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Parvovirus B19 (B19 virus) can persist in multiple tissues and has been implicated in a variety of diseases,
including acute fulminant liver failure. The mechanism by which B19 virus induces liver failure remains
unknown. Hepatocytes are nonpermissive for B19 virus replication. We previously reported that acute fulmi-
nant liver failure associated with B19 virus infection was characterized by hepatocellular dropout. We inoc-
ulated both primary hepatocytes and the hepatocellular carcinoma cell line Hep G2 with B19 virus and assayed
for apoptosis by using annexin V staining. Reverse transcriptase PCR analysis and immunofluorescence
demonstrated that B19 virus was able to infect the cells and produce its nonstructural protein but little or no
structural capsid protein. Infection with B19 virus induced means of 28% of Hep G2 cells and 10% of primary
hepatocytes to undergo apoptosis, which were four- and threefold increases, respectively, over background
levels. Analysis of caspase involvement showed that B19 virus-inoculated cultures had a significant increase in
the number of cells with active caspase 3. Inhibition studies demonstrated that caspases 3 and 9, but not
caspase 8, are required for B19 virus-induced apoptosis.

Parvovirus B19 (B19 virus) is the only parvovirus known to
cause disease in humans. It is a small, single-stranded DNA
virus that is transmitted in blood products or through aerosols
and fomite contamination. B19 virus infection in children typ-
ically manifests as erythema infectiosum (fifth disease). Infec-
tion of adults frequently leads to arthropathy. In patients with
chronic hemolytic anemias, such as sickle cell disease or he-
reditary spherocytosis, B19 virus infection causes transient
aplastic crisis by destroying the erythroid precursor pool (34).
Although these are the best-described clinical illnesses induced
by B19 virus, the virus has been implicated in a wide spectrum
of other illnesses.

Acute fulminant liver failure (AFLF) is a potentially fatal
disease that may occur as a result of hepatic infection, toxic
damage, or liver transplantation complications. Over one-third
of idiopathic AFLF cases are accompanied by aplastic crisis
(6). Langnas and colleagues demonstrated that a significant
number of patients with AFLF associated with aplastic anemia
had parvovirus B19 virus DNA in the native liver that was
detectable by PCR (18). Karetnyi et al. demonstrated the pres-
ence of active B19 virus infection, as indicated by the presence
of viral RNA, in AFLF associated with aplastic anemia. Inter-
estingly, although RNA was detected, replicative forms of the
viral genome were not, suggesting active infection without rep-
lication of the virus in these tissues (16). Hepatocytes express
globoside, the receptor for B19 virus, and empty capsids will
bind to extracts from liver tissue (9). Other diseases associated
with B19 virus infection include arthropathy (32, 34), myocar-

ditis (36), encephalitis (11), hepatitis (42), dermatomyositis
(7), and scleroderma (22). Cooling and coworkers showed a
link between tissues that are affected by B19 virus infection and
the presence in those systems of globoside, the putative B19
virus receptor, and other neutral glycosphingolipids capable of
binding B19 virus (9). This suggests that if the cellular receptor
is present, B19 virus may cause damage even to cells that do
not allow for the production of progeny virus.

B19 virus has been shown to productively replicate only in
erythroid precursors, including fetal liver, isolated stem and
bone marrow cells, and megakaryocytic leukemia cell lines
maintained with erythropoeitin (3, 17, 29, 35). Upon infection
of erythroid precursors, cell death occurs by apoptosis, prob-
ably caused by the viral nonstructural protein (NS1), which has
been shown to induce apoptosis when transfected into ery-
throid cells (25, 26).

Although knowledge of the mechanisms through which B19
virus affects permissive cells is lacking, still less is understood
about the interaction of B19 virus with cells that do not support
viral replication. The block to productive infection in cell types
other than erythroid precursors is not well understood, but
aberrant splicing (4) or transcription (21) of the viral capsid
proteins has been demonstrated. This block, however, does not
affect production of the viral nonstructural protein (NS1) (4).
B19 virus may be able to enter certain cells that express glo-
boside and establish a restricted infection with production of
NS1. Broad tropism for viral entry and NS1 production could
explain the broad spectrum of disease associated with B19
virus infection.

