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Background. Human bocavirus (HBoV) was recently described as a new member of the Parvoviridae family, and
its possible association with respiratory illness in infants has been discussed. To date, HBoV genomes have been
detected worldwide in respiratory tract samples obtained from children with pulmonary diseases, whereas only
limited data on virus-specific immunity are available, mainly because of the lack of recombinant viral antigens.

Methods. HBoV viruslike particles (VLPs) were produced in insect cells and characterized by electron micros-
copy and cesium chloride gradient centrifugation. HBoV viral protein 2 (VP2)–specific antibodies and CD4� T helper
cell responses were analyzed by enzyme-linked immunsorbent assay and enzyme-linked immunospot assay.

Results. VP2 capsid proteins of HBoV were produced in insect cells infected with a recombinant baculovirus, and
the formation of icosahedral VLPs (diameter, 21–25 nm; sedimentation density, 1.33 g/cm3) was demonstrated. A
significant increase in secretion of VP2-specific interferon-� was detected in cultures of peripheral blood mononu-
clear cells obtained from 69 healthy adults found to be positive for HBoV-specific immunoglobulin G antibodies,
compared with control stimulations. In parallel, T cell responses against identically expressed parvovirus B19 VP2
VLPs were frequently observed in the individuals studied, without there being obvious cross-reactions between HBoV
and parvovirus B19.

Conclusions. Data suggest the presence of HBoV-specific immune responses in adults and strongly support a
high prevalence of HBoV among humans.

Human bocavirus (HBoV), a newly discovered member

of the Parvoviridae family, was recently identified in

children and infants with infections of the lower respi-

ratory tract [1]. HBoV is the second parvovirus cur-

rently being discussed as a cause of disease in humans.

Comprehensive phylogenetic analysis of the HBoV ge-

nome has revealed a close association between HBoV

and the canine minute virus and the bovine parvovirus,

both of which are members of the Bocavirus genus. To

date, several HBoV isolates with high sequence homol-

ogy have been described [2].

Parvoviruses are small, nonenveloped viruses that are

characterized by linear single-stranded DNA genomes of

4 – 6 kb. Common characteristics of parvoviruses are

their exceptional stability and the structural simplicity of

the virions [3]. The icosahedral virus capsids generally

consist of 2 proteins (viral protein 1 [VP1] and viral

protein 2 [VP2]) that have identical sequences, except

for the aminoterminal domain of VP1 (known as the

“VP1 unique region”), which spans 129 and 227 amino

acids in HBoV and parvovirus B19 (B19V), respectively

[4]. B19V VP2 proteins have been shown to possess all

the characteristics required for particle formation. Vi-

ruslike particles (VLPs) consisting of VP2 alone or of

VP2 and VP1 may be produced in various eukaryotic

expression systems (e.g., recombinant baculovirus or

yeast) [5, 6].

HBoV has been a target of epidemiologic studies since

its initial detection. To date, by use of polymerase chain
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reaction– based techniques, HBoV has been detected not only in

clinical respiratory tract samples but, also, in fecal excretions

from young children in Australia, North America, Asia, Europe,

Africa, and the Middle East, thereby indicating a worldwide dis-

tribution of the virus [7–17]. The prevalence of HBoV DNA in

samples obtained from children and infants with symptoms of

respiratory illness has been found to be 1.5%–18.3%, and it may

vary depending on seasonal fluctuation and the age of the pa-

tients studied. Because the majority of epidemiologic studies

have been performed retrospectively, HBoV has not been clearly

identified as a sole infectious agent responsible for respiratory

diseases. In fact, HBoV tends to be associated with a high rate of

coinfection with other respiratory viruses (e.g., picornaviruses,

adenoviruses, and respiratory syncytial virus) in children. Clin-

ical symptoms associated with HBoV infections include cough,

fever, pneumonia, and bronchitis. To date, only single reported

cases of HBoV infections in adults have been observed, mainly in

immunocompromised individuals [18, 19].

Immunologic studies have described the use of recombinant

HBoV VP1 protein in the detection of virus-specific IgG re-

sponses in the Japanese population [20]. Thereby, ubiquitous

VP1-specific antibody responses (with a seroprevalence of up to

100%) were detected in adult individuals and in children (age,

�6 years), whereas a seronegative status was predominantly

noted among young children at 1 year of age. No data are cur-

rently available on HBoV-specific T cell immunity. Numerous

studies of B19V, however, have described viral capsid proteins as

immunodominant targets of the cellular and humoral immune

response [21–24], suggesting a possibly similar role for HBoV

capsid proteins in virus-specific immunity.

