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Presentation of linear epitopes of the B19 parvovirus capsid proteins as peptides might be a useful vaccine
strategy. We produced overlapping fusion proteins to span the viral capsid sequence, inoculated rabbits, and
determined whether the resulting antisera contained antibodies that neutralized the ability of the virus to infect
human erythroid progenitor cells. Antibodies that bound to virus in an enzyme-linked immunosorbent assay
were present in antisera raised against 10 of 11 peptides; strongest activity was found for antisera against the
carboxyl-terminal half of the major capsid protein. However, strong neutralizing activity was elicited in
animals immunized with peptides from the amino-terminal portion of the unique region of the minor capsid
protein and peptides containing the sequence of the junction region between the minor and major capsid
proteins. The development of neutralizing activity in animals was elicited most rapidly with the fusion peptide
from the first quarter of the unique region. A 20-amino-acid region of the unique region of the minor capsid
protein was shown to contain a neutralizing epitope. Multiple antigenic peptides, based on the sequence of the
unique region and produced by covalent linkage through a polylysine backbone, elicited strong neutralizing
antibody responses. Synthetic peptides and fusion proteins containing small regions of the unique portion of the
minor capsid protein might be useful as immunogens in a human vaccine against B19 parvovirus.

B19 parvovirus is a common human pathogen (25). Al-
though fifth disease in children, a rash illness with fever, is
not itself a serious infection (2), acute parvovirus infection in
adults, which can present as arthralgia and arthritis, can
cause significant morbidity in young women as a result of
chronic joint symptoms (8). Parvovirus infection of persons
with underlying hemolysis, as in sickle cell anemia and
hereditary spherocytosis, causes a severe anemia (24). Par-
vovirus infection can become persistent in patients with
underlying immunodeficiency states (7). Although patients
with AIDS and persistent parvovirus infection can be treated
remediable with immunoglobulin infusions, expensive and
frequent retreatment is required to control anemia. Infection
of the midtrimester fetus after a maternal bout of fifth disease
can result in hydrops fetalis, a fatal syndrome in the absence
of intrauterine transfusion of erythrocytes (1, 15). B19 par-
vovirus infection has been serologically linked to other
hematologic syndromes, including idiopathic thrombocyto-
penic purpura, agranulocytosis (14), and congenital pure
erythrocyte aplasia (3a). Because of the limited availability
of specific antibody testing, the full spectrum of parvovirus
disease in humans is probably not known.

Studies of patients with persistent parvovirus infection
have indicated that the humoral immune response to this
virus is dominant. In infected volunteers, virus disappears
from the circulation concurrent with the detection of specific
immunoglobulin M (IgM) and IgG antibodies (3). Virus
cytotoxicity for erythroid progenitor cells, the target of virus
infection in humans, can be completely neutralized by
addition of convalescent-phase serum to cultures (10, 13).
Patients susceptible to chronic infection lack antibodies that
recognize viral capsid proteins on immunoblots, and their
sera fail to neutralize virus infectivity for bone marrow cells
(10). Anemia due to persistent infection can be treated by
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infusion of normal human immunoglobulins, which contain
neutralizing antibodies to parvovirus (6, 11).
Because B19 parvovirus does not propagate well in con-

ventional cell culture, efforts to produce a vaccine reagent
have focused on recombinant antigen strategies. After pro-
ducing empty parvovirus capsids in a baculovirus system,
we discovered that a small variation in the capsid structure
had a profound influence on the immune response of inocu-
lated animals. The parvovirus capsid contains two proteins,
the major capsid protein, or VP2, and the minor capsid
protein, VP1. These two proteins are derived from overlap-
ping reading frames, and VP1 is identical to VP2 except that
it contains an additional 227 amino acids at the amino
terminus. Rabbits injected with VP2-only capsids make
antibodies to virus, but these antisera fail to neutralize virus
activity. In contrast, animals injected with VP1 plus VP2
capsids make neutralizing antisera comparable in titer to
convalescent-phase human sera (9). In further experiments,
we have shown that the unique region of VP1 is external to
the capsid, as antisera raised to a fusion protein containing
this sequence can immunoprecipitate virions and empty
capsids (18). These antisera also neutralized virus activity, a
finding of probable biological importance, since the domi-
nant antibody species in normal immune serum is directed
against VP1 (10). These results suggested the possibility that
linear epitopes, presented as short peptide sequences, might
be useful as vaccine reagents. We undertook the current
study to systematically map the capsid sequence for such
linear neutralizing epitopes.

