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Infection of fibroblast cell cultures with human cytomegalovirus (HCMV) leads to the production of
significant amounts of defective enveloped particles, termed dense bodies (DB). These noninfectious structures
contain major antigenic determinants which are responsible for induction of both the humoral and the cellular
immune response against HCMV. We tested the hypothesis that, by virtue of their unique antigenic and
structural properties, DB could induce a significant immune response in the absence of infectious virus. Mice
were immunized with gradient-purified DB, which were either left untreated or subjected to sequential rounds
of sonication and freeze-thawing to prevent cellular entry. Titers of neutralizing antibodies induced by DB were
in a range comparable to levels present in convalescent human sera. The virus-neutralizing antibody response
was surprisingly durable, with neutralizing antibodies detected 12 months following primary immunization.
The HCMV-specific major histocompatibility complex class I-restricted cytolytic T-cell (CTL) response was
assayed using mice transgenic for the human HLA-A2 molecule. Immunization with DB led to high levels of
HCMV-specific CTL in the absence of de novo viral protein synthesis. Maximal total cytolytic activity in mice
immunized with DB was nearly as efficient as the cytolytic activity induced by a standard immunization with
murine cytomegalovirus. Furthermore, DB induced a typical T-helper 1 (Th1)-dominated immune response in
mice, as determined by cytokine and immunoglobulin G isotype analysis. Induction of humoral and cellular
immune responses was achieved without the concomitant use of adjuvant. We thus propose that DB can serve
as a basis for the future development of a recombinant nonreplicating vaccine against HCMV. Finally, such
particles could be engineered for efficient delivery of antigens from other pathogens to the immune system.

Infection with human cytomegalovirus (HCMV), a beta-
herpesvirus, continues to be a significant cause of sequelae in
infants infected in utero following maternal infection. Com-
bined annual rates of disease and death caused by congenital
HCMV infection have been estimated to be between 8,000 and
9,000 cases in the United States and Europe (49). In addition,
HCMV is a major infectious complication in immunosup-
pressed individuals, such as transplant recipients and patients
suffering from AIDS (12).

A key determinant for the outcome of an HCMV infection
in these clinical settings is preexisting immunity. The presence
of seroimmunity to HCMV prior to conception reduces the
frequency of mother-to-fetus viral transmission and, more im-
portantly, decreases the risk of damage in the infected fetus
(23). In solid-organ allograft recipients, the lack of HCMV-
specific immunity correlates with more severe clinical manifes-
tations and increased mortality rates in patients infected with
HCMV in the posttransplant period (17, 18, 66, 74). Posttrans-
plant immunity against HCMV has also been demonstrated to
influence the outcome of infection in patients receiving allo-
geneic bone marrow transplantation. Reconstitution of major
histocompatibility complex (MHC) class I-restricted, HCMV-
specific cytotoxic T cells (CTL) in the immediate posttrans-
plantation period has been inversely correlated with severe
manifestations of HCMV infections (53, 59, 60).

Cytomegalovirus-specific CD81 CTL have been identified as
major immunologic effectors that limit virus replication in vivo
(57). The adoptive transfer of HCMV-specific CTL has been
shown to prevent severe disease in allogeneic bone marrow
transplant recipients (63, 85). Yet efficient reconstitution of
CD81 CTL was dependent on the presence of CD41 helper T
cells, documenting the importance of both CD41 and CD81 T
cells for the control of HCMV infection (60, 85). The presence
of transplacentally acquired antiviral antibodies has been dem-
onstrated to modify the severity of HCMV disease in transfu-
sion-associated HCMV infection in newborn infants (90). Pas-
sive transfer of antibodies has been shown to be effective in
preventing disease in premature newborns and in solid-organ
recipients (19, 75, 86). In addition, the presence of HCMV-
specific antibodies prior to conception has been shown to cor-
relate with decreased viral transmission and a reduction in the
incidence of clinical manifestations in the child (23). Finally,
recent studies have emphasized the importance of neutralizing
antibodies in bone marrow transplant recipients, as their pres-
ence correlated with the lack of severe HCMV disease in these
patients (71). Together these results suggest that both cellular
and humoral functions contribute to protective immunity
against HCMV infection.

Limiting the severity of the HCMV disease that occurs in the
nonimmune host after prenatal infection or under conditions
of immunosuppression will require the development of an ef-
fective vaccine strategy. The potential benefit from vaccine-
induced immunity has been estimated to be 40-fold with re-
spect to intrauterine transmission and 25- to 30-fold with
respect to decrease in central nervous system damage in con-
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genitally infected infants (11). Several vaccine strategies have
been employed in the past. Live attenuated HCMV strains
have been tested both in healthy volunteers and in transplant
recipients (15, 49, 78). However, protection was less effective
than that seen after natural infection. More recently, a subunit
vaccine using the viral surface glycoprotein gB (gpUL55) as the
antigen has been tested in human populations. gB is a major
target of neutralizing antibodies against HCMV (6, 26, 44, 83).
Recombinant gB, either produced in CHO cells or expressed
by recombinant canarypox viruses, proved to be immunogenic
both in laboratory animals and in clinical trials (10, 25, 49).
However, with the vaccination protocols used thus far, synthe-
sis of neutralizing antibodies was limited in either quantity or
duration or both. An alternative strategy recently tested is to
prime with a recombinant canarypox virus which expresses gB
and to boost with attenuated Towne virus (2). A lymphopro-
liferative response could not be detected by priming with gB
alone. This could be explained by the fact that although gB is
the major target of neutralizing antibodies against HCMV,
viral tegument proteins and at least one nonstructural regula-
tory protein have been shown to be dominant antigens for the
generation of a cellular immune response against HCMV (7, 8,
34, 43, 87). Of these, phosphoprotein pp65 has been shown to
play a central role both in the induction of CTL and in the
stimulation of CD41 Th lymphocytes. Thus, a combination of
vectors expressing both gB and pp65 may be required to stim-
ulate both cellular and humoral immune responses against
HCMV (16, 49).

Based on these previous results, we have asked whether the
combination of both humoral and cellular antigens of HCMV
in one virus-like particle could be effective in stimulating both
arms of the immune system. We took advantage of the fact that
HCMV-infected human fibroblast culture cells release, in ad-
dition to virions, noninfectious defective particles termed
dense bodies (DB) and noninfectious enveloped particles
(NIEPs) (13, 21, 31, 68). The structure and protein composi-
tion of noninfectious enveloped particles is comparable to that
of virions except for the presence of an additional polypeptide,
termed the assembly protein, and the lack of DNA (31). DB
are enveloped spherical structures that lack viral capsids and
DNA. They consist mainly of viral tegument proteins and gly-
coproteins, with pp65 and gB being major constituents (5, 21,
24, 31, 65, 68, 79). Human immune sera have been shown to
react with DB antigen (22). In addition, most commercially
available test kits for the detection of antibodies against
HCMV contain large amounts of DB in their antigen prepa-
rations, demonstrating the antigenicity of such particles.

As has been shown previously, DB enter cells efficiently and
deliver their protein components into the cell (70, 81). Since
HCMV virions enter cells by interaction of envelope glyco-
proteins with cell surface receptors and subsequent membrane
fusion, we hypothesized that DB enter cells by the same route
and thereby would mimic infection. Using the mouse model,
we demonstrated that DB induced a neutralizing antibody re-
sponse, and although they are noninfectious and did not lead
to the synthesis of viral proteins within the cell, they also
induced a significant anti-HCMV CTL and T-helper lympho-
cyte response. Thus, we propose that DB, by virtue of their
unique properties, could serve as the basis for the development
of a nonreplicating recombinant vaccine against HCMV.

