, Hickman and Dyda 2005, 
Kwong et al. 2005, Shadrick et al. 2013). The common structure of SF3 helicase 
are a modified AAA+ or ATPases associated with a variety of cellular activities 
core proteins that contain conserved motifs of alpha helices, including A, B, B’, 
and C (Gorbalenya et al. 1990, Singleton et al. 2007). The B’ and C motifs are SF3 
specific (Gorbalenya et al. 1990, Yoon-Robarts et al. 2004, Singleton et al. 2007). 
The B’ motif is involved with DNA binding and translocation as well as ATP 
hydrolysis (Yoon-Robarts et al. 2004). The C motif is a highly conserved region. 
It consists of arginine finger, which links ATP hydrolysis to conformational 
changes. Moreover, the arginine has a crucial role in interacting and penetrating 
to the active site of neighboring subunits (James et al. 2003, Ogura et al. 2004). 
Despite the specific structure, the helicases in the SF3 superfamily also have an 
ori DNA-binding domain that enhances their conserved properties (Gorbalenya 
et al. 1990, Singleton et al. 2007). The functions of the SF3 helicase domain are 
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associated with a variety of viral life cycle and host cellular activities, e.g. 
recognition of the origin of replication, DNA binding and unwinding, protein-
protein interactions, as well as viral genome transcription and replication 
(Gorbalenya et al. 1990, Hickman and Dyda 2005, Patel and Donmez 2006, 
Singleton et al. 2007). Moreover, the helicase domain of B19V and other 
members of SF3 have the ability to separate (Patel and Donmez 2006, Shadrick 
et al. 2013) and covalently bind to host DNA that results in DNA damage and 
leads infected cells to undergo apoptosis (Momoeda et al. 1994, Moffatt et al. 
1998, Poole et al. 2004, Poole et al. 2006, Kivovich et al. 2010, Poole et al. 2011, 
Kivovich et al. 2012). Therefore, the helicase properties of NS1 are the key 
controls of cytotoxic functions of a B19V infection.  

2.2.2.1 Induction of cell cycle arrest and death by cytotoxic NS1 protein 
B19V infection is previously demonstrated to stimulate human erythroid 
progenitor cells to arrest at either G1/S (Morita et al. 2003) or G2/M transitional 
(Sol et al. 1999, Morita et al. 2001, Wan et al. 2010, Lou et al. 2012a) phases. 
However, Lou and colleagues have suggested that, in fact, B19V NS1 initiated 
erythroid progenitor cell apoptosis by triggering S phase arrest and disrupting 
DNA replication mechanisms (Luo Y. et al. 2013). Despite tropism for erythroid 
progenitor cells, B19V infection induces non-permissive HepG2 cells, human 
hepatocellular carcinoma cells, to arrest at S phase prior to undergo apoptosis 
(Poole et al. 2004, Poole et al. 2006, Kivovich et al. 2010, Poole et al. 2011, 
Kivovich et al. 2012). The NS1 of B19V is the key player to arrest cell growth 
mechanisms. B19V NS1 has the capability to cause DNA fragmentation and 
accumulation of the cyclin-dependent kinases that regulate the progression of 
cell cycle, including cyclin A, cyclin B, and phosphorylated cdc2 (Morita et al. 
2001). Accumulation of these proteins results in cell cycle arrest and prevents 
moving to the M phase, and eventually leads to cell death by apoptosis (Morita 
et al. 2001, Morita et al. 2003, Nykky et al. 2014).  

The apoptotic pathway mediated by B19V NS1 may be responsible for the 
signaling of cellular DNA repair cascades in the phosphoinositide kinase 
family, that include ataxia telangiectasia mutated (ATM), ATM and Rad3-
related (ATR), and DNA-dependent protein kinase catalytic subunit (Morita et 
al. 2003, Luo Y. et al. 2011, Poole et al. 2011). This kinase family plays a critical 
role in early signal transmission through cell cycle checkpoints. Functions of 
those kinases and their mediated downstream protein kinases, including Chk1, 
Chk2, and Ku70/Ku80 complex, are responsible for the phosphorylation of the 
serine residue in the middle of the nuclear export signal (NES) sequence 
(Abraham 2001, Luo Y. et al. 2011). These kinase functions result in impairment 
of nuclear localization, cell cycle arrest, DNA damage, and repair responses 
(Abraham 2001, Morita et al. 2003, Luo Y. et al. 2011). The ATR-Chk1 pathway is 
necessary for B19V replication (Luo Y. et al. 2011). Furthermore, viruses may 
aggressively capture DNA repair proteins, e.g. p53 and pRb proteins, for their 
genome replication (Wan et al. 2010, Lou et al. 2012a).  

Furthermore, cytotoxic NS1 of B19V covalently binds to the host DNA and 
is modified by the poly (ADP-ribose) polymerase (PARP) and the DNA repair 
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pathway proteins through ATM/ATR mediated signaling (Poole et al. 2011). 
Nicking of host DNA for the replication of viral genomes initiate cellular 
damage and arrest at S phase that consequently leads to cell death by apoptosis 
(Poole et al. 2011, Kivovich et al. 2012) through caspases-dependent pathway 
(Hsu et al. 2004, Poole et al. 2004). Caspases, the cysteine proteases, have been 
illustrated as key players in the activation of apoptosis; these include caspases 
3, 6, 7, 8, 9 and 10 (Moffatt et al. 1998, Sol et al. 1999, Hsu et al. 2004, Poole et al. 
2004, Elmore 2007). Apoptosis induced by B19V NS1 was mainly activated 
through the intrinsic caspase 3- and 9- dependent pathways (Hsu et al. 2004, 
Poole et al. 2004). Caspase-3 plays a role in cleavage of nuclear proteins and 
activation of other caspases, whereas, the caspase 9 is responsible for DNA 
damage with the reduction of growth factors via the mitochondria signaling 
(Poole et al. 2004).  

2.2.2.2 Induction of cell death by viral infection 
Viral infections are known to induce cell death by three major pathways, 
including (i) apoptosis, (ii) autophagy, and (iii) necrosis. The summary of 
morphological, biochemical, and pathophysiological aspects of each cell death 
type is illustrated in Table 2.  

2.2.2.2.1 Apoptosis 
Apoptosis is a programmed cell death by which it is a vital mechanism to 
regulate and maintain tissue homeostasis, which is the balance of cell 
proliferation and cell death (Kerr J.F. et al. 1972). The term “apoptosis” is 
originally used in Greek to descript the “falling off” leaves from trees (Kerr J.F. 
et al. 1972). It is a caspase-dependent mechanism and is characterized by 
morphological alterations of the cells, including cellular shrinkage, chromatin 
condensation (nuclear pyknosis), nuclear fragmentation (karyorrhexis), 
formation of plasma membrane blebbing (budding), and cleavage into round 
bodies. Those bodies are surrounded with intact membranes and are termed 
apoptotic bodies (ApoBods) (Kerr J.F. et al. 1972, Edinger and Thompson 2004, 
Elmore 2007, Galluzzi et al. 2007).  

ApoBods contain a variety of tightly packed intact cytoplasmic 
organelles and nuclear fragments of apoptotic cells. Cellular components, e.g. 
DNA fragments, histones, and ribonuclear proteins, are observed in ApoBods 
since 4 hours post apoptosis (Schiller et al. 2008). Size range of ApoBods is 
approximately between 1 – 5 m (Gyorgy et al. 2011). In general, it is estimated 
that 10 million cells undergo apoptosis daily (Renehan et al. 2001). The 
apoptosis rate is triggered by apoptotic agents, including anticancer drugs such 
as p53 tumor suppressor gene, cytokines that activate death receptors such as 
Fas (first apoptosis signal) ligand and TNF receptors, deprivation of survival 
factors such as interleukin 1, as well as aging and disease progression (Renehan 
et al. 2001). 
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TABLE 2 Major mechanisms of cell death. Morphological, biochemical, 
pathophysiological relevance, stimulus aspects, as well as viruses related to 
each mechanism are demonstrated. Modified from Majno and Joris 1995, 
Edinger and Thompson 2004, Elmore 2007, Galluzzi et al. 2007, Kroemer et al. 
2009. 

Cell death 
pathways Morphological aspects Biochemical aspects Pathophysiological 

relevance / Stimuli 
Viruses 

Apoptosis - Single cells or small 
clusters of cells 
- Cell shrinkage 
- Chromatin 
condensation (pyknosis) 
- Nuclear fragmentation 
(karyorrhexis)
- Maintain plasma 
membrane integrity
- Plasma membrane 
blebbing 
- Formation of apoptotic 
bodies
- No immune response 

- Activation of 
apoptosis regulator 
Bcl-2 family proteins 
- MMP 
- Activation of 
caspases; 3, 6, 7, 8, 9,
10 
- Oligonucleosomal 
DNA fragmentation 
- PS exposure 
- ROS over generation 
- DNA accumulation 

- Chemotherapy-
induced tumor 
killing
- Immune system 
regulation 
- Viral infections 
- Cross-link of 
death receptors
- DNA damage 
- ER stress 

- HIV (Badley 
et al. 2000); 
- Type 2 
dengue virus 
(Jan et al. 2000); 
- B19V (Hsu et 
al. 2004, Poole
et al. 2004, 
Poole et al.
2006, Kivovich 
et al. 2010, 
Poole et al.
2011, Kivovich 
et al. 2012) 

Autophagy - Lack of chromatin 
condensation 
- Massive vacuolization 
of the cytoplasm (double 
membrane autophagic 
vacuoles) 
- Little or no uptake by 
phagocytic cells 

- Beclin-1 dissociation 
from Bcl-2/XL 
- Dependency on Atg
gene products 
- LC3-I to LC3-II 
conversion 
- p62Lck degradation 

- Chemotherapy-
induced tumor 
killing
- Death of infected 
macrophages 
- Nutrient 
starvation 

- Hepatitis C 
virus (Ait-
Goughoulte et 
al. 2008); 
- Herpes 
simplex virus 
type 1 
(McFarlane et 
al. 2011) 

Necrosis - Cell swelling 
- Cytoplasmic organelle 
swelling 
- Nuclear pallor 
(karyolysis) 
- Breakdown of the 
plasma membrane 
- Induction of 
inflammatory responses 

- Activation of 
calpains and/or 
cathepsins 
- Drop of ATP levels 
- HMGB-1 release 
- LMP 
- MMP 
- ROS over generation 
- Specific PARP1 
cleavage pattern 

- Ischemic cell 
death 
- Intoxication 
- Viral infection
- Osmotic lysis 
- ROS 
- Ca2+ overload 

- Bovine 
parvovirus 
(Abdel-Latif et 
al. 2006) 

Abbreviations: Bcl-2, B-cell lymphoma protein 2; MMP, mitochondrial membrane permeabilization; PS, 
phosphatidylserine; ROS, reactive oxygen species; Atg, autophagy-related; LC3, Microtubule-associated protein 1A/1B-
light chain 3; HMGB-1, High-mobility group box 1 protein; LMP, lysosomal membrane permeabilization; PARP, Poly 
(ADP-ribose) polymerase; ER, endoplasmic reticulum 

Two major mechanisms involved in activation of apoptosis are extrinsic and 
intrinsic pathways, additionally with a minor mechanism, perforin/granzyme 
pathway, as illustrated in Fig. 3. The extrinsic pathway is originally activated by 
extracellular agents through death receptors on the membrane surface, 
including the tumor necrosis factor receptor superfamily such as TNF receptor 1 
and Fas receptor, and initiates the intracellular death-signaling pathway. The 
intrinsic pathway activates intracellular signals through activation of Bcl-2 
proteins family, e.g. Bak, Bax, and Bid, and caspases by a mitochondria-
dependent mechanism. Various stimulators, e.g. viruses, DNA damage, and 
radiation, regulate the intrinsic pathway. The granzyme or perforin pathway is 
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commonly stimulated by activated cytotoxic T cells, functions to cleave factors, 
e.g. inhibitor of caspase activated DNAase (ICAD), that consequently activate 
death signals through the activation of Granzyme A and B. Granzyme A leads 
to apoptosis by caspase-independent pathway, whereas Granzyme B requires 
downstream caspase-activities from the mitochondrial pathway to amplify the 
death signal (Elmore 2007, Nowsheen and Yang 2012, Ouyang et al. 2012, 
Neumann et al. 2015).  

 

 

FIGURE 3  Apoptosis activation pathways. Two main pathways of apoptosis activation 
are extrinsic and intrinsic with an additional perforin/granzyme pathway. 
Specific inducers are required to trigger each signal. Every signal, except the 
granzyme A, is a caspase-dependent event and mainly activates DNA 
damage that eventually leads cell to undergo apoptosis through the 
executioner apoptotic caspase 3 pathway. Apoptotic cells formulate and 
cleave of round bodies surrounding with intact membrane termed as 
apoptotic bodies (ApoBods). TNFR1, tumor necrosis factor receptor 1; Fas-R, 
first apoptosis signal receptor; DR, death receptor; ROS, reactive oxygen 
species; p53, tumor protein 53. Bak, Bax, Bid are apoptotic regulator genes 
that are identified as pro-apoptotic members of the Bcl-2 protein family. 
Modified from Elmore 2007, Nowsheen and Yang 2012, Ouyang et al. 2012, 
Neumann et al. 2015. 



25 

Macrophages are the main phagocytic cells responsible for digesting apoptotic 
cells. These cells promptly digest apoptotic cells and bodies without an immune 
response to prevent the exposure of the ApoBods constituents to the 
surrounding environment. The rapid elimination of apoptotic cells and bodies 
prevents the progression of secondary necrosis of apoptotic cells and bodies 
(Kerr J.F. et al. 1972, Voll et al. 1997, Savill and Fadok 2000, Elmore 2007). In 
general, there are two phases of the apoptotic program. The first phase is pre-
necrosis by which apoptotic cells and bodies maintain membrane integrity and 
present “eat-me” signals, e.g. phosphatidylserine (PS), on the outer surface 
membrane. The components of apoptotic cells and bodies are not exposed to the 
immune system as of yet. Therefore, there is a lack of immune response during 
this first phase. The second phase is secondary necrosis that causes apoptotic 
cells and bodies to become swollen and eventually leads to rupture of the 
membranes. Subsequently, apoptotic cells and bodies are lysed or autolysed 
resulting in releasing of their inner components (Majno and Joris 1995, Fink and 
Cookson 2005, Gaipl et al. 2005, Silva et al. 2008, Silva 2010). These components 
are self-antigens, thus, the encounter of these self-antigens to the immune 
system have the potential to stimulate autoimmune responses (More literature 
reviews in 2.3.4). 

Many viruses harbor apoptosis inhibitory genes to prevent apoptosis of 
the infected cells during the viral replication phase. Promotion of cellular 
apoptosis as a consequent of a viral infection is dependent on virus type and its 
pathogenicity. The crucial survival strategy of viruses is to ensure the 
replication of their genomes, protein production, assembly and spreading to the 
surrounding environment prior to apoptosis (Teodoro and Branton 1997, 
Galluzzi et al. 2008, Neumann et al. 2015).  

2.2.3 Immunology and diagnostic strategies of B19V infection 

2.2.3.1 Immunological responses  
Typically, B19V infections are clinically biphasic. The first week post virus 
transmission to the throat, the progress of mild illness with clinical symptoms, 
e.g. pyrexia, malaise, myalgia, and itching, are commonly seen. Individuals
spread viruses by the respiratory route. Detection of viremia starts on day 6
with the loss of erythroid precursors, and peaks at day 9 – 10 post infection.
During 6 – 10 days post infection, individuals may temporarily have decreased
levels of reticulocytes resulting in low haemoglobin that lead to clinical
consequence of lymphopenia, neutropenia, and thrombocytopenia (Anderson
M.J. et al. 1985, Potter et al. 1987, Heegaard and Brown 2002). The second phase
of illness starts approximately at day 17 – 18 post infection. Clinical symptoms
include rash, itching, and typically transient arthralgia (Anderson M.J. et al.
1985, Heegaard and Brown 2002). Antibodies toward the B19V antigens are
produced rapidly with the onset of illness (Erdman et al. 1991). The production
of specific anti-B19V immunoglobulin M (IgM) antibodies starts in seven days
and peaks at day 10 – 12 post infection. The IgM antibodies persist for 2 – 3



26 

months or longer depending on the susceptibility of individuals. The anti-B19V 
IgG antibodies peak at approximately 2 weeks post infection and last for life to 
prevent secondary infections (Anderson M.J. et al. 1985, Heegaard and Brown 
2002). The presence of IgG antibody to capsid proteins, VP1 and VP2, may 
coincide with the appearance of erythema infectiosum and arthralgia 
(Kurtzman et al. 1989, Erdman et al. 1991, Söderlund et al. 1995). Furthermore, 
anti-B19V IgA antibody may be produced with the infection in the 
nasopharyngeal tract and reach a peak at the first week after onset of illness and 
then decreases subsequently (Erdman et al. 1991). The anti-NS1 IgG antibody is 
commonly detectable after 6 weeks post infection whereas the IgM antibody is 
not seen. The IgG antibodies against NS1 are primarily detected in patients with 
persistent infection and thereby are proposed to be a marker for persistent stage 
(Hemauer et al. 2000, Kerr J.R. and Cunniffe 2000).  

2.2.3.2 Diagnostic strategies  
Diagnosis of B19V infection in patients determines the specific antibodies 
against viral protein antigens. The common assays to identify antibodies in sera 
samples are enzyme immunoassay (EIA), enzyme-linked immunosorbent assay 
(ELISA), immunoblottings, and immunofluorescence assays. The polymerase 
chain reaction assay is used to detect circulating B19V genomes (Anderson M.J. 
et al. 1985, Anderson L.J. et al. 1986, Kurtzman et al. 1989, Erdman et al. 1991, 
Kajigaya et al. 1991, Patou et al. 1993). Antibodies against viral capsid proteins 
are the specific markers for diagnosing a B19V infection (Kurtzman et al. 1989, 
Söderlund et al. 1995). The IgM antibodies against VP1 and VP2 dominantly 
appear in acute and early convalescence (Manaresi et al. 2001). The IgG 
antibodies to VP1 are determined in the late convalescence and chronic 
infections, whereas, the IgG antibodies to VP2 are examined in very recent and 
chronic infections (Kurtzman et al. 1989, Söderlund et al. 1995, Kaikkonen et al. 
1999).  

Viral capsid proteins that contain linear and conformational epitopes of 
anti-viral antibody responses are used as antigenic sources in various 
diagnostic assays. The recombinant linear epitopes encode continuing segments 
of amino acid sequences, while the conformational epitopes are discontinuous 
(Berzofsky 1985, Zhou et al. 2007). The conformational capsid epitopes of B19V 
seem to be better for using in diagnostic assays. The linear epitope, particularly 
VP1, is more suitable to use in immunoblotting assays (Manaresi et al. 1999, 
Manaresi et al. 2001). In an acute infection, IgM immune response to VP1 
conformational epitopes is dominant, whereas the IgM antibodies to VP2 
conformational and VP1 linear epitopes have been detected at a lower level 
(Manaresi et al. 2001). IgM antibody to VP2 linear epitopes lasts for a very short 
period; it might be identified as absent (Palmer et al. 1996, Manaresi et al. 2001). 
Antibodies to VP2 linear epitopes have disappeared at 6 months post 
recovering, while antibodies to the conformational epitopes are persisting. The 
primary target of IgG antibody by EIA examinations in the chronic infection is 
the conformational VP1, whereas in the acute infection is conformational VP2 
(Söderlund et al. 1995). In addition, the linear VP1 unique region, which is a 
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strongly neutralizing epitope, elicits long-lasting immune responses (Saikawa et 
al. 1993, Zuffi et al. 2001). Specific IgG antibodies toward VP1 unique region 
have been present in all age groups with the majority in the past immunity 
subjects (Musiani et al. 2000, Zuffi et al. 2001). The significant immunological 
and neutralizing functions of VP1 unique region elicit its advantages for the 
development of a vaccine for B19V infection (Saikawa et al. 1993, Musiani et al. 
2000, Zuffi et al. 2001). However, the most common recombinant B19V virus-
like particles (VLPs) used in standard diagnostic tools are conformational 
epitopes (Manaresi et al. 2001, Peterlana et al. 2006). Typically, the B19V VLPs 
provided in the diagnostic assays are produced by two expression systems, 
including Escherichia coli (E. coli) (Rayment et al. 1990, Jordan 2000, Pfrepper et 
al. 2005) and baculovirus expression vector system (BEVS) (Söderlund et al. 
1995, Jordan 2000, Gilbert et al. 2005, Michel et al. 2008). BEVS has the advantage 
in the production of large amount of conformational protein modifications of 
VLP epitopes (Kajigaya et al. 1991, Jarvis 2009). Furthermore, the recombinant 
VLP proteins produced by BEVS have been verified to have the similar 
antigenic properties and morphologic structures like native viral particles with 
the lack of infectious ability (Kajigaya et al. 1991). Therefore, VLP epitopes 
expressed in BEVS are widely used in the current diagnostic assays (Kerr S. et 
al. 1999, Enders et al. 2007, Michel et al. 2008). 

