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We identified and mapped the regions responsible for neutralization in the human parvovirus B19 structural
protein by using region-specific human antibodies derived from seropositive blood donors. The region-specific
antibodies were purified by using affinity columns coupled with synthetic peptides of the hydrophilic regions
including the s-turn structure deduced by the predicted secondary structure of VP2. Fifteen highly specific
antibodies against the synthetic peptides were obtained. Ten of them were able to precipitate the radiolabeled
virus. Six of them proved to be able to protect the colony-forming unit erythroid cells in human bone marrow
cell cultures from injury by the virus. The sequences recognized by the six neutralizing antibodies were sites
corresponding to amino acids 253 to 272, 309 to 330, 325 to 346, 359 to 382, 449 to 468, and 491 to 515 from
the amino-terminal portion of VP2. These observations suggest that the neutralizing epitopes were distributed
in the region from amino acid 253 in the amino-terminal portion of VP2 to the carboxyl terminus of VP2.

Human parvovirus B19 has been shown to be the caus-
ative agent of erythema infectiosum (fifth disease) in normal
children (2) and is also associated with rheumatoid arthritis-
like disease in adults (23a, 27a). In patients with hemolytic
anemia, it causes aplastic crisis of the bone marrow (11,
18, 22, 23, 26), and in immunosuppressed hosts, it causes
persistent pure erythrocyte aplasia (10, 14, 15). An intra-
uterine infection of the fetus can result in hydrops fetalis and
spontaneous abortion in early pregnancy (1, 3, 12). The
virion has a single-stranded linear DNA molecule about 5.4
kb long with hairpin structures at each extremity. It contains
two major open reading frames, a 71-kDa nonstructural
protein encoded by the left open reading frame and overlap-
ping 83-kDa (VP1) and 58-kDa (VP2) structural proteins
encoded by the right open reading frame (5, 8, 9, 27) of the
B19 genome. The virus can replicate only in the erythroid
precursors of the bone marrow (19, 21) and in fetal liver cells
(28) in vitro. The production of neutralizing antibodies to the
capsid protein was shown to play a major role in limiting
parvovirus infection by a colony-forming unit erythroid
(CFU-e) assay (6, 7). Previously, we identified one antigenic
site corresponding to amino acids 328 to 344 from the
amino-terminal portion of the major capsid protein VP2 of
the virus using a neutralizing monoclonal antibody named
BEll (24). However, the immunogenicity of the identified
site as well as the locations of other sites on the virus that
bind neutralizing antibodies have yet to be determined. In
this study, we identified the regions in the human parvovirus
major structural protein VP2 which will enable the virus to
be neutralized with region-specific human antibodies.

MATERIALS AND METHODS
Synthetic peptides. Peptides were synthesized according to

their predicted amino acid sequences based on nucleotide
sequences of the coding region for the structural protein VP2
of B19 virus (27). The peptides were selected for synthesis
from hydrophilic regions including the 3-turn structure and
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bilateral termini by analysis of the hydropathy and the
predicted secondary structure of VP2 (4, 16). Seventeen
kinds of peptides from 19 to 25 amino acids long were
synthesized by a peptide synthesizer (Applied Biosystems,
Foster City, Calif.). The purity of individual peptides was
examined by reverse-phase high-performance liquid chroma-
tography with an octadecyl (C18) silicated column. The
majority of peptides were isolated as a single peak and were
used for the enzyme-linked immunosorbent assay (ELISA)
and as ligands in affinity chromatography without further
purifications.
The peptides were tentatively named S-1 to S-536, with

the number representing the first amino acid number of the
peptide (Table 1). Their locations and sequences are pro-
vided in Fig. 1 and Table 1.
ELISA. The wells of a 96-well microtiter plate (Coster,