MATERIALS AND METHODS

Mice. BALB/cJ (H-2d) mice were obtained from the breeding colony of the
Institute for Virology of the University of Mainz. HLA-A2 transgenic mice
C57BL6-A2.Kb were provided by Linda Sherman, La Jolla, Calif. Eight- to
12-week-old mice were immunized subcutaneously in the left hind footpad with

antigen resuspended in phosphate-buffered saline (PBS) in a volume of 25 to 50
ml or intraperitoneally with antigen resuspended in PBS in a volume of 200 to 250
ml.

Cells and viruses. Human foreskin fibroblasts (HFF) were grown in minimal
essential medium (MEM; Gibco-BRL, Glasgow, Scotland) supplemented with
5% fetal calf serum (FCS), L-glutamine (100 mg/liter), and gentamicin (50
mg/liter). HFF were used between passages 6 and 16 and infected with HCMV
laboratory strain Ad169 at a multiplicity of infection of 1 to 10 while subconflu-
ent.

Nonadherent P815 cells (ATCC TIB-64; murine DBA/2-derived mastocytoma
cells; H-2d), T2-A2.Kb (stable A2.Kb transfectant of ATCC CRL-1992; human
B-T lymphoblast hybrid), and JA2.Kb (stable A2.Kb transfectant of human Jur-
kat cell line; ATCC TIB-152) were cultured in RPMI 1640 (Gibco-BRL) sup-
plemented with 10% FCS, HEPES buffer (0.01 M), L-glutamine (100 mg/liter),
gentamicin (50 mg/liter), and 28 ml of b-mercaptoethanol (99%). To select for
transformants, G418 (Gibco) was added to a final concentration of 280 mg/ml.

Murine embryofetal fibroblasts (MEF) were grown in MEM with 5% FCS,
L-glutamine (100 mg/liter) and gentamicin (50 mg/liter). These cells were used in
passages 1 to 3. BALB/c-3T3 cells were purchased from the American Type
Culture Collection (ATCC; clone A31, ATCC-CCL 163) and cultured in MEM
with 10% FCS, L-glutamine (100 mg/liter), and gentamicin (50 mg/liter). Epstein-
Barr virus-transformed lymphoblastoid cell lines (LCL) were established as de-
scribed elsewhere (47) and cultured in RPMI 1640 growth medium containing
10% FCS, L-glutamine (100 mg/liter), and gentamicin (50 mg/liter). For infection
experiments, HCMV strain Ad169 (ATCC VR-538) and murine cytomegalovirus
(CMV) strain Smith (ATCC VR-194) were used.

Immunoblotting, immunofluorescence, and antibodies. Sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis (PAGE) and immunoblot analy-
ses were carried out as described before (70). For immunoreactions, specific
monoclonal antibodies (MAbs) directed against pp65 (MAb 65-33), against gB
(MAb 27-287), against pp28 (MAb 41-18) (all kindly provided by W. Britt,
University of Alabama, Birmingham), against gH (MAb SA4) (82), and against
pp150 (MAb XP1) (32) were used. For MAbs 65-33, 27-287, 41-18, and SA4,
hybridoma supernatant was diluted 1:50 to 1:100; purified MAb XP1 was used at
a concentration of 1 to 10 mg/ml.

For immunofluorescence analyses, infected adherent cells or adherent cells
incubated with DB were grown on glass coverslips placed on the bottom of
six-well plates. Coverslips were washed in PBS, fixed in 96% ethanol at room
temperature for 20 min, and incubated for 45 min with the primary antibody.
Hybridoma supernatants were used undiluted; MAb XP1 was used at 1 mg/ml.
After washing three times in PBS, the coverslips were incubated with fluorescein
isothiocyanate (FITC)-conjugated anti-mouse immunoglobulin (Ig) at 37°C for
30 min. After washing in PBS and H2O, immunofluorescence was read with a
Zeiss Axioskop microscope.

Cytospin preparations were generated from nonadherent hematopoietic cell
lines by centrifugation of cells at 800 rpm in a Heraeus cytocentrifuge for 3 min.
Cells were fixed in 90% acetone and subsequently stained with the murine
Clonab CMV monoclonal antibody and the corresponding APAAP kit according
to the instructions of the supplier (Biotest, Dreieich, Germany).

DB preparations. DB were isolated by glycerol-tartrate gradient centrifugation
from the supernatants of HCMV strain Ad169-infected HFF (31), resuspended
in PBS, and stored at 270°C until further use. DB preparations were quantitated
by standardization according to their pp65 content. For this, serial DB dilutions
were run on an SDS–10% polyacrylamide gel adjacent to serial dilutions of a
bovine serum albumin stock of 10 mg/ml (68 kDa) and stained with Coomassie
brilliant blue. By comparing band intensity using the TINA software (Raytest,
Straubenhardt, Germany), the pp65 content per microliter of DB preparation
was calculated. Deduced from that, the amount of DB in each preparation was
determined. Part of the DB preparations was sonicated for 10 min in short
intervals on ice to avoid heating in a Branson sonifier using a horn tip in pulsed
mode (Branson, Danburry, United Kingdom). Subsequent to that, DB were
further subjected to 10 subsequent cycles of freeze-thawing using liquid nitrogen.
The resulting preparation was called sonicated freeze-thawed DB (sfDB). To
obtain soluble proteins, DB were treated with 2% SDS–2% b-mercaptoethanol
for 2 h at 37°C.

Sucrose gradient centrifugation. DB material (4 mg) was diluted in 1.4 ml of
PBS, layered onto a 10 to 66% (wt/wt) sucrose gradient, and centrifuged in a
TH641 rotor for 2.5 h at 29,000 rpm and 20°C. Seventeen 0.6-ml fractions were
collected from the top and trichloroacetic acid (TCA) precipitated for 2.5 h on
ice. Protein pellets were resuspended in Laemmli buffer and separated on a 10%
SDS gel. After transfer to nitrocellulose membranes, the blots were probed with
anti-pp65 MAb p65-33 and horseradish peroxidase (HRP)-labeled anti-mouse
IgG (diluted 1:10,000; Dako, Hamburg, Germany), with subsequent chemilumi-
nescence detection (ECL Plus; Amersham Corp., Arlington Heights, Ill.).

Negative-staining electron microscopy. DB and sfDB were diluted in PBS to a
final concentration of 1 mg/ml to 200 ng/ml, respectively. Negative staining of the
specimen was done by the single-droplet procedure (28, 29), with carbon support
films that were glow discharged for 20 s. After adsorption of the sample to the
carbon film, the samples were washed five times with distilled water; the negative
stain, consisting of 5% (wt/vol) ammonium heptamolybdate (pH 7.0) containing
1% (wt/vol) trehalose, was then added. Transmission electron microscopy was
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performed with a Zeiss EM 900 at 80 kV, and images were recorded on Kodak
EM film, type 4489, at magnifications of 312,000 to 350,000.

