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ABSTRACT

Despite enormous progress in understanding how the immune system works, the patho-
genesis of autoimmune diseases still remains unclear. Growing evidence indicates that
infectious agents can be potent initial triggers, subverting and exploiting host cell signaling
pathways. This role is exemplified by the association of parvovirus B19 (B19) with human
autoimmune disease. Infection with this common virus exhibits striking similarities with
systemic autoimmune diseases, and can be associated with elevated serum autoantibody
titers. The B19 virus produces proline-rich, 11-kDa proteins that have been implicated in
modulation of host signaling cascades involved in virulence and pathogenesis. Additionally,
B19 produces a non-structural protein (NS1) that functions as a transcription regulator by
directly binding the p6 promoter and the Sp1/Sp3 transcription factors. The protein is also
involved in DNA replication, cell cycle arrest and initiation of apoptotic damage, particularly
in erythroid cells. When transfected to non-permissive cells, NS1 recruits the mitochondria
cell death pathway. It is even more remarkable that NS1 functions as a trans-acting
transcription activator for the IL6 promoter, up-regulating IL6 expression in host cells.
Hence, B19 infection may play a pivotal role in triggering inflammatory disorders. By
promoting apoptotic damage and trans-activating pro-inflammatory cytokine promoters,
B19 may break the delicate balance between cell survival and apoptosis, and may contribute
to immune deregulation. Understanding the mechanisms used by B19 to alter the cell
signaling machinery may provide further insight into the mechanism by which autoim-
mune diseases develop.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

may be attributed to a number of inherited and/or acquired
factors [1,2]. For a number of years, the role of infectious

The breakdown of tolerance to self-antigens is a common
feature to autoimmune diseases, including rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE),
and Sjogren’s syndrome. The resulting autoimmune res-
ponses attack various organs, resulting in tissue damage.
Accumulating data suggests that such a tolerance break
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agents has been extensively investigated, and several
potential pathogenic mechanisms have been proposed.
Here, we discuss the potential role of a common virus that
makes use of some unique strategies to alter signaling
pathways in host cells, and impairs immune functions, with
important implications towards our understanding of the
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induction and perpetuation of autoimmune phenomena in
humans.

2. Human B19 parvovirus, a common
infectious agent

Parvovirus B19 (B19) is the only member of the Parvoviridea
family known to be pathogenic in humans [3]. Itis a small non-
enveloped icosahedral virus with a single-stranded linear 5.6-
kb DNA genome. The only functionally active promoter within
the viral genome, the p6 promoter, regulates the synthesis of a
non-structural protein, (called NS1), two capsid proteins (VP1
and VP2, that are encoded by overlapping reading frames) and
several smaller polypeptides with still unknown functions.
VP1 contains a domain that interacts with the cellular
receptor, and VP2 is involved in recognition by neutralizing
antibodies.

Like that of other non-enveloped DNA viruses, the life cycle
of B19 includes binding to host cell receptors, internalization,
translocation of the genome to the host nucleus, DNA
replication, RNA transcription, assembly of capsids and packa-
ging of the genome, and, finally, cell lysis with release of mature
virions [3]. The virus targets erythroid cells and uses as host cell
receptor a glycolipid globoside, also known as the blood group P
antigen [4]. Consistent with the observed tropism of B19, the P
antigen is expressed on erythroid progenitors. However, the
presence of P antigen is almost certainly not sufficient to explain
the tropism of B19 to erythroid cells. In fact, P antigen is also
present on cells that are not permissive for B19 replication,
including megakaryocytes, endothelial cells and fetal myo-
cytes. In addition, the level of P antigen expression does not
correlate with the efficiency of viral binding, providing further
evidence for the existence of a putative cellular co-receptor for
efficient entry of B19 into human cells [5]. In addition to
erythroid cells, B19 virus has been shown to infect and persistin
both B and T cells [6].