MATERIALS AND METHODS

Antigens and antisera. Eleven fusion proteins that com-
bined regions of B19 parvovirus structural protein and
maltose-binding protein were prepared (23) and designated
VPF1 to VPF11 (Fig. 1A). The B19 parvovirus-specific
region ranged from 56 to 111 amino acids. Multiple antigenic
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peptides corresponding to amino acids of the unique region
of VP1 were prepared by using covalent linkage to a polyl-
ysine core structure by Research Genetics (South Hunts-
ville, Ala.) (21) (Table 1). Rabbits were immunized with 200
,ug of fusion protein or 500 ,ug of peptide by subcutaneous
inoculation of footpads, initially with antigen emulsified in
complete Freund's adjuvant followed by injection at 2-week
intervals with similar quantities of antigen in incomplete
Freund's adjuvant.
ELISA. Antibody titer was tested by enzyme-linked im-

munosorbent assay ELISA. The preparation of recombinant
empty capsids containing VP1 and VP2 has been described
previously (9). One microgram of recombinant empty par-
vovirus capsid was attached to Immulon II microtiter plates
(Dynatech, Chantilly, Va.) by overnight incubation in phos-
phate-buffered saline (PBS) at 4°C. After blocking with PBS
containing 3% bovine serum albumin, the plates were
washed with PBS containing 0.05% Tween 20. One hundred
microliters of diluted antiserum was added to each well, and
the wells were incubated for 1 h at room temperature. Plates
were washed three times in PBS and then in 100 ,ul of
peroxidase-conjugated goat anti-rabbit IgG (GIBCO BRL
Life Technologies, Gaithersburg, Md.) for 1 h at room
temperature. After a second wash in PBS, 200 RI of 0.1 M
citrate buffer containing o-phenylenediamine and H202 was
added to each well. The enzyme reaction was stopped with
4 N H2SO4, and the A490 was measured with an automated
microplate reader (Bio-Rad Laboratories, Richmond, Ca-
lif.).
ELISA results are reported as the measured A490. Absor-

bance of a concurrent saline control was usually about 0.05
to 0.06 U. Nonspecific binding for antigen or antiserum alone
was determined separately. For absent antigen, substituted
by 3% albumin, binding averaged 0.062 + 0.005 (range, 0.054
to 0.075). Nonspecific binding of antisera was determined by
the absorbance of each preimmune antiserum; for such
antisera diluted 1:1,600, binding averaged 0.021 + 0.013
(range, 0.005 to 0.049), and for antisera diluted 1:100,
binding averaged 0.059 + 0.047 (range, 0.006 to 0.177).

Immunoblotting. Reactivities of antisera were assayed by
immunoblotting, using the materials and directions provided
with the Protein Image Kit (United States Biochemical,
Cleveland, Ohio). Empty capsids containing VP1 and VP2
were boiled in sample loading buffer for 3 min, electrophore-
sed through 8% polyacrylamide in sodium dodecyl sulfate,
and transferred to polyvinylidene difluoride membranes in a
transfer buffer containing 25 mM Tris-HCl and 192 mM
glycine at 100 mA for 16 h. Membranes were sequentially
treated with 1% blocking solution, incubated with antisera
diluted 1:300 in PBS for 1 h at room temperature, and
incubated with alkaline phosphatase-conjugated goat anti-
rabbit IgG (GIBCO BRL Life Technologies) for 1 h at room
temperature. After completion of the antibody incubations,
membranes were soaked in substrate buffer consisting of 100
mM Tris-HCl (pH 9.5), 100 mM NaCl, and 50 mM MgCl2;
bound antibody was detected with a substrate solution
containing nitroblue tetrazolium and 5-bromo-4-chloro-3-
indolylphosphate p-toluidine salt (GIBCO BRL Life Tech-
nologies).