Recently, immunological responses to recombinant NS1 are more 
frequently approached as candidate marker to improve the current diagnostic 
assays for B19V infections. The IgG antibody against NS1 is initially detectable 
in persistent infection (von Poblotzki et al. 1995a, von Poblotzki et al. 1995b, 
Hemauer et al. 2000, Kerr J.R. and Cunniffe 2000). However, the expression of 
anti-NS1 IgG antibodies is detectable after 4 – 6 weeks post infection (Searle et 
al. 1998, Hemauer et al. 2000, Ennis et al. 2001). In acute B19V patients, anti-NS1 
IgM and IgG antibodies are detectable up to 27.5% and 68.8%, respectively 
(Jones L.P. et al. 1999, Ennis et al. 2001, Heegaard et al. 2002). In persistent or 
chronic B19V patients, anti-NS1 IgG antibodies are detected up to 80% (von 
Poblotzki et al. 1995a, Hemauer et al. 2000, Kerr J.R. and Cunniffe 2000). Anti-
NS1 IgG antibodies are determined in 45 – 61% of pregnant women with an 
acute B19V infection (Searle et al. 1998, Hemauer et al. 2000). NS1-specific IgG 
antibodies are predominantly determined with the detection of IgG antibody 
against the capsid proteins, with high concordance to VP2 (Ennis et al. 2001, 
Heegaard et al. 2002). The inclusion of recombinant NS1 antigen to determine 
the occurrence of parvovirus infections may improve the sensitivity of the 
diagnostic assays. 

2.3 Viral infections and autoimmune diseases 

ADs are a group of chronic systemic or organ-specific inflammation, 
destruction, and dysfunction that are the results of an inappropriate immune 
reaction against self-tissue (WHO 2006). ADs affect individuals of all ages for 
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approximately 3 – 5% worldwide (up to 375 million), 5 – 10% of Europeans (up 
to 74 million), and Americans (up to 23.5 million) (Jacobson et al. 1997, WHO 
2006, Shapira et al. 2010, NIH 2012). The prevalence is rising for approximately 
7.6% per year (Cooper et al. 2009). ADs are triggered in susceptible individuals 
by multiple factors, including genetics, hormones, immunity, and environment. 
Infectious pathogens, predominantly viruses and bacteria, are known as 
potential environmental factors to cause numerous ADs in human and animals 
(Wucherpfennig 2001, Kivity et al. 2009); however, precise mechanism has not 
been endorsed. In this thesis, B19V was designated as a representative virus to 
verify the mechanisms of how viral infection breaks self-tolerance that leads to 
the development of ADs. 

2.3.1 Tolerance and autoimmunity 

In general, the immune system is responding to foreign antigens and is 
functioning to eliminate them; whereas, it does not respond to the body’s 
tissues, which is termed “self-tolerance” (Van Parijs and Abbas 1998, Sakaguchi 
2000). Breakdown of self-tolerance leads to the production of immune 
responses that attack self-tissues and develop autoimmunity (Van Parijs and 
Abbas 1998, Sakaguchi 2000). Self-tolerance mechanisms are divided into 
central and peripheral processes. Self-antigens are introduced to immature 
naïve lymphocytes in central lymphoid organs, thymus and bone marrow for T 
and B cells, respectively (Mackay 2000, Xing and Hogquist 2012). Autoreactive 
or self-reactive lymphocytes that have high affinity to the self-antigens are 
eliminated by apoptosis; this process is termed as negative selection (Mackay 
2000, Kamradt and Mitchison 2001). However, not all self-antigens are present 
in the central lymphoid organs, thus, mature naïve autoreactive lymphocytes 
are circulating in the periphery with the peripheral tolerance function. To 
maintain self-tolerance at the peripheral level, when autoreactive T 
lymphocytes interact with self-antigens the cells are induced to anergy or 
unresponsiveness, deleted by apoptosis, and suppressed by regulatory T cell 
control (Abbas et al. 2004).  

Activation mechanism of T cells is initiated with two signals from antigen 
presenting cells (APCs). The first signal is the presentation of processed 
peptides to the T cell receptor (TCR) via major histocompatibility complex class 
II (MHC II) and the second signal is from additional co-stimulatory molecules, 
e.g. CD 28 (cluster of differentiation 28) receptor (on T cells) and B7 ligand (on 
APCs) (Mueller 2000, Kamradt and Mitchison 2001, Keir and Sharpe 2005). The 
presence of cytotoxic T lymphocyte-associated protein 4 (CTLA-4), which is an 
antagonist of CD28, is a key regulator of peripheral tolerance to inhibit 
activation of T cells that leads them to anergy (Mueller 2000, Keir and Sharpe 
2005). In addition, the lack of CTLA-4 activities leads to the development of 
autoimmunity in animals (Karandikar et al. 1996, Perrin et al. 1996, Greenwald et 
al. 2001). Self-tolerance mechanisms of autoreactive B cells consist of cell 
deletion by apoptosis, B cell receptor (BCR) edited by V (D) J rearrangement to 
reduce binding affinity to self-antigens, downregulation of BCR, limiting 
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survival factor such as B-cell-activating factor, and interleukin 7 (IL-7) 
(Shlomchik 2008). The breakdown of B cell tolerance requires the help of T 
helper cells, which is a significant factor, to activate B cells to become 
autoantibody-secreting cells. The impact of T helper cells in the proliferation 
and differentiation of anergic anti-DNA B cells have been demonstrated in both 
in vitro (Noorchashm et al. 1999) and in vivo (Seo et al. 2002). Beside the 
antibody-secreting plasma cells, the circulating mature naïve B cells are also 
differentiated into memory B cells (Dorner et al. 2009). Therefore, activated 
autoreactive B cells are important in the facilitation of autoimmunity by 
secreting autoantibodies, e.g. autoantibodies against dsDNA and other 
nucleosomes, and also by presenting self-antigens to T cells which leads to the 
secretion of proinflammatory cytokines from autoreactive T cells (Chan and 
Shlomchik 1998, Shlomchik 2008, Dorner et al. 2009).  

In addition, the breakdown of peripheral tolerance might begin with 
dysregulation of the innate and adaptive immune systems that contribute to 
immune activities that encourage the attack towards self-tissues and lead to the 
promotion of autoimmunity. The innate immune system is the initial defense 
mechanism that is responsible for immediately destroying and eliminating 
foreign pathogens with limited effectiveness. The adaptive immune system is 
activated by the innate immune responses to generate a vast array of pathogen-
specific recognition and mediate long-term antigen-specific responses 
(Medzhitov and Janeway 1998). The ability of the adaptive immune system to 
identify self and non-self antigens is a remarkable mechanism to maintain self-
tolerance (Waldner 2009). Autoimmunity is initiated with the recognition of 
self-antigens by autoreactive lymphocytes. Activation of autoreactive 
lymphocytes is a remarkable bridge from immunity against pathogens to the 
development of autoimmunity against self-antigens. Aberrant immune 
responses against self-antigens cause the pathogenesis of a variety of ADs 
(Kamradt and Mitchison 2001, Goodnow et al. 2005, Waldner 2009). 

2.3.2 Infections and autoimmune diseases  

Infectious pathogens play a crucial role among many environmental factors to 
initiate immunopathology of autoimmunity and develop ADs in susceptible 
individuals. Multiple arms of immune system are involved in infection-induced 
autoimmunity. Foreign pathogens are generally engulfed by APCs that mostly 
are dendritic cells (DCs) and macrophages. Consequently, internalized 
pathogens were processed into peptide fragments and loaded onto MHC 
molecules on the cell surface for presentation to T cells through TCRs. Cytotoxic 
T cells (Tc or CD8 T cells) are responsible for antigens presented by MHC class I 
whereas T helper cells (Th or CD4 T cells) are accountable for antigens 
presented by MHC class II molecules. CD8 can directly kill any cells that are 
displaying the antigens derived from cytosolic pathogens, such as viruses, on 
the MHC class I molecules.  On the other hand, CD4 can recognize pathogen 
peptides, such as bacteria, derived from endocytic vesicles via the MHC class II 
molecules. CD4 T cells are necessary in stimulating the adaptive immune 
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system by mediating cytokines and activating immune effector cells, 
particularly B cells to produce specific antibodies to certain antigens. 
Furthermore, B cells themselves are APCs, thus they can directly recognize the 
antigens and present it to activated CD4 T cells. Orchestration of these immune 
reactions is activated upon receiving signals of the present foreign pathogens. 
There is no immune response in the recognition and elimination processes of 
the self-tissues (Banchereau and Steinman 1998, Wucherpfennig 2001, Waldner 
2009). Dysregulation of immune responses to self-antigens may lead to 
propagation of a breakdown of self-tolerance. There are multiple postulated 
mechanisms by which the foreign pathogens can trigger or exacerbate 
autoimmunity post infections as summarized in Table 3.   

TABLE 3  Mechanisms of pathogens in initiating autoimmunity. Modified from 
Wucherpfennig 2001, Fujinami et al. 2006, Ercolini and Miller 2009. 

Mechanisms Immunopathology aspects 

Molecular mimicry Activation of autoreactive T cells by pathogen-processed peptides that have 
sufficient structural similarity to self-antigens  

Bystander activation Expansion of the previous pathogen-specific T cells to activate autoreactive 
T cells at the site of infection 

Epitope spreading The persistent presence of pathogens induce damaged self-tissue that are 
phagocytized by antigen presenting cells (APCs) to initiate the immune 
responses against the self-antigens, followed by priming of autoreactive 
lymphocytes to modulate autoimmunity 

Cryptic antigens Alteration of inflammatory environment post infection can induce the 
protease production and differential processing of presented pathogen 
peptides by APCs  

Microbial 
superantigens 

Activation of autoreactive T cells that express particular V  segments, these 
contribute to autoimmunity and induce relapse as well as exacerbations of 
disease 

 
These mechanisms have been examined in experimental animal models. All of 
them have supported that the activation of autoreactive T cells has a key role in 
the progression of autoimmune diseases (Wucherpfennig 2001). The most 
frequent mechanisms that have been proposed to be involved in initiation of 
autoimmunity post infection are molecular mimicry, bystander activation, and 
epitope spreading (Wucherpfennig 2001, Fujinami et al. 2006, Ercolini and 
Miller 2009). In the circumstance of infection, the structure of APC-processed 
antigens to activate effector T cells is similar to the self-antigens. Thus, those 
pathogens can mimic self-immune reactions. The mechanism is referred to as 
molecular mimicry. In addition, a persistent infection has been verified to 
promote autoimmunity in multiple mechanism aspects, including bystander 
activation, epitope spreading, cryptic antigens, and microbial superantigens 
(Wucherpfennig 2001, Fujinami et al. 2006, Ercolini and Miller 2009). Persistent 
viral infections utilize these mechanisms to initiate autoimmunity (Table 4). 
However, the precise mechanism as well as the formation of viral antigens in 
the activation of the autoimmune reactions remains to be clarified. Either those 
viral antigens have similar structure to self or they can directly induce self to be 
recognized by the autoreactive T cells. Possible main mechanisms and key 
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factors caused by a viral infection that drives the development of autoimmunity 
were intensively investigated in the present study.  

2.3.3 Human parvovirus and autoimmune diseases 

Pathogenesis of B19V infection has been extensively explored and stated the 
involvement in broad spectrum of ADs, including systemic lupus 
erythematosus (SLE), rheumatoid arthritis (RA), meningitis, myocarditis, 
fulminant liver failure, and systemic sclerosis (Naides et al. 1990, Naides 1998, 
Takahashi et al. 1998, Hemauer et al. 1999, Heegaard and Brown 2002, Lehmann 
et al. 2003, Meyer 2003, Posnett and Yarilin 2005, Seve et al. 2005, Lunardi et al. 
2008, Kerr J.R. 2016). SLE (Hemauer et al. 1999, Seve et al. 2005) and RA (Naides 
et al. 1990, Takahashi et al. 1998) are the most frequent ADs that have been 
reported in association to the presence of B19V infection. 

TABLE 4   Mechanisms of representative RNA and DNA viruses involved in 
autoimmune diseases. 

Viruses Mechanism Autoimmune diseases References

RNA viruses 
Hepatitis C virus 
(HCV) Molecular mimicry Autoimmune hepatitis 

(AIH) type 2 
(Kammer et al. 
1999) 

Cytomegalovirus 
(CMV) Molecular mimicry Type 1 diabetes and stiff-

man syndrome 
(Hiemstra et al. 
2001) 

Dengue virus 
(DENV) Molecular mimicry 

Complex of dengue 
hemorrhagic fever (DHF) 
and dengue shock syndrome 
(DSS) 

(Lin et al. 2011) 

Human 
immunodeficiency 
virus (HIV) 

Molecular mimicry Systemic lupus 
erythematosus (SLE) 

(Zandman-
Goddard and 
Shoenfeld 2002) 

Coxsackie virus 
Molecular mimicry 
and bystander 
activation 

Myocarditis (Fairweather et al. 
2005) 

DNA viruses 
Herpes Simplex 
Virus (HSV) Molecular mimicry Stromal keratitis (Zhao et al. 1998) 

Epstein-Bar virus 
(EBV) 

Molecular mimicry 
and epitope spreading SLE (Harley et al. 2006) 

Molecular mimicry 
and superantigen 
induction 

Multiple sclerosis (Haahr and 
Hollsberg 2006) 

Human parvovirus 
B19 (B19V) Molecular mimicry SLE, rheumatoid arthritis  (Lunardi et al. 

2008) 

Clinical manifestations of B19V infection significantly mimic systemic 
pathogenesis of SLE and RA, including fever, rash, arthralgia, arthropathy, 
arthritis, myalgia, multiple lymphadenopathy, cytopenia, anemia, hepatitis, 
renal involvement as well as the production of self-reactive autoantibodies (Hsu 
and Tsay 2001, Meyer 2003, Seve et al. 2005). The correlation of B19V infection 
and inflammatory diseases of joints have been observed and verified in adults 
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more than in children. The incidence of anti-B19V IgG antibodies has been 
determined in 31 out of 35 RA and 12 out of 20 osteoarthritis sera samples 
(Takahashi et al. 1998). Furthermore, the RA-like symptoms in many persistent 
B19V patients have met the criteria of the American Colleague of Rheumatology 
for a diagnosis of RA (Naides et al. 1990). Therefore, SLE- and RA- like 
symptoms are commonly seen in acute and persistent B19V patients with 
higher prevalence in women than men (Takahashi et al. 1998, Seve et al. 2005).  

Nevertheless, the potential mechanisms of B19V in activation of ADs 
remain under controversy. B19V DNA and anti-B19V antibodies have been 
identified either frequently (Cohen B.J. et al. 1986, Naides et al. 1990, Kerr J.R. et 
al. 1996, Takahashi et al. 1998, Caliskan et al. 2005), or rarely (Nikkari et al. 1994, 
Nikkari et al. 1995, Söderlund et al. 1997) detected in SLE and RA patients. These 
controversial results suggest that B19V infection seems not to be the potential 
causative agent to trigger ADs. Even though, B19V plays a role more likely in 
triggering the clinical symptoms similarly to those ADs by itself or synergic 
with other factors, it might be an enhancer of ADs (Hemauer et al. 1999). To 
date, the mechanisms of how viral infections are involved in the ADs remain to 
be investigated. However, B19V infection could not be excluded from the 
causative agents of ADs (Seve et al. 2005, Aslanidis et al. 2008). Positive 
serological anti-B19V antibodies are probably difficult to determine in the case 
of patients who have been treated with immunosuppressive agents (Page et al. 
2015). Many researchers have attempted to explore the mechanisms of B19V in 
association to pathogenesis of ADs. The NS1 has been proposed to be a key 
protein of B19V to facilitate autoimmunity as a result of its helicase activities 
(Tsay and Zouali 2006, Poole et al. 2011).   

Autoantibodies are the common characteristic feature in pathogenesis of 
ADs. Autoantibodies to nuclear antigens are typically determined especially in 
SLE patients to verify autoimmune activities. Table 5 demonstrates common 
nuclear antigens that have been frequently tested to examine autoimmunity, 
including double-stranded DNA (dsDNA), ribonucleoprotein (RNP), Smith 
(Sm), Ro/SSA, La/SSB, histidyl–tRNA synthetase (Jo-1), and topoisomerase I 
(topo-I or Scl-70) (Arbuckle et al. 2001, Alba et al. 2003). Additionally, 
rheumatoid factor (RF) and anti-cyclic citrullinated peptide (CCP) have been 
employed as the specific marker for RA diagnosis (Smolen et al. 2016).  

B19V infection and many other viral infections, such as EBV and CMV, 
can induce the production of autoantibodies (Lunardi et al. 1998, Meyer 2003, 
Seve et al. 2005, Barzilai et al. 2007). Broad spectrum of autoantibodies due to a 
B19V infection have been determined from B19V patients, including anti-
nuclear antigens, anti-dsDNA, anti-lymphocyte, anti-phospholipid, anti-
cardiolipin, as well as rheumatoid factor (Lunardi et al. 1998, Meyer 2003, Seve 
et al. 2005). The production of antibodies against self-antigens, including 
keratin, collagen II, cardiolipin, and single stranded DNA, and viral peptides 
were examined in mice that have been immunized with synthetic recombinant 
B19V peptides and also in chronic B19V patients (Lunardi et al. 1998). The 
serologic SLE-like autoantibodies, particularly anti-nuclear antibody (ANA) 
and anti-dsDNA antibody, were highly detected up to 90% of B19V patients 
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(Seve et al. 2005). The presence of autoantibodies is an essential marker to 
indicate the development of autoimmunity as a consequence of B19V infection. 
According to the literature, B19V is a good representative of common viruses 
that are associated with pathogenesis of autoimmune diseases.  

TABLE 5 Autoantibody markers associated to specific autoimmune diseases. 

Autoantibody markers Disease relevance Serological 
positive 

References 

Anti-nuclear antibody 
(ANA) 

Systemic lupus 
erythematosus (SLE) 

Up to 99% (Alba et al. 2003) 

Anti-dsDNA antibody SLE 50-70% (Arbuckle et al. 2001, Alba 
et al. 2003) 

Anti-ribonucleoprotein 
(RNP) antibody 

SLE with nephritis; 

Systemic sclerosis 

20-47% 

61-88% 

(Alba et al. 2003, 
Migliorini et al. 2005); 

(Meyer 2006) 
Anti-Smith antibody SLE with nephritis 5-30% (Alba et al. 2003, 

Migliorini et al. 2005) 
Anti-Ro/SSA antibody SLE with nephritis; 

Sjögren’s syndrome 

37-50%, 

40-96% 

(Steiner and Smolen 2002, 
Alba et al. 2003);  

(Harley et al. 1986, Garcia-
Carrasco et al. 2002) 

Anti-La/SSB antibody SLE with nephritis; 
Sjögren’s syndrome 

9-17% 
26-87% 

(Alba et al. 2003); 
(Harley et al. 1986, Garcia-

Carrasco et al. 2002) 
Anti-histidyl–tRNA 
synthetase (Jo-1) antibody 

Myositis 15-30% (Mileti et al. 2009) 

Anti-topoisomerase I 
(topo-I or Scl-70) 
antibody 

SLE;  
Systemic sclerosis 

25%,  
20-64% 

(Gussin et al. 2001);  
(Ho and Reveille 2003, 

Meyer 2006) 
Anti-cardiolipin antibody 
(ACA) 

SLE with thrombosis 44-57% (Sturfelt et al. 1987, Ishii et 
al. 1990) 

Lupus anticoagulant (LA) SLE with nephritis 25-38% (Alba et al. 2003) 
Rheumatoid factor (RF) Rheumatoid arthritis 60-80% (Steiner and Smolen 2002) 

2.3.4 Clearance of apoptotic cells and bodies and autoimmunity 

The impact of apoptosis in the pathogenesis of immunity has been extensively 
investigated, however, the precise correlation of apoptosis to initiate 
autoimmunity remains to be established. Most viruses cause host cell death 
through apoptosis mechanism. The basic purpose of apoptosis is to prevent the 
propagation of foreign pathogens from the infected cells as well as to minimize 
damage and disruption to neighbouring cells (Elmore 2007, Galluzzi et al. 2008, 
Taylor et al. 2008, Neumann et al. 2015). In viral infections, viruses probably 
regulate induction or inhibition of cellular apoptosis for their own benefits to 
evade and disseminate in the host.  

To maintain immune tolerance to self-antigens, apoptotic cells are rapidly 
taken up by phagocytes. Four distinct processing steps have been defined in the 
clearance of apoptotic cells by phagocytic cells. First, accumulation of 
phagocytes at the apoptotic site by the dying cells release of  “find-me” soluble 
chemotaxis signals, e.g. chemokine CX3CL1 and lysophosphatidylchloline 
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(lysoPC), to attract phagocytes; second, recognition of “eat-me” signals, e.g. 
phosphatidylserine (PS), milk-fat globule epidermal growth factor 8 (MFG-E8), 
and complement protein C1q, on the dying cells through bridge molecules and 
receptors; third, engulfment of dying cells by phagocytosis; and lastly, 
degradation of internalized corpses through phagolysosomal pathway (Erwig 
and Henson 2008, Lleo et al. 2008, Elliott and Ravichandran 2010). Eventually, 
phagocytic cells mediate anti-inflammatory cytokines, e.g. IL-10, transforming 
growth factor (TGF)- , and platelet-activating factor (PAF), to suppress the 
immune responses toward the apoptotic particles (Voll et al. 1997, Fadok et al. 
1998).  

The correlation of ineffective clearance of apoptotic cells and development 
of pathogenesis of SLE has been reported and the reduction of phagocytic 
activity responsible for apoptotic clearance has been determined in patients 
(Gaipl et al. 2007, Munoz et al. 2010). The precise mechanism of defective 
clearance of apoptotic cells to promote autoimmunity remains to be elucidated. 
However, defective clearance of apoptotic cells facilitates secondary necrosis 
resulting in stimulation of immune disorders (Gaipl et al. 2005, Elmore 2007, 
Gaipl et al. 2007, Nykky et al. 2010, Jung and Suh 2015). Secondary necrosis 
leads to disruption of membrane integrity of apoptotic cells and bodies. 
Membranes from apoptotic cells and bodies when lysed and are presumably the 
sources of self-antigens to drive production of autoantibodies and activation of 
multiple ADs, including SLE, type I diabetes, and multiple sclerosis (Gaipl et al. 
2005, Galluzzi et al. 2007, Lleo et al. 2008, Munoz et al. 2010, Jung and Suh 2015). 
Here, we hypothesized that viruses can break self-tolerance through defective 
clearance of apoptotic cells post infection. Therefore, mechanism of apoptosis 
and its products seem to be significantly involved in the initiation of 
autoimmunity. The main viral proteins that are contributing to activation of 
apoptosis and the pathogenic properties of apoptotic elements as a consequence 
of viral infections were investigated in this thesis. The insight of how B19V 
breaks self-tolerance provides knowledge of how other viruses are involved 
with the pathogenesis of autoimmunity.  