Neutralization assays. Neutralization assays were carried out as described by
Andreoni and colleagues (4). Briefly, serum samples were collected from anes-
thetized mice by cardiocentesis and allowed to clot at 37°C for 2 h and then
stored at 4°C overnight. The following day, samples were centrifuged at 4°C for
10 min at 8,000 3 g. The clarified sera were transferred to sterile Eppendorf
tubes. All sera were prediluted 1:3 with PBS and then further diluted in 10 serial
twofold dilutions. In the last sample, no serum was added to generate a nonim-
mune control. For analysis of neutralizing antibodies to HCMV strain Ad169,
equal volumes of virus supernatant were added to the diluted sera and mixed.
This supernatant had been generated by infecting HFF with strain Ad169 until
complete late cytopathic effect developed. Supernatants were stored at 270°C in
aliquots until further use. The 50% tissue culture infective dose (TCID50) (41)
was determined to be 6.5 TCID50 for the virus supernatant used for our analyses.
For the neutralization assays, frozen supernatant was thawed and vortexed for
20 s and prediluted 1:200 in MEM. This dilution of virus resulted in 100 to 200
IE1-stained cells per microscopic field in 96-well microtiter plates in the absence
of specific antiserum (positive control). Generally, 250 ml of diluted serum and
250 ml of virus suspension were mixed and incubated at 37°C for 4 h. In the
meantime 1.5 3 104 HFF per well were seeded into 96-well plates in a volume
of 25 ml in four rows for each serum to be tested. After 4 h of incubation, 100 ml
of each serum-virus mix was added to the cells in four replicates. The plates were
incubated at 37°C and 5% CO2 for 24 h. The following day, the cells were fixed
in 96% ethanol for 15 min at 220°C, washed in PBS, and stained with the
anti-IE1 MAb p63-27 for 1 h at 37°C; 50 ml of hybridoma supernatant was used.
Subsequently, cells were washed again, and IE1 detection was carried out by
incubating with HRP-conjugated anti-mouse IgG antibodies for 45 min at 37°C
(Dako), diluted 1:500 in PBS. Following that, AEC staining was performed with
4 mg of AEC (aminoethylcarbazole) resolved in 1 ml of DMF (dimethylform-
amide; both from Sigma, Deisenhofen, Germany) and diluted 1:20 in AEC buffer
containing 50 mM sodium acetate and 50 mM acetic acid (pH 4.9). This solution
was filtered twice, and 1/1,000 volume of H2O2 (30%) was added. Then 100 ml of
this substrate was added to each well and incubated for 10 to 30 min at 37°C until
the nuclei in the positive control (without serum) stained dark brown. The wells
were washed again in PBS, and the number of IE1-positive nuclei per well was
counted. Percent neutralization was calculated as the serum dilution that re-
sulted in 100% (V/V0 5 1) and 50% (V/V0 5 0.5) reduction in the number of
infected cells 24 h after infection compared to a negative control without serum.
Results are given as averages for quadruplicate wells.

Cytotoxicity assays. Mice were immunized or infected subcutaneously in the
left hind footpad with different amounts of antigen or 105 PFU of purified
murine CMV, strain Smith. All antigens were resuspended in PBS and admin-
istered in a volume of 25 ml. Popliteal lymph nodes were collected 8 days after
immunization or infection and pooled for each group of mice. Lymphocytes were
isolated, washed several times, counted, and seeded in macrocultures in MEM-
alpha supplemented with 10% FCS, HEPES buffer (0.01 M), L-glutamine (200
mg/liter), 28 ml of b-mercaptoethanol, gentamicin (50 mg/liter), and 100 to 200
U of recombinant human interleukin-2 (IL-2) (Pan Systems, Aidenbach, Ger-
many) mediating T-cell growth. After a cultivation period of 8 days in IL-2-
containing medium, the cytolytic activity of CTL was measured in a standard 4-h
51Cr release assay using the indicated effector-to-target cell (E:T) ratios with a
constant number (103) of 51Cr-labeled target cells and graded numbers of effec-
tor cells in 0.2-ml round-bottomed 96-well plates. Throughout, reported cytolytic
activities represent the mean percent specific 51Cr release from three replicate
microcultures.

(i) Redirected lysis. The strategy of redirected lysis (30, 38) was used to
measure the total cytolytic activity of CTL populations. For this, Fc receptor-
expressing P815 cells were labeled with 51Cr for 75 min and then armed with
antibodies by incubation for 15 min at 25°C with an optimized dose of hamster
MAb (IgG1) specific for mouse CD3e (clone 145-2C11; Southern Biotechnology
Associates, Inc., Birmingham, Ala.). After washing twice in RPMI 1640, these
cells were used as targets. The CTL response was considered positive if lysis of
aCD3 target cells was .5% above the level of lysis obtained with untreated
control P815 target cells.

(ii) Peptide-specific lysis. CTL activity directed against the peptide pp65
(NLVPMVATV; amino acids [aa] 495 to 503) presented in the context of
HLA-A2 was monitored with HLA-A2.kb-positive T2 and Jurkat cells labeled
with peptide using concentrations of peptide ranging from 1026 to 10210 M.
Synthetic peptides were purchased from Jerini Biotools GmbH, Berlin, Ger-
many, and diluted to 1023 M in 30% acetonitrile. Further dilutions were carried
out in PBS. Peptide labeling was performed on 106 target cells for 1 h at 37°C
after 51Cr labeling for 90 min. Excess peptides were removed by washing before

labeled cells were used as targets. Values for specific percent lysis were obtained
by subtraction of the lysis values obtained with an irrelevant control peptide from
tumor suppressor protein p53, known to be presented by HLA-A2 (STPP
PGTRV; aa 149 to 157).

Cytokine ELISAs. For determining the type of T-helper-cell response,
BALB/cJ mice were immunized subcutaneously in the left hind footpad with the
different antigen preparations. Eight days postimmunization, the draining lymph
nodes of each group were pooled and the lymphocytes were isolated. Cells were
seeded in 48-well plates in RPMI 1640 supplemented with 5% FCS, L-glutamine
(100 mg/liter), gentamicin (50 mg/liter), and 28 ml of b-mercaptoethanol (99%)
at a density of 106 cells/ml. Cell suspension (0.5 ml) was seeded into each well
and restimulated as indicated. Each restimulation was done in four parallel wells.
The supernatants were harvested at 24 h and 36 h after restimulation from two
wells each. Cell debris was removed by centrifugation for 5 min at 8,000 3 g, and
the resulting supernatants were frozen at 270°C. For determining the amount of
gamma interferon (IFN-g) and interleukin-5 (IL-5), all supernatants were
thawed once and analyzed using commercially available IFN-g and IL-5 enzyme-
linked immunosorbent assays (ELISAs) (Endogen, Woburn, Mass.).

IgG subclass analysis. To determine the IgG subclasses induced after immu-
nization with DB, serum samples were collected from anesthetized mice by
cardiocentesis, allowed to clot at 37°C for 2 h, and then stored at 4°C overnight.
The following day, samples were centrifuged at 4°C for 10 min at 8,000 3 g. The
clarified sera were transferred to sterile Eppendorf tubes in several aliquots. Half
of them were heat inactivated by incubation at 56°C for 30 min. Native and
heat-inactivated sera were serially diluted in dilution buffer (PBS supplemented
with 2% Tween 20 and 3% FCS) and added to ELISA plates coated with HCMV
particles as well as with a control antigen isolated from noninfected cells
(Biotest). Plates were incubated at 37°C for 2 h in a humidifier and washed four
times. The bound antibodies were detected with peroxidase-conjugated IgG1-
specific and IgG2a-specific antibodies (both from Pharmingen, San Diego, Calif.)
and IgG-specific anti-mouse antibodies for 90 min at 37°C. After four washing
steps, 100 ml of substrate (o-phenylenediamine; 2 mg/ml) was added for 20 min.
The reaction was stopped by the addition of 100 ml of 12% H2SO4, and the
optical density at 492 nm was determined. The endpoint dilution was defined as
the serum dilution at which the absorbance at 492 nm equaled 2.5 times the
absorbance of a preimmune serum.