Cambridge, Mass.) were coated with 500 ng of each syn-
thetic peptide dissolved in 0.01 M NaHCO3 buffer (pH 9.55)
at 4°C and left overnight. Unreacted sites on the solid phase
were blocked at room temperature for 3 h with 10% goat
serum and 0.5% casein in phosphate-buffered saline (PBS)
(pH 7.2) containing 0.1% Tween 20. Then, either human
plasma samples or antibodies were added to the coated
microtiter wells and incubated at 37°C for 1 h after six
washings with PBS containing 0.1% Tween 20. The plates
were further incubated with goat antibodies to human immu-
noglobulin G conjugated with horseradish peroxidase (MBL,
Nagoya, Japan) at 37°C for 30 min. The plates were washed
six times and developed with 150 ml of 0.1% H202 and 0.04%
ortho-phenylenediamine in 0.1 M sodium citrate buffer (pH
5.5). The reaction was stopped by the addition of 50 ml of 2.5
M H2SO4, and color development was measured in a plate
reader (SLT-Labinstruments, Salzburg, Austria) at 492 nm.
In a competition ELISA for confirmation, human antibodies
preincubated with either 5 mg of synthetic peptides or PBS
at 37°C for 30 min were added to microtiter wells coated with
the peptide. Antibodies showing a greater than 30% decrease
in absorbance in competition ELISA were judged to be
positive.

Preparation of human antibodies. A 3-mg sample of each
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TABLE 1. Amino acid sequence of synthetic peptides

Peptide Aminio Peptide sequencebacids"

S-1 1-23 MTSVNSAEASTGAGGGGSNSVK
S-40 40-59 FSRQFLIPYDPEHHYKVFSP
S-67 67-86 ASGKEAKVCTISPIMGYSTP
S-128 128-147 VKDVTDKTGGGVQVTDSTTG
S-157 157-176 YKYPYYLGQGQDTLAPELPI
S-185 185-209 AYLTVGDYNTQGISGDSKKLASEES
S-223 223-242 GTGGTASMSYKFPPVPPENL
S-253 253-272 YNPLYGSRLGVPDTLGGDPK
S-288 288-311 FMPGPLVNSYSTKEGDSSNTGAG
S-309 309-330 AGKALTGLSTGTSQNTRISLRP
S-325 325-345 LRPGPVSQPYHHWDTDK
S-340 340-360 WDTDKYVTGINAISHGQTTYG
S-359 359-382 YGNAEDKEYQQGVGRFPNEKEQ
S-449 449-468 LHQPPPQIFLKILPQSGPIG
S-491 491-515 TFKLGPRKATGRWNPQPGVYPPHAA
S-520 520-544 YVLYDPTATDAKQHHRHGYEKPEEL
S-536 536-554 HGYEKPEELWTAKSRVHPL

"The numbers represent amino acid numbers in VP2.
b Each amino acid is represented by a single-letter code.

peptide was coupled with 0.6 g (dry weight) of cyanogen
bromide-activated Sepharose 4B (Pharmacia LKB, Uppsala,
Sweden) according to the manufacturer's guide. Human
plasma (20 to 50 ml) was applied to the affinity column
coupled with each peptide, and the column was washed with
PBS. Each antibody that bound itself to the affinity column
was eluted by adding a solution containing 3 M sodium
thiocyanate and 150 mM NaCl to the column. The eluted
antibodies were immediately dialyzed against PBS.

Preparation of virus. B19 virus was prepared from the
plasma of a blood donor which reacted to human antiserum
against virus B19 by counterimmunoelectrophoresis as de-
scribed previously (20). B19 virus in the plasma was pelleted
by centrifugation at 110,000 x g for 2 h (Hitachi RP42 rotor)
and purified by centrifugation at 150,000 x g for 18 h
(Hitachi RSP40T rotor) through a gradient of 20 to 65%
sucrose prepared in a buffer containing 20 mM Tris-HCl (pH
7.5), 100 mM NaCl, and 1 mM EDTA. Fractions correspond-
ing to a density of 1.20 to 1.22 g/ml in which B19 virus was

detected by counterimmunoelectrophoresis and dot-blot hy-
bridization were pooled.