3 AIMS OF THE STUDY 

1. To characterize morphological features and biological components of
apoptotic bodies induced by B19V NS1

2. To study the pathological and immunological responses of the apoptotic
bodies induced by B19V NS1 in vitro and in vivo

3. To investigate immune responses against B19V proteins and apoptotic
bodies in B19V patients



4 SUMMARY OF THE METHODS 

Summary of the materials and methods used in this thesis are listed in Table 6. 
Detailed description can be found in the original papers indicated with Roman 
numerals.  

TABLE 6  Summary of materials and methods used in the original publications included 
in the thesis. 

Material/Method Publication 
HepG2 / Sf9 cell culture I, II, III 
THP-1 cell culture I 
Macrophage phagocytosis assay I 
Production of recombinant B19V NS1 by BEVS I, II, III 
Production of recombinant VP1, VP2, EBNA by BEVS III 
Induction of apoptosis I, II, III 
Purification of apoptotic bodies I, II, III 
Purification of VP1, VP2, NS1 by IMAC III 
Flow cytometry I, II 
Annexin V assay I 
Immunofluorescence and confocal microscopy  I, II, III 
DIC microscopy I, II, III 
Microscopic data processing I, II, III 
Immunolabeling I, II, III 
SDS-PAGE / Western blotting III 
ELISA II, III
Immunization / blood collection in mice II 
Mouse’s organs harvesting II 
Tissue embedding / sectioning  II 
H&E staining II 
Histological analysis / quantification of severity scores II 
CLIFT II
Quantification of fluorescent intensity of images I, II 
Statistical analysis I, II, III 



5 RESULTS AND DISCUSSION 

5.1 B19V NS1 stimulates high quantities of apoptotic cells and 
bodies  

Many studies have previously demonstrated that B19V can stimulate cell death 
mainly through apoptosis mechanism (Moffatt et al. 1998, Sol et al. 1999, Morita 
et al. 2001, Morita et al. 2003, Poole et al. 2004, Poole et al. 2006, Tsay and Zouali 
2006, Kivovich et al. 2010, Tzang et al. 2010, Wan et al. 2010, Poole et al. 2011, 
Kivovich et al. 2012, Lou et al. 2012a). These studies suggested that NS1 is a key 
player to trigger cell cycle arrest leading to apoptosis. In this thesis, 
recombinant baculoviruses, Autographa californica, expressing fusion of 
enhanced green fluorescent and NS1 proteins (AcEGFP-NS1) were produced by 
using the Bac-to-Bac® Baculovirus Expression system (BEVS) as previously 
described (Kivovich et al. 2010). Subsequently, the AcEGFP-NS1 was utilized to 
transduce non-permissive hepatocytes to undergo apoptosis. High quantities of 
apoptotic cells and bodies were observed (I, Figs. 1, 2). The characteristic 
hallmarks of apoptosis were determined by the presence of apoptotic blebs on 
the cellular surface membrane (I, Fig. 1A) and the segregated bodies from 
remnant apoptotic cells (I, Fig. 2). During the apoptotic process, phospholipid 
member layers of the cells were also transformed. As illustrated by microscopic 
images and flow cytometry, the apoptotic cells and bodies were characterized 
for phosphatidylserine (PS) using Annexin V, which is a surface membrane PS-
binding protein label (I, Figs. 1B, 1C, 1D, 2). As the earliest detected marker of 
apoptosis, the loss of phospholipid membrane symmetry causes the exposure of 
PS on the outer surface layer, (Fadok et al. 1992, Fadok et al. 2001a, Fadok et al. 
2001b). Redistribution of PS from the inner to the outer leaflet cellular 
membrane occurs by the down-regulation of an ATP-dependent 
aminophospholipid translocase and the up-regulation of an uncharacterized 
flippase in apoptotic cells (Verhoven et al. 1995).  

The apoptotic bodies (ApoBods) with the size of < 5 m were purified 
from the cell remnants prior to the characterization of internal components. 
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Quantification of ApoBods stained with PS was examined by flow cytometer 
analysis (I, Fig. 2A). The results demonstrated that recombinant B19V NS1 
stimulated cells to produce ApoBods with higher quantities than the negative 
control (only EGFP) (I, Fig. 2A, Table S1). The quantity of ApoBods induced by 
B19V NS1 was similar to the positive apoptotic inducer (staurosporine, ST), 
which was approximately 2-fold higher than the EGFP control. EGFP in 
recombinant systems has extensively been used as a fluorescent marker in cells 
or for proteins (Liu et al. 1999, Baens et al. 2006). However, high concentration or 
long-term expression of EGFP can produce cytotoxic effects on cells, in which 
cellular physiology can be altered leading to apoptosis (Liu et al. 1999, Baens et 
al. 2006). It is shown in the results of this thesis that EGFP caused apoptosis (I, 
Fig. 2). Nevertheless, the induction of apoptosis by EGFP itself had less 
consequence than by EGFP-fused to B19V NS1 (I, Fig. 2). 

Increasing of apoptosis rate can lead to high quantities of apoptotic cells 
and bodies that exceed the maximum capacity of phagocytosis mechanisms, 
resulting in impaired elimination of dying cells (Cline and Radic 2004). The 
high rate of apoptosis is involved in the development of autoimmune diseases 
such as SLE and type I diabetes (Lorenz et al. 2000, Gaipl et al. 2005, Lleo et al. 
2008, Munoz et al. 2010). For instance, apoptosis rate of cells derived from SLE 
patients in in vitro experiments has been reported 2-fold faster than in cells from 
normal individuals and RA patients (Emlen et al. 1994, Lorenz et al. 1997). In 
addition, the phagocytosis rate of apoptotic cells in SLE patients was reduced 
by approximately 25 - 50% compared with the control individuals (Herrmann et 
al. 1998, Gaipl et al. 2007). The high quantities of ApoBods observed in this 
thesis demonstrated the ability of B19V NS1 to initiate overexpression of 
apoptotic cells and bodies that might arise over the capacity of common 
clearance mechanisms. 

5.2 SLE-associated antigens are characterized in viral-induced 
ApoBods  

Purification of B19V NS1-induced ApoBods was characterized. The specific 
nuclear and cytosolic antigens associated with SLE-specific antigens (DNA, 
histone 4, Ku80, apolipoprotein-H, Smith, and histone 2B) were stained prior to 
imaging by fluorescence microscope. All of the autoimmune-associated self-
antigens were observed in the viral-induced ApoBods, except for the histone 2B 
(I, Figs. 3, 4, 5). Typically, during apoptosis, cellular components were 
fragmented and re-localized before assembling as new complexes into 
ApoBods. The cellular components contained in ApoBods are defined as self-
antigens that do not regularly induce an immune response from the phagocytic 
cells (Kerr J.F. et al. 1972, Barber 2001, Radic et al. 2004, Krysko et al. 2006).  

Apoptotic inducer agents promote modification of self-antigen clusters 
within apoptotic blebs and bodies (Utz et al. 2000). In this work, B19V NS1 
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stimulated high quantities of ApoBods that contained modified self-antigens, 
particularly DNA and Smith (I, Figs. 3, 4, 5). The presence of high amounts of 
nuclear antigens indicated the capability of B19V NS1-induced ApoBods as the 
self-antigen source in the initiation of autoimmunity. Recognition of the highly 
conserved self-antigens is a significant factor in breaking self-tolerance. 
Diversity of modified self-antigens from apoptotic cells leads to distinct 
immunity consequences initiated by different stimulators (Utz et al. 2000, Cline 
and Radic 2004). For example, the clusters of unique self-antigens, including Ro, 
La, small nuclear ribonucleoproteins (snRNPs) such as Smith (Sm), and 
nucleosomal DNA, have been determined in ApoBods from apoptosis of 
ultraviolet-irradiated keratinocytes (Lefeber et al. 1984, Casciola-Rosen et al. 
1994). Those conserved self-antigens are crucial targets to activate the 
production of autoantibodies in SLE (Lefeber et al. 1984). Therefore, the 
presence of conserved self-antigens in apoptotic blebs and bodies suggested a 
major contribution in pathogenesis of autoimmunity. 

In addition to multiple self-antigens, B19V NS1 was also observed in viral-
induced ApoBods. Poole and colleagues have demonstrated that B19V NS1, a 
member of SF3 helicase superfamily, is covalently bound to host DNA and can 
cleave this structure (Poole et al. 2011). This thesis speculated that the cleaved 
host DNA within the viral induced ApoBods is most likely antigen source for 
the activation of auto-DNA antibody production (I, Figs. 3, 4, 5). The helicase 
activities of other members in the helicase superfamilies such as Rep78, SF3 
superfamily, of AAV2 (Schmidt et al. 2000) and NS3, SF2 superfamily, of 
DENV1 (dos Santos et al. 2000) have previously demonstrated the activation of 
cellular apoptosis. The helicase activities of these non-structural viral proteins 
have proven to be significant contributors to apoptosis. Moreover, the presence 
of viral helicase proteins in ApoBods suggested the evasive strategy of viruses 
to disseminate and propagate persistent infection in patients.  

5.3 Viral-induced apoptotic bodies activate irregular immune 
responses in macrophages  

In general, neighbouring phagocytes are responsible for uptake and clearance 
of apoptotic cells when they are attracted to the find-me and eat-me signals 
from the dying cells (Erwig and Henson 2008, Lleo et al. 2008, Elliott and 
Ravichandran 2010). The effective phagocytic clearance of apoptotic cells and 
bodies is a rapid process, approximately 1 – 2 h. Promptly and successful 
elimination of apoptotic cells and bodies are a primary defence mechanism to 
prevent damage to the host (Savill 1997). In this thesis, exposure of PS, an eat-
me signal, on generated ApoBods was illustrated (I, Figs. 1B, 2). The ApoBods 
were fed and incubated to differentiated macrophages for 2 h to examine the 
phagocytic activity of the phagocyte. The phagocytosis of B19V NS1-induced 
ApoBods revealed that phagocytes could internalize and process the generated 
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ApoBods as a typical apoptotic clearance mechanism (I, Figs. 6, S1F). More than 
26% of macrophages engulfed the ApoBods post introduction (I, Table 1). 
Phagocytic activity was inhibited by cytochalasin B, an actin-depolymerizing 
reagent (I, Figs. S1A, S1B, Table 1).  

The elimination of apoptotic cells and bodies has been known as “injury-
limiting” that does not produce the inflammatory responses (Savill 1997, Voll et 
al. 1997, Erwig and Henson 2008, Lleo et al. 2008, Elliott and Ravichandran 
2010). On the other hand, apoptotic clearance can stimulate the production of 
anti-inflammatory cytokines, e.g. transforming growth factor  (TGF- ), 
platelet-activating factor (PAF), interleukin10 (IL-10), and IL-13, to suppress 
immune response to self-components (Voll et al. 1997, Fadok et al. 1998, Lleo et 
al. 2008). The induction of immune responses post phagocytosis of apoptotic 
cells and bodies implies a dysregulation of apoptotic clearance mechanisms 
(Savill and Fadok 2000). 

The productions of pro-inflammatory and anti-inflammatory cytokines as 
well as chemokines mediated from phagocytes were examined (Fig. 4). All 
materials and methods for cytokine analysis were provided in the kit (Human 
Cytokine Array ARY005, R&D system, MN, USA). Immune responses were 
observed as a consequence of phagocytosis of B19V NS1-induced ApoBods by 
macrophages (I, Fig. 6). The production of 11 different pro-inflammatory 
cytokines and chemokines, including macrophage migration inhibitory factor 
(MIF), chemokine (C-X-C motif) ligand 1 (CXCL1), CXCL10, CXCL12, soluble 
intercellular adhesion molecule (sICAM-1), chemokine (C-C motif) ligand 5 
(CCL5), IL-8, IL-16, triggering receptor expressed on myeloid cells 1 (TREM-1), 
tumor necrosis factor alpha (TNF- ), and interferon gamma (IFN- ), were 
determined at 24 h post introduction (Fig. 4). The pro-inflammatory mediators 
(CXCL1, CXCL10, CXCL12, sICAM, CCL5, IL-8, and IL-16) are chemotaxis 
agents (Hubbard and Rothlein 2000, Kryczek et al. 2007, Turner et al. 2014). 
These mediators have the ability to recruit immune cells, e.g. neutrophils, 
phagocytes, and lymphocytes, to the local site of inflammation (Hubbard and 
Rothlein 2000, Kryczek et al. 2007, Turner et al. 2014). The MIF, TREM, TNF- , 
and IFN-  contribute in the inflammatory reactions by their properties in the 
activation of immune cells activities (Bouchon et al. 2000, Mitchell et al. 2002, 
Turner et al. 2014). Interestingly, an important pro-inflammatory cytokine, 
sICAM1, was significantly (p < 0.05) expressed from the macrophages fed with 
viral ApoBods (Fig. 4). The ICAM1 plays critical roles in inflammatory 
responses, e.g. recruitment of inflammatory cells and activation of 
inflammatory cytokine products (Hubbard and Rothlein 2000). Furthermore, 
the expression of insoluble ICAM1 on the APCs regulates immune cells 
proliferation and the cell’s activities such as adhesion of ICAM1 on APCs to 
leukocyte function-associated antigen (LFA-1) on T cells during antigen 
presentation processes (Hubbard and Rothlein 2000, Yusuf-Makagiansar et al. 
2002). In addition to the inflammatory mediators, two different anti-
inflammatory cytokines and chemokines, including interleukin 1 receptor 
antagonist (IL-1ra) and endothelial plasminogen activator inhibitor (PAI-1), 
were also detected. Therefore, B19V NS1-induced ApoBods can activate the 
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phagocytes to mediate aberrant inflammatory responses that are not seen in 
common clearance apoptotic cells and bodies.  

FIGURE 4  Expression of cytokines and chemokines mediating from stimulated 
macrophages. Phagocytes, differentiated THP-1 cells, produced different 
levels of the variety of both pro-inflammatory and anti-inflammatory 
mediators at 24 h post incubation. The examination was performed in 
duplicate with two dependent assays. Control is untreated phagocytes, 
AcEGFP in the figure are phagocytes engulfed with ApoBods created by the 
transduction of HepG2 cells with AcEGFP (recombinant baculoviruses 
expressing enhanced green fluorescent protein), AcEGFP-NS1 in the figure 
are phagocytes that engulfed ApoBods from the transduction of HepG2 cells 
with AcEGFP-NS1, and ST are phagocytes that have been treated with 
ApoBods induced with staurosporine. Expression of cytokines was evaluated 
from the relative intensity; mean of values were calculated and subtracted 
with the background (average of the negative controls). * Different results 
between groups were statistically analyzed using one-way ANOVA, 
significant value at p < 0.05 was indicated. 
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5.4 Pathogenesis of autoimmunity initiated by viral-induced 
apoptotic bodies   

To determine pathogenicity of B19V NS1-induced ApoBods in activation of 
autoimmunity, three different concentrations of ApoBods were injected to non-
autoimmune strain mice (BALB/c) at 25, 50, and 100 g per 30 g of mouse body 
weight. Immunized viral-induced ApoBods in this thesis was conducted to 
mimic the situation of overexpression of ApoBods, causing by persistent viral 
infections. The specific nuclear autoimmune-associated antigen Smith was 
detected in B19V NS1-induced ApoBods at a concentration of 25 g by western 
blot analysis (Fig. 5).  

 

FIGURE 5  Characterization of Smith antigen (25 kDa) in apoptotic bodies and cells by 
western blot analysis. Apoptotic bodies (25 g) from different inductions are 
seen: 1) AcEGFP (recombinant baculoviruses expressing enhanced green 
fluorescent protein), 2) AcEGFP-NS1 (the transduction of AcEGFP fusion with 
B19V NS1 proteins), and 3) staurosporine (ST). Apoptotic cells (10 g) from 
different inductions are provided: 4) AcEGFP, 5) AcEGFP-NS1, and 6) ST. 
Controls are including 7) EGFP expressed in Sf9 insect cells, 8) normal 
hepatocytes (HepG2), 9) Sf9 insect cells, and 10) Epstein-Barr virus nuclear 
antigen. Arrowheads indicated the presence of Smith antigen. WB analysis 
was conducted by following the methods descripted in article (III). To verify 
the presence of Smith, membranes were incubated with mouse monoclonal 
anti-Smith antibody (GeneTex, Inc., GmbH, Germany) 1:500 in Tris buffer and 
following with rabbit polyclonal anti-mouse Ig antibody (Dako, Agilent 
Technologies, Denmark) 1:750 in Tris buffer, for 1 h each antibody at room 
temperature. MW, molecular weight. 

Smith antigen was characterized in both apoptotic cells and bodies induced by 
B19V NS1, even though a weak signal was observed in the bodies. However, 
Smith antigen was not detected in apoptotic cells and bodies induced by 
staurosporine (ST) at the same concentration. These results correlated with the 
presence of antigens in ST-induced ApoBods (I, Figs. 3, 4, 5). Therefore, ST-
induced ApoBods is a good negative control for autoimmunity inducer.  

This thesis demonstrated that immunization of B19V NS1-induced 
ApoBods stimulated anti-dsDNA antibody production in mice at a similar level 
to the positive control, pristine immunization (II, Fig. 1). Autoantibodies against 
dsDNA are the serologic hallmark of SLE and lupus nephritis (Hahn 1998, 
Arbuckle et al. 2003, Fabrizio et al. 2015). At week 8 post-immunization, mice 
treated with B19V NS1-induced ApoBods at each concentration were 
determined as positive or equivocal anti-dsDNA antibodies for at least 4 out of 
6 mice (II, Table S1). Autoantibodies are primary biological markers that can be 
detected in many years prior to the appearance of clinical manifestations of 
autoimmune diseases (Arbuckle et al. 2003, Doria et al. 2010).  
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Additionally, the results of this thesis revealed the abnormality in the vital 
organs, e.g. brain, heart, liver, and kidney, by B19V NS1-induced ApoBods (II, 
Fig. 2). Damage of susceptible organs might be initiated by the deposition of 
antigen-antibody complexes in tissues. The deposited antigen-antibody 
complexes can then attract APCs and other immune cells to migrate into the 
local damaged site to increase inflammatory responses (Banchereau and 
Steinman 1998). The severity score of inflammation and cellular degeneration 
were obtained by the semi-quantitative scoring systems for each organ (II, Table 
S2). Infiltration of immune cells was a main feature in every organ of mice 
administered with viral-induced ApoBods. Mild to moderate severity scores 
were observed in the brains, hearts, and kidneys of mice that received viral-
induced ApoBods and significant severity scores were higher than the negatives 
and ST-induced ApoBods groups, but similar to the positive control group (II, 
Figs. 2, 3, S1, Table S2). The effects of viral-induced ApoBods in the liver of mice 
were slightly lower in severity than the positive control; however, it was still 
significantly greater than the negative and ST-induced ApoBods groups (II, 
Figs. 2, 3, S1, Table S2). These results suggested that ApoBods induced by B19V 
NS1 contributed to the development of autoimmunity in systemic organs. The 
in vivo study of this thesis agreed well with other studies that have verified the 
involvement of B19V in the contribution of autoimmunity in multiple organs, 
including the brain (Barah et al. 2014, Watanabe and Kawashima 2015), heart 
(Kuhl et al. 2003, Bock et al. 2010), liver (Langnas et al. 1995, Bihari et al. 2014), 
and kidney (Nakazawa et al. 2000, Tanawattanacharoen et al. 2000, Ohtomo et al. 
2003). Furthermore, NS1 seemed to have a crucial role in the pathogenesis of 
autoimmune diseases in B19V infections 

The presence of aberrant immune responses in in vivo (II) supported the 
production of pro-inflammatory cytokines mediated from macrophages post 
phagocytosis of viral-induced ApoBods in in vitro (Fig. 4). As a result, the 
components of viral-induced ApoBods are the primary source of self-antigens 
that have the ability to initiate the onset of autoimmunity. The effective 
clearance of ApoBods can protect the exposure of self-antigens to immune cells 
(Savill 1997). However, defective clearance of apoptotic cells and bodies has 
been extensively suggested as an essential contributor in the development of 
autoimmunity (Clemens M.J. et al. 2000, Gaipl et al. 2005, Elliott and 
Ravichandran 2010). Unsuccessful elimination of apoptotic cells and bodies 
leads to late stage of apoptosis, namely secondary necrosis. Secondary necrosis 
is an autolytic process, resulting in the loss of membrane integrity of ApoBods 
as well as the release of modified self-antigens and viral proteins to activate the 
immune system (Fink and Cookson 2005, Silva et al. 2008, Munoz et al. 2010). 
Moreover, the secondary necrosis is an important factor to initiate disruption of 
self-tolerance (Fink and Cookson 2005, Gaipl et al. 2005, Elmore 2007, Silva et al. 
2008, Silva 2010, Jung and Suh 2015).  