RESULTS
HCMV DB efficiently deliver viral proteins into human and

mouse cells. Incubation with HCMV DB leads to the rapid
translocation of viral proteins into human fibroblast cells (70).
Others have shown that uptake is mediated by the envelope
surrounding these nonreplicative particles (81). We hypothe-
sized that this entry into cells, which resembled viral infection,
rendered such particles an efficient delivery system for anti-
genic proteins for processing by and presentation to the im-
mune system. In the first set of experiments, we determined
whether DB could also deliver proteins into professional anti-
gen-presenting cells and whether this process of protein trans-
fer was also effective in mouse cells. DB were purified from the
culture supernatant of infected HFF cells using glycerol-tar-
trate gradient centrifugation (31, 80). About 0.4 mg of purified
DB was used to inoculate human lymphoblastoid cells (LCL)
and murine mastocytoma cells (P815) as well as murine em-
bryonic fibroblasts and BALB/c-3T3 cells.

HFF cells were used as a control in these experiments. After
overnight incubation, cells were fixed. Fibroblast cells were
analyzed by indirect immunofluorescence using an MAb di-
rected against pp65 for detection of protein translocation to
the nucleus (70). Nonadherent cells were cytocentrifuged onto
glass coverslips and stained with the Clonab CMV pp65 detec-
tion kit according to the method used for CMV antigen (pp65)
detection in granulocytes of HCMV-infected individuals (an-
tigenemia assay) (27). Nuclear staining of pp65 comparable to
that seen in HCMV-infected HFF was detected in mouse fi-

FIG. 1. Localization of pp65 (UL83) after incubation of various human and murine cell types with DB and sfDB. Adherent HFF, BALB/c-3T3 (3T3), and MEF
were grown on glass coverslips and incubated with DB or sfDB overnight. The panel on the right shows PBS-treated (mock) controls. Nonadherent P815 and LCL cells
were incubated overnight with DB, sfDB, or PBS in 24-well plates. Subsequent to that, cells were cytocentrifuged onto glass coverslips and fixed. The localization of
pp65 in adherent cells was determined by immunofluorescence using MAb 65-33 as the primary antibody, followed by a murine IgG-specific, FITC-conjugated
secondary antibody. Cytospin preparations were stained with a commercially available kit, using APAAP technology and a pp65-specific MAb as the primary antibody.
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broblasts (Fig. 1), indicating that delivery of proteins into cells
by DB was not species specific. In addition, pp65 was also
detected in the nucleus of mouse mastocytoma cells (P815)
and in human lymphoblastoid cells (LCL). In these cells, most
of the pp65 was translocated to the nucleus; however, specific
staining also appeared to be located over the cytoplasm, sug-
gesting that a fraction of pp65 had been retained in the cyto-
plasm. These experiments showed that DB could deliver anti-
genic material into professional antigen-presenting cells.

In order to determine whether the capacity of DB to enter
cells had any impact on their antigenicity, we next attempted to
define the conditions that prevented cellular uptake of DB
without disrupting their particulate nature. To minimize alter-
ations of the antigenic structures present in DB and to avoid
toxic effects of the material when used as an antigen, we chose
to employ physical methods to disrupt cellular entry of DB.
Thus, part of each preparation was subjected to sonication on
ice using a horn tip and several rounds of freezing in liquid
nitrogen in order to alter the structure of DB and prevent cell
entry. The antigen preparations obtained in this way are
termed sfDB. When cells were exposed to sfDB, no nuclear
staining was detected in any of the cell types tested (Fig. 1). In
contrast, specific granular staining was detectable in close
proximity to the cell surface of fibroblast cells, suggesting that
pp65 was present on the surface of the plasma membrane. On

cytospin preparations of nonadherent cells, similar granular
structures appeared to be detached from the cells and located
between the cells. Although we could not rule out the possi-
bility that a subfraction of sfDB could still enter the cell, our
findings suggested that sonication and freeze-thawing of DB
limited their capacity to deliver viral proteins to the cells,
possibly because of their lack of a glycoprotein-containing en-
velope.

As DB and virions are thought to enter cells by the same
pathway (81), we chose to analyze whether the infectivity of
virions was significantly impaired by sonication and freezing.
For this, we analyzed the expression of the IE1 protein of
HCMV, which is known to be extensively synthesized imme-
diately after infection. IE1 expression has been used to mea-
sure infectivity and has provided a much more sensitive assay
system for cellular uptake of viral particles than the detection
of structural proteins. About 100 PFU of gradient-purified
virions and the same amount of virions treated by sonication
and freeze-thawing (sf-virions) per cell were used to infect
HFF (Fig. 2). Extensive expression of the viral immediate-early
protein IE1 was detectable in the nuclei of infected HFF after
overnight incubation. Infectivity, as measured by IE1 gene
expression, was completely destroyed by treatment of virions
with sonication and freeze-thawing (Fig. 2B). Using the same
approach, the residual infectivity of DB preparations was an-

FIG. 2. Analysis of the reduction of infectivity of virions by physical treatment and determination of the purity of DB preparations. (A and B) Reduction of
infectivity of virion preparations by sonication and freeze-thawing. HFF were grown on glass coverslips and incubated with virions (A) and sf-virions (B) overnight.
Following fixation, the expression of IE1 was determined by using MAb p63-27 followed by a murine IgG-specific, FITC-conjugated secondary antibody. (C and D)
Analysis of the purity of DB preparations. HFF were grown on glass coverslips and incubated with DB (C) and sfDB (D) overnight. Following fixation, the expression
of the nonstructural protein IE1 was determined as described for panels A and B to provide a measure of residual virion contamination in the DB preparations.
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alyzed before and after sonication. Contamination of purified
DB with infectious virus particles was surprisingly low, as IE1-
positive cells were only very rarely detectable (Fig. 2C). Con-
sequently, sonication and freeze-thawing completely abrogated
the residual IE1 expression in the DB preparation (Fig. 2D).
These results indicated that mechanical treatment of viral par-
ticles and DB could significantly reduce the translocation of
both viral DNA and viral proteins into the nucleus of eukary-
otic cells.

Mechanical disruption does not impair the particulate na-
ture of DB. One major issue of this work was to analyze the
potential of DB to stimulate immune responses in a small-
animal model and to investigate whether the delivery of anti-
gens by DB could induce specific immunological effector func-
tions. Initially, we determined whether sonication and freeze-
thawing altered the structure of DB so as to prevent their
cellular entry but without altering their particulate nature or
protein composition. We first determined whether sonication
and freeze-thawing led to significant degradation of selected
protein constituents of DB. DB and sfDB were subjected to
immunoblot analysis using MAbs directed against the tegu-
ment proteins pp65 and pp150, as well as against glycoprotein
B (gB) (Fig. 3). Protein degradation attributable to sonication
and freeze-thawing was not found, and the reporter proteins
pp65, pp150, and gB were still present in equal amounts in DB
and sfDB (Fig. 3). With the pp65-specific MAb, additional
bands besides the major band at 65 kDa were detected. We do
not know the origin of these bands. Since they were compara-
ble in DB and sfDB, we argued that they were the result of
overloading and not of increased pp65 degradation in one of
the preparations. It should also be noted that we consistently
found the viral tegument protein pp150 in our DB prepara-
tions.