During the course of infection, the patient develops specific
immune reactions against B19 viral proteins [3]. Acute
infections are initially characterized by a viremic phase which
has its onset about 6 days after infection, reaches concentra-
tions of 10'°-10*® particles per milliliter of blood, and persists
for about 1 week. Viremia declines with the appearance of
VP1- and VP2-specific IgM antibodies that appear approxi-
mately 9-12 days after infection, and are the first detectable
immune reactions that indicate an acute B19 infection. Peak
levels of IgM are reached during the third week after infection,
decline rapidly with time, and become undetectable after 6-10
weeks. With the decrease of B19-specific IgM, antibodies of the
IgG isotype become detectable. At this stage, the rash typical
for parvovirus B19 infection may be observed. Approximately
4-6 months after infection, antibodies specific for linear VP2
epitopes begin to decline, whereas IgG against conformational
epitopes persist together with VP1-specific antibodies. Not
surprisingly, the majority of parvovirus B19 neutralizing
antibodies that impart life-long protection against re-infection
are part of this IgG subfraction. With time, VP2-specific
antibodies may further decline after B19 infection, and,
eventually, become undetectable. A high percentage of
persistently infected patients have been reported to harbor

NS1-specific IgGs antibodies that, in most cases, first become
detectable about 4 weeks after infection and about 2 weeks
after the VP1/VP2-specific immune response.

As in other viral diseases, a compromised immune system
favors persistence of B19 infection. Thus, in immunocompe-
tent hosts, specific IgG antibodies appear several days
following IgM and in most cases persist for years. Their
presence is a serological marker of past infection. In general,
presence of IgG conveys protective immunity, but re-infec-
tions have been described in the presence of a low level of B19-
specific IgG. Reversibly, persistent parvovirus B19 infections
have been shown to be frequent in immunodeficient subjects.

3. Human B19 parvovirus-associated
autoimmunity

B19 is a global and common infectious pathogen in humans.
Its transmission occurs via the respiratory route, through
blood-derived products administered parenterally, and verti-
cally from mother to fetus. Generally, B19 infection is without
any clinical symptoms or may resultin a flu-like disease. It can
also result in a variety of manifestations, including erythema
infectiosum (particularly in children), hydrops fetalis, fetal or
congenital anemia, abortion, thrombocytopenia, transient
erythroblastopenia of childhood, neurologic disease and
hepatitis.

In 1985, an association between B19 infection and
arthropathies was made [7,8]. In children with erythema
infectiosum, the incidence of arthralgia is approximately 10%.
In adults, arthralgia and arthritis are the most common
manifestations of primary B19 infection, affecting 60% of
females and 30% of males. Remarkably, the onset of joint
manifestations coincides with the appearance of circulating
antibodies, suggesting that the arthropathy is immune-
mediated. The symptoms appear as an acute, moderately
severe polyarthritis, and about 50% of patients with chronic
B19 arthropathy meet the criteria of the American College of
Rheumatology for RA [9].

The ability of B19 to cause sub-acute or chronic poly-
arthritis mimicking early RA raises the possibility that this
virus may be among the causes of RA, and it has been
postulated that B19 is involved in the initiation and perpetua-
tion of RA [6]. Consistently, B19 DNA can be detected in
synovial fluid [10], cells [11] and synovial biopsy specimens [12]
of affected joints. In addition to RA, B19 infection has been
associated with a variety of autoimmune diseases [13],
including juvenile idiopathic arthritis [14], SLE [15,16], reactive
arthritis [11], Lyme disease [17], Sjogren’s syndrome, primary
biliary cirrhosis, polymyositis, dermatomyositis, autoimmune
neutropenia, immune thrombocytopenia, vasculitis [18] and
autoimmune hemolytic anemia [19-21]. Significantly, B19
infection has been associated with elevated levels of auto-
antibodies to nuclear antigens (e.g. ANA), double-stranded
DNA, ANCA, mitochondrial antigen, smooth muscle, gastric
parietal antigen, and phospholipids and CL [20,22].

As discussed above, sera from persistently infected
patients show a strong specific antibody response to NS-1.
Specific antibodies can be detected in sera from patients
suffering from severe parvovirus B19-associated arthritis
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using Western blot analysis and an ELISA. In one study,
patients were followed for 3-18 months, during which IgM
titers declined, but IgG directed to the nonstructural protein
remained detectable [23]. This has led to the proposal that
NS1-specific IgGs are associated with an altered course of
disease, and it has been argued that this antibody subset is
primarily found in patients with arthritis or persistent B19
infection [23]. Accordingly, prolonged viremia may lead to
infection of cells that are outside the erythroid lineage, and
that are not permissive. Such infection would shift gene
expression towards the preferential transcription of the NS1
gene, rather than the VP1 and VP2 genes. The cytotoxic and
apoptotic effects of NS1 may result in cell lysis and release of
NS1 protein, thereby rendering this non-structural viral
component accessible to the host’s immune system. However,
in another study, NS1-specific antibodies were present
frequently in parvovirus B19 infected individuals, contra-
dicting claims that B19 NS1 IgGs are detected primarily in
patients with arthralgia or chronic infection [24].