In this thesis, animal models were employed to study the contributions of 
impaired clearance of apoptotic cells in the promotion of autoimmune diseases. 
To our best knowledge, this research was the first to investigate the potential 
effects of viral-induced ApoBods in the contribution of autoimmunity in 
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animals. Other previous studies have injected the apoptotic cells to mice for 
activating the production of autoantibodies against nuclear components (mostly 
anti-DNA antibodies) without the appearance of inflammation in the organ 
(Mevorach et al. 1998, Cohen P.L. et al. 2002, Bondanza et al. 2003). Mevorach 
and colleagues have injected syngeneic apoptotic thymocytes to non-
autoimmune and autoimmune mice strains. It is demonstrated that 
autoantibodies, anti-nuclear antibodies (ANA) and anti-ssDNA antibodies, 
have been determined in both mice strains but with a higher level in the 
autoimmune mice. However, the production of autoantibodies against dsDNA 
is absent and the development of SLE-like glomerulonephritis (GN) is not 
observed in those mice (Mevorach et al. 1998). In addition, Cohen and 
colleagues have immunized apoptotic cells from spleen and thymus to c-mer-
deficient mice, leading to impaired clearance of apoptotic cells (Cohen P.L. et al. 
2002). Immunization with apoptotic cells accelerated the production of anti-
phospholipid, anti-chromatin, and anti-DNA autoantibodies in those mice, 
which were similar to this thesis (II, Fig. 1). Moreover, Bondanza and colleagues 
have investigated the autoimmunity consequences initiated by dendritic cells 
(DCs) post engulfment of apoptotic thymocytes (Bondanza et al. 2003) and 
autoantibodies, e.g. ANA and anti-dsDNA antibodies, were detected in non-
autoimmune and autoimmune mice after DCs vaccination, as demonstrated 
also in this thesis (II, Fig. 1). The autoantibodies are persistent only in 
susceptible autoimmune mice (Bondanza et al. 2003). However in this thesis, 
production of anti-dsDNA autoantibodies and the pathogenesis of GN were 
observed in non-autoimmune mice post immunized with viral-induced 
ApoBods (II, Figs. 1, 4, 5).  

Furthermore, Levine and colleagues have illustrated that immunization of 
non-autoimmune mice with an apoptotic cell-binding protein, human 2-
glycoprotein I or apolipoprotein H, and the presence of lipopolysaccharide 
(LPS) resulted in epitope spreading of SLE-associated antigens (Levine et al. 
2006). Immunization of mice with hydrocortisone induced apoptotic 
thymocytes and LPS for 3 months produced SLE-specific autoantibodies and 
development of glomerulonephritis (Levine et al. 2006) that are similar to the 
results of this thesis (II, Figs. 1, 4, 5). However, Levine and colleagues utilized 
apoptotic cells bound with an autoimmune-associated antigen in associated 
with an endotoxin LPS to stimulate autoimmunity in mice (Levine et al. 2006). 
Whereas, non-autoimmune mice in this thesis developed autoimmunity from 
immunization of ApoBods induced by B19V NS1 without any supplementary 
treatments (II). Thus, this thesis research supports the potential effects of 
overexpression and defective clearance of apoptotic cells and bodies induced by 
viral infections in the contribution of autoimmunity. 

Therefore, autoimmune conditions initiated by B19V infections are a 
model to understand the mechanisms of common viruses in the activation of 
autoimmune diseases. We hypothesized that B19V infections initiate 
autoimmunity because of defective clearance of apoptotic cells and bodies, and 
this lead to the activation of autoreactive lymphocytes to recognize the free 
circulating self-antigens. In in vivo, the ApoBods contained NS1-DNA adducts 
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were phagocyted by APCs such as macrophages (I, Fig. 5). After phagocytosis, 
the processed NS1-DNA adducts were presented through MHC II molecule to 
activate naïve T cells, resulting in NS1-specific T cells. APCs may process and 
present self-antigens by cryptic self-epitopes to prime autoreactive T 
lymphocytes and spread autoimmune responses to activate autoreactive T cells 
to specific self-antigens. In fact, autoreactive B cells, an APC, also can uptake 
and then process NS1-DNA adducts. In general, the peripheral tolerance 
properties of B cells control the cells to be either anergic or apoptotic for 
preventing pathogenesis of autoimmunity (Shlomchik 2008). However, the 
autoreactive B cells can be activated by the signal of activated T-helper cells 
(Shlomchik 2008). Therefore, the NS1-specific T cells might help the 
autoreactive B cells to differentiate to anergic anti-DNA B cells. In addition, 
activated autoreactive B cells can stimulate immune responses to regulate 
themselves and present self-antigens to activate autoreactive T cells by cryptic 
epitopes with the help from NS1-specific T cells. Expression of self-antigens by 
B cells is highly efficient to activate specific autoreactive T cells that accelerate 
the collapse of self-tolerance (Cocca et al. 2002, Shlomchik 2008). Activation of 
autoreactive B cells is the key aspect to trigger autoimmunity. The breakdown 
of T and B cells tolerances would orchestrate autoimmunity leading to 
autoimmune diseases (Chan and Shlomchik 1998, Kamradt and Mitchison 2001, 
Abbas et al. 2004, Shlomchik 2008, Dorner et al. 2009). Autoimmunity 
consequences initiated by impaired clearance of viral-induced ApoBods might 
be contributed from two primary mechanisms, epitope spreading and cryptic 
epitope (Wucherpfennig 2001, Fujinami et al. 2006, Ercolini and Miller 2009, 
Getts et al. 2013). Immune responses initiated by ApoBods components would 
cause tissue damage, more apoptotic cells, and more immune cell activation. 
These responses drive the pathogenesis of autoimmune diseases in a specific 
organ and subsequently to other systemic organs (Kalaaji et al. 2006b). 

5.5 Viral-induced ApoBods initiate pathogenesis of 
glomerulonephritis  

Stimulation of autoimmunity in non-autoimmune mice by immunization with 
apoptotic cells in other studies demonstrated the production of autoantibodies 
without histological features of SLE-like disease (Mevorach et al. 1998, 
Bondanza et al. 2003). Apoptotic cells and bodies induced by common viral 
infections, B19V, have been determined as an essential trigger of autoimmunity 
in this thesis. One of the common manifestations of SLE nephritic syndrome, 
glomerulonephritis (GN), has been verified in mice as demonstrated by 
histopathology of kidney (II, Figs. 3, 4A) and deposition of nucleosomes in the 
glomerular tissues (II, Fig. 5). In addition, GN has been observed by the 
impaired clearance of apoptosis (Lleo et al. 2008). Histopathological aspects of 
GN, including glomerular proliferation, mesangial proliferation, and capillary 



46 

thickening, were elicited in B19V NS1-induced ApoBods treated mice (II, Figs. 
2D, 4A). The degree of severity in those groups was similar to the positive 
control (pristane). The severity scores of the glomerular destruction of those 
mice were similar to the positive control that was quantified as mild to 
moderate (II, Fig. 3D). However, the evidence of glomerular damage was not 
observed in mice administered with ST-induced ApoBods. 

Despite the histopathology and morphology alterations, deposition of 
specific nucleosomes, e.g. dsDNA, in the glomerular membrane was observed 
(II, Figs. 4, 5). The deposition of nucleosomes, e.g. dsDNA, histone 1, histone 4, 
and TATA-binding protein (TBP), in the glomerular tissues was explored in 
animal study in this thesis. The results demonstrated that immunization of 
B19V NS1-induced ApoBods provoked the deposition of all those nucleosomes 
in the glomerulus, mostly at the glomerular basement membranes (II, Figs. 4, 5). 
Deposition of dsDNA self-antigen was detected in every group of viral-induced 
ApoBods at significantly higher levels than in the negative controls (II, Fig. 5A). 
Deposition of other nucleosomes, histone 1, 4, and TBP, was also verified in 
B19V NS1-induced ApoBods treated mice at lower level when compared with 
dsDNA depositions (II, Fig. 5B). Therefore, the defective clearance of ApoBods 
is an essential mechanism of viruses to activate autoimmune diseases. Failure of 
apoptotic clearance in ADs such as SLE patients, leads to accumulation of self-
antigens released from apoptotic cells into the susceptible tissues, e.g. germinal 
centers of the lymph nodes, skin, and glomerulus membranes (Lorenz et al. 
1997, Berden et al. 1999, Grootscholten et al. 2003, Gaipl et al. 2007, Munoz et al. 
2010, Hedberg et al. 2011, Toong et al. 2011). The complex of nucleosomes, such 
as dsDNA, and autoantibodies in the glomerular tissues are hallmarks of GN 
(Berden et al. 1999, Grootscholten et al. 2003, Toong et al. 2011). Deposited 
nucleosomes in the glomerular tissues serve as the binding targets of 
autoantibodies. The formation of nucleosome-autoantibody complexes can 
consequently lead to the promotion of GN in both murine and human (Kalaaji 
et al. 2006b, Kalaaji et al. 2006a, Isenberg et al. 2007, Hedberg et al. 2011). 

5.6 Different immune responses of B19V patients to NS1 and 
NS1-induced ApoBods  

The antigenicity of B19V NS1-induced ApoBods was determined by employing 
these ApoBods as a novel antigen in the novel ELISA for B19V diagnosis. I have 
hypothesized that B19V NS1-induced ApoBods is an antigen marker of 
autoimmune conditions in persistent B19V patients. The developed ELISA was 
conducted to verify the antigenic properties of recombinant B19V proteins, e.g. 
viral protein 1 (VP1), VP2, NS1, as well as NS1-induced ApoBods for diagnosis 
B19V infections. Conformational recombinant histidine-tagged full-length B19V 
proteins, including VP1, VP2, and NS1, from the BEVS have been successfully 
produced following previously described protocol (Gilbert et al. 2005, Michel et 
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al. 2008). Recombinant proteins have consequently purified in the undenatured 
condition by immobilization using metal-ion affinity chromatography (IMAC) 
to isolate the histidine residues (Bornhorst and Falke 2000, Ueda et al. 2003). The 
purity of the recombinant proteins was verified by western blot analysis (III, 
Figs. 1A, 1B, 1C). The results illustrated the presence of every B19V proteins 
including NS1 that has not been succeeded to produce by BEVS previously. In 
addition, purified B19V NS1-induced ApoBods were illustrated by the 
fluorescence images (III, Fig. 1D). Self-antigens that are known as autoimmune-
specific antigens, including DNA and Smith, were contained in the viral-
induced ApoBods. 

The novel ELISA was performed to determine antibodies against 
recombinant B19V proteins and ApoBods in 24 serum samples (III, Table 2). 
Sensitivity and specificity of the new ELISA were calculated based on ten sera 
of B19V patients (n = 8), SLE patient (n = 1), and arthritis-like disease volunteer 
(n = 1) to determine the test’s performance in comparison with the conventional 
commercial ELISA assays. The antigenicity of antigens provided by the novel 
ELISA and the reference from standard enzyme immunoassays (EIAs) was 
illustrated and compared (III, Table 3). The common serological analysis of 
B19V infections has been examined by verification of B19V-specific IgM and 
IgG antibodies to the recombinant VP1 and VP2 (Ozawa and Young 1987, 
Kurtzman et al. 1989, Brown C.S. et al. 1991, Kajigaya et al. 1991, Söderlund et al. 
1995, Kaikkonen et al. 1999, Kerr S. et al. 1999). The utilization of multiple viral 
antigens (VP1, VP2, NS1, and ApoBods) indicated the good performance of the 
novel ELISA. The IgM analysis showed 60% sensitivity and 80% specificity, 
whereas, the IgG analysis demonstrated 100% sensitivity and 100% specificity 
(III, Tabel 5). Moreover, IgM antibodies against VP2 and NS1 were detected in 
100% (3/3) of acute patients. Determination of IgM antibodies against both VP2 
and NS1 in a B19V infection of a pregnant woman, who has identified as 
negative by the reference tests, was interesting (III, Tables 2, 3). In addition, IgG 
antibodies against all viral antigens in the novel ELISA were positive in every 
acute and chronic patient. The IgG antibodies against NS1 and viral-induced 
ApoBods were detected at higher level than to other antigens, predominantly in 
chronic B19V and SLE patients (III, Tables 2, 3). 

As a result, the recombinant B19V NS1 was the only antigen that had 
elicited a positive reaction in all acute and persistent infections (III, Table 3). 
These results were consistent with the previous studies that have reported the 
detection of IgG antibodies against NS1 in B19V patients for both recent (Ennis 
et al. 2001, Heegaard et al. 2002) and persistent (von Poblotzki et al. 1995a, von 
Poblotzki et al. 1995b, Hemauer et al. 2000, Kerr J.R. and Cunniffe 2000, 
Heegaard et al. 2002, Kerr J.R. et al. 2010) infections. Nevertheless, anti-NS1 IgG 
antibodies have been more frequently examined in the past than in the recent 
patients (von Poblotzki et al. 1995b, Kerr J.R. and Cunniffe 2000). The NS1 
protein has been subsequently proposed as an essential marker to determine a 
persistent B19V infection (von Poblotzki et al. 1995a, von Poblotzki et al. 1995b, 
Kerr J.R. and Cunniffe 2000, Kerr J.R. et al. 2010). However, determination of 
antibodies against NS1 has still received less attention than the capsid proteins. 
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Interestingly, the strongly positive IgG antibody response against viral-induced 
ApoBods was determined in all persistent patients (III, Table 3). To our 
knowledge, this study is the first investigation of serological reactions toward 
viral induced ApoBods in patients. The immune response to viral-induced 
ApoBods could be a marker to identify autoimmunity in patients. To date, there 
was no available commercial kit that has recruited neither the NS1 antigen nor 
its induced ApoBods for serological diagnosis of B19V infection. The results of 
this thesis indicated the effective utility of NS1 and NS1-induced ApoBods 
antigens for diagnosis of parvovirus infections. The pathogenesis of 
autoimmunity was observed in patients with persistent viral infections as 
indicated by the positive antibodies against viral-induced ApoBods containing 
autoimmune-associated antigens. The novel antigen, viral-induced ApoBods, is 
a worthy recruitment for immunological diagnostic tools to determine 
autoimmunity in infectious patients. 



6  CONCLUSIONS 

The main conclusions of this thesis are: 

1. Multifunctional NS1 is the central player to initiate host’s cells apoptosis
and formulate high amount of apoptotic bodies (ApoBods) in B19V
patients (Fig. 6, see below). B19V NS1-induced ApoBods contain multiple
autoimmune-associated self-antigens and NS1-DNA adducts. B19V NS1-
induced ApoBods stimulate a flare of immune responses from phagocytic
cells in vitro, which does not occur in normal apoptotic clearance.
Therefore, NS1-induced ApoBods are the key to accelerate autoimmunity
in association with B19V infections.

2. Immunization of B19V NS1-induced ApoBods, to mimic conditions of
ApoBods overexpression in a persistent B19V infection, stimulates
autoimmunity in non-autoimmune mice. Therefore, overexpression of
viral-induced ApoBods results in a defective clearance mechanism that
allows immune cells to encounter self-antigens (Fig. 6, see below).
Recognition of NS1-DNA adducts within ApoBods is the initial immune
responses that can spread to activate autoreactive lymphocytes to
recognize self-antigens. Breakdown of self-tolerance properties of
autoreactive lymphocytes leads to the development of autoimmune
diseases.

3. NS1 and NS1-induced ApoBods play crucial roles in the progression of
infections to autoimmune conditions in B19V patients. IgG antibodies
against NS1 are detected in both acute and chronic B19V patients.
Interestingly, IgG antibodies against NS1-induced ApoBods are highly
examined in chronic B19V patients and in autoimmune-like patients.
Antigenic properties of B19V NS1 and NS1-induced ApoBods indicate
their potentiality to be new diagnostic markers for diagnosis of acute,
chronic, and autoimmune conditions associated with B19V infections.
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FIGURE 6  Pathogenic mechanisms of how B19V infection breaks self-tolerance. B19V 
entry host cells and occupy the host’s DNA machinery for their replication 
processes. NS1, as a replication protein, of B19V nicks and covalently binds to 
host DNA that leads cells to undergo apoptosis. Apoptotic cells stimulate the 
production of high amount of apoptotic bodies (ApoBods) that contains 
multiple self-antigens and NS1-DNA adducts. ApoBods are rapidly 
phagocytised by antigen presenting cells (APCs); subsequently, their 
components are processed and presented to activate naïve T cells to become 
specific T helper cells. The processed NS1-DNA adducts are presented to 
activate specific NS1 T helper cells that can help naïve B cells to recognize 
NS1 and produce anti-NS1 antibodies. At the mean time, high quantities of 
ApoBods can lead to defective clearance mechanism, resulting in the release 
of self-antigens to encounter with immune cells. The free circulating self-
antigens can be accessible by APCs via the toll-like receptor (TLR) on 
phagocytes, e.g. macrophages, or via B cell receptor (BCR) on autoreactive B 
cells. In general, autoreactive B cells are activated to be anergic B cells when 
they recognize self-antigens. In this situation, the specific NS1 T helper cells 
might provide the co-stimulatory signal to activate anergic B cells to be anti-
DNA B cells. Activated anergic anti-DNA B cells mediate anti-DNA 
autoantibodies to bind the free circulating DNA and also fragmented DNA 
depositions in target tissues. Production of autoantibodies against self-
antigens can cause systemic inflammation. Moreover, the anergic anti-DNA B 
cells can process and present DNA to activate autoreactive T cells to be the 
DNA-specific T cells. Activated T and B cells regulate autoimmune responses 
that lead to the promotion and pathogenesis of autoimmune diseases. MHC 
II, major histocompatibility complex class II; FcR, Fc receptor. 
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YHTEENVETO (RÉSUMÉ IN FINNISH) 

Ihmisen parvoviruksen mekanismit immunologisen toleranssin nujertami-
sessa 

Virukset ovat ympäristömme pienimpiä sairauksia aiheuttavia tekijöitä. Virusin-
fektiot aiheuttavat immuunireaktioita, jotka puolestaan johtavat eri sairauksien 
muodostumiseen. Infektion aikana immuunipuolustus aktivoituu suojelemaan 
isäntää tuhoamalla infektion aiheuttajan. Immuunijärjestelmä reagoi vieraaksi 
tunnistamiinsa patogeeneihin, mutta omiin kudoksiin se ei reagoi tai se sietää 
niitä. Täten toleranssin murtuminen on päätekijä omiin kudoksiin kohdistuvassa 
immuunireaktiossa, mikä myös lopulta johtaa autoimmuunisairauden syntymi-
seen. 

Useat virukset voivat käynnistää autoimmuunisairauden. Jos elimistö ei 
pysty pääsemään viruksesta kokonaan eroon, infektio saattaa tuhota toleranssin 
ja johtaa pysyvään infektioon. Virusten osallisuus autoimmuunisairauksissa ei 
kuitenkaan ole vielä selvillä. Tässä väitöskirjassa tarkastellaan patologian ja im-
munologian kannalta virusten kykyä käynnistää autoimmuniteetti. Tutkimuk-
sessa hyödynnetään ihmisen parvovirus B19:ää (B19V) malliviruksena. B19V on 
yleinen virus, joka on infektoinut 80% aikuisväestöstä. Lisäksi, B19V ja muut ylei-
set virukset, joita löytyy 50-90%:lta aikuisista, on yhteydessä lukuisiin autoim-
muunisairauksiin. Näihin viruksiin lukeutuvat muiden muassa Epstein-Barr vi-
rus (EBV), sytomegalovirus (CMV), hepatiitti C-virus (HCV) ja AAV2 –virus 
(adeno-associated virus 2). Nämä virukset liittyvät esimerkiksi perhosreumaan 
(systemic lupus erythematosus, SLE), nivelreumaan (RA), myokardiittiin ja mak-
savikaan. AAV2 ja B19V kuuluvat helikaasi-3 proteiiniperheeseen. Helikaaseille 
ominaisesti B19V NS1-proteiini pystyy sitoutumaan kovalenttisesti DNA:han ai-
heuttaen sen vahingoittumisen ja solun apoptoosin. Apoptoosi on solun kuole-
mamekanismi, joka ei käynnistä immuunireaktiota. Kuitenkin apoptoottisten so-
lujen jäännökset muodostavat keräymiä, jotka sisältävät omien solujen anti-
geenejä. Täten nämä jäännöskappaleet voivat toimia antigeenilähteinä ja akti-
voida autoimmuunivasteen.  

Tässä väitöskirjassa B19V NS1 ApoBodien vaikutuksia immuunivasteeseen 
tutkittiin soluviljelmien (in vitro), hiirien (in vivo) sekä potilasnäytteiden avulla. 
In vitro -tutkimuksessa käytettiin rekombinanttia B19V NS1 proteiinia aiheutta-
maan maksasolujen apoptoosia. Näin syntyneet apoptoottiset kappaleet (ApoBo-
dit) puhdistettiin ja karakterisoitiin. B19V NS1:llä aiheutettujen ApoBodien in-
dusoimien solujen ulkokalvolla havaittiin fosfatidyyliseriiniä. Fosfatidyyliseriini 
on ensimmäinen merkki apoptoottisista soluista ja –kappaleista. Näissä kappa-
leissa havaitut, autoimmuniteettiin liittyvät solujen omat antigeenit, kuten DNA, 
Smith, apolipoproteiini H ja histoni-4, karakterisoitiin myös. B19V NS1:llä in-
dusoiduissa ApoBodeissa oli selvästi enemmän solun omia antigeenejä kuin 
kontrollina käytetyissä, kemiallisesti staurosporiinilla indusoiduissa kappa-
leissa. B19V NS1:llä indusoidut ApoBodit toimivat näin ollen autoantigeenien 
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lähteenä. In vitro –kokeessa makrofagit fagosytoivat B19V NS1:llä indusoidut 
ApoBodit, kuten normaalissa apoptoosin selvitysmekanismissakin. Nämä apop-
toottiset kappaleet stimuloivat makrofageja tuottamaan tulehdusta kiihdyttäviä 
sytokiineja ja kemokiineja, muun muassa sICAM-1, MIF, CCL5, CXCL1, CXCL10, 
CXCL12, IL-8, IL-16, TNF- , ja IFN- . Tulokset osoittivat, että virukset, joilla on 
SF-3 proteiineja, pystyvät aiheuttamaan autoimmuunireaktioita.  