Having shown that the major protein components were not
degraded by the treatment, we went on to analyze whether the
particulate nature of DB was disrupted after mechanical treat-
ment. It is known that particulate antigens are more immuno-
genic than others, since they lead to a cross-linking of surface
receptors on cells of the immune system and therefore can
more easily activate the subsequent signal transduction path-
ways. We first approached this by sucrose density gradient

centrifugation of DB and sfDB. As a control, part of the DB
preparation was treated with detergent (2% SDS plus 2%
b-mercaptoethanol) to solubilize the protein constituents. The
three preparations were loaded on a 0 to 66% (wt/wt) sucrose
gradient. Different fractions were collected after ultracentrif-
ugation for 2.5 h at 29,000 rpm, TCA precipitated, and sub-
jected to immunoblot analysis with a pp65-specific antibody
(Fig. 4A). As expected, the stringent treatment with SDS and
b-mercaptoethanol led to the destruction of DB, causing its
components to float on top of the gradient. In contrast, DB and
sfDB sedimented at comparable densities, indicating that both
had similar physical properties. In repeated experiments, sfDB
were found in the 48% sucrose fraction (refraction index,
1.417), whereas DB sedimented in the fraction containing 40%
sucrose (refraction index, 1.399).

We next used electron microscopy to visualize the different
particle preparations. Using negative staining, spherical elec-
tron-dense structures were seen in DB preparations (Fig. 4B).
The particles appeared to be separate from one another. Sim-
ilar electron-dense structures were also visible in sfDB prepa-
rations. In contrast to the DB preparation, the spherical par-
ticles in sfDB material appeared to adhere to one another.
Filamentous structures reminiscent of fragmented lipid bilayer
membranes appeared to lie intermingled among these spheres.
Taken together, these experiments suggested that the physical
treatment of DB preparations did not alter the protein com-
position or particulate nature of sfDB but altered the translo-
cation of structural components of DB and virions into human
and murine cells.

Immunization with DB induces a durable neutralizing an-
tibody response. Next we determined whether immunization
with DB would induce significant levels of neutralizing anti-
body and if the capacity for cell entry would influence the
development of the antiviral antibody response. BALB/cJ mice
were immunized subcutaneously with various amounts of DB
or sfDB in a single dose without adjuvant. After 55 days, blood
was obtained by cardiocentesis. Using 20 and 2 mg of DB as the
antigen source, 50% neutralization titers were found to range
between 1:384 and 1:768 (Table 1). No significant differences
were seen in sera obtained after immunization with 2 or 20 mg
of DB (Table 1). A 10-fold increase in the amount of antigen
administered did not lead to higher antibody titers in the sera,
suggesting that a plateau in the response had been reached.
Even very small amounts of immunogen (0.2 and 0.02 mg)
induced a significant neutralizing antibody response. In con-
trast, although neutralizing antibodies were also induced after
immunization with sfDB, levels were consistently lower than
with DB (Table 1).

In a second set of immunization experiments, we asked
whether DB could induce a lasting neutralizing antibody re-
sponse. Using standard immunization protocols, 20 mg of DB
in PBS was injected intraperitoneally three times at 4-week
intervals. Animals were sacrificed at 12, 32, and 52 weeks after
primary injection, and their sera were tested for neutralizing
antibody titers (Fig. 5).

The immunization protocol used here resulted in the induc-
tion of significant neutralizing antibody titers. Twelve weeks
after initial immunization, 50% dilution titers were 1:3,072 in
pooled sera from animals 1 to 3. Twenty weeks later, we found
50% reduction titers in the range from 1:768 to 1:3,072. Even
after extended periods of 1 year, neutralizing antibodies could
still be detected, though with reduced titers. The 50% endpoint
dilutions were 1:192 and 1:768 in animals 6 and 7, respectively.
Together, these data demonstrated that DB could induce neu-
tralizing antibodies that persisted for up to 1 year following
primary immunization and this immunogenic property of DB

FIG. 3. Comparative immunoblot analysis of DB and sfDB. DB and sfDB
were separated on SDS–10% polyacrylamide gels and blotted onto nitrocellulose
membranes. Triplicate filters were probed with MAbs directed against the teg-
ument proteins pp65 (MAb 65-33) and pp150 (MAb XP1) as well as against
glycoprotein gB (MAb 27-287) of HCMV. The positions of the proteins are
indicated by arrows. The positions of molecular size standards are indicated on
the left.
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appeared to be dependent on the ability of these particles to
enter cells.

Serum antibodies induced by DB immunization are directed
against HCMV tegument proteins and glycoproteins. To ana-
lyze the specificity of antibodies induced by DB immunizations,
immunoblot analyses were carried out. Gradient-purified viri-
ons were subjected to electrophoresis, blotted, and probed
with sera obtained from immunized mice (Fig. 6). Several
bands in the range between 35 and 150 kDa became detect-
able. By comparison with the reactivity of MAbs, the tegument
proteins pp150 and pp65 and the glycoproteins gB and gH
were identified as being reactive with murine sera. No antibod-
ies against the tegument protein pp28 were detectable. In
addition to the proteins that could be identified by comparison
using available reagents, immunization with DB led to the
induction of antibody specificities directed against proteins of

approximately 35, 45, and 80 kDa. It remains unclear which of
the viral proteins correlate to these bands.

Additional experiments using a “high-bis” SDS gel system to
separate pp150 from the major capsid protein (MCP) (31),
which comigrated in conventional protein gel electrophoresis,
showed that immunization with our DB preparation did not
result in production of antibodies directed against the MCP
(data not shown). This confirmed our results that DB prepa-
rations were not significantly contaminated with virions, which
contain large amounts of MCP. Taken together, these experi-
ments, according to and extending previous results obtained in
rabbits (33), showed that different antibody specificities were
being induced after immunization with purified DB, primarily
directed against viral tegument and glycoproteins.

DB deliver pp65 into the MHC class I presentation pathway
to prime HCMV-specific CTL responses. CMV-specific MHC

FIG. 4. (A) Immunoblot analysis of TCA-precipitated fractions from a sucrose density gradient centrifugation of DB, sfDB, and detergent-treated DB. DB, sfDB,
and DB treated with 2% SDS–2% b-mercaptoethanol were resuspended in PBS and layered onto a 0 to 66% (wt/wt) sucrose gradient. Centrifugation was carried out
as described in Materials and Methods. The fractions were collected from the top, TCA precipitated, and analyzed by SDS-PAGE and immunoblotting using the
pp65-specific MAb 65-33. The numbers below each blot indicate the refractive index of the respective sample. (B) Negative-stained electron micrographs of DB and
sfDB preparations. Negative staining of specimens was performed by the single-droplet procedure as described in Materials and Methods. The negative stain consisted
of 5% (wt/vol) ammonium heptamolybdate (pH 7.0) containing 1% (wt/vol) trehalose. The magnifications used for photodocumentation are indicated.
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class I-restricted CTL have been shown to be primed and
expanded when viral proteins are synthesized de novo in in-
fected cells and subsequently processed to peptides by the
proteasome complex. These peptides are introduced into the
MHC class I presentation pathway and stimulate virus-specific
CTL responses. Although this process is generally accepted as
being the major mechanism for the efficient induction of CTL
responses, stimulation of CTL has also been shown to occur by
exogenous introduction of HCMV-encoded proteins from in-
fecting particles into the MHC class I presentation pathway
(55, 62). It thus appeared reasonable to assume that the exog-
enous loading of large amounts of the dominant T-cell antigen
pp65 by DB would induce antiviral CTL.

To test this hypothesis, a transgenic mouse model was used.
HLA-A2.Kb transgenic mice (C57 BL6-A2.Kb) were obtained
by L. Sherman (La Jolla, Calif.). These animals express a
hybrid molecule of the MHC class I heavy chain consisting of
the a1 and a2 domains of the human HLA-A2 protein fused to
the murine a3 domain (73). Such hybrid molecules can present
peptides known to be restricted by human HLA-A2. The pres-
ence of the murine a3 domain provides efficient recognition of
such MHC class I peptide complexes by murine CD8 T cells
(40, 84).