Epidemiological evidence also indicates that B19 is asso-
ciated with arthritis. Based on examination of writings,
paintings [25] and skeletons [26,27], it has been suggested
that arthritis is a relatively new disease in Europe, where it
appeared after the return of the explorers from the new world
toward the end of the 15th century, shortly after the first
contacts with the American continent. By contrast, arthritis
has existed in North America for several thousands of years in
the pre-Columbian era [28]. Since the first description of a
disease compatible with erythema infectiosum was traced
back to 1797 [29], B19 was, at this time, probably a new virus to
Europe. These observations are consistent with a role for the
virus in the pathogenesis of arthritis.

4. Potential mechanisms of autoantibody
induction by the B19 parvovirus

Although the association between infection and autoimmune
disease is well known, there is little evidence for a specific
mechanistic link [30-33]. Naturally, the produced autoanti-
bodies can play a role in tissue injury by a variety of
mechanisms [34]. Forinstance, peripheral nerve abnormalities
coincide with the detection of anti-B19 IgG [35]. Rash and joint
symptoms are known to occur in chronically infected subjects
treated with Ig [36]. In volunteer studies, appearance of rash
and joint symptoms was concomitant with disappearance of
vireamia and appearance of specific IgG [37]. These observa-
tions suggest an immune mediated mechanism.

As for other autoimmune diseases, molecular mimicry has
been suggested to be an underlying mechanism. It proposes
that the widespread cellular damage inflicted by infection
might expose hidden self-antigens to auto-reactive lympho-
cytes. In this view, cross-reactive epitopes bind disease-
associated HLA class Il molecules, leading to a T cell-mediated
immune response and resultant autoimmune damage. Con-
sistently, it has been shown that in patients with skin rashes,
RA and chronic B19 arthritis, affinity-purified anti-VP1 IgG
react with human keratin, collagen type II, denatured DNA and
CL [38]. Another more recent hypothesis stems from observa-
tions showing that damaged DNA can trigger an innate

response. Specifically, it has been demonstrated that DNA
damage initiates a cellular signaling pathway that alerts the
immune system to the presence of potentially dangerous cells
[39]. It is possible that this mechanism also operates to trigger
an immune response to B19 parvovirus-infected cells.

There are also indications that the pathogenic role of B191is,
at least in part, due to its propensity to directly trigger
apoptotic damage. In one study, an experimental in vitro
system was established in which healthy primary human
synovial fibroblasts were treated with or without B19-contain-
ing human sera and, then, tested for their ability to degrade
reconstituted cartilage matrix [40]. Incubation with B19
induced an invasive phenotype in fibroblasts, and pre-
incubation of viremic serum with a neutralizing antibody to
B19 eliminated the observed effect.

5. B19 parvovirus-induced apoptotic
degradation by transcriptional regulation

Since apoptosis is an active process of programmed cell death
that regulates embryonic development and maintenance of
homeostasis of multicellular organisms, it is important to
discuss its potential role in B19-associated autoimmune
phenomena. As with other viruses, infection triggers apopto-
sis of host cells, which can limit virus production and can
serve as a defense mechanism of the host against intracellular
microbes. Alternatively, apoptosis can contribute to viral
pathogenesis and, possibly, to autoimmune diseases. In SLE,
for example, there is an accelerated apoptosis [41] and the
repertoire of autoantigens includes apoptotic bodies that may
serve as a stimulator of an autoimmune response in
predisposed subjects [42-44].

The mechanisms leading to induction and progression of
apoptosis are complex and include extra-cellular stimuli,
intra-cellular signals, and cleavage of proteins. Ultimately,
there is migration of intra-cellular components to the cell
membrane and phagocytosis of apoptotic cells by macro-
phages. For B19, induction of apoptotic damage seems to be
directly related to the cytotoxicity of the NS1 protein,
particularly to erythroid cells [45]. It could account for
thrombocytopenia, leucopenia and arthritis. NS1 has been
reported to function as a transcription regulator that acts by
directly binding the p6 promoter and the Sp1/Sp3 transcription
factors [46]. It has also been shown to be involved in DNA
replication, cell cycle arrest and the initiation of apoptosis in
erythroid lineage cells [45,46]. Additionally, NS1 has been
identified to play a critical role in G1 arrest by significantly
increasing expression of p21WAFYCIPL 3 possible prerequisite
to apoptotic damage in cells of the erythroid lineage [47].

