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Recent reports demonstrated an association of human parvovirus B19 with inflammatory cardiomyopathy
(iCMP), which is accompanied by endothelial dysfunction. As intracellular Ca2� activity is a key regulator of
cell function and participates in mechanisms leading to endothelial dysfunction, the present experiments
explored the effects of the B19 capsid proteins VP1 and VP2. A secreted phospholipase A2 (PLA2)-like activity
has been located in the VP1 unique region of the B19 minor capsid protein. As PLA2 has recently been shown
to activate the store-operated or capacitative Ca2� channel ICRAC, we analyzed the impact of the viral PLA2
motif on Ca2� entry. We cloned the VP1 and VP2 genes isolated from a patient suffering from fatal B19 iCMP
into eukaryotic expression vectors. We also generated a B19 replication-competent plasmid to demonstrate
PLA2 activity under the control of the complete B19 genome. After the transfection of human endothelial cells
(HMEC-1), cytosolic Ca2� activity was determined by utilizing Fura-2 fluorescence. VP1 and VP2 expression
did not significantly modify basal cytosolic Ca2� activity or the decline of cytosolic Ca2� activity following the
removal of extracellular Ca2�. However, expression of VP1 and of the full-length B19 clone, but not of VP2,
significantly accelerated the increase of cytosolic Ca2� activity following the readdition of extracellular Ca2�

in the presence of thapsigargin, indicating an activation of ICRAC. The effect of VP1 was mimicked by the PLA2
product lysophosphatidylcholine and abolished by an inactivating mutation of the PLA2-encoding region of the
VP1 gene. Our observations point to the activation of Ca2� entry by VP1 PLA2 activity, an effect likely
participating in the pathophysiology of B19 infection.

Human parvovirus B19, a nonenveloped virus of about 22 to
24 nm in diameter, is a member of the genus Erythrovirus
within the family of Parvoviridae (35). B19 infection occurs
frequently in humans, and this is documented by the high
prevalence of specific immunoglobulin G (IgG) antibodies in
young children (5% to 15%), adults (60%), and seniors older
than 69 years (85%) (15). B19 is the causative agent of ery-
thema infectiosum (fifth disease), hydrops fetalis, and transient
aplastic anemia (1, 86). Several studies disclosed an association
between B19 and a variety of diseases (43, 48, 63, 80), such as
arthritis (56, 77), vasculitic syndromes (19, 24, 31, 80), hepatitis
(27, 36, 38, 75, 85), and neurological disorders (2, 85). Specif-
ically, B19 infections have been observed to be associated with
acute and chronic myocarditis (13, 16, 30, 44, 53, 58–60, 71).
Moreover, the development of endothelial and isolated left
ventricle diastolic dysfunction has been associated with B19
infection (81). During pregnancy, parvovirus B19 infection
may cause maternal and fetal myocarditis, congenital abnor-
malities, stillbirth, and abortion (10, 21, 39, 61). The particu-
larly severe course of the antenatal disease may relate to the
preference of B19 for proliferating tissues (79).

The cellular receptor for B19 infection has been regarded as a
blood group P antigen based on the failure of B19 infection in a

patient with a hereditary P antigen defect (12). The P antigen is
necessary for B19 binding but not sufficient for virus entry into
cells. In this regard, the �5�1 integrin and the recently identified
Ku80 autoantigen act as cellular coreceptors for human parvovi-
rus B19 infection (57, 82). Therefore, target cells of B19 are
mainly erythroid progenitor cells expressing high levels of P an-
tigen as well as the coreceptors �5�1 integrin and Ku80 autoan-
tigen. However, nonerythroid cell lineages, such as fetal myocytes,
follicular dendritic cells, and endothelial cells can be infected by
B19 (12, 28, 29, 57, 82). We have recently localized B19 genomes
in endothelial cells of myocardial tissue of patients with fatal
inflammatory cardiomyopathy, predominantly in small intramyo-
cardial arteries and venoles but not in cardiac myocytes or epi-
cardial coronaries, by using in situ hybridization. Concomitant
with endothelial cell infection, marked expression of the ad-
hesion molecule E-selectin, accompanied by margination, ad-
herence, penetration, and perivascular infiltration of the heart
by T lymphocytes and macrophages, was noted (17, 42).

The 5.6-kb linear single-stranded DNA genome of B19 con-
tains three large open reading frames (ORFs). The first ORF
is located at the 5� half of the genome and encodes the non-
structural protein NS1, which has a molecular mass of 77 kDa.
The NS1 protein represents site-specific DNA binding and is
associated with transcriptional and helicase activities (20, 25,
35). The NS1 protein acts as a transactivator on cellular (e.g.,
interleukin-6) and viral (e.g., human immunodeficiency virus)
promoters (54). It has been demonstrated that the cytotoxicity
of B19 is closely related to the interference of NS1 with ele-
ments of the signaling pathways leading to host cell apoptosis,
such as p21/WAF and caspase 3 (37, 55, 76).
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The second and third ORFs located in the 3� half of the B19
genome encode the major VP1 and minor VP2 structural cap-
sid proteins (20). VP1 includes a unique sequence of 227
amino acids (VP1u; 84 kDa) and is followed by the entire VP2
sequence (554 amino acids; 58 kDa). Both structural proteins
show also a variety of functional activities that are important
for the viral life cycle (11, 14, 34). Specifically, a number of
amino acids in the highly conserved domain of the VP1u share
homologies to the catalytic site and Ca2�-binding loop of se-
creted phospholipase A2, which has been found in snake and
bee venoms (18, 50, 87). A conserved PLA2-like motif
(HDXXY) has recently been identified in the N-terminal ex-
tension of the VP1 minor capsid protein in approximately 30
different parvoviruses, including B19 (26, 50, 87). The viral
Ca2�-dependent PLA2 is supposed to be necessary for viral
entry during penetration of endosomal membranes of the host
and nuclear targeting of the viral genome, and it may be in-
volved in the synthesis of eicosanoids, which could play an
important role in inflammatory reactions and host cell dysfunc-
tion (26, 87). It has been shown recently that the B19 PLA2
activity may play a direct role in initiating and accelerating
inflammatory processes in synovial tissue by up-regulation of
the COX-2 protein (51). In the case of porcine parvovirus