In the present study, we describe the recombinant expression

and characterization of HBoV VP2 VLPs and their use in the

detection of cellular immune responses against HBoV in healthy

adults.

MATERIALS AND METHODS

Study subjects and serologic testing. A total of 69 healthy,

white individuals (39 men and 30 women; mean age, 39 years

[range, 23–73 years]) from the southeastern region of Bavaria,

Germany, were studied to identify HBoV- and B19V-specific T

cell responses (table 1) and to detect the presence of virus-

specific antibodies by means of ELISA. For HBoV, 100 ng of

HBoV VP2 VLPs were coated on Nunc-Immuno MediSorp

plates (Nunc) in PBS overnight at 4°C, washed 6 times with

washing buffer (PBS containing 0.05% Tween 20), and blocked

with dilution buffer (PBS containing 2% Tween 20 and 3% FCS)

for 1 h at 37°C. After incubation with serum samples (1:100 in

dilution buffer) was done for 2 h at 37°C, the plates were washed,

and an anti– human IgG–specific, horseradish peroxidase– cou-

pled secondary antibody (Dako Deutschland) (1:6000 in dilu-

tion buffer) was added for 1 h at 37°C. Development was per-

formed using BD OptEIA Substrate (BD Biosciences) according

to the manufacturer’s instructions. B19V-specific IgG and IgM

antibodies were detected in donor serum samples by use of a

standardized ELISA (Biotrin International) and RecomBlot

analysis (Mikrogen).

Generation of a recombinant baculovirus for the expression

of HBoV VP2 antigens. A recombinant baculovirus encoding

the VP2 gene of the HBoV ST2 isolate was generated using the

Bac-to-Bac Baculovirus Expression System (Invitrogen). In

Table 1. Antigen-specific interferon (IFN)–� secretion in healthy adults seropositive for human bocavirus (HBoV).

Group

HIV control HBoV VP2 B19V serologic statusa

Median
� SD

(range)b
Subjects,

no.

Median � SD
(range);

P c,d

Subjects,
no.

Negative,
median � SD

(range)b
Subjects,

no.

Positive,
median � SD
(range); P c,d

Subjects,
no.

All 3 � 4 (0–18) 69 20 � 20 (1–70); �.0001 69 6 � 8 (1–29) 22 38 � 32 (1–159); �.0001 47

Sex

Male 4 � 4 (0–11) 39 17 � 17 (1–66); �.0001 39 4 � 9 (1–29) 12 33 � 25 (1–124); .0004 27

Female 3 � 4 (0–18) 30 35 � 22 (6–70); �.0001 30 12 � 7 (2–20) 10 51 � 35 (15–159); �.0001 20

Year of birth

1980–1989 4 � 2 (1–9) 19 35 � 19 (8–67); �.0001 19 12 � 7 (4–21) 5 38 � 27 (5–115); .0095 14

1970–1979 3 � 3 (1–11) 21 31 � 22 (6–70); �.0001 21 6 � 5 (1–17) 11 40 � 14 (20–62); �.0001 10

1960–1969 2 � 2 (2–8) 9 10 � 23 (1–66); .004 9 3 � 1 (2–4) 3 26 � 39 (2–106); .2619 6

1950–1959 5 � 5 (1–18) 12 16 � 14 (3–51); .0056 12 16 � 1 (26–29) 2 55 � 49 (16–159); .6061 10

1940–1949 8 � 5 (0–12) 5 20 � 10 (8–30); �.0001 5 ND 0 40 � 16 (18–58); ND 5

1930–1939 6 � 2 (6–10) 3 17 � 4 (11–19); �.0001 3 15 1 27 � 20 (13–41); ND 2

NOTE. B19V, parvovirus B19; HBoV, human bocavirus; ND, not done; VP2, viral protein 2.
a B19V serologic status denotes the presence or absence of virus-specific IgG antibodies in donor serum samples.
b Data are median � SD (range) of spot-forming cell counts per 2 � 105 peripheral blood mononuclear cells.
c Data are median � SD (range) of spot-forming cell counts per 2 � 105 peripheral blood mononuclear cells; P value.
d Statistical analysis of HBoV- and B19V-specific T cell responses was performed in relation to the HIV peptide or B19V VP2 viruslike particle–negative controls,

respectively.
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brief, the VP2 gene was amplified from a pCR 4-TOPO vector