In vivo –tutkimuksessa hiiriin injektoitiin B19V NS1:llä indusoituja ApoBo-
deja. Hiirille kehittyi SLE:n kaltainen sairaus, joka nähtiin dsDNA-autovasta-ai-
neina, sekä tulehduksena ja kudostuhona tärkeissä elimissä. Lisäksi munuaisissa 
havaittiin munuaiskerästulehdus (glomerulonefriitti). SLE oli merkittävämpää 
B19V NS1 ApoBodeilla injektoiduissa hiirissä kuin staurosporiini-ApoBodeja 
saaneissa hiirissä. Nämä tulokset osoittavat, että virusindusoidut ApoBodit ovat 
olennaisia stimuloijia autoimmuniteetissa. Suurin ApoBod-konsentraatio ai-
heutti vakavimman autoimmuniteetin. Jos kehossa on enemmän viruksen in-
dusoimia ApoBodeja kuin fagosyyttien kapasiteetti riittää käsittelemään, solujen 
omia antigeenejä irtoaa ympäristöön. Normaalisti apoptoottiset solut ja kappa-
leet fagosytoidaan nopeasti, jotta niiden sisältöön kohdistuvat immuunireaktiot 
estyvät. Puutteellinen apoptoottisten solujen ja kappaleiden raivaaminen johtaa 
sekundaariseen nekroosiin, joka vapauttaa solun komponentteja immuunijärjes-
telmän nähtäville.  

Terveisiin kontrollihenkilöihin verrattuna kroonisesti B19V-infektoitu-
neissa ja SLE-potilaissa havaittiin korkeita vasta-ainepitoisuuksia B19V NS1 
ApoBodeille. Krooniset B19V-potilaat tuottivat vasta-aineita autoimmuniteettiin 
liittyville antigeeneille, joten autoimmuniteetti oli kehittymässä näissä potilaissa. 
Tämän tutkimuksen perusteella B19V NS1-indusoidut ApoBodit ovat hyvä kan-
didaatti viruksista johtuvan autoimmuniteetin tutkimiseksi B19V potilaista.  

Lopuksi, näiden tulosten perusteella virukset saattavat käynnistää isäntäso-
lun apoptoosin SF3-helikaasiominaisuuksiensa avulla onnistuneen replikoinnin 
jälkeen. Apoptoottisista soluista muodostuu ApoBodeja, joissa on autoimmuni-
teettiin assosioituja antigeenejä, kuten DNA ja Smith. Nämä ovat merkittäviä mo-
lekyylejä autoimmuniteetin synnyssä. ApoBodien puutteellinen raivaus johtaa 
virusproteiinien ja solun antigeenien vapautumiseen, mikä murtaa toleranssin 
omia soluja kohtaan. Epitooppien leviäminen ja kryptiset epitoopit ovat mahdol-
lisia päämekanismeja immuunisolujen reaktioissa vapaana kiertäviä apoptootti-
sista soluista vapautuneita antigeenejä kohtaan. Tässä väitöskirjassa saadut tu-
lokset tarjoavat tärkeää tietoa siitä, miten yleiset virukset murtavat immunologi-
sen toleranssin.   
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Abstract 

Persistent viral infections can induce aberrant immune responses and are 

implicated in the development of autoimmunity. Here, we demonstrate the 

effects of apoptotic bodies (ApoBods) induced by non-structural protein 1 

(NS1) of a common virus, human parvovirus B19 (B19V), in promoting 

autoimmunity in mice. Experimental results demonstrated that pathogenesis 

of systemic lupus erythematosus (SLE)-like disease resulted from production 

of autoantibodies against dsDNA as well as inflammation and damage in 

major organs. Development of glomerulonephritis (GN) was seen with 

histopathologic markers and depositions of nucleosomes including dsDNA. 

Therefore, constituents of ApoBods induced by viral infections are efficient 

antigen targets that can initiate autoimmunity. Overexpression and defective 

clearance of apoptotic cells and bodies that occur during viral infection can 

break tolerance to self-DNA. This in vivo study provides further support for 

pathogenesis of autoimmune disease through viral modification of self-DNA 

and activation of anergic anti-DNA B lymphocytes via viral peptide mediated T 

lymphocyte co-signaling. 

 

Author summary 

The non-structural protein 1 (NS1) of human parvovirus B19 (B19V) has 

demonstrated to initiate high quantities of apoptotic bodies (ApoBods) that 

contain various autoimmune-associated self-antigens. Impaired removal of 

viral ApoBods results in exposure of self-antigens to immune cells that 

eventually contribute to the onset of autoimmunity. SLE-like disease, 

glomerulonephritis, is developed in non-autoimmune mice post immunization 



with B19V NS1-induced ApoBods. Recognition of NS1-DNA adducts by 

immune system leads to activation of autoreactive lymphocytes responses to 

self-DNA and breakdown of self-tolerance.  

Introduction 

Viruses are important environmental factors that facilitate the development of 

autoimmunity and pathogenesis of autoimmune diseases (ADs) [1,2]. 

Currently, there are more than 80 ADs identified. ADs cause morbidity and 

mortality in approximately 3–5% of the total global population [2], and in 5–

10% of the European and American populations [1]. Approximately 50–90% of 

adults are infected with common viruses that have the potential to initiate 

autoimmunity [3,4]. Such common viruses that are associated with ADs 

include Epstein-Barr virus (EBV), adeno-associated virus 2 (AAV2), and 

human parvovirus B19 (B19V) [3-6]. These common viruses utilize the 

helicase superfamily (SF) SF3 common to small DNA viruses [6-8]. Infections 

by EBV and B19V have been associated with ADs, including systemic lupus 

erythematosus (SLE), rheumatoid arthritis (RA), myocarditis, fulminant liver 

failure, and systemic sclerosis [5,9].  

To verify the mechanisms of common viruses in association with the 

development of ADs, B19V was employed in this study. The multifunctional 

non-structural protein 1 (NS1) of B19V has been proposed as a key player in 

contributing to autoimmunity as a consequence of apoptosis [10,11]. B19V 

NS1 is a superfamily 3 (SF3) helicase characterized by its nucleoside 

triphosphate binding domain, helicase properties, and ability to provoke host 

DNA damage leading to apoptosis [7,10,12]. We have previously 



demonstrated that non-permissive hepatocytes expressing B19V NS1 initiated 

apoptosis characterized by the formation of cytoplasmic blebs and cleavage 

of apoptotic bodies (ApoBods) [13]. Those ApoBods contain modified self-

DNA and common antigen proteins, e.g. DNA, Smith (Sm), Apolipoprotein H, 

and histone H4, and have been phagocytized by macrophages by usual 

mechanisms. However, the high quantity of ApoBods containing altered self-

DNA and common DNA binding proteins may be a critical factor in initiating 

the flare of immune responses from APCs and autoreactive lymphocytes that 

subsequently leads to autoimmunity.  

Apoptosis is notably a conserved biological mechanism to regulate and 

maintain tissue homeostasis with multi-step morphological changes, including 

cellular shrinkage, chromatin condensation, nuclear fragmentation, as well as 

formation of apoptotic blebs and bodies [14,15]. An estimation of 10 million 

cells undergoes apoptosis daily. In general, apoptotic cells are promptly 

engulfed by phagocytic cells to prevent the initiation of immune responses 

due to exposure of apoptotic elements [14,15]. During an infection by a virus, 

the host defense is programmed to force the infected cell to undergo 

apoptosis at an early stage of infection. However, many viruses have evolved 

strategies to inhibit or delay early stage cellular apoptosis to further their 

replication, production, evasion, and persistent dissemination in the host [16]. 

The phenomenon of apoptosis at a late stage of a viral infection may 

significantly implicate pathogenesis of diseases.  

Ultimately viruses force cells to undergo apoptosis that favors 

dissemination by releasing virions into the surrounding environment [16,17]. 

The disruption of apoptotic cells and bodies before the clearance is completed 



may enhance the dissemination of viruses. Impaired clearance of apoptotic 

cells and bodies could lead to the progression of secondary necrosis, which is 

an autolytic process that releases content to the environment [17,18]. 

Defective clearance of apoptotic cells and bodies are factors that initiate ADs, 

e.g. SLE, type I diabetes, and multiple sclerosis [18-20].  For this reason, we

hypothesized that clearance of apoptotic cells and bodies is a significant 

contributor to the breakdown of self-tolerance and contributes to viral 

pathogenesis of autoimmunity.  

In this study, the pathogenicity of B19V NS1-induced ApoBods initiated 

the production of serologic autoreactive autoantibodies and damage of vital 

tissues. The appearance of autoantibodies against dsDNA, a marker of SLE 

[21,22] was primarily examined. Additionally, the pathogenesis of autoimmune 

disease development in the kidney was the main focus. Glomerulonephritis 

(GN), an inflammatory condition of the kidneys, is a typical characteristic of 

nephrotic syndromes in SLE [23] and persistent B19V infection [5,9]. This 

study highlights a mechanism by which a common virus of the SF3 helicase 

family breaks self-tolerance through reactivity to a viral protein covalently 

linked to self-DNA.  

Results 

B19V NS1-induced ApoBods elicit dsDNA antibodies in non-

autoimmune mice.  

The presence of serum anti-dsDNA autoantibodies in mice was examined at 

weeks 1, 4, and 8 post-immunization. Immunofluorescence patterns of 

Crithidia luciliae kinetoplast in the CLIFT assay demonstrated the presence or 



absence of anti-dsDNA antibodies as illustrated by representative 

fluorescence patterns of each treatment group (Fig 1A). Negative 

fluorescence patterns were illustrated in untreated and PBS-treated groups; in 

contrast, positive fluorescence was evident in Pristane and all ApoBods 

groups. Percentages of positive kinetoplasts were determined (Fig 1B) and 

the results of negative groups represented the background reactivity of the 

test. At every time point, a range of 50–60% was observed in the Pristane 

group and the percentage was significantly greater than negative controls at 

week 1 and week 8 (p = 0–0.005), and was also greater than all ST ApoBods 

at week 8 (p = 0.002–0.02). The percentages in B19V NS1 ApoBods groups 

were gradually elevated in a concentration dependent manner at week 4 and 

8. Particularly at week 8, percentages in the 100 µg B19V NS1 ApoBods-

treated group were significantly greater than negatives (p = 0–0.001) and all 

ST ApoBods treated mice (p = 0.005–0.048).  dsDNA autoantibodies were 

also measured by ELISA (Fig 1C). The mean absorbance of negatives and 

ST ApoBods-treated groups was detected at a similar level that represented 

the background of the assay. The absorbance value in the Pristane-treated 

group was significantly greater than negatives and ST ApoBods-treated 

groups at week 4 and 8 (p < 0.01). The absorbance in B19V NS1 ApoBods-

treatment groups was also higher than negative controls and ST ApoBods 

groups. Particularly at week 8, anti-dsDNA antibody concentration increased 

in a dose-dependent manner. Furthermore, absorbance values at 100 µg 

B19V NS1 ApoBods were significantly greater than negatives and all ST 

ApoBods groups at week 1 and 8 (p = 0–0.016). 

The number of mice positive for dsDNA antibodies analyzed by both 



assays is summarized (S1 Table). The correlated results of CLIFT and ELISA 

indicated that B19V NS1 ApoBods stimulated the production of autoantibodies 

in non-autoimmune mice. The antibody levels of Pristane and 100 µg B19V 

NS1 ApoBods-treated groups were significantly greater than negatives and all 

ST ApoBods-treated groups. Thus, week 8 was studied in subsequent 

experiments. Using the mean absorbance of untreated sera plus 3 SDs as a 

cut-off, with borderline values considered ≥ 90% but <100% of cut-off, 

serologic anti-dsDNA antibodies were determined at either positive or 

borderline level at week 8 for 100 µg (6/6 mice), 50 µg (5/6 mice), and 25 µg 

(4/6 mice) B19V NS1 ApoBods-treated groups.  

B19V-induced ApoBods elicit inflammation and cellular degeneration in 

vital organs.  

Bright-field microscopy of stained brain, heart, liver, and kidney were 

examined. Representative images are shown for pristine, B19V NS1 ApoBods 

(Fig 2), and ST ApoBods-treated groups (S1 Fig). Inflammation and cellular 

degeneration were scored by a modified scoring system (S2 Table). In the 

brain, degenerative neurons were evident in Pristane and all B19V NS1 

ApoBods-treated groups (Fig 2A). However, demyelination was evident only 

in mice treated with 50 and 100 µg B19V NS1 ApoBods-treated groups, and 

was prominent in the 100 µg B19V NS1 ApoBods-treated group. The 

histology of ST ApoBods sections (S1A Fig) was similar to the untreated and 

PBS groups (Fig 2), which showed regular architecture and cell distribution.  

Semi-quantification of histological severity scores supported imaging 

results; the scores of Pristane and all B19V NS1 ApoBods groups were 



greater than negative controls and ST ApoBods groups (p < 0.01) (Fig 3A). In 

the heart, infiltration of immune cells was evident in Pristane and ApoBods 

induced by both B19V NS1 and ST groups with differing severity levels. 

Inflammation in Pristane and B19V NS1 ApoBods sections revealed severity 

(> 50% of the whole area) higher than the ST ApoBods groups (< 25% of the 

section area). Myocardial degeneration was marked in Pristane and 100 µg 

B19V NS1 ApoBods groups (p < 0.01). Markers of myocardial degeneration 

were higher in the 100 µg B19V NS1 ApoBods-treated group than the 25 and 

50 µg B19V NS1 ApoBods-treated groups. The semi-quantitative severity 

scores of heart sections of Pristane, as well as 50 and 100 µg B19V NS1 

ApoBods groups, were significantly greater than negatives and ST ApoBods 

groups (p < 0.01) (Fig 3B). The severity score of the low concentration 25 µg 

B19V NS1 ApoBods was also significantly higher than negative controls (p = 

0.01) and ST ApoBods-treated groups (p = 0.05). In the liver, infiltrated 

immune cells were markedly evident in Pristane and all B19V NS1 ApoBods-

treated groups (Fig 3C). Degenerative signs and hepatocyte vacuolation were 

apparent only in the Pristane group. However, histopathology severity scores 

of Pristane and 100 µg B19V NS1 ApoBods groups were significantly higher 

than negatives and ST ApoBods groups (p < 0.01). Severity scores of 25 and 

50 µg B19V NS1 ApoBods were significantly greater than negative (p < 0.01) 

and ST ApoBods groups (p = 0–0.05). Finally, in the kidney, infiltrated 

immune cells and cellular degeneration were prominent in 50 and 100 µg 

B19V NS1 ApoBods similar to the Pristane-treated group (> 2/3 of the 

section) (Fig 3D). However, 25 µg B19V NS1 ApoBods also demonstrated 

these stigmata, but at a slightly lower severity (1/3–2/3 of the section). Kidney 



sections of ST ApoBods-treated mice presented a few infiltrated immune cells 

without cellular degeneration (S1A Fig); the architecture was similar to that of 

the negative controls (Fig 2D). Semi-quantitative severity scores of Pristane, 

as well as all B19V NS1 ApoBods, were significantly greater than negatives 

and ST ApoBods groups (p < 0.01); those of 25 and 50 µg B19V NS1 

ApoBods were higher than ST ApoBods (p < 0.05).  

Glomerulonephritis and SLE-like self-antigen depositions in B19V 

infection.  

GN was determined by scoring the histopathological features (S2 Table). 

Representative bright-field microscopy images are shown (Fig 4A and S1 

Fig). Typical glomerular structure was evident in the negative groups and all 

ST ApoBods-treated groups. GN stigmata (glomerular cell proliferation, 

mesangial proliferation, and capillary thickening) were evident in Pristane and 

50 and 100 µg B19V NS1 ApoBods-treated groups. Severity scores for 

inflammation, tubulointerstitial lesions, and glomerular lesions were at mild to 

moderate levels in Pristane and 100 µg B19V NS1 ApoBods-treated groups. 

Deposition of nucleosomal antigens in glomerular basement membranes 

(GBMs) was investigated. A nucleosomal antigen (dsDNA) was prominently 

deposited in the GBMs as expected (Fig 4B-E). ST ApoBods groups had no 

deposited nucleosomal antigens in the glomeruli (S1B Fig). The same 

sections were also stained with IgG to nucleosomal H1/H4/TBP; these 

nucleosomal antigens were detected at very low levels and not localized to 

the glomeruli (data not shown). The intensity of fluorescence from 

nucleosome depositions in each glomerulus was measured (n = 30 



glomeruli/group), and that of deposited dsDNA was quantified, illustrated in 

the column scatters (Fig 5A). The mean intensity of fluorescence of the 

Pristane group was the highest, while all B19V NS1 ApoBods groups 

demonstrated approximately half of Pristane values. Pristane, 50 and 100 µg 

B19V NS1 ApoBods-treated groups (p < 0.01), as well as 25 µg B19V NS1 

ApoBods (p < 0.05) exhibited fluorescence intensity greater than negatives 

and ST ApoBods groups. Fluorescence intensity of H1/H4/TBP depositions 

was quantified and shown in Fig 5B. Pristane and 100 µg B19V NS1 

ApoBods-treated groups were at comparable levels. The signal of Pristane 

and 100 µg B19V NS1 ApoBods-treated groups were significantly greater 

than negatives (p = 0) and ST ApoBods (p = 0–0.015) groups (Fig 5 and 

S1B).  

 

Discussion 

Autoimmunity consequences similar to SLE-like disease developed in non-

autoimmune mice immunized with viral-induced apoptotic bodies in this study. 

The expression of autoantibodies against dsDNA as well as inflammation and 

damage in major organs, including brain, heart, liver, and kidneys, were 

demonstrated. The onset of apoptosis at the late stages of infection is an 

important step in the life cycle of many viruses, e.g. HIV [24], influenza virus 

[25], dengue virus [26], EBV [27], and B19V [10,12,28,29], to spread progeny 

virions and evade host immune responses. The defective clearance of 

apoptotic cells and bodies may occur in viral infections because of increased 

apoptosis and decreased or absent phagocytic activities [17,20,30]. 



Unsuccessful clearance of apoptotic cells is associated to several ADs, such 

as SLE and lupus nephritis [19,31].  

Interestingly, the formation of ApoBods was not observed or rarely 

determined in some studies, for instance in vivo isoprenaline-induced 

apoptosis in rats [32] and in vitro canine parvovirus (CPV)-induced cell 

apoptosis [33]. These studies suggested that secondary necrosis might 

appear prior to ApoBods formation. Indeed, secondary necrosis can occur in 

both apoptotic cells and bodies, resulting in autolysis [17,30]. Previously, 

ApoBods obtained from in vitro B19V-induced hepatocyte apoptosis were 

characterized by observing their morphology and components before injecting 

into mice in this study [13]. The injected viral-induced ApoBods may progress 

to secondary necrosis resulting in disruption of their intact membrane. In this 

situation, the cellular autolytic process leads to the release of the components 

including viral proteins and self-antigens. ApoBods components can activate 

autoreactive B lymphocyte activities as illustrated with the detection of anti-

dsDNA IgG antibody in mouse’s sera (Fig 1 and S1 Table).  Recognition of 

free circulating self-antigens by autoreactive B cells can initiate production of 

specific autoantibodies to particular self-antigens and activation of 

autoreactive T cells. Integration of atypical activities of autoreactive 

lymphocytes provides disruption of tolerance [34].  

Histopathological alterations initiated by viral-induced ApoBods 

exhibited immune reaction and features of systemic autoimmunity in the major 

organs (Fig 2 and 3). The inflammation in the site-specific organ has been 

suggested to implicate the formation of immune complexes of circulating 

autoantibodies binding to self-antigens that may appear in the circulation or 



deposition into the tissue [20,35]. These immune complexes stimulate 

immune reactions mediating from APCs and activate autoreactive 

lymphocytes [20,35]. In addition, the antigen-antibody complexes deposit into 

the susceptible tissues and subsequently attract more immune cells to 

migrate to local site [36]. The development of autoimmunity in animals 

immunized with apoptotic cells has been observed the production of self-

reactive autoantibodies e.g. anti-nuclear antibody (ANA) and anti-dsDNA 

antibody without development of histopathology [37,38]. However, this study 

is the first to demonstrate the pathogenesis of autoimmunity by immunizing 

with virally induced ApoBods in vivo.  

Histological markers (Fig 4A) and nucleosome depositions (Fig 4B-E 

and 5) in the glomeruli demonstrated the contributions of viral-induced 

ApoBods to development of GN [23]. Renal injury may result from high 

circulation of antigen-antibody complexes, in which kidneys have been 

reported as a primary target [23]. The nucleosomes or depositions of 

chromatin fragments are the binding targets of autoantibodies to activate 

lupus nephritis [39,40]. These depositions, particularly the complex of dsDNA 

and anti-dsDNA antibody, are essential markers of GN [40]. The deposition of 

dsDNA and anti-dsDNA antibody complexes has been observed in both 

murine and human [41]. Typically, GN progresses after impaired clearance of 

apoptotic cells has occurred [19]. Additionally, the GN has commonly 

developed in persistent viral infections, including EBV and B19V [5,9].  

Viral infections can activate autoimmune-associated autoantibodies 

production, for instance when a cross-reaction between viral proteins and self-

antigens occurs (molecular mimicry) or the exacerbation of autoimmunity as a 



consequence of the onset of infection, for instance in epitope spreading, 

cryptic epitope unveiling, bystander activation, or viral persistence [42,43]. 

Immunization of viral-induced ApoBods may mimic the condition of impaired 

clearance of apoptotic cells and bodies and may contribute to autoimmunity 

through epitope spreading or cryptic epitope unveiling. APCs may first engulf 

self-antigens mediated from the leaking of ApoBods to prime autoreactive 

lymphocytes that consequently leads to an autoimmune response. 