(PPV), site-directed mutagenesis of critical amino acids in the
catalytic site strongly decreased both the enzyme activity and
the virus infectivity (87). This was shown for the mutation at
position 153 with a histidine-to-alanine (H153A) exchange
which abolishes the enzyme activity of viral PLA2 (vPLA2) (26,
87). When the critical amino acids in the PLA2 active site of
the infectious clone of PPV were mutated, virus was still ob-
tained upon transfection but was no longer infectious (87).

Little is known about the mechanisms linking the specific
viral proteins to signs and symptoms of parvoviral infection,
especially to mechanisms involved in endothelial dysfunction
in patients suffering from inflammatory cardiomyopathy. To
gain insight into the functional properties of defined parvovi-
rus B19 proteins, we expressed the viral proteins VP1, express-
ing viral PLA2-like activity, and VP2 in human endothelial
cells (HMEC-1) and exerted a B19 infectious clone to demon-
strate the PLA2 activity under the control of the complete B19
genome. In order to prove the general importance of the B19
PLA2 enzymatic activity also in cells not permissive for B19, we
expressed the VP1, H153AVP1, and VP2 proteins under the
control of a ponasterone A-inducible promoter in 10SW reti-
noblastoma cells. As cytosolic Ca2� activity is a critical regu-
lator of host cell proliferation and apoptosis (4–6, 62) and as

FIG. 1. Schematic presentation of the B19 VP1/VP2-region. The PLA2 motif located in the VP1 unique region is indicated by amino acid
sequences. The catalytic site of the PLA2 motif is marked by italic letters. The position of the mutation H153A (for PLA2-negative H153AVP1) is
indicated.

TABLE 1. PCR primer sets used

Primer Sequence (5�33�)a Localization (nucleotides) in
B19 genome (AF162273)

Primer sets for site-directed mutagenesis
PVB-H153AVP1 sense GCT GTT GAC AGT GCT GCA AGG ATT GCT

GAC TTT AGG TAT AGC CAA CTG GC
3055–3104

PVB-H153AVP1 antisense GCC AGT TGG CTA TAC CTA AAG TCA GCA
ATC CTT GCA GCA CTG TCA ACA GC

3055–3104

Primer sets for cloning
VP1-F GTA GAT TAT GAG TAA AGA AAG TGG 2616–2639
VP1-R ACG GTG GGG AGT GTT TAC AAT G 4961–4982
VP2-F ACC CAA GCA TGA CTT CAG TTA AT 3296–3318
VP2-R ACG GTG GGG AGT GTT TAC AAT G 4961–4982

a Bold letters indicate point mutations.
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mammalian phospholipase A2 has recently been shown to en-
hance Ca2� entry through the Ca2� release-activated channel
ICRAC (74), we searched for their influence on the regulation
of cytosolic Ca2� activity.

MATERIALS AND METHODS

Plasmids. B19 DNA (GenBank accession numbers AY768535 and AF162273)
was isolated from deparaffinized myocardial tissue of a patient with fatal B19-
associated inflammatory cardiomyopathy after proteinase K digestion, phenol-
chloroform extraction, and ethanol precipitation. For cloning of the VP1 and
VP2 plasmids, the respective regions were amplified by PCR using a high-fidelity
polymerase system (Roche, Basel, Switzerland). The primer sets used for the
experiments are described in Table 1. The amplicons were digested with the
restriction enzymes XbaI and SpeI for VP1 and VP2, respectively, and inserted

into the pcDNA 3.1 or pIND vector (Invitrogen, Karlsruhe, Germany). The
resulting plasmids pcDNA-VP1, pcDNA-VP2, pIND-VP1, and pIND-VP2 were
analyzed by automated DNA sequencing in both directions (BigDye Terminator
cycle sequencing kit; PE Applied Biosystems, Foster City, CA) to verify the
correct sequences. The replication-competent B19 clone pB19-M20 was a kind
gift from K. E. Brown (88). The plasmid pCR-Script (Stratagene, La Jolla, CA)
served as a B19-negative control vector for cell culture experiments in which the
replication-competent B19 clone pB19-M20 was used.