(Invitrogen) that included the genome sequence of HBoV ST2

(GenBank accession number NC_007455) (provided by Tobias

Allander, Karolinska Institute, Stockholm, Sweden), by use of

the primers 5'-GAGGAGCGGCCGCATGTCTGACACTGA-

CATTC-3' and 3'-CCGCCCTCGAGTTACAACACTTTATTG-

ATG-5' with Phusion High-Fidelity DNA Polymerase (Finnzymes

OY). The amplicon was introduced into the pFastBac1 vector

(Invitrogen) by the XhoI and NotI restriction sites. Generation of

recombinant HBoV VP2 bacmid pFastBac/VP2bac and its sub-

sequent transfection into Sf9 insect cells were performed accord-

ing to the manufacturer’s instructions. The resulting virus,

bacVP2/HBoV, was amplified in 3 consecutive passages of infec-

tion and subsequently was used for protein production. For the

expression of B19V VP2 VLPs, the previously established and

described recombinant baculovirus bacVP2/B19V was used

[25].

Production and purification of recombinant HBoV VLPs.

Production of both HBoV and B19V VLPs was achieved in

High-5 insect cells. Cells were cultured in Insect-Xpress medium

(Cambrex Bio Science Walkersville), infected with bacVP2/

HBoV or bacVP2/B19V at an MOI of 3, and harvested 72 h after

infection. Recombinant VLPs were purified by cesium chloride

(CsCl) cushion centrifugation. A total of 6 � 107 cells were lysed

in 5 mL of buffer containing 10 mmol/L Tris/HCl (pH 7.4), 10

mmol/L NaCl, 15 mmol/L MgCl2, and 0.5% Triton X-100 with

40 �l/mL Complete Protease Inhibitor Cocktail (Roche Applied

Science) and then were subjected to successive freeze-thaw cy-

cles. The precleared lysates were loaded on double cushions con-

sisting of CsCl solutions with densities of 1.52 g/cm3and 1.22

g/cm3 in Tris-EDTA buffer (10 mmol/L Tris/HCl [pH 8.7], 1

mmol/L EDTA, and 0.5% Triton X-100). Ultracentrifugation

was performed at 100,000 g for 4 h at 10°C without brakes. After

centrifugation, protein samples were collected in fractions and

subjected to SDS-PAGE and Western blot analysis. Endotoxin

contaminations of fractions containing antigen were excluded

using the QCL-1000 Chromogenic LAL Endpoint Assay

(Lonza), and they were determined to be 1.57 EU/mg and 8.2

EU/mg for HBoV and B19V VP2 VLPs, respectively. Character-

ized antigens underwent dialysis against PBS and were stored in

aliquots at �80°C. Freeze-thaw cycles of the purified proteins

were avoided.

Isolation and culture of human peripheral blood mononu-

clear cells (PBMCs). PBMCs were isolated from fresh hepa-

rinized blood samples by means of Pancoll centrifugation (PAN

Biotech) (at 800 g for 30 min) with the use of Leucosep tubes

(Greiner Bio-One). Cells were washed twice in PBS and were

cultured in RPMI 1640 medium (PAN Biotech) containing 2

mmol/L L-glutamine, 100 U/mL penicillin, 100 �g/mL strepto-

mycin, and 10% heat-inactivated human AB serum (PAA Lab-

oratories), in an atmosphere with 5% CO2 at 37°C.