6. NS1-induction of apoptosis through the
mitochondria cell death pathway

Studies of cell death revealed that apoptosis involves activa-
tion of cysteine proteases, called caspases, present in most cell
types in an inactive form. Upon activation, caspases function
as effectors, or executioners, cleaving substrates at aspartic
acid residues and leading to nuclear fragmentation and other
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apoptotic changes [48]. If cells are deprived of necessary
survival stimuli, there is a rapid increase in the permeability of
mitochondrial membranes and release of several proteins,
including cytochrome c¢, into the cytoplasm. This latter
molecule functions as a cofactor with Apaf-1 to activate
caspase-9 that initiates the apoptotic pathway. Other proteins
released from the mitochondria may directly block the normal
anti-apoptotic activities of Bcl family members, including Bcl-
2, Bcl-xL, Bcl-w, Mcl-1 and A-1.

It is intriguing that, in addition to erythroid lineage cells,
human B19 has been found in various tissues. To understand
the mechanism of its potential cytotoxicity in non-permissive
cells, a construct of the NS1 gene was made in a cytomega-
lovirus episomal vector (pEGFP-C1) and transfected into
monkey epithelial cells (COS-7). Then, EGFP-NS1 expression
was assessed in transfected cells by fluorescence microscopy,
RT-PCR and Western blotting. Flow cytometry showed that
NS1-transfected cells were arrested at the G1 phase by
paclitaxel (a natural anti-tumor molecule) treatment, and
apoptosis was increased. In addition, expression of p53 (an
important molecule in apoptosis and cell cycle regulation),
and its downstream cell cycle kinase inhibitors (p16INK4 and
P21WAF1uCIP1) were up-regulated in NS1-transfected cells.
There was also increased expression of the pro-apoptotic Bcl-2
family members Bax and Bad, and activation of caspase-3 and
caspase-9, but not caspase-8 or Fas. Since activation of
caspase-9 was suppressed by a p53 inhibitor (pifithrin-a
hydrobromide), and because apoptosis was significantly
inhibited by a caspase-9 inhibitor (Z-LEHD-FMK), the apoptotic
pathway triggered by NS1 transfection probably involves p53-
induced Bax expression and subsequent activation of caspase-
9. These results indicate that cell death of the NS1-transfected
cells is associated with mitochondria-related apoptosis,
suggesting that B19 infection of non-permissive cells may
recruit the mitochondria cell death pathway. While the role of
this viral cytopathic effect in the pathogenesis of B19-
associated organ involvement remains unclear, these obser-
vations provide useful information to further characterize the
role of B19 NS1 protein in B19 non-permissive cells [49].

7. Modulation of host normal signaling
cascades by parvovirus B19

The small 11-kDa proteins of B19 parvovirus contain three
proline-rich regions that conform to the consensus Src
homology 3 (SH3) ligand sequences present in signaling
molecules within the cell. It has been shown that these
proteins specifically interact with the growth factor receptor-
binding protein 2 (Grb2) in vitro [50], suggesting a possible
mechanism of B19 to manipulate the host cell environment by
modulating signaling pathways. This could, for example,
affect down-stream signaling events, including those stem-
ming from mitogenic stimuli. Other examples of virally
encoded non-structural proteins that interact with SH3
domain proteins and/or disrupt mitogenic signaling include
the hepatitis C virus NS5A protein [51,52] and the HIV-1 Nef
protein [53,54]. These two latter proteins have been implicated
in modulation of host signaling cascades involved in virulence
and pathogenesis. The B19 parvovirus 11-kDa proteins may

function in a similar way to enhance viral replication and
propagation.

8. Trans-activation of host cell genes by NS1 of
human parvovirus B19

In addition to being an activator of the viral p6 promoter, the
NS1 protein can transactivate cellular promoters. Transfection
of human hematopoietic cell lines with DNA encoding the NS1
protein induces secretion of IL-6, and the NS1 effect is
mediated by the NF-«B site in the IL-6 promoter region
[55,56]. This up-regulation of IL-6 transcription was specific,
and TNF-a, IL-1B or IL-8 were not affected [55]. This
observation implies that NS1 functions as a trans-acting
transcription activator on the IL-6 promoter.