Site-directed mutagenesis to generate PLA2-negative VP1 protein. To gener-
ate a vPLA2-negative VP1 mutant, the amino acid histidine at position 153 of the
VP1 unique region was changed to alanine (H153A) (Fig. 1) as previously
described for PPV (87) by using site-directed mutagenesis. The point mutation
(Table 1) was introduced into the VP1-expressing plasmids pcDNA-VP1 and
pIND-VP1. The site-directed mutagenesis was carried out according to the
instructions provided with the Quickchange mutagenesis kit by Stratagene (La

FIG. 2. Expression of VP1 proteins in HMEC-1 cells. Images from immunofluorescence experiments (A) and Western blot analysis (B) of VP1
protein abundance in HMEC-1 cells are shown. (A) Expression of the B19 replication-competent plasmid pB19-M20 (upper panel) and the VP1
(middle panel) and H153AVP1 (lower panel) proteins in transfected HMEC-1 cells as detected with monoclonal anti-VP2 and secondary
FITC-labeled goat anti-mouse antibodies 48 h after transfection. The corresponding images of DAPI staining is shown on the right. (B) Western
blots showing expression of VP1 (84 kDa) and VP2 (58 kDa) polypeptides from B19-positive serum, from HMEC-1 cells transfected with
pB19-M20, and from pcDNA-VP1 and pcDNA-H153AVP1 constructs. B19-specific VP1/VP2 polypeptides were detected using monoclonal
anti-VP2.
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Jolla, CA). Primers (Table 1) for the mutagenesis reaction were synthesized by
MWG (Munich, Germany) and purified to 99.9% homogeneity by high-perfor-
mance liquid chromatography. Mutagenesis reactions resulted in the generation
of the VP1-phospholipase A2 mutant that contained the H153A change
(H153AVP1). DpnI digestion (New England Biolabs, Neufahrn, Germany) was
used to digest methylated input plasmid DNA, leaving the mutagenesis product
intact. Top10F� Escherichia coli cells (Invitrogen, Karlsruhe, Germany) were
transformed by DNA from mutagenesis reactions by using standard heat shock
procedures. Obtained bacterial colonies were screened by PCR using the forward
primer VP1-F and VP1-R (Table 1). Colonies that amplified B19 DNA were
inoculated into Terrific broth containing 100 �g/ml ampicillin (Sigma Aldrich,
Taufkirchen, Germany) and the plasmid DNA extracted using a miniprep kit
(QIAprep Spin; QIAGEN, Hilden, Germany). The correctness of the mutant
sequences was confirmed by restriction enzyme digestion and automated DNA
sequencing in both directions (BigDye Terminator cycle sequencing kit; PE
Applied Biosystems, Foster City, CA) to verify sequence integrity of the H153A
mutants.

Cell culture and transfection. All cell culture reagents were purchased from
Invitrogen (Karlsruhe, Germany). The immortalized human microvascular
endothelial cell line-1 (HMEC-1) was kindly supplied from Thomas Wieder
(Department of Physiology, University of Tuebingen, Tuebingen, Germany).
HMEC-1 cells were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% (vol/vol) heat-inactivated fetal calf serum, 1% nonessential
amino acids, 1% L-glutamine, 5 mM glucose, 100 units/ml penicillin, 100
�g/ml streptomycin, and 10 ng/ml epidermal growth factor (ICN, Costa Mesa,
CA). HMEC-1 cells were seeded in 60-mm cell culture dishes at a concen-
tration of 8 � 105 cells/dish. Transient transfection of HMEC-1 cells was
carried out with 10 �g per plate of plasmid DNA using Fugene-6 (Roche
Diagnostics, Mannheim, Germany) according to the manufacturer’s protocol.

After 48 h, cells were exposed to Ca2� ions at the indicated concentrations
for 12 h. Thereafter, cells were harvested and analyzed for Fura-2 imaging.

Generation of stable B19 protein-expressing cell lines. Stable inducible B19
protein-expressing VgRXR-10SW cell lines were generated by transfection of
human retinoblastoma cells (10SW) expressing the heterodimer ecdysone-reti-
noid X receptor (RXR), with the pIND-VP1, pIND-H153AVP1, and pIND-VP2
plasmids described above. The ecdysone-RXR binds a modified ecdysone re-
sponse element in the presence of the ligand ponasterone A (Invitrogen,
Karlsruhe, Germany). Transfection experiments were performed as described
previously (9). The stable integration of genes encoding B19 VP1, H153AVP1, and
VP2 was tested by PCR of genomic DNA after selection of the stable cell clones
by using neomycin (G418; Calbiochem, Bad Soden, Germany). The transcript
levels achieved were similar to the levels in B19-infected tissue (e.g., cardiac
endothelial cells). The stably transfected VgRXR-10SW cells (herein called
VP1-10SW, H153AVP1-10SW, and VP2-10SW) were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% (vol/vol) heat-inactivated fetal
calf serum, 1% nonessential amino acids, 1% L-glutamine, 5 mM glucose, 100
units/ml penicillin, 100 �g/ml streptomycin, 400 �g/ml zeocin, and 600 �g/ml
G418 (Calbiochem, Bad Soden, Germany) in an atmosphere containing 5% CO2

at 37°C. Human cells were allowed to recover for 16 h after plating before
ponasterone A (5 �M) induction. Cells were seeded in six-well tissue culture
plates at 5 � 105 cells per well. Forty-eight hours after ponasterone A induction,
cells were exposed to Ca2� ions at the indicated concentrations for 12 h and
analyzed for Fura-2 imaging.