Enzyme-linked immunospot (ELISPOT) assays. A total of

2 � 105 PBMCs were seeded in 4 replicate wells on Mahan 4550

MultiScreen ELISPOT plates (Millipore) that had been previ-

ously coated with 5 �g/mL anti– human interferon (IFN)–�

monoclonal antibody D1K (Mabtech), stimulated with 5 �g/mL

VP2 VLPs of either HBoV or B19V, and incubated at 37°C for

60 h. As negative and positive controls, cells were stimulated

with 5 �g/mL HIV p24-derived murine e10F peptide [26] and 5

ng/mL staphylococcal enterotoxin B (Sigma Aldrich), respec-

tively. For development, the plates were incubated for 2 h with

1 �g/mL biotinylated anti–IFN-� 7-B6-1 Biotin antibody

(Mabtech) and for 1 h with streptavidin-alkaline phosphatase

(diluted 1:1000 in PBS). Staining was performed using the NBT/

BCIP Stock Solution (Roche Diagnostics) in buffer containing

0.1 mol/L NaCl, 0.1 mol/L Tris/HCl [pH 9.5], and 0.05 mol/L

MgCl2. The number of spot-forming cells (SFCs) was deter-

mined under magnification, by use of a Bioreader 2000 (BioSys).

T cell depletion assays. Depletion of CD4� or CD8� T cells

from donor PBMC cultures was performed using CD4 and CD8

Dynabeads (Dynal Biotech ASA). For control, the purity of de-

pleted cell populations was assessed by staining with the Cy-

toStat Multicolor Reagent CD45-FITC/CD4-PE/CD8-ECD/

CD3-PC5 (Beckman Coulter) and an anti–CD14-PE antibody

(BD Biosciences) (data not shown). A FACS Epics XL-MCL flow

cytometer (Beckman Coulter) was used for analysis. All experi-

ments were conducted according to the manufacturer’s instruc-

tions.

Statistical data analysis. Serologic and cellular responses

were statistically evaluated using the Mann-Whitney U-test for

independent samples.

RESULTS

Generation of recombinant baculovirus bacVP2/HBoV for the

production of HBoV VP2 proteins in insect cells. The recom-

binant baculovirus bacVP2/HBoV encoding the VP2 gene of the

HBoV Stockholm 2 isolate (nt 3443–5071) was generated and

used for infection of High-5 cells. In parallel, cells were infected

with a previously established recombinant baculovirus bacVP2/

B19V encoding the VP2 protein of B19V. SDS-PAGE studies of

bacVP2/HBoV- and bacVP2/B19V-infected cells lysed 72 h after

infection revealed high-yield expression of the VP2 proteins,

with an apparent molecular weight of �62 kDa noted after Coo-

massie staining (figure 1A [lane 1] and 1B [lane 1]). The identity

of both HBoV with B19V VP2 proteins was demonstrated using

Western blot analysis of serum samples obtained from individ-

uals seropositive for HBoV or B19V IgG (figure 1A [lane 2] and

1B [lane 2]).

Purification and characterization of recombinant HBoV

VP2 VLPs. To analyze whether the expressed HBoV VP2 pro-

teins posses the capacity to spontaneously aggregate to VLPs, as

shown for the VP2 proteins of numerous parvoviruses, bacVP2/
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HBoV-infected High-5 cells underwent a previously established

procedure for the purification of VP2 VLPs of human B19V

[25]. Separation of proteins in precleared lysates of High-5 cells

expressing either HBoV or B19V VP2, by means of CsCl ultra-

centrifugation, resulted in pure preparations of VP2 proteins, as

was shown by SDS-PAGE and subsequent Coomassie staining

(figure 1A [lane 3] and 1B [lane 3]).

BacVP2/HBoV-infected High-5 cells and purified prepara-

tions of HBoV VP2 proteins were assessed by electron micros-

copy. Analysis of cross-sections prepared from bacVP2/HBoV-

infected High-5 cells revealed a high number of particulate

structures in the cytoplasm, suggesting spontaneous formation

of HBoV VLPs in cells expressing VP2 (figure 2A). This could be

confirmed by electron microscopic analysis of CsCl gradient

fractions in which VP2 proteins could be detected by SDS-PAGE

and Western blot analysis. Here, distinct icosahedral capsid

structures with an approximate diameter of 21–25 nm (figure

2B) were detectable. The density of HBoV VP2 VLPs was as-

sessed by ultracentrifugation in continuous CsCl gradients

(1.29 –1.4 g/cm3) for 48 h at 150,000 g and revealed a value of

�1.33 g/cm3.