Erythroid colony assay. Neutralizing activity was deter-
mined by using erythroid progenitor assays of human bone
marrow (13). Antibody-containing serum was heated to 56°C
for 30 min to inactivate complement. Thirty or 90 ,1 of test
serum was mixed with 30 Rl of human serum containing
infectious B19 parvovirus, diluted 1:10 or 1:30, and incu-
bated for 2 h at 4°C. Bone marrow was harvested from
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FIG. 1. Comparison of binding and neutralizing activity in anti-
sera obtained after injection of rabbits with fusion peptides spanning
the B19 parvovirus capsid protein sequence. (A) Locations of fusion
protein sequences relative to the minor capsid protein sequence.
Amino acids (a.a.) spanned by the proteins: VPF1, 1 to 94; VPF2, 52
to 142; VPF3, 122 to 177; VPF4, 158 to 227; VPF5, 187 to 265;
VPF6, 228 to 334; VPF7, 314 to 423; VPF8, 403 to 513; VPF9, 493
to 603; VPF10, 583 to 693; VPF11, 673 to 781. (B) Binding activity
on ELISA of antisera raised to fusion proteins. Three rabbits were
inoculated for each VPF protein except for VPF4, for which two
rabbits were inoculated. ELISA was performed with recombinant
empty capsids containing VP1 and VP2 as antigens (VP1 constituted
about 10% of protein in the capsids). Assays of sera obtained at 12
weeks are shown. Shown in dark bars are results of a typical
experiment (one of two performed) with all sera diluted 1:1,600, a
concentration that resulted in linear spectrophotometric optical
density (OD) readings in this assay for the highest-binding-titer sera.
Shown in lighter extensions of each bar are results when binding was
assayed at a higher concentration of each serum (1:100), in which
binding was not linear for the high-titer sera. (C) Neutralizing
activity of antisera. The 12-week antisera used for panel B were
tested for the ability to protect human erythroid progenitor cells
against B19 parvovirus cytotoxicity in a marrow colony assay. One
of two similar experiments is illustrated. In this experiment, 77
CFU-E were measured per 105 cells; data are expressed as percent-
age of the value for uninfected control plates.
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TABLE 1. Amino acids sequences of short fragments of VPF1

Fragment No. of Sequenceamino acids

MAP-Fl 20 MSKKSGKWWESDDKFAKAVY
MAP-F2 20 AKVs7YQQFVEFYEKVTGTDL
MAP-F3 21 TGTDLELIQILKDHYNISLDN

normal donors directly into syringes containing preserva-
tive-free heparin and Iscove's modification of Dulbecco's
medium, under a protocol approved by Institutional Review
Board of the National Heart, Lung, and Blood Institute.
Mononuclear cells were isolated over a Ficoll-Hypaque
gradient. Cells were incubated with the virus-serum mixture
at a final concentration of 3 x 106 cells per ml for 1 h at 4°C
to allow virus adsorption and then diluted in standard tissue
culture medium for late erythroid progenitor cells (CFU-E)
containing 0.8% methylcellulose, 30% fetal calf serum, 1%
bovine serum albumin, 10 mM 1-mercaptoethanol, and 10 U
of recombinant erythropoietin (Amgen Biologicals, Thou-
sand Oaks, Calif.) per ml. Cultures were incubated for 7 to 8
days at 37°C in 95% humidity and 5% CO2, and colonies
were counted visually. All progenitor assays were performed
in duplicate; controls included virus alone, virus with known
neutralizing serum, and cells without either virus or serum.
Immunoglobulin purification and concentration. To con-

centrate rabbit IgG for some experiments, 15 to 20 ml of
antiserum, diluted 1:1 in buffer (ImmunoPure IgG binding
buffer; Pierce, Rockford, Ill.), was applied to a column of
immobilized protein A (Affinity Pak Column; Pierce). The
column was washed in 10 ml of binding buffer, and the IgG
was eluted with 10 ml of ImmunoPure IgG elution buffer
(Pierce). One-milliliter fractions were collected, and the
fractions with highest A280 (usually the second, third, and
fourth milliliters) were pooled. Purified IgG was dialyzed
overnight in PBS and then concentrated in an Amicon
Centricon 30 (W. R. Grace, Beverly, Mass.).