In order to understand the process of B19 virus infection of
nonpermissive cells in general and in AFLF specifically, we
inoculated both primary hepatocytes and Hep G2 hepatocel-
lular carcinoma cells with B19 virus. We analyzed the inocu-
lated cells for production of NS1 and induction of apoptosis.
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We further examined the pathways through which B19 virus
infection induces apoptosis in these cells. This work directly
demonstrates, for the first time, a cytopathic effect of B19 virus
on liver cells. There is agreement that B19 virus DNA can be
found in the livers of individuals with AFLF (12, 16, 18, 33, 50).
The current debate centers on the relevance of the viral pres-
ence to a disease state. This work demonstrates a mechanism
through which B19 virus can cause injury to liver tissue and is
consistent with the demonstrated pathology of AFLF.

MATERIALS AND METHODS

Viruses and cell culture. Primary hepatocytes were obtained from BD Gentest
and plated at 50% confluency onto collagen-coated 75-cm2 flasks and four-well
chamber slides. The donor was an adolescent Caucasian male whose cause of
death was anoxia. Primary hepatocytes were maintained in Hepatozyme SFM
medium (Invitrogen, Carlsbad, Calif.). Hep G2 cells were obtained from the
American Type Culture Collection (Manassas, Va.). Cells were cultivated in
hepatocyte wash buffer, a modified William’s medium, with 10% fetal calf serum
(Invitrogen). The cells were incubated at 37°C in a humidified 5% CO2 incuba-
tor. Hep G2 cells were grown in eight-well LabTek II chamber slides (Nalge
Nunc International, Rochester, N.Y.) for the annexin V staining and caspase 3
activity experiments and in 75-cm2 tissue culture flasks (Fisher) for the reverse
transcriptase PCR (RT-PCR) experiments.

Viremic serum from a patient with aplastic crisis was used as a B19 virus
inoculant. The viral titer of this serum has been previously determined by PCR
analysis to be 1012 viral genomes/ml (16).

Infection with B19 virus inoculants. Primary hepatocytes were inoculated with
1,000 viral genome equivalents/cell in Hepatozyme SFM serum-free medium. In
order to improve detection of transcription and replication of B19 virus, we
synchronized Hep G2 cells prior to inoculation by adding hydroxyurea to the cell
culture medium at a final concentration of 2 mM. Cells were incubated with
hydroxyurea for 40 h and then washed four times with wash buffer without serum.
Synchronization was verified by staining cell nuclei with propidium iodide fol-
lowed by DNA quantification using flow cytometry. After washing, the cells were
inoculated with viremic serum diluted to a concentration of 1,000 viral particle
per cell in Opti-MEM serum-free medium and incubated overnight. Cells were
then washed and incubated with growth medium. The seemingly high multiplicity
of infection (MOI) was presumably necessary because B19 virus is not able to
replicate in liver cells and the primary inoculant is all of the virus that will be
present, in contrast to the case for erythroid precursor cultures, in which a lower
MOI can be used because of amplification through subsequent virus production.
Furthermore, 1,000 viral genome equivalents per cell is not strictly an MOI but
rather is a quantification of viral DNA. Due to the scarcity of B19 virus sources,
it is necessary to utilize viremic serum as an inoculant, and serum contains
inhibitors to B19 virus binding (2), further reducing the levels of infectious
virions. This level of inoculation is physiologic in that viremic serum in a typical
infection contains 1012 to 1015 virions per milliliter, which is comparable to the
level in our inoculant (34).

RT-PCR. All steps involving RNA were performed in RNase-free plastic with
RNase-free solutions. Hep G2 cells were grown to a concentration of 107 cells
per flask, synchronized, and then inoculated with 1010 (10 �l of serum) viral
particles in 5 ml of medium. Primary hepatocytes were inoculated 2 days after
isolation with 1010 viral particles per flask as described for Hep G2 cells. At 3
days postinoculation, cells were trypsinized and centrifuged in medium at 200 �
g for 5 min, and the medium was removed. The cells were then lysed in 2 ml of
Trizol reagent (Invitrogen). Total RNA was extracted according to the manu-
facturer’s directions. RNA was resuspended in 500 �l of RNase-free water
(Invitrogen) and stored at �85°C until used. To rule out the possibility of
false-positive signals due to DNA contamination, isolated RNA was treated with
10 U of RNase-free DNase (Roche, Indianapolis, Ind.) in RQ1 DNase buffer
(Promega, Madison, Wis.) for 1 h at 37°C. An aliquot of extracted RNA was
incubated with 10 U of DNase-free RNase (Roche) for 1 h at 37°C. RT-PCR was
performed on 1 �g (pretreatment mass) of RNA from each condition by using
the Superscript One Step RT-PCR with Platinum Taq system (Invitrogen).
Extracted RNA was added to 47 �l of reaction buffer containing a 0.2 �M
concentration of each primer and 1 �l of RT-Taq mix. To further ensure that a
positive signal was not the result of DNA contamination, PCR was performed on
one aliquot of DNase-treated RNA with Platinum Taq polymerase replacing the
RT-Taq mix. For a positive PCR control, 1 �l of viremic serum was added in
place of RNA in one tube. For detection of NS1 transcripts, the upstream primer