C57BL6-A2.Kb mice were immunized subcutaneously with
various amounts of DB and sfDB. Eight animals per group
were immunized with 2 or 20 mg of DB and with 20 mg of sfDB.
The draining lymph nodes were collected 8 days after immu-
nization. The lymph node cells were isolated, and the pooled
lymphocytes from each group were cultured in IL-2-containing
medium. Restimulation of T-lymphocyte cultures was not done
to avoid preferential proliferation of certain T-cell specificities.
After 7 days, cells were analyzed in 4-h 51Cr release assays at
different E:T ratios using T2-A2.Kb or JurkatA2.Kb cells
loaded with peptide 495-503 from HCMV pp65, a peptide
previously shown to be recognized by HLA-A2-restricted CTL
(14). For both cell lines, the optimal concentrations for peptide
loading were determined and found to be 1026 M for J-A2.Kb

and 1028 M for T2-A2.Kb. These peptide concentrations were
similar to data reported by Diamond and colleagues (14).

In several independent experiments, both 2 and 20 mg of DB

induced a significant MHC class I-restricted CTL response
directed against the peptide epitope from pp65 (aa 495 to 503)
of HCMV (Fig. 7). The lysis of control cells loaded with an
irrelevant HLA-A2-restricted peptide from the tumor suppres-
sor protein p53 were subtracted for each E:T ratio. They were
consistently below 5% lysis (data not shown). The recognition
of the pp65 peptide which had been loaded on T2-A2.Kb cells
indicated that CTL from DB-immunized animals recognized
this epitope irrespective of the presence of the transporter
associated with antigen processing in the target cells.

T2-A2.Kb target cells were consistently recognized best by
lymphocytes from mice immunized with 2 mg of DB and, to a
slightly lesser extent, by lymphocytes from mice immunized
with 20 mg of DB (Fig. 7A). Lymphocytes from animals im-
munized with 20 mg of sfDB recognized peptide 495-503-la-
beled T2-A2.Kb cells, although less efficiently. To obtain, e.g.,
30% peptide 495-503-specific lysis, an E:T ratio of 6:1 was
sufficient if effector cells were obtained from animals immu-
nized with 2 mg of DB. Twice the amount of effector cells was
needed if animals were immunized with 20 mg of DB. A clearly
higher E:T ratio of 70:1 was necessary if effectors were derived
from animals immunized with 20 mg of sfDB. These data in-
dicated that DB were more potent immunogens than an equiv-
alent amount of sfDB. Similar results were obtained when
peptide 495-503-labeled Jurkat-A2.Kb cells were used as tar-
gets (Fig. 7B). Taken together, these results demonstrated that
DB, although unable to induce de novo protein synthesis, can
introduce viral antigens into cells and induce virus-specific
CTL.

DB immunization leads to induction of cytolytic cells com-
parable to standard immunization with replication-competent
murine CMV. Having demonstrated that DB induce pp65-
specific CTL responses, we next wanted to know how the
intensity of the cytolytic activity induced by immunization with
DB compared to immunization with a replicating virus. There-
fore, one group of six BALB/c mice was subcutaneously in-
fected with 105 PFU of purified murine CMV in the left hind
footpad, a standard method for the induction of CMV-specific
cytolytic lymphocytes in mice (54, 56). Four other groups of

TABLE 1. Reduction of input infectivity (V/V0) by coincubation with murine sera obtained after a single
subcutaneous immunization with DB and sfDB

DB dose
(mg) Animal no.

Serum dilutiona
sfDB dose

(mg) Animal no.
Serum dilutiona

V/V0 5 1 V/V0 5 0.5 V/V0 5 1 V/V0 5 0.5

20 1–3 (p)b 1:96 1:768 20 1–3 (p) 1:24 1:192
4 1:48 1:384 4 1:12 1:192
5 1:48 1:384 5 1:24 1:192
6 1:48 1:384 6 1:24 1:192

2 1–3 (p) 1:96 1:768 2 1–3 (p) ND ND
4 1:48 1:384 4 1:6 1:96
5 1:48 1:384 5 1:6 1:96
6 1:48 1:384 6 0 1:24

0.2 1 1:24 1:192 0.2 1 0 1:24
2 1:12 1:192 2 0 1:12
3 1:12 1:192 3 0 1:6

0.02 1 0 1:96 0.02 1 1:6 1:24
2 1:12 1:96 2 0 1:6
3 1:12 1:96 3 0 0

a V/V0 5 1, last serum dilution that resulted in complete reduction of input infectivity; V/V0 5 0.5, last serum dilution that resulted in $50% neutralization of input
infectivity. ND, not determined.

b Sera from three animals (1 to 3) were pooled prior to analysis.
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mice were immunized the same way with 20 mg of DB, 2 mg of
DB, 20 mg of sfDB, and PBS as a control.

The cytotoxicity of cells from the draining lymph nodes was
measured using the CD3e redirected lysis assay (30, 38). In this
assay system, the total cytolytic activity of a given lymphocyte
population can be analyzed regardless of their T-cell receptor
specificities. Eight days after infection or immunization, the
popliteal lymph nodes were obtained, and isolated lympho-
cytes were cultured for another 8 days in medium containing
IL-2 to stimulate proliferation. These cells were tested for
cytolytic activity against P815 target cells that had been
charged with anti-CD3e antibodies. Only preactivated cells are
able to lyse target cells encountered via CD3-anti-CD3e inter-
action (30, 38). To ensure that the total cytolytic activity mea-
sured was indeed the result of a priming event mediated by the
immunogen rather than a local inflammatory response at the
injection site, PBS was administered to control animals, and
the popliteal lymph node cells were prepared and analyzed for
cytolytic activity in parallel. CD3ε-redirected cytolysis was
found to be less than 5% (data not shown). To rule out the
possibility that the total cytolytic activity measured was due to
some other kind of systemic activation of the animals, cells
from the contralateral lymph nodes of each immunized mouse
were assayed as well and found to be devoid of detectable
cytolytic activity (data not shown).

Total lysis of target cells was analyzed using chromium re-
lease assays at different E:T ratios (Fig. 8). Cytolytic activity
was measured as the difference in lysis with anti-CD3e-charged
P815 cells versus untreated P815 mastocytoma cells. There was
clear evidence of recognition of anti-CD3e-charged target
cells, whereas P815 control cells were not recognized. Murine
CMV infection led to the induction of cytolytic cells. Immuni-
zation with 2 and 20 mg of nonreplicating DB also resulted in
induction of CD3e-redirected cytolytic activity, which was
almost as high as that obtained with cells from animals immu-
nized with murine CMV, yet about twice the number of effec-
tor cells were required to obtain equivalent lysis of anti-CD3e-
charged target cells (Fig. 8). The injection of 20 mg of sfDB
induced some cytolytic activity but to significantly lower levels.

FIG. 5. Analysis of the neutralizing capacity of murine immune sera obtained
at different time points after initial immunization. BALB/c mice were immunized
with 20 mg of DB intraperitoneally three times at 4-week intervals. Blood was
collected by cardiocentesis at the indicated time points after initial immuniza-
tion. The sera were analyzed by microneutralization assays as described in Ma-
terials and Methods. Neutralization is expressed as percent surviving infectivity
(V/V0) and plotted as a function of the serum dilution. Results represent the
means of four experiments. Dotted line, V/V0 5 0.5.