RESULTS

Production of reactive antisera. Rabbits were immunized
with fusion peptides, and sera obtained at 12 weeks were
tested for reactivity to parvovirus capsid proteins by immu-
noblotting. Antisera against VP1 unique region sequences,
produced by inoculation with fusion peptides VPF1 to
VPF4, reacted exclusively with VP1 capsid protein; antisera
raised to peptide sequences common to VP1 and VP2, VPF5
to VPF11, reacted to both capsid proteins on Western
immunoblot analysis (Fig. 2). All antisera also showed

VPF1 VPF2 VPF3 VPF4 VPF5 VPF6

strong reactivity on immunoblots to the peptides used as
antigens (data not shown).

Binding of anti-fusion peptide antisera to empty capsids.
Antisera were then tested in an ELISA for reactivity against
empty parvovirus capsids. Reactivity was determined at a
variety of dilutions for each sera. Antisera were tested at a
dilution of 1:1,600 (Fig. 1B, dark bars), previously shown to
be in the linear range for the assay, and at a higher concen-
tration (Fig. 1B, 1:100, light extensions of dark bars), satu-
rating in this assay for higher-titer sera. At the lower
concentration, binding of antisera was not uniform for the
entire capsid sequence and was most prominent for VPF8
and VPF9 and absent for other regions, including VPF4 and
VPF6. At higher concentrations of sera, binding activity
increased for VPF6 and for other antisera that gave interme-
diate reactivity on initial testing at a greater dilution.

Localization of neutralizing regions. The ability of antisera
to neutralize virus activity did not parallel binding activity
(Fig. 1C). Antisera raised against peptides from the carbox-
yl-terminal half of VP2, which showed the greatest binding
activity, were ineffectual in protecting erythroid progenitor
cells against viral toxicity. In contrast, antisera directed
against the unique region of VP1 and the junction region
between VP1 and VP2 were highly protective in the colony
assay.
Because the region contained within VPF6 includes a

neutralizing epitope recognized by a monoclonal antibody
raised to intact virions, we were surprised by the absence of
neutralizing activity of these antisera, even when added at
threefold-higher amounts to the cultures (Fig. 3B). How-
ever, when we purified the antisera by affinity chromatogra-
phy and tested these highly concentrated immunoglobulin
preparations in the colony assay, significant neutralizing
activity was detected for the antisera produced against
VPF4, VPF6, VPF9, and VPF10 (Fig. 3C). In contrast,
purified immunoglobulin from antisera raised to VPF7,
VPF8, and VPF11 showed little reactivity after fraction-
ation, even when assayed against lower virus concentrations
(Fig. 3C).

Further analysis of antisera produced against VPF1 to
VPF4 suggested that the most amino-terminal segment of the
unique region was most immunogenic. Sera from phleboto-
mies at 6, 8, and 12 weeks after the initial inoculum were
compared (Fig. 4). Neutralizing activity was apparent in
antisera to VPF1 at the time of the first bleed; neutralizing
activity appeared in the blood of animals injected with VPF2
and VPF3 at 8 weeks but increased further at 12 weeks;
neutralizing activity could not be detected in the sera of
animals receiving VPF4. Concentration-purified immuno-
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FIG. 2. Immunoblot analysis of antisera raised to VPF1 to VPF11 tested against parvoviral capsid proteins electrophoresed under
denaturing conditions in 8% polyacrylamide.
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FIG. 3. Neutralizing activity of purified and concentrated anti-

sera against parvovirus fusion proteins that showed low reactivity in
initial assays. (A) ELISA reactivity of prepurified pooled antisera
(1) compared with purified antibody, also obtained from pooled
sera (-). OD, optical density. (B) Neutralizing activity of antisera
added at threefold-higher amounts to marrow cultures. Each bar
represents results from a single rabbit serum. (C) Neutralizating
activity of purified immunoglobulin, obtained from pooled sera.
Antisera were diluted 1:1,000 for the experiment shown in panel A.
Virus was used at higher (1:10 dilution of stock-infected serum; B)
and lower (1:30 dilution; C) concentrations to detect low levels of
neutralizing activity. In each case, one of two similar experiments is
shown. In the experiments shown in panels B and C, uninfected
marrow contained 60 and 41 CFU-E per 105 cells, respectively;
results are expressed as percentage of the value for uninfected
control plates.

globulin from the antisera to VPF4 did reveal some neutral-
izing activity (Fig. 3C).