consisted of the sequence 5�CAGTGGAAGTTTTCAAATTCAAAGT3� and
the downstream primer consisted of the sequence 5�ATGGCTTTTGCAGCTT
C3�. For the detection of VP1/VP2 transcripts, the upstream and downstream
primer sequences were 5�ATACTCAACCCCATGGAGA3� and 5�TTCTGAT
ATGGTTACAGTT3�, respectively, as previously described (16). All samples
were incubated at 45°C for 30 min, denatured at 94°C for 2 min, and then
subjected to 40 cycles of denaturation at 94°C for 30 s, annealing at 54°C for NS1
detection and at 52°C for VP1/VP2 detection for 2 min, and elongation at 72°C
for 1 min. During the last 14 cycles, the elongation time was extended by 15 s per
cycle. Products were analyzed on a 1.2% agarose submarine electrophoresis gel
and stained with ethidium bromide.

Immunofluorescence. Hep G2 cells were grown on glass coverslips. They were
synchronized with hydroxyurea and infected with 1,000 viral genome equivalents
per cell. At 0, 8, 24, 48, 72, and 96 h postinfection, coverslips were removed and
fixed in 4% paraformaldehyde. Cells were permeabilized with 0.2% Triton X-100
in phosphate-buffered saline (PBS) for 10 min and then washed. After blocking
with 10% goat serum for 1 h, the anti-NS1 monoclonal antibody ParC-NS1 (a
generous gift from Kazuo Sugamura, Tohoku University) (8) was diluted 1:200 in
PBS and added to the coverslips. An isotype control antibody for mouse immu-
noglobulin G1 (IgG1) (Oncogene, Boston, Mass.) was diluted 1:200 and incu-
bated with infected cells as a negative control. Coverslips were washed three
times, and chicken anti-mouse IgG conjugated to Alexa-Fluor 488 (Molecular
Probes, Eugene, Oreg.) was added to the coverslips. The coverslips were incu-
bated with the secondary antibody for 1 h and then washed three times. To
enhance detection, goat anti-chicken Ig conjugated to Alexa-Fluor 488 was
incubated with the coverslips for 1 h and then the coverslips were washed three
times. Fluorescence was viewed with a fluorescein isothiocyanate (FITC) filter
set.

Annexin V staining. Virus-containing serum was diluted 1:1,000 in serum-free
OPTI-MEM (Invitrogen) medium and incubated with either anti-B19 virus neu-
tralizing antibody (NCL-PARVO; Novocastra Laboratories, Newcastle upon
Tyne, United Kingdom) or an irrelevant isotype control antibody (mouse IgG1;
PharMingen) at a 1:100 dilution for 60 min at 4°C. For UV-treated inoculants,
virus-containing serum was diluted 1:1,000 and exposed to 2 J of UV irradiation/
cm2 in an Ultra-Lum UVC 508 UV cross-linker. Hep G2 cells grown in LabTek
II chamber slides to a density of 2 � 105 cells/cm2 were synchronized with
hydroxyurea (2 mM) for 40 h. The cells were washed four times with serum-free
medium and inoculated with 200 �l of NCL-PARVO or isotype control-treated
diluted serum per well, for a final ratio of 1,000 viral genome equivalents per cell.

Primary hepatocytes were inoculated with 1,000 viral genome equivalents per
cell or an equivalent amount of UV-irradiated inoculant. All cells were incubated
for 3 days at 37°C in 5% CO2. The growth medium was removed, and 500 �l of
wash medium, 10 �l of medium binding reagent, and 1.25 �l of l annexin V-FITC
(Oncogene) were added to each well. The slides were incubated for 15 min at
room temperature, and then the medium was aspirated, growth chambers re-
moved from the slides, and the cells were covered in binding buffer. Slides were
immediately analyzed by fluorescence microscopy with a standard FITC filter set
with a 450- to 490-nm excitation filter and a 515-nm long pass barrier filter.
Green-staining cells were counted and compared to total cells to determine the
percentage of annexin V-positive cells.