Detection of HBoV- and B19V-specific antibodies. In to-

tal, 69 adults were included in the study, and they were found to

exhibit strong IgG-mediated humoral immune responses

against HBoV VP2 VLPs, by use of ELISA (median OD450 value,

0.863 [range, 0.248 –1.124]) (figure 3). Because HBoV-

Figure 1. Production of viral protein 2 (VP2) proteins of human bocavirus (HBoV) and parvovirus B19 (B19V) and the purification of viruslike particles.
SDS-PAGE analysis of lysates of High-5 cells infected with bacVP2/HBoV (A) or bacVP2/B19V (B), stained with Coomassie blue (lanes 1), or analyzed
by Western blotting with IgG derived from HBoV- or B19V-seropositive individuals (lanes 2). SDS-PAGE analysis and subsequent Coomassie blue staining
of HBoV and B19V VP2 proteins after purification via cesium chloride ultracentrifugation (lanes 3). MW, molecular weight.

Figure 2. Electron microscopic analysis of human bocavirus (HBoV) viral protein 2 (VP2) viruslike particles (VLPs). A, High-5 insect cells were infected
with the recombinant baculovirus bacVP2/HBoV and harvested 72 h after infection. Ultrathin sections of the infected cells were examined by electron
microscopy. Particulate structures (identified by arrows) were observed in the cytoplasm. B, HBoV VP2 VLPs purified from lysates of High-5 cells infected
with bacVP2/HBoV by cesium chloride ultracentrifugation. Fractions containing VP2 proteins were prepared for electron microscopic analysis by negative
staining with 2% phosphotungstic acid.
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seronegative individuals have been described and were found

predominantly among infants and young children (those �2

years of age) [20, 27, 28, 29], serum samples obtained from 10

healthy infants (mean age, 11.8 months [range, 6 – 45 months])

without detectable virus-specific antibodies (median OD450

value, 0.056 [range, 0.017– 0.104]) were selected and represen-

tatively included in the study, to ensure the specificity of the

serologic analysis performed. With respect to B19V, 47 of 69

volunteers displayed IgG antibodies against the VP1/VP2 pro-

teins, indicating past B19V infection (table 1). B19V-specific

IgM antibodies were not detectable in any of the serum samples.

IFN-� mediated CD4� T helper cell responses against

HBoV VP2 VLPs in healthy adult individuals. Because suf-

ficient volumes of blood samples could not be obtained from

very young children, only HBoV-seropositive adults underwent

analysis for HBoV- and B19V-specific cellular immune re-

sponses by use of the ELISPOT assay. Using PBMCs stimulated

with either HBoV or B19V VP2 VLPs (5 �g/mL), virus-specific

ex vivo IFN-� immune responses with median values of 20 and

38 SFCs/2 � 105 PBMCs were detected in HBoV- and B19V-

seropositive individuals, respectively (figure 4). The correlation

of the number of HBoV-specific IFN-�–secreting cells with anti-

HBoV IgG responses did not reveal any statistical significance

(P � .5809). For this analysis, HBoV-seropositive individuals

were divided in 2 groups: those with OD450 values below the

median value and those with OD450 values above the median,

respectively. Both groups displayed a median of 20 SFCs/

2 � 105 PBMCs.

No significant IFN-� responses (median response, 3 SFCs/

2 � 105 PBMCs) were measured against the synthetic HIV pep-

tide e10F, which was used as a control for HBoV stimulations.

Control stimulations of B19V-seronegative individuals that in-

volved the use of B19V VP2 VLPs resulted only in background

levels of IFN-� secretion (median response, 6 SFCs/2 � 105

PBMCs).

Figure 4. Interferon (IFN)–� secretion in the peripheral blood mono-
nuclear cells (PBMCs) of adults after stimulation with human bocavirus
(HBoV) and parvovirus B19 (B19V) viral protein 2 (VP2) capsid antigens.
PBMCs isolated from the blood of 69 HBoV-seropositive, B19V-
seropositive (n � 47) or seronegative (n � 22) donors were subjected to
stimulation with either HBoV or B19V VP2 viruslike particles (VLPs) for
60 h. The HIV p24-derived peptide e10F served as a negative control for
all HBoV-seropositive (HIV control) individuals studied. Data are the
median (horizontal line) and the range of IFN-� spot-forming cell (SFC)
counts per 2 � 105 PBMCs, as detected by enzyme-linked immunospot
assay.