In further studies, the expression profiles of cytokines and
chemokines were examined in B19 NS1-transfected epithelial
cells [57]. A construct of the NS1 gene in the pEGFP-C1 vector,
called EGFP-NS1, was prepared, and COS-7 cells were
transfected with either EGFP or EGFP-NS1 plasmids. Using
ELISA or RT-PCR, the expression of IL-1, IL-5, IL-6, IL-10, TNF-q,
TGF-B, GM-CSF, IL-8 (CXCL8), GRO-a (CXCL1), IP-10 (CXCL10),
SDF-1 (CXCL12), MIP-1a (CCL3), MCP-1 (CCL2) and its receptor
(CCR2), RANTES and its receptor (CCR5), the chemokine
fractalkine (FKN) and its receptor (CX3CR1), and CCR11 (that
recognizes members of the MCP family) were examined.
Expression levels of IL-6, but not those of the other cytokines
and chemokines tested, were increased in EGFP-NS1 trans-
fected cells. Naturally, the cytokines and chemokines induced
in epithelial cells are not representative of all cells, and other
cells might very well induce some of these factors in response
to the viral protein. Nonetheless, these results suggest that
increased expression and secretion of IL-6 in B19 NS1-
transfected epithelial cells may play a role in the pathogenesis
of autoimmune diseases, in particular arthropathies. In as
much as IL-6 can stimulate polyclonal B cell activation [58],
these findings provide a mechanism that may account for the
B cell activation in RA. The elevation of IL-6 production via the
viral transactivator protein NS1 may contribute to the
production of autoantibodies. Consistently, elevated IL-6
levels have been found in infants with B19 infection and
lymphocytic myocarditis [59]. It is also remarkable that IL-6
secretion is known to be upregulated at the transcription level
in rheumatoid synoviocytes [60].

Since, hematopoietic cells, but also epithelial cells, trans-
fected with B19 NS1 show increased expression and secretion
of IL-6, it is likely that a wide variety of permissive and non-
permissive cells can secrete IL-6 when B19 NS1 is present. In
fact, P antigen, the B19 cell receptor, is present on several
human cells, including lymphocytes [61].

Further studies disclosed that the viral NS1 protein can
transactivate the promoter controlling expression of TNF-a
[62], a cytokine that plays a role in RA joint erosion.
Consistently, elevated levels of TNF-a have been shown to
be present in patients during the acute and convalescent
phases of B19 infection [63]. Thus, the propensity of B19 to
upregulate IL6 and TNF-a expression in host cells [S5] suggests
that it may alter immunity of the host. Through NS1
expression, B19 may contribute to immune deregulation
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and induce B19-associated disorders. Hence, NS1 transactiva-
tion of proinflammatory cytokine promoters may be pivotal in
triggering the various inflammatory disorders. The results
suggest that, by inducing host cell genes, B19 NS1 may play a
role in cytokine modulation, in clinical manifestations of B19
NS1infection, and in the pathogenesis of autoimmune disease
[55].

It must be emphasized that trans-activation of host cells is
not unique to B19. For example, HTLV-1 tax protein and HIV-1
tat protein also trans-activate IL-6 production [64,65]. HIV-1 is
known to cause a chronic inflammatory arthropathy in
humans [66] and HTLV-1 tax protein leads to overgrowth of
human synovial cells [67].

9. Conclusions

The observations discussed above and elsewhere [68,69]
indicate that studying the interactions between infectious
agents and the immune system often provides clues to our
understanding of the immune defense mechanisms. As
regards human B19 parvovirus, this pathogen is common
and widespread, and causes several distinct clinical manifes-
tations. A significant number of reports clearly implicate B19
in the pathogenesis of certain cases of rheumatic diseases,
such as RA, juvenile idiopathic arthritis, SLE and vasculitis.
The fact that viral proteins can trans-activate host cell genes
may have considerable significance in the proposed link
between B19 infection and autoimmunity. This could repre-
sent a strategy used by the virus to subvert immune functions
and to persist in the host. In addition to providing insight into
pathogen-host interactions [70], continued investigation of
the pathogenesis of B19 parvovirus infections and arthritis
may further our understanding of autoimmune diseases.
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