Detection of B19 VP1/VP2 gene expression by RT-PCR. Expression of B19
VP1/VP2 RNA of transiently transfected HMEC-1 and stable VP1/VP2-10SW
cell lines was confirmed using B19 VP2-specific reverse transcription-PCR (RT-
PCR). The detection of B19 VP1/VP2 RNA by RT-PCR using primers specific
for the VP1/VP2-coding sequence has been described previously (16, 44). Briefly,

FIG. 3. Increase of Ca2� entry into retinoblastoma cells by expression of VP1. (A) Representative original tracings showing the Fura-2
fluorescence ratios (340/380 nm) in Fura-2-loaded stably transfected VP1-expressing retinoblastoma cells (10SW) exposed initially to Ringer
solution containing 1 mM extracellular Ca2� and to nominally Ca2�-free Ringer solution (0 mM Ca2�, 5 mM EGTA; white arrow). During
exposure to Ca2�-free solution, Ca2� pump inhibitor thapsigargin (1 �M; Molecular Probes) was added. Subsequently, the cells were exposed to
Ringer solution with thapsigargin and Ca2� (black arrow). Finally, the cells were exposed to 10 �M of the Ca2� ionophore ionomycin for
calibration in the absence and presence of Ca2�. The upper panel shows results for cells in the absence of ponasterone A, and the lower panel
shows results for cells in the presence of ponasterone A for stimulation of the induction of VP1 expression. (B) Arithmetic means (� SEM; n �
10) of the Fura-2 fluorescence ratios after incubation, as described for panel A, in Ca2�-containing extracellular fluid and in Ca2�-free and
thapsigargin (Tg)-containing Ringer solution, and following the readdition of extracellular Ca2�. Open bars represent cells in the absence of
ponasterone A, and filled bars represent cells in the presence of ponasterone A for the stimulation of VP1 expression. (C) Arithmetic means
(� SEM; n � 10) of the slopes of increasing Fura-2 fluorescence ratios (change in ratio/second) after the readdition of Ca2� in cells incubated
as described for panel A in the absence and presence of ponasterone A (P). The number sign indicates a significant difference (P � 0.05, analysis
of variance) compared to the respective value for cells in the absence of ponasterone A.
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total RNA (from 	1 � 107 cells) was extracted using the RNeasy kit (QIAGEN),
and first-strand cDNA was synthesized. PCR was performed using primer pairs
as described previously (7, 16, 44).

Detection of B19 VP1/VP2 proteins by Western blot analysis. Western blot
analysis was performed with whole-cell extracts derived from B19 VP1 tran-
siently transfected HMEC-1 cells and stable VP1-10SW and H153AVP1-10SW
cell lines as described previously (9). B19 VP1/VP2-specific signals were detected
using mouse monoclonal anti-VP2 antibodies (clone 521-5D; Chemicon, Planegg-
Muenchen, Germany), secondary anti-mouse horseradish peroxidase-fluorescein
isothiocyanate (FITC) antibodies (Dianova, Hamburg, Germany) and the ECL
detection kit (Applied Biosystems, Darmstadt, Germany) according to the manu-
facturers’ instructions.

Immunofluorescence experiments to detect B19 VP1/VP2 proteins. Immuno-
fluorescence experiments were performed as described previously (9). B19 VP1/
VP2 antigen was detected with monoclonal mouse anti-VP2 antibodies (clone
R92F6; Chemicon, Planegg-Muenchen, Germany) and anti-mouse FITC-conju-
gated secondary antibodies (Sigma, Taufkirchen, Germany). Nuclei were stained
with 1 g/ml DAPI (4,6-diamidine-2-phenylindole-dihydrochloride; Roche Diag-
nostics, Mannheim, Germany). Analysis of cells was performed using an immu-
nofluorescence microscope (Zeiss; Oberkochen, Germany).

Solution for cell physiological experiments. Cell physiological experiments
were performed at 37°C in Ringer solution containing 125 mM NaCl, 5 mM KCl,
1 mM MgSO4, 32 mM HEPES, 5 mM glucose, and 1 mM CaCl2 (pH 7.4). Where
indicated, ionomycin (Sigma, Taufkirchen, Germany) was used at a concen-
tration of 10 �M. The final concentration of the solvent dimethyl sulfoxide
was 
0.1%.

Measurement of intracellular Ca2�. Fura-2 fluorescence was utilized for cy-
tosolic Ca2� determinations. Intracellular Ca2� measurements were performed
as described previously (78). Retinoblastoma cells were loaded with Fura-2 (2.5
�M; Molecular Probes, Goettingen, Germany) for 30 min at 37°C. Fluorescence
measurements were carried out with an inverted phase-contrast microscope
(Axiovert 100; Zeiss, Oberkochen, Germany). Cells were excited alternatively at
340 and 380 nm, and the light was deflected by a dichroic mirror into the
objective (Fluar 40�/1.30 oil; Zeiss, Oberkochen, Germany). Emitted fluores-
cence intensity was recorded at 505 nm, and data acquisition was performed by
using the Imaging Workbench program (Axon Instruments, Foster City, CA).

Experiments were made prior to, during, and following exposure to nominally
Ca2�-free solution (5 mM EGTA added). In the absence of Ca2�, the intracel-
lular Ca2� stores were depleted by inhibition of the vesicular Ca2� pump by
thapsigargin (1 �M; Molecular Probes).

Statistical analysis. Data are expressed as arithmetic means � standard errors
of the means (SEM), and a statistical analysis was done by paired or unpaired t
test where appropriate.

RESULTS

Cloning and expression of B19 proteins in transient and
stably transfected cell lines. In order to determine the effect of
the B19 protein VP2 and of the VP1u region, which expresses
a phospholipase A2-like activity (26) on the regulation of in-
tracellular Ca2� activity, we amplified the VP1 and VP2 genes
from myocardial tissue of a B19-infected patient by PCR. To
generate a vPLA2-negative VP1 mutant, the amino acid H153
was changed to A153 (H153A) by using site-directed mutagen-
esis (Fig. 1). A H153A mutation in the catalytic center of the
vPLA2 motif of the VP1u region has previously been described
to inhibit vPLA2 enzyme activity in different parvoviruses (26,
51, 87).