Radioimmunoprecipitation. The purified virus was radio-
iodinated by using lactoperoxidase- and glucose oxidase-
coupled beads (Bio-Rad Laboratories, Richmond, Calif.)
according to the manufacturer's guide. Aliquots of the
radiolabeled virus were immunoprecipitated with human
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FIG. 1. Hydropathy curve for the polypeptide corresponding to
VP2 of human parvovirus B19. The location of each synthetic
peptide (S-1 to S-536) is shown.

sera or affinity-purified antibodies in a buffer containing 150
mM NaCl, 5 mM EDTA, 10 mM Tris-HCl (pH 8.0), and
0.25% gelatin and then incubated with protein A-Sepharose
(Pharmacia LKB). After the gel was washed thoroughly in a
buffer containing 500 mM NaCl, 5 mM EDTA, 10 mM
Tris-HCI (pH 8.0), 0.1% Nonidet P-40, and 1% gelatin, the
immune complex was solubilized by boiling in Laemmli's
sample buffer and separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis under reducing condi-
tions in Laemmli's discontinuous buffer system (17). The
radiolabeled protein in the gel was visualized by autoradiog-
raphy at -70°C with Kodak XAR film.
CFU-e assay. The human plasma samples containing B19

parvoviruses were mixed with diluted monoclonal antibody,
human serum from the convalescent phase of erythema
infectiosum, or purified human antibodies and incubated at
37°C for 30 min. Bone marrow cells were obtained from a
seronegative and hematologically healthy donor with in-
formed consent. Mononuclear cells separated by density
gradient centrifugation with Ficoll-Paque (Pharmacia LKB)
were incubated with the virus-containing mixture at 4°C for
2 h and then added to a CFU-e assay system (19). CFU-e
were assayed in a plasma clot containing 105 bone marrow
mononuclear cells in 0.5 ml of Iscove's medium (GIBCO
Laboratories, Grand Island, N.Y.)-20% fetal calf serum-1%
bovine serum albumin (Calbiochem-Behring, La Jolla, Cal-
if.)-10% bovine embryo extract (Flow Laboratories, North
Ryde, Australia)-1 U of human erythropoietin (Toyobo,
Osaka, Japan) per ml-10% seronegative human AB plasma.
The culture was done according to the optimized conditions
described in a previous report (24). That is, the final concen-
trations of the virus-containing plasma, monoclonal antibod-
ies, and human sera were 2%, 1% (10 jig/ml), and 1%,
respectively. Affinity-purified human antibodies were used
at a final concentration of 0.1 ,ug/ml. The cultures were
evaluated after 7 days of incubation at 37°C with 5% CO2 in
humidified air. After the clot was fixed and stained, the
numbers of CFU-e, defined as colonies of eight or more
benzidine-positive cells, were counted. All experiments
were done in replicate plates.

RESULTS

Seventeen kinds of peptides consisting of from 19 to 25
amino acids, which covered 59% of VP2, were synthesized
by a peptide synthesizer. Sixty-one human plasma samples
which had antibodies against virus B19 were selected from
the blood donors by countercurrent immunoelectrophoresis,
using the same virus as the antigen that was used in the
CFU-e protection assay described below. The reactivity of
the synthetic peptides with the selected plasma samples was
examined by an ELISA (Fig. 2). Two (S-128 and S-340) of 17
peptides did not react with any of the human plasma sam-
ples. Each human plasma sample which gave the highest
titer of antibody against each peptide was applied to an
immunoadsorbent column coupled with each synthetic pep-
tide. The region-specific antibodies were eluted by affinity
column chromatography. The antibodies were named Ab-1
to Ab-536, each having the same code number as the peptide
that was used for purification. The specificities of these
antibodies were examined by ELISA. As shown in Table 2,
no cross-reactivity was found between the peptides. In
addition, the specificity of each antibody was confirmed by
competition ELISA. However, one seronegative plasma
sample did not give a positive reaction with any of the
peptides. The reactivities of these 15 antibodies with virus
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FIG. 2. Seroreactivity of plasma specimens from 61 seropositive

blood donors with synthetic peptides. Specimens showing a greater
than 30% decrease in absorbance in competition ELISA were
judged to be positive.