Figure 3. Detection of human bocavirus (HBoV)–specific IgG antibod-
ies in healthy adults. By use of viral protein 2 (VP2) viruslike particles
(VLPs), all 69 healthy adults who were studied were found to be positive
(seropositive) for HBoV-specific IgG antibodies by ELISA. Because sero-
negative individuals have been predominantly described and could only
be found among young children and infants, a total of 10 representative
(seronegative) children (mean age, 11.8 months) were included in the
study to ensure the specificity of the serologic analysis performed. The
cutoff value for positive results (dashed line) was defined as an optical
density value that was 2.5-fold greater than the median optical density
value (horizontal line) noted for infants without HBoV-specific IgG reac-
tions who were evaluated.
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To exclude the possibility that cross-reactions between VP2

proteins of HBoV and B19V contributed to the positive test re-

sults, HBoV-specific immune responses were analyzed in asso-

ciation with B19V serologic findings. Thereby, no statistically

significant correlation (P � .4237) was observed as median val-

ues of 17 and 26 SFCs/2 � 105 PBMCs were measured in B19V-

seronegative and -seropositive individuals, respectively, after

HBoV VP2 VLP stimulation.

To associate the HBoV VP2-specific cytokine responses with

specific cell populations, stimulations of cultures of PBMCs de-

pleted from either CD4� or CD8� T cells were performed (figure

5). In cultures of PBMCs obtained from 5 HBoV-seropositive

individuals who were tested, a substantial reduction in the me-

dian number of cells secreting IFN-� (from 21 to 2 SFCs/

2 � 105 PBMCs) (P � .0079) was observed after depletion of

CD4� T helper cells, whereas HBoV-specific T cell responses

remained detectable (median response, 18 SFCs/2 � 105

PBMCs) after depletion of CD8� cytotoxic T lymphocytes

(P � .8413). This finding suggests a pivotal role of the CD4�

lymphocyte subset in the cellular immune response against VP2

proteins of HBoV.

Correlation of the HBoV VP2-specific immune responses

with the age of the study subjects revealed an age-dependent

decrease in the median number of cells secreting IFN-� (from 35

SFCs/2 � 105 PBMCs in young adults [age, 18 –27 years] born

between 1980 and 1989 to 17 SFCs/2 � 105 PBMCs in elderly

adults [age, 68 –77 years] born between 1930 and 1939) (figure

6). In general, when compared with men, women displayed

higher or equal numbers of HBoV-specific T cells against HBoV

VP2 VLPs, in all age groups. This observation was most promi-

nent among individuals born between 1970 and 1979 (age,

28 –37 years), as was revealed by median responses of 25 SFCs/

2 � 105 PBMCs and 51 SFCs/2 � 105 PBMCs for men and

women, respectively (P � .0667).

DISCUSSION

HBoV VLPs consisting of VP2 proteins can be produced using

the baculovirus expression system. Similar capacities for other

parvoviruses, such as B19V, the canine parvovirus, and the por-

cine parvovirus, have been described elsewhere [5, 30, 31]. By

use of electron microscopy and CsCl gradient centrifugation,

HBoV VP2 VLPs were shown to possess a diameter comparable

to that of native HBoV virions [32] and sedimentation densities

similar to those of capsids of the canine parvovirus [33].

Recombinant VLPs are potent reagents for virologic and clin-

ical research and have greatly contributed to the improvement of

sensitive diagnostic tests and the development of vaccine against

many viruses (e.g., human papillomavirus and hepatitis B virus)

[34, 35]. Recombinant VP2 particles are known to be crucial in

the diagnosis of B19V infections, because virus-specific antibod-

ies lose their affinity against linear antigenic regions in a time-

dependent manner and are replaced by humoral responses

against conformational epitopes [36]. Whether similar applica-

tions can be established for HBoV VP2 VLPs needs to be assessed

in further studies.

Using HBoV VLPs, we observed frequent VP2-specific hu-

moral immune responses in healthy adults, whereas seronega-

tive status was predominantly detected in young children (age,

�2 years) [27, 37]. Furthermore, this finding is strongly sup-

ported by recent epidemiologic data, which describe a seroprev-

alence of HBoV-specific IgG antibodies that already reaches up

to 100% during early childhood [20]. Because of the very young

age of the seronegative individuals, it was not possible to obtain

blood samples with volumes sufficient for the analysis of HBoV-

specific T cell immunity.