The VP1 and VP2 patient-specific PCR products and the
H153AVP1 sequences were introduced into eukaryotic expres-
sion vectors (pcDNA and pIND) under the control of a cyto-
megalovirus promoter or an ecdysone-inducible minimal heat
shock promoter, respectively. The pcDNA-VP1 and pcDNA-
VP2 constructs and the B19 replication-competent clone
pB19-M20 were transiently transfected into HMEC-1 cells. In
addition, the retinoblastoma cell line VgRXR-10SW express-
ing the heterodimer ecdysone-RXR that binds the ecdysone

FIG. 4. Lack of effect on cytosolic Ca2� activity by expression of VP2. (A) Representative original tracings showing the Fura-2 fluorescence
ratios (340/380 nm) in Fura-2-loaded stably transfected VP2-expressing retinoblastoma cells (10SW) treated as described in the legend to Fig. 3.
The upper panel shows results for cells in the absence of ponasterone A, and the lower panel shows results for cells in the presence of ponasterone
A. (B) Arithmetic means (� SEM; n � 8) of the Fura-2 fluorescence ratios after incubation as described for panel A, in Ca2�-containing
extracellular fluid and in Ca2�-free and thapsigargin (Tg)-containing Ringer solution, and following the readdition of extracellular Ca2�. Open bars
represent cells in the absence of ponasterone A, and filled bars represent cells in the presence of ponasterone A to stimulate VP2 expression.
(C) Arithmetic means (� SEM; n � 8) of the slopes of increasing Fura-2 fluorescence ratios (change in ratio/second) after the readdition of Ca2�

in cells incubated as described for panel A in the absence and presence of ponasterone A (P).
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analog ponasterone A was used to generate the stable induc-
ible B19 protein-expressing cell lines VP1-10SW, H153AVP1-
10SW, and VP2-10SW. Upon the addition of ponasterone A,
the expression of the B19 proteins was induced. In order to
determine the expression of VP1 and H153AVP1 proteins, RT-
PCR (data not shown), immunofluorescence, and Western blot
experiments (Fig. 2) were performed. The immunofluores-
cence experiments showed that VP1/VP2 proteins expressed
by the pB19-M20 and pcDNA-VP1 plasmids were mainly lo-
cated to the cell nuclei (Fig. 2A). This nuclear localization of
B19 VP1/VP2 proteins is in good accordance to recently pub-
lished data (88). However, expression of H153AVP1 proteins
revealed a nuclear and cytoplasmic distribution. The atypical
intracellular localization of the mutated protein might be due
to the introduced mutation, possibly changing the presentation
of putative nuclear localization signals (Fig. 2B). Differences in
the amounts of VP1/VP2 proteins detected after transfection
of HMEC-1 cells with the pB19-M20, pcDNA-VP1, and
pcDNA-H153AVP1 plasmids by Western blot analyses could be
due to the presence of the transactivator activity of the B19
NS1 protein (Fig. 2B). NS1 proteins are expressed only by the
pB19-M20 construct and can enhance the B19 P6 promoter
activity up to 50 times in comparison to normal P6 promoter
activity (33). As further demonstrated by these experiments the
VP1 and H153AVP1 proteins could be detected in correct sizes.
Additionally, the expression of B19-specific transcription prod-
ucts of the integrated VP1, H153AVP1, and VP2 constructs
before and after induction with ponasterone A was analyzed by
RT-PCR, which showed correct B19-specific mRNA produc-
tion (data not shown).

VP1 expression accelerates Ca2� entry into retinoblastoma
cells. The Fura-2 fluorescence ratios (340/380 nm) in the pres-
ence of extracellular Ca2� in retinoblastoma cells transfected
with VP1 (1.04 � 0.03, n � 10) and VP2 (1.01 � 0.02, n � 6)
were similar, but they were slightly higher than that in cells
transfected with empty vector (0.90 � 0.02, n � 8). Following
stimulation of viral protein expression by ponasterone A, the
fluorescence ratio was not significantly modified in cells ex-
pressing VP1 (1.01 � 0.04, n � 10) or VP2 (1.00 � 0.03, n �
8) or control cells transfected with the empty vector (0.91 �
0.04, n � 8). Thus, ponasterone A by itself did not modify the
cytosolic Ca2� activity and expression of the viral proteins did
not significantly alter the cytosolic Ca2� activity in the pres-
ence of extracellular Ca2�.

The removal of extracellular Ca2� and inhibition of the
vesicular Ca2� pump with thapsigargin (1 �M) was followed by
a rapid decrease of cytosolic Ca2� activity (Fig. 3 and 4). The
following addition of extracellular Ca2� triggered a rapid in-
crease of cytosolic Ca2� activity (Fig. 3 and 4). Again, no
significant differences were observed between cells stably
transfected with VP1 or VP2. However, following treatment
with ponasterone A, the Ca2� entry following the readdition of
extracellular Ca2� was significantly more rapid in VP1-express-
ing cells (Fig. 3), pointing to increased activity of the Ca2�

release-activated Ca2� channel (ICRAC). In contrast, the slope
of Ca2� entry was not significantly modified by ponasterone A
in control cells stably transfected with the empty vector (before
ponasterone A treatment, 0.0077 � 0.0012 s�1, n � 8; after
ponasterone A treatment, 0.0093 � 0.0010 s�1, n � 8). Simi-
larly, Ca2� entry was not significantly accelerated by the treat-