B19 were tested by radioimmunoprecipitation with 12511
labeled virions (Fig. 3). Ten of them (Ab-1, Ab-253, Ab-288,
Ab-309, Ab-325, Ab-359, Ab-449, Ab-491, Ab-520, and Ab-
536) could precipitate the virus. A 58-kDa protein corre-

.l.. VP2

FIG. 3. Immunoprecipitation of radioiodinated B19 virus by var-
ious antibodies. The labeled virion was immunoprecipitated with the
monoclonal antibody against B19 virus (BE11), with monoclonal
antibody RF465 against p19 of the human T-lymphotropic virus type
I gag gene product (RF), or with each antibody purified on an
affinity column fixed with peptides representing various regions of
the major viral capsid protein VP2 (Ab-1 to Ab-536). The markers on
the left indicate the sizes (in kilodaltons) of standard proteins run in
parallel.

sponding to VP2, a major structural protein of virus B19 was
also observed. However, five antibodies (Ab-40, Ab-67,
Ab-157, Ab-182, and Ab-223) which reacted with the pep-
tides corresponding to amino acids 40 to 242 from the
amino-terminal portion of VP2 were not able to precipitate
the virus.
The neutralizing activities of these antibodies were exam-

ined for their protective effect against injury of late erythroid
progenitor cells (CFU-e) in the bone marrow by B19 virus in
vitro. Human bone marrow cells were cultured with the
virus preincubated with each antibody. The protecting effect
of each antibody was determined by the relative activity of

TABLE 2. Reactivity of affinity-purified antibodies with each peptide (ELISA)'

Affinity-purified antibody Seronegative
Peptide plasma

(% inhi-
1 40 67 157 185 223 253 288 309 325 359 449 491 520 536 bition)b

S-i 2.083 0.000 0.022 0.008 0.077 0.009 0.014 0.002 0.001 0.005 0.033 0.019 0.021 0.012 0.015 0.097 (0.0)
S-40 0.002 2.855 0.013 0.000 0.000 0.000 0.006 0.002 0.000 0.006 0.013 0.009 0.001 0.003 0.005 0.074 (0.0)
S-67 0.007 0.012 0.538 0.009 0.003 0.005 0.006 0.003 0.000 0.009 0.013 0.011 0.004 0.004 0.012 0.044 (0.0)
S-128 0.018 0.008 0.049 0.000 0.003 0.004 0.005 0.004 0.000 0.027 0.029 0.027 0.058 0.038 0.019 0.212 (0.0)
S-157 0.009 0.003 0.022 1.885 0.003 0.003 0.008 0.030 0.000 0.007 0.010 0.019 0.033 0.015 0.051 0.031 (0.0)
S-185 0.003 0.003 0.032 0.019 1.438 0.000 0.014 0.016 0.001 0.024 0.031 0.052 0.077 0.019 0.043 0.021 (0.0)
S-223 0.007 0.000 0.027 0.063 0.003 0.883 0.006 0.000 0.000 0.015 0.021 0.015 0.017 0.013 0.020 0.073 (1.4)
S-253 0.004 0.000 0.016 0.010 0.003 0.006 1.127 0.006 0.021 0.024 0.018 0.012 0.010 0.009 0.013 0.060 (0.0)
S-288 0.007 0.001 0.027 0.011 0.009 0.007 0.007 0.747 0.000 0.015 0.016 0.012 0.005 0.000 0.009 0.033 (0.0)
S-309 0.012 0.009 0.054 0.014 0.013 0.010 0.000 0.000 0.256 0.001 0.015 0.005 0.005 0.003 0.016 0.031 (0.0)
S-325 0.021 0.006 0.035 0.019 0.011 0.014 0.004 0.000 0.000 0.486 0.017 0.011 0.031 0.011 0.046 0.057 (0.0)
S-340 0.009 0.002 0.030 0.012 0.006 0.011 0.012 0.014 0.004 0.015 0.068 0.007 0.011 0.006 0.017 0.062 (0.0)
S-359 0.008 0.003 0.023 0.025 0.016 0.012 0.012 0.007 0.005 0.017 0.786 0.002 0.005 0.001 0.006 0.039 (3.8)
S-449 0.006 0.000 0.020 0.019 0.000 0.004 0.012 0.010 0.004 0.047 0.011 1.575 0.011 0.003 0.013 0.025 (0.0)
S-491 0.011 0.012 0.025 0.023 0.013 0.009 0.012 0.016 0.001 0.025 0.003 0.002 2.533 0.002 0.010 0.054 (0.0)
S-520 0.010 0.003 0.026 0.020 0.012 0.018 0.010 0.006 0.002 0.024 0.014 0.008 0.014 0.854 0.019 0.085 (0.0)
S-536 0.034 0.009 0.037 0.020 0.011 0.007 0.012 0.015 0.006 0.026 0.009 0.005 0.014 0.072 0.396 0.070 (0.0)