Neutralizing antisera elicited with synthetic peptides. Mul-
tiple antigenic peptides were synthesized to correspond to
sequences within the unique region of VP1; these sequences
were selected because they had been shown to elicit neutral-
izing antibodies when presented as fusion proteins. These
three peptides, termed MAP-F1 (corresponding to VP1
amino acids 1 to 20), MAP-F2 (16 to 35), and MAP-F3 (31 to

VPF
FIG. 4. Comparison of neutralizing activity of antisera obtained

6 (A), 8 (B), and 12 (C) weeks after initial inoculation of rabbits with
VPF1 to VPF4. Animals were inoculated at days 1, 14, 28, 42, 56,
and 70. Results are means standard errors of the means of three
experiments. Data are expressed as percentage of the value for
uninfected control plates.

51), spanned the most amino-terminal portion of the unique
region of VPF1 but did not overlap with VPF2. When used
as immunogens in rabbits, some peptides were able to elicit
neutralizing antibodies (Fig. 5). Two of two rabbits injected
with MAP-F3 produced high-titer neutralizing antisera; both
antisera also bound to fusion protein VPF1 on immunoblots
(data not shown). One of two rabbits immunized with MAP-
F2 produced neutralizing antiserum; this animal's serum,
after concentration, showed binding on immunoblots to VP1
but not to fusion protein VPF1, and the second animal
immunized with MAP-F2 had no evidence of either binding
or neutralizing activity. For MAP-Fl, neither animal pro-
duced neutralizing antisera, and both sera showed binding
activity to VP1 but not to the fusion protein VPF1.

DISCUSSION

Our results demonstrate the feasibility of a peptide subunit
vaccine for B19 parvovirus. Sequences from the amino-
terminal portion of the capsid protein appear especially
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FIG. 5. Neutralizing activity of antisera raised against synthetic

multiantigenic peptides. Animals were inoculated with synthetic
antigens, and protective activity in the colony assay was determined
for sera obtained at 8 (O) and 10 (U) weeks. One of two typical
experiments is illustrated; CFU-E were equal to 43/105 in control
plates, and results are expressed as percentage of the value for
uninfected control plates.

suitable for this purpose. As predicted from our earlier
success in producing neutralizing antisera by inoculation of a
fusion protein containing the entire unique region of VP1
(18), smaller segments of the unique region were also immu-
nogenic and immunization resulted in neutralizing antisera.
As judged from the rapidity with which neutralizing activity
developed in animals, the most amino-terminal quarter of the
unique region was most immunogenic and the most carbox-
yl-terminal quarter was least immunogenic. Somewhat sur-

prisingly, the peptide that contained the fusion region be-
tween VP1 and VP2 was also highly immunogenic.
Neutralizing antisera could also be elicited with synthetic
peptides from the VP1 unique region, and one limited amino
acid sequence was shown to contain a neutralizing epitope.
While most of the fusion peptides derived from the major

capsid protein sequence were antigenic in rabbits, there was
no correlation between binding capacity and neutralization
activity. In comparison with peptides VPF1 to VPF3 from
the VP1 unique region, VP2 peptides were much less effec-
tive in eliciting neutralizing activity in animals. Some pep-

tides, in particular VPF7, VPF8, and VPF11, showed little or
no ability to elicit neutralizing antibodies, and others, like
VPF6, VPF9, and VPF10, invoked minimal responses, mea-

surable only after antibody purification and concentration
and after challenge by lower concentrations of virus. These
results were all the more surprising because some of these
relatively weak immunogenic peptides contain sequences