FIG. 5. Lack of effect on cytosolic Ca2� activity by expression of VP1 with inactivated phospholipase A2. (A) Representative original tracings
showing the Fura-2 fluorescence ratio (340/380 nm) in Fura-2-loaded stably transfected H153AVP1 mutant (VP1 PLA2-negative)-expressing
retinoblastoma cells (10SW) treated as described in the legend to Fig. 3. The upper panel shows results for cells in the absence of ponasterone
A, and the lower panel shows results for cells in the presence of ponasterone A to stimulate H153AVP1 mutant expression. (B) Arithmetic means
(� SEM; n � 8) of the Fura-2 fluorescence ratios after incubation as described for panel A, in Ca2�-containing extracellular fluid and in Ca2�-free
and thapsigargin (Tg)-containing Ringer solution, and following the readdition of extracellular Ca2�. Open bars represent cells in the absence of
ponasterone A, and filled bars represent cells in the presence of ponasterone A. (C) Arithmetic means (� SEM; n � 8) of the slopes of increasing
Fura-2 fluorescence ratios (change in ratio/second) after the readdition of Ca2� in cells incubated as described for panel A in the absence and
presence of ponasterone A (P).
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ment with ponasterone A of cells stably transfected with VP2
(Fig. 4).

The phospholipase A2-disrupting mutation H153AVP1 abro-
gates the acceleration of Ca2� entry. The replacement of
histidine by alanine in the putative phospholipase A2 cata-
lytic subunit of VP1 (H153AVP1) abolished the effect of VP1
on Ca2� entry. Treatment of H153AVP1-transfected cells
with ponasterone A did not significantly increase the slope
of Ca2� entry (Fig. 5). This observation indicates that the
effect of VP1 on cellular Ca2� metabolism requires the
phospholipase A2 activity of the viral protein.

Stimulation of Ca2� entry by lysophosphatidylcholine.
When VP1-transfected cells were exposed to lysophosphatidyl-
choline, the slope of Ca2� entry approached 0.0210 � 0.0027
s�1 (n � 5), which was significantly higher than the value for
cells in the absence of lysophosphatidylcholine (Fig. 6). Thus,
the cellular effect of VP1 expression was mimicked by the
phospholipase A2 product lysophosphatidylcholine (1 �g/ml).
Treatment of VP1-transfected cells with ponasterone A did not
further increase Ca2� entry (0.0206 � 0.0015 s�1, n � 5),
indicating that in the presence of lysophosphatidylcholine, the
expression of VP1 had no additional stimulating effect on Ca2�

entry (Fig. 6).
Increase of Ca2� entry into endothelial cells by expression

of VP1. We further explored whether VP1 is similarly effective
in human endothelial cells, target cells of B19 (16, 42). To this
end, experiments were performed in HMEC-1 cells. The
Fura-2 fluorescence ratio (340/380 nm) in the presence of
extracellular Ca2� in control HMEC-1 cells (0.92 � 0.16, n �
8) was similar to that for VP1-expressing HMEC-1 cells

(0.93 � 0.04, n � 8) or H153AVP1-expressing HMEC-1 cells
(1.05 � 0.05, n � 8). The removal of extracellular Ca2� and
inhibition of the vesicular Ca2� pump with thapsigargin (1
�M) was followed by a rapid decrease of cytosolic Ca2� activity
(Fig. 7). The slope of Ca2� entry approached 0.020 � 0.0019
s�1 (n � 8) in HMEC-1 cells with VP1, and this value was
significantly higher than the value for cells in the absence of
VP1 protein, 0.012 � 0.0012 s�1 (n � 8). Replacement of
histidine by alanine in the putative phospholipase A2 catalytic
subunit of VP1 (H153AVP1) abolished the effect of VP1 on
Ca2� entry while the slope of Ca2� entry approached 0.014 �
0.0013 s�1 (n � 8). Thus, similar to retinoblastoma cells, hu-
man endothelial cells respond to expression of VP1 with en-
hanced Ca2� entry.

Increase of Ca2� entry into HMEC-1 cells by transfection
with full-length B19. Further studies have been performed to
explore whether the replication-competent B19 plasmid
(pB19-M20) was similarly able to stimulate Ca2� entry. To this
end, HMEC-1 cells were transfected with pB19-M20. As
shown in Fig. 8, the Fura-2 ratios of fluorescence (340/380 nm)
in the presence of extracellular Ca2� in control HMEC-1 cells
(pCR-Script) (0.80 � 0.10, n � 4) and HMEC-1 cells express-
ing the cDNA of B19 (0.84 � 0.06, n � 4) were similar.