Dysregulation of immune responses provoke immunity flares, tissue injury, 

and eventual induce more cells to undergo apoptosis. These immune 

reactions can drive autoimmunity by increasing infiltration of immune cells, 

activation of cellular proliferation, changing in amount and composition of 

extracellular matrix in inflammatory structures, as well as maintaining immune 

complex deposition [36,41]. While viral infection has been proposed to play a 

role in the prototype autoimmune disease, SLE, the mechanism of the initial 

immunological insult remains unclear. It is paradoxical that anti-dsDNA 

antibody is the hallmark pathogenic biomarker of SLE given that purified DNA 

is a poor experimental immunogen.   

While viral infection has been proposed to play a role in the prototype 

autoimmune disease, SLE, the mechanism of the initial immunological insult 

remains unclear.  It is paradoxical that anti-dsDNA is the hallmark pathogenic 

biomarker of SLE given that purified DNA is a poor experimental immunogen. 

We previously demonstrated that B19V infection of cells non-permissive for 

virion production, e.g. hepatocytes, express B19V non-structural protein 

helicase, NS1, with minimal to no production of capsid protein [29]. The 

expression of NS1 induces apoptosis via the caspase 9 intrinsic pathway. 



Caspase 9 is activated as a consequence of NS1 mediated damage to host 

cell DNA [10,12,29,44,45]. NS1 activates poly (ADP ribose) polymerase 

(PARP) as a response to NS1 single strand nicking of host cell dsDNA. More 

central to development of autoimmunity, NS1 covalently links to host cell 

dsDNA to form bulky adducts. NS1 bulky adducts induces activation of ATM 

(ataxia-telangiectasia mutated)/ ATR (ATM- and Rad3-Related) DNA repair 

pathways [10]. Both PARP and ATM/ATR repair pathways are energy 

depleting; extensive DNA damage and repair response depletes energy 

stores and presumably induces mitochondrial instability leading to caspase 9 

activation. We also previously demonstrated that NS1 modified self-DNA is 

incorporated into ApoBods along with DNA binding proteins and that these 

ApoBods are ingested by antigen presenting cells (APCs) [13]. We 

hypothesized that APCs can process NS1 protein and present NS1 peptides 

to NS1 specific T lymphocytes. Anergized dsDNA specific B lymphocytes can 

internalize, via their anti-dsDNA B cell receptor, NS1 covalently linked to 

nucleosomal DNA. The B lymphocyte in turn can process and present NS1 

peptides via MHC to activated NS1 specific T lymphocytes, thereby receiving 

co-activation signals that break tolerance [10]. The current study supports our 

previous in vitro studies and provides proof of principle in an in vivo model. 

The results indicate that the impact of NS1 on the induction of 

apoptosis and formation of ApoBods was key to breaking self-tolerance. Other 

members of this helicase family include tumor antigen (TAg) of simian virus 

40 (SV40), E1 protein of human papillomavirus type 1a (HPV1a), E1 of bovine 

papillomavirus type 1 (BPV1), Rep40 of adeno-associated virus 2 (AAV2), 

and NS1 of porcine parvovirus [6,8,46,47]. These common viruses and their 



helicases share similar activities that cause DNA damage and apoptosis. 

Their helicases and their interactions with viral dsDNA are essential to various 

steps in viral replication and the viral life cycle.  

Our series of studies explain observations by others that some cases 

of human SLE disease onset are preceded several years by the appearance 

of antibodies to EBV nuclear antigen (EBNA) and that a shared epitope 

between EBNA and Sjögren syndrome A (SSA, or Ro) antigen leads to 

autoimmunity via epitope spreading [48]. We propose that the mechanism that 

breaks DNA tolerance and leads to autoimmunity that we demonstrated in our 

series of studies explains previous EBV observations in human SLE. It also 

explains why the presence of SSA antibodies is found in only a minority of 

SLE patients; SF3 viral helicases other than EBNA, e.g. B19V NS1, can 

induce antibodies to dsDNA. Furthermore, since various helicases are 

encoded in bacteria, human cells as well as viruses, inhibition of helicase 

activity is a novel therapeutic target to control infectious diseases and cancer 

[8] and may be similarly worthy of investigation for autoimmune disease

therapy.  

In summary, the results in this study demonstrated how a common 

virus can break tolerance to self-DNA and promote pathogenesis of 

autoimmunity. We demonstrated that viruses are capable of triggering SLE-

like disease by modifying self DNA and inducing apoptosis, leading to 

pathological consequences from clearing those apoptotic cells and bodies. 

The results encourage development of novel therapeutic strategies to prevent 

the progression of autoimmunity from viral infections.  



Materials and Methods 

Animals 

BALB/cOlaHsd 4–6 weeks old female mice (Harlan® Laboratories, 

Netherlands) were maintained at the University of Jyväskylä, and under IRB 

no. PH1237A approved by ELLA, the Animal Experiment Board in Finland 

(ESAVI 6098). 

 

Viral production 

Recombinant B19V NS1 viruses were produced by the Bac-to-Bac® 

baculovirus expression system (Invitrogen, USA) as described [12,45]. Third 

generation viruses examined for the transduction efficiency before usage. 

 

Production and purification of ApoBods 

B19V NS1 or staurosporine (ST) ApoBods were produced in liver derived 

HepG2 cells and purified as described [13]. Purified ApoBods were stored at 4 

°C before immunization of animals. ApoBods concentration was measured 

using a NanoDrop 1000 spectrophotometer (Thermo Scientific, USA). 

 

Autoimmunity induction 

Mice (6–8 weeks old) were randomly divided into 9 groups (n = 6 mice/group, 

total n = 54) for different treatments in two sets of independent experiments. 

Mice were immunized twice with the initial treatment day 0 and a booster 

treatment at week 4. Negative controls were untreated or treated with 0.5 mL 

phosphate-buffered saline (PBS), the diluent used for all ApoBods samples. A 

positive control group was inoculated with 0.5 mL Pristane (2,6,10,14-



tetramethylpenta-decane, Sigma-Aldrich, USA), a standard inducer of lupus-

like disease in mice [49]. Three groups were immunized with B19V NS1-

induced ApoBods at 25, 50, or 100 µg per 30 g body weight, respectively; 

three other groups were inoculated with ST-induced ApoBods at the same 

concentrations. Mice were treated by subcutaneous injection, except for 

Pristane where peritoneal injection was applied.   

Sample collection 

Blood samples were collected from mice at weeks 1, 4 and 8; at week 4, mice 

received the booster injection after blood collection. At week 1 and 4, blood 

samples were collected from the tail vein. At week 8, all mice were 

euthanized, and blood samples drawn by cardiac puncture. Blood samples 

were clotted at room temperature (RT) for 45 min before centrifugation at 

2,000 rpm, and serum stored at -20 °C.  

Brain, heart, liver, and kidneys, were rapidly harvested from the 

euthanized mice. Organs were dissected by standard procedures [50] and 3–

5 mm pieces fixed in 10% formalin in double-distilled water (ddH2O) at RT for 

48 h.  

CLIFT analysis 

A commercial Crithidia luciliae immunofluorescence test or CLIFT (IFA 1572-

1, IIFT Crithidia luciliae sensitive (anti-dsDNA), Euroimmun AG, Germany) 

determined anti-dsDNA antibodies in sera. Fluorescein-conjugated goat anti-

mouse IgG secondary antibody (Euroimmun AG) was used as conjugate. 

dsDNA antibody positive and negative control human sera, provided in the kit, 



were incubated in parallel slides with fluorescein-conjugated goat anti-human 

IgG secondary antibody (Euroimmun AG). A kinetoplast was considered 

positive when its fluorescence intensity was the same or greater than other 

structures, e.g. nucleus, flagellum, and basal body. Positively stained 

kinetoplasts were enumerated out of 300 Crithidia luciliae cells per sample. 

Anti-dsDNA antibodies in mice were considered positive when the positive 

kinetoplast percentage was higher than the cut-off value that was obtained 

from the mean of the untreated control sera plus two standard deviations 

(SDs) [51]. 

 

ELISA analysis 

Mouse dsDNA isolated from healthy mouse tissues using a commercial DNA 

isolation kit (DNeasy Blood and Tissue kit, Qiagen, Germany) was used to 

assess anti-dsDNA antibody production in mouse sera. dsDNA antigen (0.01 

µg/µL) was diluted 1:100 in 0.1 M carbonate buffer (0.1 M Na2CO3 + 0.1 M 

NaHCO3, pH 9.5) and triplicate microtiter wells coated with 100 µL. Negative 

antigen control for the assay was uncoated wells. Plates were incubated at 4 

°C overnight then washed 3x with 300 µL PBS-T washing solution (0.05% 

Tween20 in PBS). Non-specific binding was blocked with 200 µL BSA-PBS 

solution [2% bovine serum albumin (A7030, Sigma) in PBS]. Plates were 

incubated overnight at 4 °C and then washed five times. Sera samples were 

diluted 1:200 in 1% BSA-PBS and 100 µL were added per well. In positive 

antigen control wells 100 µL of commercial mouse IgG 3 mg/ml (Molecular 

Probes, Life Technologies, USA) diluted 1:5,000 in 0.1 M carbonate buffer 

was added. In the negative control wells, 100 µL of only 1% BSA-PBS was 



added. Plates were incubated for 2 h at RT and washed 5x with PBS-T. 

Horseradish peroxidase conjugated goat anti-mouse IgG secondary antibody 

(Novex, Life Technologies, USA) was diluted 1:1,000 in 1% BSA/PBS, 100 µL 

was added to each well, and incubated for 1.5 h at RT. Plates were washed 

5x with PBS-T. Substrate, 3,3’,5,5’-tetramethylbenzidine (TMB 34029, Thermo 

Scientific) (100 µL), was added and incubated for 30 min at RT in the dark. 

The reaction was stopped with 100 µL 2 M sulfuric acid (H2SO4). Absorbance 

values were measured at 450 nm. Mean absorbances of wells without dsDNA 

antigen, representing the fluorescent background, were subtracted from each 

result. The cut-off value for a positive result was calculated; as the mean 

absorbance of untreated sera plus 3 SDs [51]. All values higher than the cut-

off were defined as positive.  

Histological analysis 

At 48 h post-fixation, tissues were transferred from formalin to 70% ethanol, 

incubated at RT for 48 h, and pre-embedded by automated tissue processor. 

Tissues were dehydrated by increasing concentrations of ethanol, followed 

with three 1.5 h changes of 100% then three 1.5 h washes with xylene. 

Tissues were consequently dipped in two 2 h changes of paraffin wax at 58 

°C, then embedded in warm paraffin (40 °C) and left to harden at RT. Serial 5 

µm thick sections obtained by microtome, were floated in 30% ethanol for 30 

min, then 40 °C water bath for 30–40 min. At least two sections of each 

mouse organ were placed onto each glass slide and de-paraffinized on a heat 

block at 58 °C for 15 min, washed with xylene thrice for 5 min each and 

hydrated with decreasing concentrations of ethanol, then washed with ddH2O 



for 5 min before staining. Samples were stained with hematoxylin (HHS16, 

Sigma-Aldrich) and counter-stained with eosin (HT110116, Sigma-Aldrich). 

Thereafter, samples were dehydrated in ethanol then xylene and mounted 

with DPX Mountant (Sigma-Aldrich) and stored at +4 °C. Histopathology was 

assessed by bright-field microscopy.  

 

Nucleosomes deposit in kidneys 

Paraffin-embedded sections were de-paraffinized and hydrated as described 

above. Endogenous peroxidase was blocked with 3% hydrogen peroxide in 

PBS for 10 min prior to rinsing with 20 dips in Tris buffered saline solution 

(TBS). Epitopes were retrieved in citrate buffer (10 mM citric acid and 0.05% 

Tween20 in PBS, pH 6.0) at 96–98 °C for 20 min. Samples were washed 

thrice with TBS for 5 min each. Non-specific binding in samples was blocked 

with BSA solution (3% BSA + 0.3 M glycine + 0.05% Tween20 in PBS) at 4 °C 

overnight. Samples were washed with 20 dips of Triton solution (0.5% Triton 

100x (Sigma) + 1% BSA + 0.01% sodium azide (NaN3) in PBS). Mixtures of 

primary antibodies (25 µL of mouse anti-dsDNA (1:500) (MAB1293, EMD 

Millipore Corporation, USA), rabbit anti-Histone 1 (H1, 1:500) (ab61177, 

Abcam, UK), rabbit anti-H4 (1:500) (ab52178, Abcam), and rabbit anti-TATA-

binding protein (TBP, 1:200) (ab63766, Abcam) in Triton solution) were 

placed on each sectioned tissue and incubated at RT for 30 min. Samples 

were washed thrice in Triton buffer for 5 min each, then blocked with BSA 

solution for 30 min before secondary antibody mixtures (25 µL) of Alexa Fluor 

488 goat anti-mouse IgG (H+L) (A11001, Life Technology) and Alexa Fluor 

555 goat anti-rabbit IgG (H+L) (A21428, Life Technology) at a dilution of 



1:200 each in Triton solution were placed on each sectioned tissue, and 

incubated in the dark at RT for 1 h. Samples were washed thrice with Triton 

solution for 5 min each. To prevent auto-fluorescence in immunolabeled 

tissues, Sudan black B blocking was employed. Before blocking, samples 

were immersed in ddH2O for 20 dips. All samples were placed into 0.1% 

Sudan black B (Merck, USA) in 70% ethanol in the dark at RT for 25 min. 

Samples were washed with three changes ddH2O for 5 min each to remove 

the remaining Sudan black B solution. Finally, samples were mounted with 

Prolong® Diamond antifade mountant with DAPI (P36962, Thermo Scientific) 

to stain the kidney cell nuclei. Slides were stored at 4 °C in the dark. 

Fluorescent images were obtained using confocal microscopy. 

Imaging 

Fluorescent images of CLIFT samples were obtained using a Leica DFC310 

Fx black & white camera. Differential interference contrast (DIC) images were 

acquired simultaneously with the green fluorescent imaging at the excitation 

wavelength of 470 nm. H&E stained bright-field images were obtained using a 

Leica DFC310 Fx color camera. The appropriate settings for exposure, gain 

and intensity were applied to all images of each organ. All images were 

processed with the open-source software ImageJ (National Institutes of 

Health, USA) and organized as figures with Adobe Photoshop Elements 11. 

Histological severity scores were assessed based on inflammation and 

cellular degeneration following the grading system that was modified from 

various established scoring systems (S2 Table). 



 Olympus FV10-ASW with a FluoView-1000 confocal microscope 

(Olympus) was used to assess the fluorescent images of deposited self-

antigens in the kidney sections. Images were acquired with a 60x oil 

immersion objective at excitation wavelengths of 405 nm for blue fluorescence 

(DAPI), 488 nm for green fluorescence (Alexa Fluor 488), and 543 nm for red 

fluorescence (Alexa Fluor 555). Quantification of relative fluorescence 

intensity was performed to determine the deposited nucleosomes in the 

glomerulus (n = 30 glomeruli/group) with ImageJ. The glomerulus was 

selected as the region of interest to identify the nucleosomal antigen 

deposition, including dsDNA and H1/H4/TBP, in the structures of the kidneys 

and prominently in the glomerular basement membranes (GBMs). The 

intensity of labeled structures was measured using the same threshold and 

particle size range to distinguish from background and other structures (e.g. 

red blood cells). The total intensity of fluorescence from the immunolabelled 

nucleosome depositions in GBMs was quantified from the mean intensity 

multiplied by the total labeled area. 

 

Statistical analysis 

Group results were statistically analyzed using IBM® SPSS® Statistics 

version 22 (IBM Corporation, USA), in one-way ANOVA and post hoc Tukey 

HSD tests were performed. Values were determined as mean ± SEM 

(standard error of mean). The statistical significance levels were defined as *p 

< 0.05 and **p < 0.01. 
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Figure legends 

Fig 1. B19V is responsible for production of SLE autoantibody marker. 

(A) Crithidia lucilae immunofluorescent test (CLIFT) illustrates anti-dsDNA 

antibody levels in sera from differently treated mice at week 8 post 

immunization. The presence of anti-dsDNA antibodies is determined by the 

positive green fluorescence of the kinetoplast (yellow arrowheads); an 

individual Crithidia lucilae cell representative of the positive population in each 

group is enlarged and displayed at the left lower corner of each panel. 

Kinetoplast is considered positive when its fluorescence intensity is the same 

or greater than the basal body (B), fluorescence of other structures, e.g. 

nucleus (N) or flagellum (F). Without fluorescence of the kinetoplast, the cells 

are defined as negative. Bars 10 μm. (B) Positive kinetoplasts from each 

mouse serum are counted out of 300 Crithidia lucilae cells. Percentages of 

positive kinetoplasts in each group (n = 6 mice/group) are calculated and 

presented as mean ± standard error of the mean (SEM). (C) Relative 

absorbance value of anti-dsDNA antibodies in each group assessed by ELISA 

assay and determined as mean ± SEM. Sera from each treatment group are 

examined at week 1, 4, and 8 post immunization, respectively. Results are 

compared to negative controls (left), untreated and PBS-treated groups, and 

all staurosporine (ST)-induced ApoBods groups (right), respectively. 

Significant difference considered as *p < 0.05 and **p < 0.01, whereas - 

indicates absence of statistical significance. 

 

Fig 2. Viral ApoBods stimulate inflammation and damage in major 

organs. Inflammation and cellular degeneration in mouse organs are 



illustrated by the representative bright-field images of hematoxylin and eosin 

stained sections of each treatment group. (A) Suspected demyelination 

(arrowheads), degenerating neurons more than 6 cells surrounding the 

neuropil (asterisks), and neuropil vacuolation (V) are indicated in the brain. 

(B–C) Infiltrated immune cells (arrowheads) and cellular vacuolation (arrows) 

are revealed in the heart and liver, respectively. (D) Infiltrated immune cells 

(arrowheads) and proliferated glomerular tissues (arrows) are observed in the 

kidney. Bars 100 μm in A–C and 50 μm in D. 

Fig 3. Significant destructive histopathology in major organs triggered 

by B19V ApoBods. Histopathological severity of organs, including (A) brain, 

(B) heart, (C) liver, and (D) kidney were examined in each mouse. The

severity scores are graded according to the histological features of 

inflammation and cellular degeneration. A severity score of each group (n = 6 

mice/group) is determined as mean ± standard error of the mean (SEM). 

Results are compared to the negative controls (left), untreated and PBS-

treated groups, and all staurosporine (ST)-induced ApoBods groups (right), 

respectively. Significant difference determined as *p < 0.05 and **p < 0.01, 

whereas - indicates absence of statistical significance. 

Fig 4. Innoculation with B19V-induced ApoBods elicits 

glomerulonephritis (GN). (A) Bright-field microscopy images of hematoxylin 

and eosin stained sections demonstrate histological alterations of a 

representative glomerulus of each group from controls and B19V NS1-

induced ApoBods treated groups. Histological features of GN, including 



infiltrated inflammatory cells (yellow arrowheads), glomerular cell proliferation 

(long blue arrows), mesangial proliferation (blue arrowheads), and glomerular 

capillary thickening (short blue arrows) were observed. Bars 20 μm. 

Fluorescence images illustrate immuno-labeled (B) cellular DNA (DAPI, blue) 

and C, dsDNA deposition in glomerular tissues (green). (D) Merge of B and C 

with differential interference contrast images demonstrate the morphology and 

location of deposited dsDNA self-antigen in the glomerulus. (E) Higher 

magnification of the area in white boxes in D indicate green signal of 

deposited dsDNA in glomerular basement membrane (GBM) surrounding the 

glomerular capillary (asterisks). Turquoise represents erythrocytes. Bars 20 

μm. 

 

Fig 5. Deposition of self-antigens is detected in glomeruli in B19V-

induced ApoBods elicited glomerulonephritis. Nucleosome depositions in 

glomeruli in each group were quantified from confocal microscopy images. 

Deposition of (A) dsDNA and (B) histone 1 (H1), H4, and TATA-binding 

protein (TBP) in the glomerular membrane were indicated by green and red 

fluorescence, respectively. The total of 30 glomeruli per group were analyzed. 

A triangle on a column scatter represents the fluorescence intensity of each 

glomerulus. Intensity from each group is determined as mean ± standard error 

of the mean (SEM). The mean intensity of each group is indicated the bar in 

the scatter column. Results are compared to the negative controls (left), 

untreated and PBS-treated groups, and all ST-induced ApoBods groups 

(right), respectively. Significant difference defined as *p < 0.05 and **p < 0.01. 

 



Supporting information 

S1 Fig. Common apoptotic bodies exhibit less inflammation, less 

damage, and no glomerulonephritis. (A) Bright-field images of hematoxylin 

and eosin (H&E) stained sections illustrate histopathology of i, brain, ii, heart, 

iii, liver, and iv, kidney in mice treated with staurosporine (ST)-induced 

ApoBods. Bars 100 μm in i–iii, and 50 μm in iv. (B) Glomerulonephritis 

markers from common ApoBods induction illustrated by i, H&E stained 

sections represent histological features of the glomerulus in each group. Bars 

50 μm. Fluorescence images of the glomerulus in each group present 

immuno-labeled of ii, cellular DNA (DAPI, blue) and iii, dsDNA deposition in 

glomerular tissues (green). iv, Merge of ii and iii with differential interference 

contrast images illustrate the deposition of nucleosomes in the glomerulus. v, 

Higher magnification of the white box in iv indicates deposition of self-

antigens in the glomerular basement membrane (GBM) surrounding the 

capillary (asterisk). Turquoise represents the red blood cells. Bars 50 μm. 















S1 Table. Autoantibodies to dsDNA detected from sera. CLIFT and ELISA 
assays were utilized to analyze autoantibodies against dsDNA in sera 
samples at week 1, 4, and 8 post immunization. Number of positive and 
equivocal samples per each group is indicated. 