% Inhibition' 65.1 98.7 51.7 62.4 84.9 34.6 94.3 83.2 66.1 99.2 97.5 98.8 92.1 96.7 94.6

a A492 iS shown. Reaction with the peptide used for purification is underlined.
b Inhibition rate in the reaction of seronegative plasma with each peptide.
c Inhibition rate in the reaction of each antibody with the peptide used for purification.

BE 157 223 288 325 449 520
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FIG. 4. BEll protects CFU-e from injury by B19 virus. Human
plasma specimens containing B19 parvoviruses were mixed with
serially diluted monoclonal antibody BEll at 37°C for 30 min and
were further incubated with bone marrow cells at 4°C for 2 h and
then added to the CFU-e assay system. The mean values of the
CFU-e count were plotted against the logarithm of the concentration
of BEll, and the putative regression line is shown.

neutralization in comparison with that of BEll. Serially
diluted BEll was added to the CFU-e assay in the presence
of B19 virus, and the mean values of the CFU-e count were
plotted against the logarithm of the concentration of BEll.
The curve obtained indicated a straight-line relationship
(Fig. 4). The relative activity of neutralization of each
antibody was calculated from the regression line as a con-
centration of BEll and estimated in comparison with the
activity of BEll at a rate of 100% (Fig. 5). Six antibodies
(Ab-253, Ab-309, Ab-325, Ab-359, Ab-449, and Ab-491)
showed more than 50% activity for protecting CFU-e from
injury by the virus. Ab-536, the antibody against the car-
boxyl terminus, had 29% activity. The other human antibod-
ies had no any significant activity, nor did control ascites
fluid RF465, which is a monoclonal antibody against a gag
gene product of human T-lymphotropic virus type I, or a
seronegative human serum used as a negative control (25).

DISCUSSION

Neutralizing antibodies and their binding sites on several
kinds of virus were identified and analyzed by using mono-
clonal antibodies. This requires many kinds of sequence-
recognizing monoclonal antibodies against viral capsid pro-
teins or envelope proteins to cover the many neutralizing
epitopes. Furthermore, it is not easy to evaluate whether a
candidate for a vaccine which is deduced by studies using
animal antibodies is effective for humans, particularly in
regard to the viruses which have a limited host range or are
highly pathogenic for human beings.
The production of neutralizing antibodies to capsid pro-

teins has been shown by a CFU-e assay to play a major role
in limiting parvovirus infection (13, 19). Previously, we
identified one site corresponding to amino acids 328 to 344
from the amino-terminal portion of the major capsid protein
VP2 of the virus by using a neutralizing monoclonal antibody
named BEll (24). In this study, we attempted to identify and
map the neutralizing epitopes of human parvovirus B19
using amino acid sequence-recognizing antibodies of human
origin.
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FIG. 5. Relative activities of neutralization. BEll, RF465 (RF),
human serum from the convalescent phase of erythema infectiosum
(A), human serum before infection of erythema infectiosum (B), or
affinity-purified antibodies (Ab-1 to Ab-536) were preincubated with
the virus-containing plasma at 37°C for 30 min and then were further
incubated with bone marrow cells at 4°C for 2 h and cultured in a
plasma clot in the presence of erythropoietin at 37°C for 7 days. The
relative activity of neutralization of each antibody was calculated
from the regression line (shown in Fig. 4) as a concentration of BEll
and estimated in comparison with the activity of BEll at a rate of
100%.