Removal of extracellular Ca2� and inhibition of the vesicu-
lar Ca2� pump with thapsigargin (1 �M) resulted in a rapid
decrease of cytosolic Ca2� activity (Fig. 8). The following ad-
dition of extracellular Ca2� triggered a rapid increase of cyto-
solic Ca2� activity, which was significantly greater in HMEC-1
pB19-M20-transfected cells (2.59 � 0.5199, n � 4) than in
control HMEC-1 cells (0.89 � 0.0277, n � 4). Moreover, the

FIG. 6. Stimulation of Ca2� entry by lysophosphatidylcholine. (A) Representative original tracings showing the Fura-2 fluorescence ratios
(340/380 nm) in untreated (upper panel) or lysophosphatidylcholine (1 �g/ml)-treated Fura-2-loaded stably transfected VP1-expressing retino-
blastoma cells (10SW) treated as described in the legend to Fig. 3. (B) Arithmetic means (� SEM; n � 5) of the Fura-2 fluorescence ratios after
incubation as described for panel A, in Ca2�-containing extracellular fluid and in Ca2�-free and thapsigargin (Tg)-containing Ringer solution, and
following the readdition of extracellular Ca2�. Open bars represent cells in the absence of lysophosphatidylcholine, and filled bars represent cells
in the presence of lysophosphatidylcholine. (C) Arithmetic means (� SEM; n � 5) of the slopes of increasing Fura-2 fluorescence ratios (change
in ratio/second) after the readdition of Ca2� in cells incubated as described for panel A, in the absence and presence of lysophosphatidylcholine
(LPC). The number sign indicates a significant difference (P � 0.05, analysis of variance) compared to the respective value for cells in the absence
of lysophosphatidylcholine. P, ponasterone A.
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entry of Ca2� following the readdition of extracellular Ca2�

was significantly more rapid in full-length B19-expressing
HMEC-1 pB19-M20-transfected cells (0.062 � 0.0127 s�1, n �
4) than in control HMEC-1 cells (0.019 � 0.0017 s�1, n � 4).
These observations point to enhanced stimulation of the Ca2�

release-activated Ca2� channel (ICRAC) by parvovirus B19 in-
fection. Interestingly, the Fura-2 fluorescence ratio for entry of
Ca2� following the readdition of extracellular Ca2� was ap-
proximately threefold higher in the presence of all viral pro-
teins in comparison to the control, while VP1 alone increased
this ratio by approximately twofold. The difference could point
to some synergistic effects with other B19 proteins, such as the
multifunctional NS1 protein.

DISCUSSION

Although the association between B19 infection and acute
and chronic myocarditis has been established with the identi-
fication of myocardial endothelial cells as target cells (8, 16, 41,
44, 52, 82) and the role of B19 in the development of endo-
thelial and isolated left ventricle diastolic dysfunction has been
discussed (81), little is known about the pathophysiological

mechanisms involved. B19 can be detected solely in endothe-
lial cells of endomyocardial biopsy specimens of patients suf-
fering from acute and chronic myocarditis (41). Notably, acute
B19 infection may mimic ischemic disturbances of the myocar-
dial microcirculation. The large number of endothelial cells in
the close-meshed capillary and venular network of the human
heart provides a reservoir for persistent as well as latent virus
infection. The possible persistence of B19 infection has been
demonstrated recently by the analyses of consecutive endo-
myocardial biopsy specimens of patients with progressive sys-
tolic left ventricle dysfunction (45, 59). With regard to the
restricted B19 replication in endothelial cells, we have strong
evidence that B19 RNA synthesis does occur in cardiac endo-
thelium during acute myocarditis. A restricted B19 replication
has been shown also in vitro for different cell lines (32). In
order to determine possible pathophysiological mechanisms of
distinct B19 proteins, we developed endothelial and nonendo-
thelial cell culture systems, including stable inducible B19 pro-
tein-expressing cell lines. We hypothesized that the pathogen-
esis of B19 infection of the cardiac endothelial cells could be
due to B19 proteins themselves. Along those lines, a phospho-

FIG. 7. Increase of Ca2� entry into endothelial cells by expression of VP1. (A) Representative original tracings showing the Fura-2 fluorescence
ratio (340/380 nm) in Fura-2-loaded transiently transfected endothelial cells (HMEC-1) treated as described in the legend to Fig. 3. The upper
panel shows results for HMEC-1 B19-negative control cells using pCR-Script plasmid, the middle panel shows results for VP1-expressing HMEC-1
cells (VP1 HMEC-1 cells) transiently transfected with pcDNA-VP1 plasmid, and the lower panel shows H153AVP1-expressing HMEC-1 cells
(H153AVP1HMEC-1 cells) transiently transfected with pcDNA-H153AVP1 48 h after transfection. (B) Arithmetic means (� SEM; n � 8) of the
Fura-2 fluorescence ratios after incubation as described for panel A, in Ca2�-containing extracellular fluid and in Ca2�-free and thapsigargin
(Tg)-containing Ringer solution, and following the readdition of extracellular Ca2�. Open bars represent HMEC-1 B19-negative control cells
(pCR-Script), and filled bars represent transiently transfected HMEC-1 cells with pcDNA-VP1. The cross-hatched bars represent pcDNA-H153AVP1-
transfected HMEC-1 cells. (C) Arithmetic means (� SEM; n � 8) of the slopes of increasing Fura-2 fluorescence ratios (changes in ratio/second)
after the readdition of Ca2� in cells incubated as described for panel A, in the HMEC-1 control vector, VP1-expressing HMEC-1 cells transiently
transfected with pcDNA-VP1 plasmid (VP1 HMEC-1 cells), and H153AVP1-expressing HMEC-1 cells transiently transfected with pcDNA-
H153AVP1 (H153AVP1HMEC-1 cells). The number sign indicates a significant difference (P � 0.05, analysis of variance) compared to the respective
values for the other cells.
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lipase A2-like activity in the VP1 minor capsid protein has
been identified recently (18, 26).