Treatments  
(6 mice/group) 

Week 1 Week 4 Week 8 

CLIFT ELISA CLIFT ELISA CLIFT ELISA 

Pos Equi Pos Equi Pos Equi Pos Equi Pos Equi Pos Equi 

Untreated 0 0 0 0 0 0 0 0 0 0 0 0 

PBS 0 0 0 0 0 0 0 0 0 0 0 0 

Pristane 4 0 4 0 4 1 6 0 3 1 6 0 

25 μg B19V NS1 2 1 2 0 0 0 1 1 0 2 3 1 

50 μg B19V NS1 0 1 1 1 2 0 0 0 0 0 2 3 

100 μg B19V NS1 1 0 3 2 3 0 4 2 5 1 4 2 

25 μg ST 2 0 0 1 2 0 1 1 0 0 0 0 

50 μg ST 1 1 0 1 0 0 0 0 1 1 0 1 

100 μg ST 0 0 0 2 1 0 1 0 0 1 1 1 

The cut-off values at each time point for the CLIFT are calculated by the mean percentage positive kinetoplasts of the 
untreated group plus 2 standard deviations of the mean of the untreated group (2SDs). The cut-off values of each 
time point for the ELISA are considered by the mean of relative absorption unit of the untreated group plus 3SDs. 
The cut-off values of CLIFT assay at week 1 = 40.49%, week 4 = 44.74%, and week 8 = 51.39%. The cut-off values 
of ELISA assay at week 1 = 1.13, week 4 = 1.11, and week 8 = 1.26. Values greater than cut-off are determined as 
positive (Pos), while values higher than 90% but less than 100% of cut-off are considered as equivocal (Equi). The 
equivocal values of CLIFT assay at week 1, 4, and 8 are less than cut-off but equal or greater than 36.44%, 40.27%, 
and 46.25%, respectively. The equivocal values of ELISA assay at week 1, 4, and 8 are less than cut-off but equal or 
greater than 1.02, 1.00, and 1.13, respectively.  
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Highlights 

• Two new antigens were introduced as diagnostic markers of B19V 

infections and autoimmune conditions. 

• Conformational B19V NS1 was successfully produced by BEVS and 

purified by IMAC.  

• Recombinant NS1 protein was indicated as potential antigens for 

diagnosis of acute and chronic B19V infections. 

• Apoptotic bodies induced by B19V NS1 were validated as novel 

antigens for diagnosis viral-associated diseases. 

 

Abstract 

Human parvovirus B19 (B19V) infections have been associated with the 

development of autoimmune conditions. The cytotoxic NS1 protein, a member 

of superfamily 3 helicase, of B19V has been demonstrated to induce cellular 

apoptosis and generate apoptotic bodies (ApoBods) containing viral proteins 

and modified self-antigens. This study aims to introduce new antigens 

including recombinant NS1 protein and NS1-induced ApoBods to be used as 

diagnostic markers for B19V infections. We hypothesized that B19V NS1 and 

ApoBods induced by B19V NS1 are good candidates for antigens to verify 

chronic and autoimmune conditions associated with B19V infections. 

Recombinant histidine-tagged B19V proteins (VP1, VP2, and NS1) were 

produced by baculovirus expression system (BEVS) and purified using 

immobilized metal-ion affinity chromatography (IMAC). Purified viral proteins 

and B19V NS1-induced ApoBods were employed in a novel ELISA to detect 

antibodies in B19V patients (n = 11) and volunteers (n = 13). The novel ELISA 



performance was investigated by comparing with standard B19V diagnostic 

test kits. Anti-NS1 IgM antibodies were observed in acute patients; whereas, 

anti-NS1 IgG antibodies were detected in all stages of B19V infections. 

Moreover, IgG antibodies against NS1-induced ApoBods were highly detected 

in 85.71% (6/7) in chronic B19V and SLE-like disease patients. Analysis of 

IgG antibody using the novel ELISA illustrated 100% in sensitivity and 100% 

in specificity. In conclusion, conformational NS1 produced by BEVS following 

by IMAC purification was identified as a potential antigen to determine both 

acute and chronic B19V infections. The newly incorporation of B19V NS1-

induced ApoBods was demonstrated as an essential antigen marker for 

diagnosis of chronic B19V diseases and pathogenesis of autoimmunity in 

patients.  

Keywords: ELISA; diagnosis; human parvovirus B19 (B19V); non-structural 

protein 1 (NS1); apoptotic bodies; autoimmune 

1. Introduction

Human parvovirus B19 (B19V) is a common virus that can infect all 

ages (Cohen and Buckley, 1988). The general manifestations of B19V 

infections such as erythema infectiosum or fifth disease (Anderson et al., 

1984) and arthralgia (Meyer, 2003) are frequently identified in children and 

young adults, respectively. Furthermore, life-threatening manifestations e.g. 

chronic anemia and fetal death could occur in immunosuppressed patients 

and pregnant women (Anderson et al., 1985; Kurtzman et al., 1987; Miller et 

al., 1998). In addition, B19V infections have been associated with several 



autoimmune conditions; e.g. rheumatoid arthritis (RA) and systemic lupus 

erythematosus (SLE) (Takahashi et al., 2008; Tsai et al., 2013; Tzang et al., 

2009).  

Diagnostic tools that can indicate current infection stages and can 

verify the progress of autoimmunity in patients are required to prevent an 

infection to facilitate the development of autoimmune diseases and to provide 

better therapeutic strategies for patients. B19V infections are typically 

diagnosed in serological samples using enzyme immunoassays (EIAs), 

enzyme-linked immunosorbent assay (ELISA), immunoblottings, 

immunofluorescence assays (IFA), and polymerase chain reaction (PCR) 

(Anderson et al., 1986; de Jong et al., 2006; Kurtzman et al., 1989; Peterlana 

et al., 2006). Antibodies against viral capsid protein 1 (VP1) and VP2 are 

usually employed in standard diagnostics of B19V infections (Kurtzman et al., 

1989; Söderlund et al., 1995). Recombinant B19V virus-like particles (VLPs) 

used in serologic assays are conformational epitopes (Manaresi et al., 2001; 

Peterlana et al., 2006) that frequently produced by either Escherichia coli (E. 

coli) (Jordan, 2000; Pfrepper et al., 2005; Rayment et al., 1990) or baculovirus 

expression vector system (BEVS) (Gilbert et al., 2005; Jordan, 2000; Michel 

et al., 2008; Söderlund et al., 1995). The VLPs epitopes created by BEVS are 

non-infectious; however, their antigenicity and morphology are similar to 

native viral particles, in which the proteins can self-assembly to form empty 

capsids (Kajigaya et al., 1991). For this reason, the VLPs epitopes have been 

employed to replace native B19V particles in diagnostic assays (Enders et al., 

2007; Kerr et al., 1999; Michel et al., 2008).  



Conformational epitopes of VP1 and VP2 are commonly used to 

identify IgM antibodies in acute B19V infections (Beersma et al., 2005; 

Kurtzman et al., 1989; Manaresi et al., 2001; Söderlund et al., 1995) and IgG 

antibodies in persistent B19V infections (Kaikkonen et al., 1999; Manaresi et 

al., 1999; Söderlund et al., 1995). Anti-IgG antibodies against VP2 could be 

detected in both acute and past immunity phases (Kaikkonen et al., 1999). 

For the acute condition, the linear VP2 epitope-type-specific (ETS) or 

heptapeptide (KYVTGIN amino acids) antigen has been characterized and 

utilized to improve the examination of an acute B19V infection (Kaikkonen et 

al., 1999). Antibodies against linear VP2 ETS usually disappears in 6 months 

post B19V infection while the antibodies against conformational VP2 exists 

long-term (Söderlund et al., 1995). For the chronic condition, the VP1-unique 

region (VP1u) was suggested to use as an antigen in an IgG avidity enzyme 

immunoassay (EIA) for diagnosis of past immunity in a chronic B19V infection 

(Filippone et al., 2008; Söderlund et al., 1995; Söderlund et al., 1992).   

Recently, non-structural protein 1 (NS1) antigen has also been 

explored as a potential antigen to examine the past and persistent B19V 

infections (Heegaard et al., 2002; Jones et al., 1999; Searle et al., 1998; 

Venturoli et al., 1998; von Poblotzki et al., 1995a). However, the utilization of 

NS1 as antigen marker in the diagnostic assays remains to be investigated. 

Antigenic properties of B19V NS1 were assessed, when anti-NS1 IgG 

detection was firstly associated with a persistent infection (von Poblotzki et al., 

1995a). Anti-NS1 IgG was also detected with low levels in early and acute 

infections (Jones et al., 1999; Searle et al., 1998). Nevertheless, these B19V 

NS1 epitopes were produced by an E. coli expression system in denatured 



conditions. The production of B19V NS1 in BEVS and its recruitment in 

immunoassays has been previously attempted to prepare but not in the 

undenatured conditions (Ennis et al., 2001; Heegaard et al., 2002; Kerr and 

Cunniffe, 2000; Raab et al., 2002). Thus, this study aimed to produce purified 

recombinant NS1 in its native conformation to employ as an additional antigen 

for an ELISA diagnostic kit. The increase of sensitivity and robustness of 

existing diagnostic methods for B19V infections was expected. 

Furthermore, B19V NS1 has been investigated to covalently binding 

and nicking host DNA that result in activation of programmed cell death by 

apoptosis (Moffatt et al., 1998; Poole et al., 2011; Shade et al., 1986) and 

consequently generation of numerous apoptotic bodies (ApoBods) 

(Thammasri et al., 2013). We previously have characterized a repertoire of 

self-antigens that are related to autoimmunity conditions inside B19V NS1 

induced ApoBods (Thammasri et al., 2013), including nuclear DNA, Smith, 

histones, and nucleoprotein complexes. Differentiated macrophages could 

recognize, engulf, and process the ApoBods (Thammasri et al., 2013). In 

addition, autoantibodies have been detected in a post-B19V infection (Kerr 

and Boyd, 1996; Loizou et al., 1997; Soloninka et al., 1989). Therefore, 

ApoBods induced by viral infections seems to be the potential source of self-

antigens that could trigger a breakdown of self-tolerance and further 

contribute to B19V stimulated autoimmunity. 

In this study, recombinant histidine-tagged versions of full-length VP1 

(VP1), VP2 (VP2), and NS1 (NS1) were produced by BEVS, which were 

subsequently purified by immobilized metal-ion affinity chromatography 

(IMAC) in undenatured conditions. NS1 was used to analyze if this protein 



was a good candidate for assessing acute and past B19V infections. 

Moreover, B19V NS1 induced ApoBods were also utilized to determine if past 

B19V patients would react to their self-antigens components. We 

hypothesized that the novel ELISA with potential antigens, native NS1 and 

ApoBods, has provided a more precise immunogenic status in patients that 

have a B19 infection. 

2. Materials and methods

2.1. Serum samples  

A total of 24 sera of B19V patients (n = 11), and volunteers (n = 13) 

were examined for detecting IgM and IgG antibodies against purified B19V 

antigens in this novel ELISA. Table 1 demonstrates the clinical history of all 

patients and volunteers. This study was conducted at the University of 

Jyväskylä under the approval of Penn State Hershey College of Medicine, IRB 

protocol number 19667EP-A-Reagents for Parvovirus research. Negative 

human sera (n = 10) (H1964, Sigma) were also analyzed and utilized for 

calculation of cut-off values.  

Four out of thirteen volunteers defined of autoimmune conditions, SLE 

(n = 1) and RA-like disease (n = 1), as well as Lyme disease (n = 2). Serum of 

SLE and RA-like disease volunteers were then used for a positive control of 

autoimmune conditions, in which positive IgG antibodies against B19V NS1-

induced ApoBods were expected. Sera of two Lyme disease volunteers were 

used to identify cross-reaction of antibodies against viral antigens in another 

infectious disease, which are associated with autoimmune diseases.  



2.2. Reference immunoassays  

As a reference, ten out of 24 unidentified patient serum samples from 

section 2.1 were analyzed for human B19V infection and serological status 

from Haartman Institute (HI), University of Helsinki. Detection of IgG and IgM 

antibodies against conformational VP1 and VP2 antigens produced by a 

BEVS-expression system was performed with commercial EIA assays (Biotrin 

International, Dublin, Ireland). Production of IgG antibodies against linear 

recombinant B19V VP1 unique region was determined with  B19V IgG avidity 

EIA (Focus Diagnostics, CA, USA). Examination of IgG antibodies to linear 

recombinant B19V VP2 was performed using an epitope type specific (ETS) 

EIA, as previously described (Kaikkonen et al., 1999; Söderlund et al., 1995; 

Söderlund-Venermo et al., 2009).  

 

2.3. Production and purification of recombinant B19V VP1, VP2 and NS1 

Recombinant plasmids containing VP1 (VP1), VP2, and NS1 with the 

histidine-tagged at the N-terminus were produced, as previously described 

(Gilbert et al., 2005; Michel et al., 2008). Recombinant histidine-tagged 

Epstein-Barr virus nuclear antigen (EBNA) was also produced, following 

previous protocols (Gilbert et al., 2005; Michel et al., 2008). The EBNA was 

used as a positive control for western blot analysis. Subsequently, 

baculoviruses containing VP1, VP2, NS1, and EBNA were generated using 

the BEVS (Bac-to-BacTM system, Invitrogen, CA, USA). The VP1, VP2 and 

NS1 were individually expressed in Spodoptera frugiperda (Sf9) insect cells at 

a concentration of 2 x 106 cells/ml in culture medium on orbital shakers at 120 



rpm at 27 °C. The infected cell pellets of each sample were collected at 48 or 

72 h and then stored at -20 °C prior to use.  

To purify histidine-tagged B19V proteins for using in ELISA analysis, 

approximately 80 x 106 Sf9 cells were re-suspended in 4 ml of cold lysis buffer 

(20 mM Tris, 0.3 M NaCl, 1.0% (v/v) Triton X-100, pH 7.4), supplemented with 

protease inhibitor leupeptin (1 ml per 109 cells). Extracted proteins were 

clarified from crude cell lysates by centrifugation at 18500 rpm for 20 min at 4 

°C, using Sorvall RC5C centrifuge (DuPont, Wilmington, DE, USA). HisLink™ 

resin (1 ml of 50% slurry, Promega) was packed into 10 ml columns (PolyPrep 

0.8 by 4 cm, Bio-Rad), then equilibrated with charging buffer (50 mM NiSO4) 

and binding buffer (5 mM Imidazole, 500 mM NaCl, 20 mM Tris pH 7.4). 

Clarified lysates were transferred into columns containing the HisLink-resin 

and incubated for 16 h at +4 °C on a rotating wheel. Columns were then 

washed twice with three-bed volumes of binding buffer and five times with 

three-bed volumes of washing buffer (20 mM Imidazole, 300 mM NaCl, 20 

mM Tris, pH 7.4). Histidine-tagged proteins were eluted with 1 ml buffer 

fraction (500 mM Imidazole, 300 mM NaCl, 20 mM Tris pH 7.4) four times. 

The second eluted fraction of each purified protein was utilized as an antigen 

in the novel ELISA and was selected according to the concentration 

performance. 

 

2.4. Production and purification of B19V NS1-induced apoptotic bodies 

(ApoBods) 

Fusion proteins of recombinant B19V NS1 baculoviruses expressing 

enhanced green fluorescent protein (EGFP-NS1) under the CMV immediate-



early promoter were prepared using the BEVS (Invitrogen), as previously 

reported (Kivovich et al., 2010). The transduction efficiency (TE) of the third 

generation of recombinant AcEGFP-NS1 baculoviruses was analyzed with 

flow cytometry (Becton-Dickinson, USA). The viruses with TE ≥ 70% were 

employed in the induction of non-permissive HepG2 cells apoptosis for the 

production of apoptotic bodies (ApoBods). An apoptotic inducer, 

staurosporine (ST, protein kinase inhibitor, S4400 Streptomyces sp., Sigma), 

was employed as a control for apoptotic body production. ApoBods induced 

by B19V NS1 and staurosporine were purified and collected (Thammasri et 

al., 2013). ApoBods pellets were stored at -20 °C prior to use. ApoBods 

components were characterized as previously described (Thammasri et al., 

2013). Briefly, components of ApoBods were identified by the fusion of 

recombinant EGFP-NS1 proteins with direct green visualization. The ApoBods 

were immunolabelled for Smith with a mouse monoclonal anti-Smith 

(GeneTex, Inc., Germany) antibody and the secondary antibody goat anti-

mouse Alexa-Fluor 633. Consequently, DNA of the immunolabeled ApoBods 

was stained with Hoechst (Sigma) 1:1000 in H2O for 10 min. Samples were 

mounted and then stored at 4 °C until imaging by confocal microscopy 

(Olympus). 

 

2.5. Verification of protein expression with western blot analysis 

Purified VP1, VP2, and NS1, as well as cell lysates of these B19V 

proteins and EBNA (positive control for the histidine tag), produced in section 

2.3, were denatured at 95 °C for 10 min. Lysates and high/low range 

molecular weight markers (BioRad) were assessed by sodium dodecyl sulfate 



polyacrylamide gel electrophoresis (SDS-PAGE) using 10% slab gels with 

electrode buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) at 100 V for 10 

min, and followed by 200 V for 50 min. Subsequently, immunoblot analysis 

was conducted by transferring proteins to nitrocellulose membranes (GE 

Healthcare, London, UK) in blotting buffer (25 mM Tris-HCl pH 7.6, 192 mM 

glycine, 20% methanol) at 100 V for 1 h. Proteins were stained with 0.02% 

Ponceau S (Sigma) and blocked overnight in 5% milk-TBS-T [Tris-buffered 

saline containing 0.2% Tween®20 (Sigma)] at +4 °C. Membranes were 

incubated with 1:500 monoclonal mouse anti-6x His-tag IgG (Invitrogen), and 

following with 1:750 alkaline phosphatase (AP)-conjugated rabbit anti-mouse 

polyclonal immunoglobulins (Dako, Agilent Technologies, Denmark) in TBS-T 

for 1 h each at room temperature (RT). Membranes were washed three times 

with TBS-T. Detection was performed by incubation with 0.02% BCIP (5-

bromo-4-chloro-3-indolyl phosphate, Sigma) and 0.03% NBT (nitro blue 

tetrazolium, Promega, USA) in alkaline phosphatase buffer (100 mM Tris-HCl, 

100 mM NaCl, 5 mM MgCl2, 0.05% Tween®20. pH 9.5) for 5-30 min at RT. 

 

2.6. Confocal microscopy  

Purified ApoBods was characterized with Olympus IX-81 with a 

FluoView-1000 laser scanning confocal microscopy (Olympus Corporation, 

Japan). ApoBods were fixed and stained, as previously described (Thammasri 

et al., 2013). The ApoBods were examined by using the emission filters: 425-

455 nm for blue fluorescence (DAPI), 500-530 nm for green fluorescence 

(Alexa Flour 488), and 625 – 800 nm for violet fluorescence (Alexa Flour 633). 



Experimental set-up for exposure, gain, and intensity was appropriately 

adjusted. Images were analyzed using ImageJA 1.45B program (NIH).  

 

2.7. Enzyme-linked immunosorbent assay (ELISA) 

ELISA TC Microwell 96 F plates (Thermo Scientific) were coated with 

100 μl of each purified antigen. Antigens were diluted in 0.1 M carbonate 

buffer (0.1 M Na2CO 0.1 M NaHCO3 pH 9.5) at a final concentration of 200 

ng/well. Duplication of each antigen was applied and the microplates were 

incubated overnight at +4 °C. Blank wells and positive control wells containing 

of 100 ng of human IgG (Sigma) were included in IgG testing plates. Where, 

blank wells and positive control wells comprising of 100 ng of human IgM 

(Sigma) were applied in IgM testing plates. Wells were washed three times 

with 200 μl of washing solution (PBS pH 7.4, 0.05% Tween®20) and blocked 

over night at +4 °C with 100 μl of 2% bovine serum albumin (BSA, Sigma) in 

PBS. Wells were then incubated for 2 h in RT with 100 µl of patient serum 

samples (diluted 1:200 in 1% BSA-PBS). For the blank and positive control 

wells, 1% BSA/PBS was added instead. Then, wells were washed five times 

with 200 μl of washing solution and incubated for 1.5 h at RT with 100 µl of 

horseradish peroxidase (HRP)-conjugated secondary antibodies. Mouse anti-

human IgG Fc-HRP (abcam®, Cambridge, UK) at 1:10000 dilution and mouse 

anti-human IgM Fc-HRP (Novus Bio-technologies, CO, USA) at 1:1000 

dilution in 1.0% BSA-PBS were employed. Subsequently, wells were washed 

five times with 200 μl of washing solution. Detection was performed by adding 

100 μl 1-Step Ultra TMB-ELISA Substrate (3,3’,5,5’-tetramethylbenzidine, 

Thermo Scientific) and incubated at RT for 5 min and 30 min for IgG and IgM 



assays, respectively. The reaction was stopped with 100 µl of 2 M H2SO4. 

Absorbance values were measured with VictorTMX4 Multilabel Plate Reader 

(PerkinElmer Inc. Waltham, MA, USA) at 450 nm for 0.1 sec. 

 

2.8. Statistical analysis 

The mean absorbance of each duplicated sample was subtracted by 

the mean absorbance of blank wells from each microplate. A cut-off value for 

each antigen was calculated from the mean absorbance of 10 negative sera 

(Sigma) for IgM and 9 negative sera (Sigma) for IgG plus 3 standard 

deviations (SDs) (Crowther, 2001). ELISA results were presented as optical 

density indexes (ODIs), which were determined by the ratio of OD value of 

each sample and cut-off value (Pickering et al., 1998). ODIs ≥ 1.0 were 

interpreted as positive results, 0.9 ≤ ODIs < 1.0 were deemed as borderline 

results. Where, ODI values < 0.9 were reported as negative results.  