Caspase 3 activity. Hep G2 cells were grown, synchronized, and inoculated at
a ratio of 1,000 viral genome equivalents per cell in eight-well LabTek II slides.
At 3 days postinfection, the slides were washed and the medium and chambers
were removed. Slides were covered with PhiPhiLux G2D2 caspase 3 fluorescent
substrate (Oncogene) and incubated at 37°C for 45 min. The slides were then
washed four times with PBS and examined immediately by fluorescence micros-
copy with a 528- to 553-nm excitation filter and a 600- to 660-nm barrier filter.
Bright red cells were counted and divided by the total cells present in order to
determine the percentage of cells positive for caspase 3 activity.

Caspase inhibition. Cells were inoculated as for annexin V staining, with the
exception that the cell-permeative caspase 3 (and to a lesser extent caspase 6, 7,
8, and 10) inhibitor DEVD-FMK; the caspase 1, 4, and 5 inhibitor WEHD-FMK;
the caspase 9 inhibitor LEHD-FMK; or the caspase 8 (and granzyme B) inhibitor
IETD-FMK (Oncogene) was added to a final concentration of 10 �M 6 h before
addition of the inoculant. Slides were also prepared with caspase inhibitors
added to the medium, but without inoculation, in order to control for potential
effects of the caspase inhibitors. Slides were incubated for 3 days and analyzed by
annexin V staining as described above.

Statistical analysis. Significance was calculated by using the one-tailed Stu-
dent t test. P values of less than 0.05 were considered significant.
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RESULTS

NS1 is expressed in Hep G2 cells in restricted infection.
Because B19 virus is a DNA virus, RNA transcripts of its genes
are found only after transcription of viral genes by the host cell.
To test our hypothesis that B19 virus is able to establish a
limited infection with the production of NS1, we performed
RT-PCR analysis on RNA isolated from primary hepatocytes
and Hep G2 cells inoculated with 1,000 viral genome equiva-
lents per cell. We observed a specific 403-bp NS1 amplification
product in the lanes representing the DNase-treated and pos-
itive control conditions but no band in the RNase-treated or
PCR-only lanes. There was no detectable RNA for the struc-
tural protein VP1 or VP2 (Fig. 1). The lack of products under
the PCR-only and RNase-treated conditions demonstrated
that the template for the RT-PCR was RNA and not contam-
inating DNA. The presence of viral RNA indicated that de-
spite being unable to replicate in Hep G2 cells, the virus was
able to enter cells and utilize cellular machinery to produce
transcripts for NS1. The absence of VP1 or VP2 transcripts
demonstrated that infection is restricted in hepatocytes in
vitro, with no production of progeny virions.

Immunofluorescence staining for NS1 by using a multifunc-
tional anti-NS1 monoclonal antibody (8) demonstrated bright
punctate nuclear staining in 36% of infected cells by 48 h
postinfection. It was not possible to quantitate the total num-
ber of cells infected by using NS1 staining because the anti-

NS1 monoclonal antibody available stained cytoplasm nonspe-
cifically. Therefore, we could not differentiate between
nonspecific staining and NS1 expression in the cytoplasm. Nu-
clear staining, however, was specific and was not seen in unin-
fected cells. Hoechst 33342 staining of the nuclei allowed lo-
calization of the NS1 signal to the nucleus, as seen in merged
images of NS1 and nuclear staining. No staining was seen in
primary antibody isotype control-stained cells (Fig. 2). The
presence of NS1 protein in the nucleus indicated that transla-
tion of NS1 transcripts and translocation of NS1 protein to the
nucleus occurs in Hep G2 cells, and therefore the transcripts
seen in the RT-PCR assays are functional.

B19 virus infection induces apoptosis in liver cells. After
confirming that infection of liver cells occurred, we next exam-
ined the effect of infection on the host cell. To determine
whether B19 virus infection induced apoptosis, we inoculated
primary hepatocytes and Hep G2 cells with 1,000 viral genome
equivalents per cell and analyzed them for apoptosis by an-
nexin V-FITC staining at 1, 2, 3, and 4 days postinfection.
Annexin V binds specifically to phosphatidylserine (PS). PS is
normally found only on the inner leaflet of the cell membrane,
but during the early stages of apoptosis, this polarity is lost and
PS can be detected on the external surface of the cell. Apo-
ptosis in inoculated Hep G2 cells was maximal at 3 days postin-
fection (Fig. 3). Apoptosis in inoculated primary hepatocytes
was not seen until day 3, while uninoculated primary hepato-
cytes remained viable for at least 5 days. In subsequent exper-
iments, cells were incubated for 3 days. To control for the
effects of serum in the inoculant and the effects of viral capsid
protein and DNA, we mock inoculated cells with nonviremic
serum (Sigma), NCL-PARVO neutralized viremic serum, or
UV-irradiated viremic serum. Examination of stained cells
demonstrated that approximately threefold more cells under-
went apoptosis in the inoculated cultures than in the mock-
inoculated cultures. In Hep G2 cultures, 28% of cells in inoc-
ulated cultures versus 10% mock-inoculated cells underwent
apoptosis. Pretreatment of viral inoculants with the neutraliz-
ing anti-B19 virus monoclonal antibody NCL-PARVO or UV
irradiation of the inoculant reduced apoptosis in Hep G2 cells
to 7 and 12% of cells, respectively. Approximately threefold
more primary hepatocytes underwent apoptosis when inocu-
lated with B19 virus (24%) than when inoculated with UV-
irradiated B19 virus (7.6%) (Fig. 4). The apoptosis induced by
B19 virus infection was dose dependent, with increasing vire-
mic serum concentrations in the inoculant resulting in increas-
ing cell death (Fig. 5).