Among the 17 kinds of synthetic peptides, we could not
find any peptide which reacted with all of the seropositive
human plasma samples defined by countercurrent immuno-
electrophoresis. However, 15 of 17 peptides reacted with
some of the seropositive plasma samples by ELISA. Then
the amino acid sequence-recognizing antibodies were eluted
by affinity column chromatography. The eluted antibodies
were highly specific, and no cross-reactivities were ob-
served. It is thus suggested that 15 regions of VP2 contained
antigenic determinants for the human immune system. By
radioimmunoprecipitation, 10 antibodies were found to pre-
cipitate the virus, while 5 antibodies, which reacted with the
peptides corresponding to amino acids 40 to 242 from the
amino-terminal portion of VP2, did not do so. We suggest
that the sequence of each peptide to which the 10 antibodies
reacted was on the surface of the virion. As there is very
little variation among B19 virus isolates and the regions
which the antibodies did not react to were nested in the
amino-terminal half of VP2, we suggest that the antigenic
determinant of the five antibodies is not exposed on the
surface of the virion (the so-called hidden epitopes).
The neutralizing activities of these antibodies were also

examined for their protective effect against injury of late
erythroid progenitor cells (CFU-e) in the bone marrow by
B19 virus in vitro. Since the hemoglobin levels of the
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seropositive donors were high enough for blood donation,
antibodies against B19 virus might not affect CFU-e in vivo,
and the antibodies themselves did not affect the CFU-e
count in vitro (data not shown). Human bone marrow cells
were cultured with virus that was preincubated with each
antibody. The protecting effect of each antibody was deter-
mined by the relative activity of neutralization in comparison
with that of BEll. To test whether the purified antibody
caused an aggregation of the B19 virion or not, we examined
the lattice formation of the virion by each antibody in
agarose gel using the Ouchterlony double-diffusion tech-
nique and counterimmunoelectrophoresis in various antigen/
antibody ratios. No immunoprecipitation could be observed
by either method (data not shown). These findings suggested
that the CFU-e escaped virus infection by means of neutral-
ization rather than aggregation of the virus by each antibody.
Six antibodies showed more than 65% activity, while Ab-
536, an antibody against the carboxyl terminal of VP2,
showed very little activity. In particular, Ab-325 had about
four times the activity of BEll. Three antibodies (Ab-1,
Ab-288, and Ab-520) which were able to bind to the virus by
immunoprecipitation did not protect CFU-e from injury by
the virus. All five antibodies which did not react with the
virus by immunoprecipitation also showed no protective
effect. The neutralizing epitopes were detected and distrib-
uted from the region corresponding to amino acid 253 in the
amino-terminal portion to the carboxyl terminal of VP2. No
neutralizing epitopes were found in the amino-terminal half
of VP2 as far as was tested. These observations suggest that
the region in the carboxyl-terminal half of VP2 is highly
associated with neutralization of virus B19. However, direct
evidence that this region of VP2 adheres to the cellular
membrane at a specific receptor has not yet been obtained.
As seropositive human plasmas are thought to contain
polyclonal antibodies, there might be another neutralizing
antibody which recognizes a conformational or sequential
structure other than that of the peptides tested. Further
study of the region of VP1 that does not share an amino acid
sequence with VP2 is necessary. The peptides, including the
neutralizing epitopes, are considered to be useful tools for
the analysis of the cellular receptor. The region containing
the neutralizing epitopes, as defined by human serum sam-
ples, should be included in the protein used as a vaccine.
Furthermore, the neutralizing antibodies eluted by synthetic
peptides could be used as a passive immunization for ther-
apeutic use.
Our approach is thus able to provide information regarding

the neutralizing epitopes and their immunogenicity, as well
as provide a method for purifying the neutralizing antibodies
in high titers for passive immunization. This approach
should be applicable to many virus diseases in which neu-
tralizing antibodies play a major role in excluding virus
infections of humans and animals.
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