In seropositive adults, frequent cellular immune responses

were observed after HBoV VP2 VLP stimulation. The median

number of cells secreting IFN-� against HBoV was thereby

shown to be slightly lower than the median number of cells se-

creting IFN-� against VP2 particles of B19V, which previously

Figure 5. Human bocavirus (HBoV) viral protein 2 (VP2)–specific inter-
feron (IFN)–� secretion in HBoV-seropositive individuals after T cell
subset depletion. Peripheral blood mononuclear cells (PBMCs) obtained
from HBoV-seropositive individuals were depleted from either CD4� or
CD8� T cells and were subjected to stimulation with HBoV VP2 viruslike
particles (VLPs). IFN-� secretion was assessed by enzyme-linked immu-
nospot assay. Data are the median (horizontal line) and the range of
spot-forming cell (SFC) counts per 2 � 105 PBMCs, as determined from
independent stimulations performed on 5 study subjects.
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have been shown to serve as targets for IFN-�– and IL-10 –me-

diated CD4� T helper cell responses [38, 39]. However, this ob-

servation was mainly based on 4 study subjects who exhibited

high cytokine responses against the B19V VP2 proteins. These

single high responses might be explained by possible recent

B19V infections or viral restimulation, because the average sero-

prevalence of B19V in the German adult population is 77%, and,

therefore, acute infections may occur in adults [40].

Compared with synthetic peptide controls, slightly elevated

IFN-� responses against B19V VP2 VLPs were observed in sero-

negative individuals. This finding suggests that minor, unspe-

cific cytokine secretion may be induced in blood cells by means

of residual pyrogens (e.g., endotoxin) included in recombinant

antigen but not in synthetic peptide preparations [41]. However,

HBoV VP2-specific T cell responses were not detected in all in-

dividuals studied, because, for many donors, only low or unde-

tectable IFN-� secretion was observed, suggesting antigen spec-

ificity of the detected T cell responses.

In the study group, an age-dependent decrease in HBoV-

specific T cell responses was observed. This might be the re-

sult of an age-related decrease in and an impairment of the

amount and functions of virus-specific T cell populations,

because it has been described for other viral infections (e.g.,

for populations with adenovirus) [42]. Furthermore, it is

known that active T cell responses against pathogens undergo

confinement to specific memory populations with increasing

time after primary infection in the absence of exogenous re-

stimulation events or endogenous reactivations of latent viral

infections. Because all currently published data on the epide-

miologic profile of HBoV strongly suggest that primary infec-

tion occurs in the very early years of childhood [9 –17, 20], the

time-dependent reduction in the number of virus-specific T

cells might be explained by a lack of frequent pathogen con-

tact. This may be considered to provide additional proof of

the early time point when HBoV infection occurs during

childhood. Independent of age, female subjects had higher

numbers of cells secreting IFN-� than did male subjects, es-

pecially among younger individuals; this finding possibly in-

dicates more-frequent spontaneous viral restimulation (e.g.,

by increased contact with children with acute infection), re-

sulting in an overall increase in the HBoV-specific cellular

immune response. This hypothesis is further supported by

the fact that the most prominent difference in sex-specific

cellular responses was observed in individuals born between

1970 and 1979, an age group in which women presumably

have the most frequent contact with small children. However,

because no information on the family status of the study sub-

jects is available, these data will have to be confirmed by ad-

ditional epidemiologic investigations.

Acknowledgments

We thank Tobias Allander and colleagues from the Karolinska Institute
(Stockholm, Sweden) for the generous gift of the pCR 4-TOPO vector (In-
vitrogen), including the genome sequence of human bocavirus ST2. We also
thank Klaus Hedman and colleagues at the University of Helsinki for exper-
imental and theoretical support. The excellent technical assistance of Julia
Mischner and Richard Klar, as well as the critical proofreading of the manu-
script by Valeria Runza, is appreciated.

Figure 6. Age-dependent decrease in human bocavirus (HBoV) viral protein 2 (VP2)–specific interferon (IFN)–�–secreting cells in HBoV-seropositive
individuals. The HBoV VP2-specific IFN-� responses of all seropositive adult study subjects studied were correlated with the year of birth and the sex
of the respective individuals. Data are median IFN-� spot-forming cell (SFC) counts per 2 � 105 peripheral blood mononuclear cells (PBMCs) from study
subjects grouped according to their year of birth.
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