The present experiments disclose a novel action of parvovi-
rus B19 on host cells. Overexpression of VP1, but not that of
VP2, virtually doubles the slope of Ca2� entry into Ca2�-
depleted cells, which is indicative of an activation of store-
operated Ca2� channels or Ca2� release-activated Ca2� chan-
nel (ICRAC) (3, 62, 64). Notably, cytosolic Ca2� activity is not
increased during resting conditions, i.e., in the absence of
ICRAC activation. There was a slight variability of Fura-2 flu-
orescence ratios prior to the addition of ponasterone; however,
this did not reach functional significance. To avoid any bias
from this variability, comparisons were made between the ab-
sence and presence of ponasterone and between the absence
and presence of Ca2�. ICRAC is not constitutively active but
requires activation, which is accomplished by the depletion of
cytosolic Ca2� stores following the removal of extracellular
Ca2� and simultaneous inhibition of vesicular Ca2� ATPase or
by stimulation with appropriate hormones and mediators, in-
cluding mitogens and inflammatory cytokines (49, 62, 89).

The present observations allow some further insight into the
mechanism involved in activation of Ca2� entry. The recent
observation that mammalian phospholipase A2 has been
shown to activate ICRAC (74) prompted us to test whether the
phospholipase A2 activity of VP1 accounts for the activation of
Ca2� entry. Thus, we abrogated the phospholipase A2 activity

of VP1 by replacing a histidine with an alanine in the putative
catalytic site (H153AVP1). As a matter of fact, the mutation
completely abolished the effect of VP1 expression on Ca2�

entry. Moreover, the effect of VP1 expression was mimicked by
the addition of lysophosphatidylcholine, a product of phospho-
lipase A2. As discussed earlier (74), arachidonic acid appears
not to be involved in activation of ICRAC. Whatever product is
involved, it appears safe to conclude that VP1 affects Ca2�

entry by virtue of its phospholipase A2 activity.
The pleiotropic actions of phospholipase A2 (73, 84) include

the stimulation of smooth muscle and endothelial cells (22,
72). Altered regulation of cytosolic Ca2� activity is expected to
affect a wide variety of cellular functions. Ca2� is involved in
the control of exocytosis, contraction, enzyme activity, and
gene expression (4–6, 62). As reviewed elsewhere (46), cyto-
solic Ca2� activity further plays a critical role in the regulation
of cell proliferation (4–6, 62, 69, 70, 83). ICRAC is stimulated by
growth factors (65) and triggers Ca2� entry and subsequent
Ca2� oscillations into proliferating cells (47), an effect re-
quired for stimulation of cell proliferation (46). Conversely,
lymphocyte apoptosis following CD95 receptor triggering is
paralleled by the inhibition of ICRAC (23, 49). The inhibition of
ICRAC abrogates activation and proliferation of lymphocytes
(23, 49). It is tempting to speculate that the stimulation of
ICRAC serves to stimulate proliferation of the infected cell,
which may foster viral replication (79). We hypothesize that

FIG. 8. Increase of Ca2� entry into pB19-M20-transfected HMEC-1 cells. (A) Representative original tracings showing the Fura-2 fluorescence
ratios (340/380 nm) in Fura-2-loaded HMEC-1 cells transiently transfected with the replication-competent pB19-M20 plasmid treated as described
in the legend to Fig. 3. The upper panel shows results for the HMEC-1 control vector (pCR-Script), and the lower panel shows results for
pB19-M20 transiently transfected HMEC-1 cells. (B) Arithmetic means (� SEM; n � 4) of the Fura-2 fluorescence ratios after incubation as
described for panel A, in Ca2�-containing extracellular fluid and in Ca2�-free and thapsigargin (Tg)-containing Ringer solution, and following the
readdition of extracellular Ca2�. Open bars represent HMEC-1 B19-negative control cells, and filled bars represent HMEC-1 pB19-M20-
transfected cells. Asterisks indicate significant difference (P � 0.05, analysis of variance) compared to the respective values for cells prior to the
removal of Ca2�. (C) Arithmetic means (� SEM; n � 4) of the slopes of increasing Fura-2 fluorescence ratios (change in ratio/second) after
the readdition of Ca2� as described for panel A, in the absence of the complete genome (HMEC-1 B19-negative control cells, pCR-Script)
or in the presence of the complete genome (HMEC-1 pB19-M20 transfected). The number sign indicates a significant difference (P � 0.05,
analysis of variance) compared to the respective value for the other cells.
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the demonstrated B19 phospholipase A2 activity upon Ca2�

entry may be a consequence of early B19 infection steps. The
hypothesis is strongly supported by the observation that the
B19 phospholipase A2 activity on the viral capsid plays a key
role in synoviocyte activation (51). Along those lines, VP1
polypeptides and VP1 domains sticking out from partially de-
graded capsids may be subject to different regulatory proper-
ties during the B19 infection cycle (40, 51, 67, 68). On the other
hand, our in vitro results presented here also indicate that the
VP1 PLA2 activity on the regulation of Ca2� entry may be
effective after protein synthesis, as shown by the experiments
using the pB19-M20 full-length clone. The fact that B19 rep-
lication depends on proliferative active cells and that altered
cytosolic Ca2� activity supports cell proliferation which can
foster viral replication point to viral PLA2 activity of invading
viruses to stimulate endothelial cell proliferation. In contrast to
expression of VP1 or VP2, however, expression of B19 protein
NS1 triggers apoptosis, an effect apparently involving mecha-
nisms other than Ca2� entry (66).

In conclusion, the present observations indicate that the
parvoviral B19 protein VP1 leads to activation of ICRAC, an
effect likely participating in the pathophysiology of parvovirus
B19 infection.
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