B19 virus-induced apoptosis requires caspases 3 and 9 but
not caspase 8. Apoptosis proceeds through the activation of a
family of cysteine proteases called caspases. Caspase 3 is a
downstream caspase that plays a key role in cleavage of nuclear
proteins and the activation of other caspase family members.
Caspase 3 has been implicated in apoptosis induced by B19
virus in permissive cells and in apoptosis induced by the Rep 78
protein of adeno-associated virus, a nonpathogenic human
parvovirus (41). We examined caspase 3 activation in Hep G2
cells by using the cell-permeative fluorescent caspase 3 sub-
strate PhiPhiLux G2D2. If caspase 3 is active in the cell, the
substrate is cleaved and trapped intracellularly so that it can be
detected by fluorescence microscopy. In inoculated Hep G2
cells, over twice as many inoculated cells (44.6%) as mock-

FIG. 1. B19 virus infects primary hepatocytes and Hep G2 cells,
with production of NS1 but not structural protein RNA. RNA was
isolated from inoculated primary hepatocytes and Hep G2 cells, and
RT-PCR was performed to detect RNA transcripts for either the NS1
protein or the VP1/VP2 structural proteins. The specific NS1 amplifi-
cation product was found at 403 bp, and the VP1/VP2 amplification
product was found at 100 bp. (A) RNA from Hep G2 cells with primers
specific for NS1. (B) RNA from Hep G2 cells with primers specific for
VP1/VP2. (C) RNA from primary hepatocytes with primers specific for
NS1. (D) RNA from primary hepatocytes with primers specific for
VP1/VP2.
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inoculated cells (20.6%) were positive for caspase 3 activity
(Fig. 6). In this system, incomplete removal of uncleaved sub-
strate despite washing leads to a higher background for mock-
inoculated cells in caspase 3 assays (Fig. 6B) (20.6%) than in
annexin V staining assays (Fig. 4C) (10%). We used annexin V
staining for apoptosis detection because of its greater specific-
ity for apoptosis, but we used PhiPhiLux substrate staining to
demonstrate caspase 3 activity.

In order to determine whether caspase 3 activation was
required for B19 virus-induced apoptosis, we inhibited caspase
3 with DEVD-FMK, a cell-permeative selective caspase 3 in-
hibitor. We assayed for apoptosis in B19 virus-inoculated Hep
G2 cells by using annexin V staining. DEVD-FMK blocked
apoptosis by B19 virus, returning the number of annexin V
positive cells to background levels (5.6% in Hep G2 cells and
7.3% in primary hepatocytes) (Fig. 7). DEVD-FMK also in-
hibits caspases 6, 7, 8, and 10, but to a lesser extent than it does
caspase 3. Inhibitors of caspases 6 or 7 that do not also inhibit
caspase 3 are not available. Caspases 6 and 7 are activated
downstream from caspase 3. The PhiPhiLuxG2D2 substrate
experiments described above directly show caspase 3 activa-
tion. Inhibitors to caspase 10 alone are not available.

There are multiple apoptotic pathways through which a cell
can die, and these pathways are regulated by different caspases
that lead to downstream activation of caspase 3. The tumor
necrosis factor (TNF) family member-induced cell death path-
ways activate caspase 8 (1, 30). Caspase 8 is the first of the
caspases activated by this “extrinsic” pathway, and it trans-
duces extracellular signals for apoptosis. The “intrinsic” path-
ways that induce apoptosis, for example, in response to DNA
damage or growth factor withdrawal, are transduced through
the mitochondria and utilize caspase 9. Previous studies have
suggested that B19 virus infection can sensitize erythroid cells
to TNF-induced apoptosis (45), a pathway that would proceed
through caspase 8 (1, 30). Caspase 8 directly activates caspase
3, which further transduces the apoptotic cascade leading to
cell death (40, 46, 47).