The performance of the novel ELISA was evaluated by comparing with 

serological EIAs analysis from HI (reference data). Results of 10 sera 

provided by HI were defined as “true”. The sensitivity and specificity of IgG 

and IgM assays were calculated by [TP/(TP + FN)] x 100% and [TN/(TN + 

FP)] x 100%, respectively, where TP = “true positives”, FN = “false negatives”, 

TN = “true negatives”, and FP = “false positives” (Crowther, 2001).  

 

3. Results 

3.1. Purification of recombinant B19V proteins and ApoBods 

To characterize purification of histidine-tagged B19V proteins (VP1, 

VP2, and NS1) using IMAC, western blot analysis was conducted. Results 



demonstrated that purified eluted fractions of VP1 (Fig. 1A, lane 2), VP2 (Fig. 

1B, lane 2), and NS1 (Fig. 1C, lane 2) were identified at molecular weight of 

84 kDa, 58 kDa, and 77 kDa, respectively. Cell lysates of VP1 (Fig. 1A, lane 

1), VP2 (Fig. 1B, lane 1) and NS1 (Fig. 1C, lane 1) production were 

demonstrated by the presence of each B19V protein. The production of all 

recombinant viral proteins using the BEVS and IMAC purification were 

achieved.  

Furthermore, purification of NS1-induced ApoBods was characterized 

by confocal microscopy. As illustrated in Fig. 1D, ApoBods produced by 

recombinant AcB19V NS1 transduction were observed with green 

fluorescence from fused EGFP in B19V NS1. In addition, DNA and Smith of 

the ApoBods were visualized with blue and violet fluorescence, respectively. 

Moreover, differential interference contrast (DIC) image, as depicted in Fig. 

1D, demonstrates morphology of the ApoBods created by this recombinant 

B19V NS1 transduction.    

 

3.2. Antigenicity of parvoviral proteins and viral-induced ApoBods  

Table 2 illustrates the ELISA results of the patients and volunteers, 

examined using the novel ELISA. It is demonstrated that IgM antibodies to 

B19V antigens were detected in 5/11 (45%) of B19V patients and 2/13 

(15.38%) of volunteer control. The positive anti-IgM antibodies only reacted to 

VP2 and NS1 antigens with high significance in each patient. One of these 

positive sera was from a pregnant woman (sera number 4), who had a very 

recent infection and had the clinical history of fifth disease during the 

pregnancy. Interestingly, this case had anti-IgM antibodies to both VP2 and 



NS1 analyzed with this novel ELISA. This evidence suggests that the NS1 

antigen is valuable for diagnostics of acute B19V infections.   

   As explained also in Table 2, IgG antibodies to NS1 antigen 

with/without other B19V capsid proteins were observed in 7/11 (64%) of B19V 

patients; however, these IgG antibodies were not detected in the pregnant 

woman case. In the volunteer controls, anti-B19V NS1 IgG antibodies were 

examined in 6/13 (46.15%). Positive IgG antibodies against all B19V proteins 

were observed 2/2 (100%) in SLE-like disease individuals (volunteer number 

10 who was diagnosed as SLE and volunteer number 22 who had arthritis-like 

disease); where, IgG antibodies against NS1 antigen was detected in 

volunteer number 15 or 1/2 (50%) of Lyme disease volunteers. It is clearly 

seen that the IgG antibodies against NS1 were identified in B19V and SLE-

like patients with higher value than other viral proteins.  

B19V NS1-induced ApoBods was analyzed as a new antigen in the 

novel ELISA. As depicted in Table 2, anti-ApoBods IgG antibodies were 

detected in 6/11 (55%) B19V patients and 7/13 (53.85%) volunteers, whereas 

2/2 (100%) SLE-like disease individuals (volunteer number 10 who had SLE 

and volunteer number 22 who had arthritis-like disease) and 2/2 (100%, 

volunteer numbers 15 and 16) LD patients were included in the positive 

detection. The examined results of three volunteers, where positive IgG 

antibodies against ApoBods were detected, could suggest the development of 

autoimmunity without the presence of clinical manifestations. This is because 

autoantibodies can be produced and emerged many years before 

autoimmune diseases such as SLE are diagnosed (Arbuckle et al., 2003). 

Positive antibodies against viral-induced ApoBods indicated the production of 



antibodies towards cellular components i.e. self-antigens (Thammasri et al., 

2013). Table 2 and 3 illustrate high positive values of anti-ApoBods IgG 

antibodies from both volunteers with SLE and with arthritis-like disease. The 

results implied that autoantibodies against self-antigens were produced in 

patients that are suffering from a possible autoimmune disease or chronic 

B19V patients.  

 

3.3. Diagnostic performance of the novel ELISA 

Table 3 demonstrates the comparison of serological analysis between 

the novel ELISA and commercial kit of ten characterized patients. Sera were 

obtained from B19V patients (n = 8), and volunteers (n = 2, number 10 who 

had SLE and number 22 who had arthritis-like disease without clinical 

diagnosis). For the commercial kit, acute (n = 3) and chronic (n = 4) infections 

were identified from a total of 10 patients. IgM antibodies against NS1 antigen 

were detected in all three acute patients; whereas, IgG antibodies against all 

B19V proteins with highly positive to viral ApoBods were determined in all four 

chronic patients. Furthermore, one from three acute patients that were defined 

as negatives by the reference EIAs demonstrated IgM antibodies against VP2 

and NS1 by the novel ELISA.  

To verify performance of the novel ELISA, the sensitivity and specificity 

of the antigens were examined, as illustrated in Table 4 and 5. Two common 

antigens (VP1 and VP2) were compared (Table 4); whereas, NS1 and 

ApoBods were applied as newly antigens (Table 5). Positive and negative 

sera towards particular antigens were counted and compared with the 

reference EIA results examined by HI. The sensitivity and specificity of 



detecting IgM antibodies against VP2 protein were 40% and 80%, 

respectively (Table 4). Furthermore, the sensitivity and specificity of 

identifying IgG antibodies against VP1 protein were 83.33% and 75%, 

respectively, where the sensitivity and specificity of sensing IgG antibodies 

against VP2 protein were 85.71% and 100%, respectively.  

The sensitivity and specificity of IgM antibodies against at least one 

antigen provided in the novel ELISA were 60% and 80%, respectively (Table 

5). However, the sensitivity and specificity of IgG against antigens provided in 

the novel ELISA consisting of two newly antigens, NS1 and ApoBods, were 

both 100%. It is clearly seen that the recruitment of two novel antigens (NS1 

and ApoBods) increases the sensitivity and specificity of the diagnostic assay. 

As a result, VP1 and VP2 proteins may not be the best antigens for 

diagnostics of B19V infections. The experimental result of this study suggests 

that NS1 protein and NS1-induced ApoBods are more appropriate to be 

employed as diagnostic antigens for B19V infections.  

4. Discussion

In general, purified whole viruses (Anderson et al., 1986), viral capsids 

(Kajigaya et al., 1989), and most common recombinant viral capsid proteins 

(Brown et al., 1990; Michel et al., 2008) have been employed for the 

serological diagnosis of viral infections. Antibodies against recombinant viral 

capsid proteins have been utilized as diagnostic markers for identifying 

common viral infections, including B19V (Doyle et al., 2000; Heegaard and 

Brown, 2002; Hicks et al., 1996; Jordan, 2000; Kaikkonen et al., 2001; 

Söderlund et al., 1995; Söderlund et al., 1992) and Epstein-Barr virus (EBV) 



(Henle and Henle, 1981; Hess, 2004). In this study, purified recombinant NS1 

protein and ApoBods induced by B19V NS1 have been verified as novel 

antigens in the ELISA diagnostic kit for a B19V infection.   

Specific viral capsid antigens, VP1 and VP2, were frequently provided 

and purified in conformational recombinant proteins expressed by BEVS 

production system (Bornhorst and Falke, 2000; Michel et al., 2008). The 

BEVS eukaryotic protein processing has the advantage of producing the large 

amount of conformational protein modifications and native VLPs (Jarvis, 2009; 

Kajigaya et al., 1991) which is a problematic difficulty and limitation of E.coli 

expression (Demain and Vaishnav, 2009). Previously, B19V IgG avidity 

assays using VP1 antigens were capable of determining past or recent 

infections according to the intensity of response (Söderlund et al., 1995). The 

employment of conformational B19 epitopes in EIAs is important, in order to 

detect reliably past infection, since antibodies directed against linear epitopes 

shortly disappear following infection (Jordan, 2000; Kerr et al., 1999). The 

absence of conformational epitopes has also been linked to possible false-

negative results. Taking into account established guidelines that 

conformational antigens manage to detect most accurately antibodies in 

serological assays. 

NS1 is a crucial protein of B19V by which its functions have been 

investigated to regulate viral life cycle and also cytotoxic effects to the hosts 

(Gorbalenya et al., 1990; Kivovich et al., 2012; Poole et al., 2011; Raab et al., 

2002). NS1 has been proposed to be the main contributor to facilitating from 

infections to autoimmune conditions (Poole et al., 2011; Tsay and Zouali, 

2006) with unknown mechanisms. However, serological diagnostics using 



B19V NS1 expressed from BEVS have yet to be beneficial (Ennis et al., 

2001). NS1 of B19V that examined in previous studies were produced by E. 

coli expression (Hemauer et al., 2000; Hicks et al., 1996; von Poblotzki et al., 

1995a; von Poblotzki et al., 1995b). The production of B19V NS1 in BEVS 

and its recruitment in immunoassays has been previously attempted (Ennis et 

al., 2001; Heegaard and Brown, 2002; Kerr and Cunniffe, 2000; Raab et al., 

2002), but not established in non-denaturating conditions. In this study, the 

purified NS1 expressed by baculoviruses were successfully produced and 

scrutinized as a diagnostic antigen for the verification of anti-NS1 antibodies 

in B19V patients using ELISA analysis. The anti-NS1 IgM antibodies were 

defined in acute B19V patients whereas anti-NS1 IgG antibodies were 

determined in every B19V and autoimmune-like patients (Table 3). These 

results supported the previous studies that anti-NS1 IgG antibodies can be 

detected in both acute and persistent B19V infections (Ennis et al., 2001; 

Heegaard et al., 2002; Kerr and Cunniffe, 2000; von Poblotzki et al., 1995a) 

and that this antigen improve the sensitivity and specificities of existing 

current testing (Table 5).  

The involvement of B19V infections in the pathogenesis of autoimmune 

diseases has been extensively investigated for decades (Kerr, 2016; Lunardi 

et al., 2008; Meyer, 2003; Naides, 1998). However, there is no diagnostic kit 

for testing for viral induced autoimmunity. Prompt detection of infection can 

assist in minimizing viral transmission and prevention of chronic conditions by 

providing certain precautions and clinical assistance from the beginning of the 

disease. Currently, there is no available assay to categorize autoimmunity in 

associated with B19V infections. A principal aim of this study was to introduce 



ApoBods induced by B19V NS1 as a new antigen for diagnosing the 

progression of autoimmunity in such patients, predominantly in persistent 

B19V infection. NS1 functions have been previously demonstrated to cause 

host DNA damages that lead to the activation of apoptosis (Moffatt et al., 

1998; Poole et al., 2011; Shade et al., 1986) and formulation of ApoBods 

(Thammasri et al., 2013). Characterization of virally modified self-components 

within B19V NS1-induced ApoBods implied the utilization of these ApoBods 

as a potential diagnostic marker for diagnosis B19V-associated autoimmunity. 

We hypothesized that in a persistent B19V infection, with the inability of 

clearing apoptotic burden by neighboring phagocytes, increased amount of 

self-antigens exposure to the immune system will result in a breakdown of 

self-tolerance and therefore facilitate autoimmune diseases (Cline and Radic, 

2004; Gaipl et al., 2005). Self-antigens including circulating DNA, nuclear 

fragments, and histones are crucial markers to assess the production of 

autoantibodies in systemic autoimmune disease such as SLE (Fadok et al., 

1992; Radic et al., 2004). Therefore, viral-induced ApoBods were used as an 

efficient and novel antigen for diagnosis persistent infection and also viral-

associated autoimmune conditions. As a result, the production of IgG 

antibodies against viral-induced ApoBods was highly detected in 85% of 

chronic B19V with SLE-like disease patients. Although, the larger cohort 

studies required to be conducted in the future in order to fulfill the statistical 

reliability of these results.  

Beside the B19V patients and two volunteers, who had SLE and 

arthritis-like diseases, the IgG antibodies against viral-induced ApoBods were 

also observed in 2 other volunteers who had Lyme disease (Table 2). These 



results implied the production of autoantibodies and the pathogenesis of 

autoimmune diseases in those Lyme patients. Patients with persistent Lyme 

disease have been known to develop pathogenesis of autoimmune arthritis 

(Singh and Girschick, 2004; Steere et al., 2004). Further investigation of the 

utility of viral-induced ApoBods to examine autoimmunity in other infectious 

diseases remains to be elucidated.  

In conclusion, the recombinant NS1 and NS1-induced ApoBods are 

worthy antigen markers for utilization in diagnostic tools for B19V infections. 

To the best of our knowledge, we are the first to develop a diagnostic strategy 

that screens not only for acute and chronic viral infections but also screens for 

the autoimmune conditions in patients. 
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Figure legends 

Fig. 1. Characterization of purified viral proteins and apoptotic bodies 

antigens. (A-C) Western blot analysis of Sf9 cells lysate of each viral protein 

(lane 1); purified recombinant B19V VP1, VP2 and NS1 proteins from the 

second eluted fraction of IMAC purification (lane 2); positive control Epstein-

Barr virus nuclear antigen (EBNA) (lane 3); and negative control (Neg), 

uninfected insect (Sf9) cells (lane 4). (D) Confocal microscopy images of 

purified apoptotic bodies (ApoBods) produced by AcEGFP-NS1 transduction 

of HepG2 cells. The presence of B19V NS1 (green), DNA (blue), and Smith 

(violet) are highlighted. Merged image illustrates the cluster of self-antigens in 

ApoBods components. DIC displays morphology of the ApoBods. Bar 5 μm. 





Table 1  

Clinical history of 24 serum samples 

No Clinical history 

1 B19V infection 
2 B19V infection (acute lymphocytic leukemia and red cell aplasia) 
3 B19V infection (recent B19V exposure) 
4 B19V infection (pregnant with exposure to fifth disease) 
5 B19V infection 
6 B19V infection 
7 B19V infection 
8 B19V infection 
9 B19V infection 

10 Volunteer (SLE) 
11 B19V infection 
12 B19V infection 
13 Volunteer 
14 Volunteer 
15 Volunteer (Lyme disease) 
16 Volunteer (Lyme disease) 
17 Volunteer 
18 Volunteer 
19 Volunteer 
20 Volunteer 
21 Volunteer 
22 Volunteer (Arthritis-like disease) 
23 Volunteer 
24 Volunteer 

 

 



Table 2  

Summary of IgM and IgG antibodies against a particular B19V antigen 

analyzed with the developed ELISA. Results were presented as optical 

density index (ODI) values (sera value / cut-off value). The values were 

determined as (-) negative ODI < 0.9, (±) equivocal ODI = 0.9 to <1.0, (+) 

positive ODI ≥ 1 (Pickering et al., 1998). The level of positive values was 

determined as following (+) ODI ≥ 1, (++) ODI ≥ 2, and (+++) ODI ≥ 3.  

No. 
VP1 VP2 NS1 ApoBods 

IgM IgG IgM IgG IgM IgG IgM IgG 

1 -(0.746) -(0.393) +(1.520) -(0.600) +(1.243) ±(0.995) -(0.551) -(0.781) 

2 -(0.051) -(0.265) -(0.024) -(0.288) -(0.203) -(0.382) -(0.075) -(0.523) 

3 -(0.241) -(0.340) -(0.311) -(0.181) -(0.807) -(0.372) -(0.128) -(0.483) 

4 -(0.691) -(0.310) ±(0.911) -(0.287) +(1.186) -(0.362) -(0.442) -(0.508) 

5 -(0.541) +(1.040) -(0.766) +(1.120) +(1.454) +(1.727) -(0.276) +(1.327) 
6 -(0.806) +(1.018) +(1.545) ±(0.957) +(1.182) +(1.528) -(0.457) +(1.349) 
7 -(0.237) +(1.681) -(0.407) ++(2.360) -(0.306) +(1.480) -(0.038) +++(3.747) 
8 -(0.095) -(0.776) -(0.274) -(0.692) -(0.337) +(1.079) -(0.328) -(0.877) 

9 -(0.426) +(1.834) -(0.508) +(1.714) -(0.682) ++(2.181) -(0.321) ++(2.568) 
10 -(0.316) +(1.218) -(0.399) +(1.195) -(0.496) +(1.400) -(0.272) ++(2.257) 
11 -(0.103) -(0.749) -(0.141) -(0.657) -(0.401) -(0.887) -(0.208) +(1.134) 
12 -(0.474) ±(0.990) -(0.742) -(0.810) +(1.148) +(1.189) -(0.204) +(1.510) 
13 -(0.407) -(0.447) -(0.552) -(0.415) -(0.621) -(0.588) -(0.181) -(0.727) 

14 -(0.237) -(0.684) -(0.169) -(0.660) -(0.198) -(0.776) -(0.457) +(1.306) 
15 -(0.083) -(0.476) -(0.028) -(0.872) -(0.082) +(1.037) -(0.019) +(1.600) 
16 -(0.403) -(0.714) -(0.742) -(0.744) -(0.462) -(0.817) -(0.192) +(1.374) 
17 -(0.817) -(0.390) +(1.133) -(0.294) +(1.752) -(0.286) -(0.313) -(0.441) 

18 -(0.320) -(0.295) -(0.464) -(0.290) -(0.509) -(0.238) -(0.374) -(0.378) 

19 -(0.154) -(0.227) -(0.145) -(0.245) -(0.293) -(0.545) -(0.109) -(0.532) 

20 -(0.150) -(0.088) -(0.351) -(0.104) -(0.544) -(0.051) -(0.249) -(0.029) 

21 -(0.142) -(0.031) -(0.101) -(0.018) -(0.267) -(0.058) -(0.091) -(0.054) 

22 -(0.016) +(1.713) -(0.101) +(1.594) -(0.263) ++(2.193) -(0.140) ++(2.474) 
23 -(0.182) -(0.789) -(0.077) -(0.745) -(0.190) +(1.054) -(0.306) +(1.069) 

24 -(0.555) ±(0.951) -(0.223) +(1.005) -(0.292) +(1.107) -(0.160) +(1.870) 
Cut- 
off 0.127 0.718 0.124 0.742 0.116 0.584 0.132 0.447 

  

 



Table 3  

Comparison of serologic results of the ten sera samples, B19V infections (n = 

8), and volunteers (n = 2) include volunteer number 10 (SLE) and number 22 

(arthritis-like disease without clinical diagnosis) by the novel ELISA and 

reference EIAs. The level of positive values was determined as following (+) 

ODI ≥ 1, (++) ODI ≥ 2, and (+++) ODI ≥ 3. 

No. 

Reference EIAs Novel ELISA IgM  Novel ELISA IgG  

IgM 
VP2  

IgG 
VP1u 

IgG 
VP2 

IgG 
VP2 
ETS 

Diagnosis VP1 VP2 NS1 ABs VP1 VP2 NS1 ABs 

1 + Low+ + + Acute - + + - - - ± - 

2 - - - - Negative - - - - - - - - 

3 - - - - Negative - - - - - - - - 

4 - - - - Negative - ± + - - - - - 

5 + Low+ + + Acute - - + - + + + + 

6 + - + Low+ Very early - + + - + ± + + 

7 - High+ + - Persistent - - - - + ++ + +++ 

9 Low+ + + Low+ Convalescent - - - - + + ++ ++ 

10 Low+ High+ High+ Low+ Persistent - - - - + + + ++ 

22 - High+ + - Persistent - - - - + + ++ ++ 
Abbreviations: VP1u = viral protein 1 unique region, ETS = epitope-type specificity, VP1 = histidine-tagged viral 

protein 1, VP2 = histidine-tagged viral protein 2, NS1 = histidine-tagged non-structural protein 1, ABs = apoptotic 

bodies induced by B19V NS1, (-) = negative, (±) equivocal, (+) = positive.  

 



Table 4  

The performance of the VP1 and VP2 classical antigens that have been 

provided in the novel ELISA compared with the reference EIAs. Results of the 

new ELISA were compared with the reference serologic results (n = 10) 

analyzed by commercial assays. Positive samples were determined when the 

serum was detected as positive or equivocal of VP1 or VP2 in the assay. 

Reference EIAs  
Novel ELISA 

Sensitivity Specificity 
Positive Negative 

VP1 

IgM 
Positive (ND) NA NA

NA NA
Negative (ND) NA NA

IgG 
Positive (6) 5 1

83.33% 75%
Negative (4) 1 3

VP2 

IgM 
Positive (5) 2 3

40% 80%
Negative (5) 1 4

IgG 
Positive (7) 6 1

85.71% 100%
Negative (3) 0 3

NA = non-applicable



Table 5 

The performance of combination antigens in the developed ELISA compared 

with the reference EIAs. Results of the new ELISA were compared with the 

reference serologic results (n = 10) analyzed by commercial assays. Positive 

samples were determined when the serum was detected as positive or 

equivocal of any antigen in the assay. 

Reference EIAs 
Novel ELISA 

Sensitivity Specificity 
Positive Negative 

IgM 
Positive (5) 3 2 

60% 80% 
Negative (5) 1 4 

IgG 
Positive (7) 7 0 

100% 100% 
Negative (3) 0 3 
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