known from other experiments to contain neutralizing
epitopes. Some of these sequences would be predicted to be
immunogenic by analogy with the detailed structure of
canine parvovirus (22). Sato et al. (19) and Yoshimoto et al.
(23) each found a monoclonal antibody, produced by the
cells of an animal immunized with B19 virions, that neutral-
ized virus activity in the CFU-E assay and recognized capsid
protein on immunoblots. Specific binding to synthetic pep-

tides was found for amino acids 328 to 344 of VP2 (19), a site
predicted to lie in the GH loop of the dimple rim (5) and

contained within VPF9, and amino acids 57 to 77 of VP2
(23), in loop 1 of the capsomere structure and contained
within VPF6. Seropositive human plasma was found to
contain antibodies that recognized a variety of B19 parvovi-
rus capsid protein peptides, and after affinity purification, six
antibodies neutralized virus activity (20); the peptide se-
quences were located mainly at the carboxyl terminus of
VP2: amino acids 253 to 272 (loop 3, within VPF8), 309 to
330 and 325 to 345 (both from the GH loop and within VPF9),
359 to 382 (between the dimple and the canyon, within
VPF10), 449 to 468 (canyon), and 491 to 515 (Bi, both
sequences within VPF11). Clearly these sequences, when
presented as part of the capsid or in intact virions, are
sufficiently immunogenic when presented to the murine or
human immune system. While the antibodies retain the
ability to recognize linear sequences of capsid protein, even
large peptides do not reproduce the capsid structure when
used as immunogens. That the conformation of the peptide
sequence undergoes major conformational transformation
when inserted into a capsid is also illustrated by the inability
of VP2-only empty capsids to elicit a neutralizing antibody
response, whereas VP1 plus VP2 capsids are highly immu-
nogenic. As we suggest elsewhere, insertion of VP1 into the
capsid structure may allow recognition of prominent loop
structures about the major spike of the capsid; in contrast,
antibodies appear to have access to ,3-pleated sheets in the
more interior regions of the capsomere when capsids lack
VP1 (5).
Why are the VP1 unique region and both fusion and

synthetic peptides derived from this sequence so effective in
eliciting neutralizing antibodies? While there is no definitive
answer to this question, two appealing possibilities are that
this region serves either as the binding site for the (unknown)
cellular receptor of the virus or as a site of proteolytic
cleavage crucial to virus decapsidation and delivery of the
viral genome to the cell. The atomic fine structure of canine
parvovirus is unhelpful, as neither the VP1 unique region of
this virus nor the first 38 amino acids of VP2 were resolved
by crystallography. Experimental evidence against the first
hypothesis is the equivalency of the VP2-only capsids to
capsids or virions containing VP1 in hemagglutination assays
(4), assuming that hemagglutination is a fair reflection of
physiologic binding. While there is no direct laboratory
evidence for cleavage of a VP1 peptide after binding, se-
quence from the junction region between VP1 and VP2 was
a potent immunogen despite its predicted location interior to
the capsomere (22), suggesting the accessibility of this region
in virions at some stage of infection. Parallel to our data, a
junction fragment fusion peptide of canine parvovirus also
has been described as uniquely capable of eliciting neutral-
ization activity, whereas synthetic peptides from within the
major capsid protein were ineffective (12). Extrapolation of
antibody data to statements concerning parvovirus capsid
structure is hazardous, as considerations of peptide solubil-
ity and conformation as well as experimental variability may
be the most important parameters. Nonetheless, these re-
sults suggest that immune recognition of the unique portion
of VP1 is similar to reactivity against a soluble, conforma-
tionally free globular protein, while immune recognition of
VP2 epitopes is much more conformationally fixed by the
capsomere structure.

Several synthetic peptides containing about 20 amino
acids of the unique region of VP1 elicited neutralizing
antisera in rabbits. While both B-cell (16) and T-cell (17)
epitopes of canine parvovirus have been identified by using
synthetic peptides, this is the first demonstration of the
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ability to produce biological activity against a parvovirus
with use of synthetic peptides. Synthetic peptides, perhaps
also directed against VP1 unique regions of canine, feline,
and porcine parvoviruses, offer an alternative to attenuated
virus for protection of animals against disease. For humans,
such peptides, alone or in combination with a recombinant
capsid, may be convenient and safe primary or secondary
(boosting) vaccine reagents.
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