We inhibited caspase 8 and caspase 9 with, respectively,
IETD-FMK and LEHD-FMK, irreversible cell-permeative se-

FIG. 2. B19 virus infection results in production of NS1 protein. Immunofluorescence reveals NS1 protein as nuclear punctuate staining in the
infected cells but not in the uninfected cells or on the isotype control-treated slides. Hoechst 33342-stained nuclei are also shown. NS1 staining
was seen in 36% of cells and demonstrates functionality of NS1 transcripts. Merged images of NS1 and Hoechst 33342 staining demonstrated NS1
localization to the nucleus.

FIG. 3. Time course of B19 virus-induced apoptosis of hepatocytes.
Hep G2 cells were synchronized and infected with 1,000 viral genome
equivalents/cell. Apoptosis was assayed by annexin V staining at 1, 2, 3,
and 4 days postinfection. Apoptosis increases up to 3 days postinfec-
tion. After 3 days, it abruptly declines. Error bars indicate standard
deviations.
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lective caspase inhibitors. LEHD-FMK also inhibits caspases 4
and 5, but to a lesser extent than caspase 9. To control for
inhibition of caspases 4 and 5, we treated cells with WEHD-
FMK, a caspase inhibitor that blocks activity of caspases 1, 4,

and 5, but not 9 (31). The cells were inoculated with B19 virus
after 6 h of incubation with caspase inhibitors. Hep G2 cells
pretreated with WEHD-FMK or IETD-FMK demonstrated
no decrease in apoptosis. In contrast, pretreatment with
DEVD-FMK or LEHD-FMK significantly decreased B19 vi-
rus-induced Hep G2 cell apoptosis, with a return to back-
ground levels (Fig. 7A). In primary hepatocytes, there was a
slight decrease in apoptosis noted after all caspase pretreat-
ments compared to inoculation alone (Fig. 4C), but there was
a significantly larger decrease, with return to background lev-
els, in the DEVD-FMK- and LEHD-FMK-pretreated cells
(Fig. 7B). In order to verify that the caspase 8 inhibitor IETD-
FMK was functional at the concentrations used, we demon-
strated that IETD-FMK was able to reduce apoptosis in Hep
G2 cells treated with an anti-Fas antibody (data not shown).
Therefore, the lack of IETD-FMK-mediated inhibition of apo-
ptosis in the B19 virus studies was not due to lack of activity of
the inhibitor. Further, in the absence of infection, none of the
inhibitors affected apoptosis (Fig. 7). These findings indicate
that in hepatocytes, B19 virus induces apoptosis through a
caspase 9-dependent, caspase 8-independent pathway. The im-
plication is that the TNF receptor family is not necessary for
apoptosis in B19 virus-inoculated cells and that apoptosis pro-
ceeds through an intrinsic pathway, possibly as a result of DNA
damage or an as-yet-undiscovered process.

FIG. 4. Hepatocytes undergo apoptosis in response to infection by B19 virus. (A and B) Annexin V staining shows increased numbers of
apoptotic cells in the inoculated cultures (top row) compared to mock-inoculated cultures (bottom row). (A) Hep G2 cells. (B) Primary
hepatocytes. (C) Effect of neutralizing antibody or UV irradiation of B19 virus on apoptosis of Hep G2 cells. Infection with B19 virus plus isotype
control antibody allows apoptosis at a much higher rate than inoculation with B19 virus neutralized with the antibody NCL-PARVO, mock
inoculation with nonviremic serum (P � 0.005), or inoculation with UV-irradiated B19 virus (P � 0.04). (D) Primary hepatocytes inoculated with
B19 virus undergo significantly more apoptosis than those inoculated with UV-irradiated B19 virus (P � 0.008). Error bars indicate standard
deviations.

FIG. 5. B19 virus-induced apoptosis is infectious dose dependent.
Increasing virus-to-cell ratios leads to increased apoptosis as measured
by annexin V staining in Hep G2 cells. Error bars indicate standard
deviations.
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DISCUSSION

B19 virus was discovered in a pool of serum samples being
tested for hepatitis B virus (10). Numerous reports and studies
have subsequently implicated B19 virus in pathological pro-
cesses of the liver, including posttransplantation liver dysfunc-
tion (19, 42), hepatitis (14, 23, 37, 38, 48, 51), and fulminant
liver failure (16, 18, 33, 44, 49). Our data demonstrate that B19
virus is capable of infecting and inducing apoptosis in both
primary hepatocytes and a liver-derived cell line. This is the
first report demonstrating the cytopathic effect of B19 virus on
hepatocytes, and it provides an explanation for liver-associated
hepatic disease.