FIG. 6. Comparative immunoblot analysis of antibody specificities in a mu-
rine immune serum collected 55 days after a single subcutaneous immunization
with 20 mg of DB. Purified virion particles were used as the antigen. They were
separated by SDS-PAGE and blotted onto nitrocellulose membranes. The filters
were incubated either with a 1:2,000 dilution of murine serum, a 1:100 dilution
of hybridoma supernatant of MAb 65-33 (pp65), 41-18 (pp28), 27-287 (gB), or
SA4 (gH), or a 1:5,000 dilution of purified MAb XP1 (pp150). Bound antibodies
were detected by HRP-conjugated murine IgG-specific secondary antibodies and
visualized by enhanced chemiluminescence. The positions of molecular size
standards are indicated on the left.
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Thus, it can be concluded that DB, although they are replica-
tion incompetent, induced a cytolytic response comparable to
immunization with replication-competent murine CMV, a
standard that had been used previously for the generation of
CMV-specific cytolytic lymphocytes.

Immunization with DB leads to a Th1-type T-helper-cell
response. From adoptive transfer experiments of HCMV-spe-
cific CTL in bone marrow transplant recipients, it has become
clear that significant levels of cytolytic cells against HCMV
could be sustained only when a helper T-lymphocyte response
was present (85). As pp65 had been identified as one of the
major HCMV antigens to induce helper T cells (7), we inves-
tigated whether immunization of mice with DB led to the
generation of a Th lymphocyte response. Functionally distinct

Th lymphocyte subsets, known as Th1 and Th2, are character-
ized by their cytokine secretion patterns and by the antibody
isotypes which are induced. In general, Th1 immune responses
promote the production of IgG2a subclass antibodies, whereas
Th2 immune responses promote the production of IgG1 anti-
bodies. Th1-dominated responses are thought to be associated
with protective responses to infectious agents. Thus, it was of
particular interest whether DB could induce a Th1-like im-
mune response. We approached this question in two ways.
First, the production of two signature lymphokines, IFN-g
(Th1-like) and IL-5 (Th2-like), by lymphocytes isolated from
popliteal lymph nodes after subcutaneous immunization in the
left hind footpad was analyzed. For this, six BALB/c mice per
group were immunized with 2 or 20 mg of DB, 20 mg of sfDB,
or PBS. Lymph node cells were isolated from popliteal lymph
nodes 8 days after immunization, seeded at densities of 106

cells/ml, and restimulated in vitro with either 20 mg of DB, 20
mg of sfDB, 20 mg (2 3 1025 M) of the synthetic peptide
495-503, representing a CTL epitope, or PBS. After 24 and
36 h of restimulation, the culture supernatant was analyzed for
the presence of IFN-g and IL-5 using commercially available
ELISAs. As shown in Fig. 9, lymphocytes from mice immu-
nized with 20 mg of DB secreted IFN-g up to 15 ng/ml upon
restimulation with DB and slightly less upon restimulation with
sfDB (Fig. 9A). Lymph node cells from animals immunized
with 2 mg of DB also secreted large amounts of IFN-g, with a
peak of 10 ng/ml at 36 h upon restimulation with DB and about
half the amount upon restimulation with sfDB (Fig. 9C).
IFN-g was released to a significantly lesser extent (peak of 3

FIG. 7. Analysis of HCMV-specific CTL induced after subcutaneous immu-
nization of C57BL6-HLA-A2.Kb transgenic mice with DB or sfDB in chromium
release assays. Effector lymphocytes were prepared from C57BL6-HLA-A2Kb

transgenic mice 8 days after a single subcutaneous immunization with the anti-
gens indicated. Lymphocytes were cultured for another 8 days in medium con-
taining IL-2 without further restimulation. Chromium release assays were carried
out at the indicated E:T ratios. Mean values of triplicate cultures are shown. (A)
Chromium release assay (4 h) using T2-A2.Kb target cells loaded with 1028 M
peptide 495-503 (NLVPMVATV) for 1 h after 51Cr labeling. (B) Chromium
release assay (4 h) using JA2.Kb target cells loaded with 1026 M peptide 495-503
for 1 h after 51Cr labeling. Lysis values were obtained by subtracting the lysis of
equivalent cells loaded with the HLA-A2-restricted control peptide 149 to 157
from p53 (STPPPGTRV).

FIG. 8. CD3e-redirected lysis analysis of lymphocytes from BALB/c mice
immunized with either DB, sfDB, murine CMV (MCMV), or PBS, using a 4-h
chromium release assay. Lymphocytes were prepared from BALB/c mice 8 days
after a single subcutaneous immunization in the left hind footpad with the
amounts of DB, virus, or PBS indicated. Lymphocytes were cultured for 8 days
in IL-2-containing medium without further restimulation. Subsequent to a 51Cr-
labeling period of 90 min, P815 mastocytoma cells were charged with an MAb
against murine CD3e for 25 min. Lymphocytes and charged P815 cells were
cocultivated at the indicated E:T ratios. Chromium release is shown as the mean
values obtained from triplicate cultures. Numbers were corrected for nonspecific
lysis by subtracting the values obtained from analyses of uncharged P815 cells
exposed to murine lymphocytes.
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ng/ml 36 h postrestimulation with DB) and delayed after im-
munization of mice with 20 mg of sfDB (Fig. 9B). Restimula-
tion with DB induced IFN-g secretion most effectively. sfDB
were less effective. Neither the pp65-derived CTL epitope nor
PBS induced IFN-g production. We could not detect IL-5
secretion from cells obtained from any group (data not shown).
Taken together, these results indicated that immunization with
DB led to a Th1-like immune response with respect to the
cytokine secretion of restimulated lymph node cells. Further-
more, the data suggest that immunization with DB resulted in
higher levels of IL-5 secretion than immunization with sfDB.

To verify that DB induce a Th1-like immune response, IgG
antibody isotype profile analysis was carried out. Mice were
immunized intraperitoneally with 20 mg of DB three times at
4-week intervals. Sera collected 12 and 32 weeks after initial
immunization were assayed for the IgG subclass of anti-
HCMV antibodies (Table 2). For this, ELISA plates were
coated with HCMV virions and incubated with mouse sera.
Detection of antibody isotypes for those antibodies that bound
antigen was performed using commercially available antisera

specific for IgG1 and IgG2a. Three intraperitoneal injections
of DB yielded IgG1 to IgG2a ratios of ,1, indicating that more
IgG2a than IgG1 was being synthesized. The isotypic nature of
the response did not change over time, as results were com-
parable at 12 weeks and at 32 weeks postimmunization. These
results confirmed that immunization with DB preferentially
stimulated a Th1-like immune response. It should be noted
that the route of antigen delivery did not affect the antibody
isotype profile, since sera from mice immunized subcutane-
ously yielded IgG1 to IgG2a ratios of ,1 as well (data not
shown).

DISCUSSION

DB have been well recognized by HCMV researchers pri-
marily as an obstacle to the purification of virions. These non-
infectious particles are released in large amounts after infec-
tion of primary human fibroblasts with laboratory-adapted
strains of HCMV, contaminating virion preparations. One
hallmark of DB is their ability to enter eukaryotic cells, and
this is reflected by the translocation of their proteinaceous
content to the cytoplasm and eventually into the nucleus. As
shown in this communication, DB can also deliver antigen into
cell lines that belong in the group of professional antigen-
presenting cells. In early studies, DB had been proposed as
ideal candidates for the development of an anti-HCMV vac-
cine (24, 68, 69, 79). However, no detailed analysis of their
usefulness as immunogens has been reported to date. Recent
studies have shown that only a few of the more than 200
proteins of HCMV are dominant antigens for the induction of
humoral and cellular immune responses. Most of these anti-
gens are constituents of DB. Thus, elucidation of the immu-
nogenic properties of these particles could be important for
the future development of a noninfectious HCMV vaccine.