Multiple studies have shown persistence of B19 virus DNA
in various tissues, including synovium (15, 43), skin (22), and
liver (12, 18). The significance of the presence of latent B19
virus DNA in these tissues is not well understood. Viral DNA
persistence may occur without causing deleterious effects on
the cell. The long-term persistence of viral DNA renders dem-
onstration of the association of a virus with disease more dif-
ficult, since latent viral DNA can often be found in individuals
without disease activity. Two reports have disputed the asso-
ciation of B19 virus with AFLF. Eis-Hübinger and colleagues
detected B19 virus DNA in explanted livers from 17 of 43
individuals (40%) undergoing orthotopic liver transplantation
for chronic liver disease of defined etiologies (12). This prev-
alence of B19 virus DNA was somewhat higher than that in our
control group of patients undergoing orthotopic liver trans-
plantation for chronic liver disease (16), but we hypothesize
that the difference represents the older age of the population
in the study by Eis-Hübinger et al. and the opportunity to
acquire B19 virus infection with age. In addition, the study by
Eis-Hübinger and colleagues did not include a group of pa-
tients with AFLF for comparison. While we detected a B19
virus DNA prevalence of 18% in explanted livers from patients
with chronic liver disease, the prevalence was 83% (five of six)
in explanted livers from patients with AFLF and aplastic ane-

mia. In a group of 10 patients with AFLF but without aplastic
anemia, 3 of 4 (75%) with cryptogenic AFLF had B19 virus
DNA detected in explanted livers, but only 1 of 6 (17%) with
AFLF of known cause had B19 virus DNA (16).

Using nested PCR, Wong and colleagues reported no dif-
ference in prevalence of liver B19 virus DNA in fulminant
hepatitis (35%) versus hepatitis B or C virus infections (33%).
However, their data showed a significant difference when ful-
minant hepatitis (35%) was compared to biliary atresia (5%)
(50). In their report, liver samples from individuals with ane-
mia associated with chronic hepatitis had a low prevalence
(9%) of B19 virus DNA. However, their hepatitis-associated
anemia patients may not be comparable to our AFLF patients,
because they included individuals who developed aplastic ane-
mia within 6 months of hepatitis onset, whereas our patients
were diagnosed with aplastic anemia at a median of 4 weeks
after the onset of hepatitis, with the aplasia seen before trans-
plantation in the majority (6). Differences in the time of onset
of aplasia in these two reports suggests that the two studies
identified different patient populations with differing mecha-
nisms of liver disease and aplasia. Further, rather than arguing
against a role for B19 virus in liver disease, their data suggest
that B19 virus may play a role in accelerating the course of
hepatitis B and C liver disease and/or that superinfection with
hepatitis B or C virus may play a role in B19 virus expression
in liver. Interestingly, B19 virus transcription is enhanced in
the presence of a superinfection with adenovirus (39). The
suggestion by Eis-Hübinger et al. (12) that B19 virus may
persist in liver parallels the findings of B19 virus persistence in
synovia from healthy adults and in bone marrow from adults
with chronic B19 virus arthritis (13, 43).

In order to demonstrate the relevance of B19 virus to dis-
ease, it is necessary to delineate the effects of the virus on the
liver. Finding viral DNA in healthy individuals does not elim-
inate the virus as a candidate causative agent. Virus could
remain latent for a period of time before reactivation or a

FIG. 6. Caspase 3 activity is increased in inoculated Hep G2 cells compared to mock inoculated cells. (A) Red cells are positive for caspase
3 activity. Top row, mock-inoculated cells; bottom row, inoculated cells. Left column, fluorescence of caspase 3-activated PhiPhiLuxG2D2 substrate;
right column, Nomarski differential interference contrast. (B) Effect of neutralizing antibody to B19 virus on quantification of the number of cells
with active caspase 3. Cells incubated with viremic serum neutralized with NCL-PARVO antibody show a lower percentage of cells with active
caspase 3 than cells inoculated with viremic serum and an irrelevant isotype control antibody (P � 0.006). Error bars indicate standard deviations.
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second hepatic insult leads to clinical liver disease. Failure to
detect anti-B19 virus IgM antibody in our previously described
patients with AFLF and B19 virus DNA may represent reac-
tivation of latent infection (18). Similarly, B19 virus DNA but
not capsid protein was detected in myocardium from an infant
with fulminant myocarditis (36). The factors that may induce
NS1 expression in latent B19 virus infection remain to be
determined.

The present study goes a step beyond merely finding DNA to
demonstrate that B19 virus is able to infect liver cells, with
subsequent production of NS1 and induction of apoptosis.
These findings establish that B19 virus is not simply a passen-
ger in liver cells but has the capacity to cause cell death. The
apoptosis of hepatocytes in vitro upon inoculation with B19
virus is consistent with the dropout of hepatocytes seen in
patients with AFLF and associated aplastic anemia (18). These
findings reinforce the previously demonstrated association of
B19 virus with AFLF and define a mechanistic paradigm to
explain how B19 virus may cause this disease. Furthermore,
our results suggest the possibility that B19 virus disease man-
ifestations in nonerythroid tissues, such as arthropathy (32),
myocarditis (36), scleroderma (22), dermatomyositis (7), may

also be a result of B19 virus restricted infection of nonpermis-
sive cells.

A recent report by Morita and colleagues demonstrated that
the B19 virus-induced processes of cell cycle arrest at G2 phase
and of apoptosis were not coupled in erythroid progenitors (27,
28). Our work supports these findings, because primary hepa-
tocytes are nonreplicating cells but B19 virus still induces ap-
optosis. Therefore, B19 virus induction of apoptosis in hepa-
tocytes does not appear to require cell cycle events. In contrast,
the rodent H1 parvovirus replicates and induces apoptosis in
rapidly cycling human hepatoma cell lines but not in noncyc-
ling human primary hepatocytes (24). H1 is sufficiently differ-
ent from B19 virus in that B19 virus did not replicate in the
Hep G2 hepatoma cell line.

Our study suggests a mechanism by which B19 virus induces
apoptosis. Our data indicate that B19 virus-induced apoptosis
proceeds through a caspase 3-dependent pathway. Caspase 8
activity is not necessary for B19 virus-induced apoptosis, sug-
gesting that the action of B19 virus on Hep G2 cells is a result
of an apoptotic pathway initiated within the infected cell rather
than as a result of an exogenous signal of a TNF receptor
family member. A candidate molecule for affecting apoptosis

FIG. 7. Apoptosis induced by B19 virus is dependent on caspase 3 and 9 activity but not on caspase 8 activity. Cells were inoculated or mock
inoculated in the presence of the caspase inhibitor IETD-FMK (inhibits caspase 8), DEVD-FMK (inhibits caspase 3 and to a lesser extent caspases
6, 7, 8, and 10), WEHD-FMK (inhibits caspases 1, 4, and 5), or LEHD-FMK (inhibits caspases 9 and to a lesser extent caspases 4 and 5).
(A) Caspase inhibition with DEVD-FMK and LEHD-FMK significantly decreased apoptosis in inoculated Hep G2 cells (P � 0.001 and P � 0.001,
respectively), while WEHD-FMK and IETD-FMK showed no significant decrease in apoptosis. (B) In primary hepatocytes, DEVD-FMK and
LEHD-FMK also inhibited apoptosis to a significant extent, returning the levels of apoptosis to background (P � 0.002 and P � 0.01, respectively).
In the absence of infection, the inhibitors did not demonstrate any effects on apoptosis. Error bars indicate standard deviations.
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in Hep G2 cells is the B19 virus nonstructural protein NS1, a
multifunctional protein with endonuclease, helicase, nucleo-
tide triphosphate binding, and transactivating activities (25,
26). We demonstrated expression of NS1 RNA but not VP1/
VP2 transcripts. Further, UV-irradiated virus did not induce
apoptosis. While Lindton and colleagues reported that empty
recombinant B19 virus capsids inhibit erythroid colony forma-
tion, they did not examine apoptosis induction (20). Inhibition
may have been caused by agglutination of erythroid cells by the
capsid through the B19 virus receptor. B19 virus is known to
hemagglutinate erythrocytes through binding a B19 virus re-
ceptor, globoside (2). Our results suggest that NS1 transcrip-
tion is important in cell death. In nonhepatocyte systems, NS1
transfection has been shown to be cytotoxic (5, 25, 26). We
demonstrated NS1 nuclear staining in 36% of infected Hep G2
cells by 48 h postinfection. Demonstration of the presence of
NS1 protein in the nucleus and the similarity in the percent-
ages of cells staining for nuclear NS1 and cells undergoing
apoptosis suggested that B19 virus causes apoptosis of hepa-
tocytes through NS1 expression. These finding suggest a role
for NS1 in B19 virus-induced apoptosis of human hepatocytes.
Further studies will be required to determine possible mecha-
nisms of NS1-induced apoptosis.
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