DB are electron-dense spherical structures surrounded by a
lipid bilayer membrane. Inserted into this envelope are an as
yet incompletely defined set of viral glycoproteins, including
gB and gH (21, 24, 68, 79). gB and gH appear to be essential
for adsorption and penetration of viral particles. In addition,
these glycoproteins have been shown to be major targets of the
neutralizing antibody response against HCMV. As the entry of
DB into cells is comparable to that of infectious virions (81), it
is likely that gB and gH are present in the DB envelope in a
conformation similar to their conformation in virions. For the
induction of virus-neutralizing antibodies, this may be desir-
able, as part of the major neutralizing epitopes on gB and gH
are conformation dependent (76, 82). Accordingly, immuniza-
tion with DB either subcutaneously or intraperitoneally led to
the induction of significant levels of HCMV-neutralizing anti-
bodies in mice. This response is analogous to previously re-
ported results obtained after immunization of rabbits with DB
(33). DB can enter cell types such as B cells and dendritic cells,
which can present antigen in the context of MHC class II
molecules (M. Mach, unpublished data; S. Pepperl and B.
Plachter, unpublished data). It could be hypothesized that en-
hanced binding of DB to or entry into such cells improves
presentation of viral antigens by MHC class II molecules and
stimulates the Th lymphocyte response required for efficient
priming and expansion of virus-specific B cells.

One major characteristic of a nonreplicating vaccine is the
decay of the immune response over time. Although the issue
cannot be addressed directly in an animal model, it appeared
remarkable that even after a period of 1 year, neutralizing
antibodies could still be detected in sera obtained from animals
immunized with DB. A vaccine with immunogenicity similar to
that of DB could offer a distinct advantage by providing a

FIG. 9. Quantitative ELISA analysis of IFN-g secretion by murine lympho-
cytes isolated after subcutaneous immunization with DB or sfDB and subsequent
stimulation in culture using different antigens. Assays were performed on super-
natants of 106 lymphocytes per ml isolated 8 days postimmunization with the
antigen indicated above each plot. Lymphocytes were restimulated with the
indicated antigens. At 24 and 36 h after restimulation, supernatants were ana-
lyzed for IFN-g levels. Values represent the mean results of four independently
performed experiments. Error bars indicate maximal deviations from the means.

TABLE 2. Anti-HCMV-specific IgG antibody isotype profile of sera
from mice immunized intraperitoneally three times at

4-week intervals with 20 mg of DB

Animal
no.

Time after
initial injection

(wk)

Endpoint dilutiona
Ratio,

IgG1/IgG2aIgG1 IgG2a

1–3 (p)b 12 352 (648) 1,639 (6210) 0.21
4 32 223 (677) 1,277 (6123) 0.17
5 32 362 (638) 1,365 (6150) 0.26

a Endpoint dilution of serum that resulted in more than 2.5 times the absorp-
tion of a null serum for IgG1-specific or IgG2a-specific anti-HCMV antibodies.
Values in parentheses are the maximal deviations from the means for three
individually performed experiments.

b Sera from three animals (1 to 3) were pooled prior to analysis.
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persistent neutralizing antibody response compared to the
transient response which had been reported to follow a subunit
vaccine such as the recombinant gB subunit vaccine (49). How-
ever, clinical trials would be necessary to investigate whether
DB particles would be superior to purified HCMV glycopro-
teins for the induction of protective antibodies in humans.

The most abundant protein contained within DB is pp65
(pUL83) (31, 67). This polypeptide is one of the major anti-
genic determinants for the induction of HCMV-specific CTL
during natural infection (8, 43, 87) and has also been demon-
strated to induce a Th lymphocyte response to HCMV (7). In
addition to pp65, we consistently detected the large phosphor-
ylated tegument protein pp150 in our DB preparations. pp150
has also been shown to be a target of CTL responses against
HCMV (42). Using immunoblot analysis with a highly specific
MAb, the amount of this protein detected relative to pp65 was
reduced in DB compared with virions. This is in agreement
with earlier reports by Gibson and coworkers, who found only
small amounts of pp150 in DB (31, 65). Besides pp65 and
pp150, other tegument proteins have also been shown to be
contained within DB, but their immunological properties have
not been defined (5, 88, 89).

CTL are usually primed against viral peptides that have been
processed by the proteasome from viral proteins synthesized
de novo in infected cells. However, in the case of HCMV,
introduction of extracellular protein from virus particles into
the MHC class I presentation pathway and subsequent recog-
nition of these cells by virus-specific CTL has been described
(61). Thus, the relative abundance of pp65 in DB compared to
virions and the process of delivery of pp65 to cells by DB made
it reasonable to assume that DB could serve as a nonreplicat-
ing virus-like particle to induce CTL in the absence of viral
infection.

In the HLA-A2.Kb transgenic mouse model, immunization
with DB clearly led to the induction of HCMV-specific CTL.
Target cells that had been loaded with the synthetic peptide
previously shown to induce a response in cells expressing
HLA-A2 were efficiently lysed by DB-primed lymphocytes.
These results demonstrated that immunization with DB could
induce CTL reactive with an epitope of pp65 in the context of
HLA-A2. Several possible explanations could account for the
continued capacity to induce CTL in the apparent absence of
cell entry of sfDB, at least as measured by the lack of pp65
nuclear translocation. The most obvious is the difference in the
level of sensitivity of the immunofluorescence assay for detec-
tion of pp65 nuclear translocation and the immunological as-
says which included an in vitro expansion of T lymphocytes. It
could also be argued that significant amounts of pp65 contin-
ued to enter cells, but because of disruption of other structures
in DB, this protein could not translocate to the nucleus. Al-
ternative explanations include the immunological properties of
DB being attributable to their particulate nature, regardless of
whether an envelope was present. Aggregates of antigen or
antigen coupled to insoluble carriers can prime CTL, whereas
soluble forms of the antigen fail to induce CTL (37, 48, 77).
Macrophages and dendritic cells can present exogenous anti-
gen on MHC class I molecules. Different mechanisms for such
alternative MHC class I loading, such as transfer of particulate
structures from the lysosomal compartment to the cytoplasm
for further antigen degradation by the proteasome, have been
described (46). However, professional antigen-presenting cells
such as LCL appear to take up DB much more efficiently than
sfDB, correlating with the differences in the immunogenicity of
these particles. Irrespective of the explanation for the contin-
ued immunogenicity of sfDB compared to intact DB, we have
shown that physical damage to the envelope structure of DB

not only limited the entry of the particle into the cell, as
measured by nuclear translocation of pp65, but also signifi-
cantly reduced the capacity of these particles to induce an
immune response characterized by both persistence of neutral-
izing antibodies and viral protein-specific CTL.

As HCMV does not replicate in mice, we cannot directly
compare the intensity of the cytolytic response induced by DB
with that induced during natural HCMV infection. However,
murine CMV infection has been used in BALB/c mice to study
various aspects of CMV immunology (36, 54, 56). We chose to
use subcutaneous immunization with a previously defined op-
timized titer of murine CMV and compared the CD3e-redi-
rected cytolysis induced by this with the response induced by
DB immunization using the same route of inoculation. Al-
though murine CMV replicated at the site of injection (hind
footpad) and was expected to induce a much more vigorous
immune response than DB, we found to our surprise that the
induction of total cytolytic activity after DB immunization was
nearly equivalent to that induced by murine CMV. About twice
the number of effector cells were needed to achieve compara-
ble levels of cytolysis. This provides some measure of the im-
munogenicity of proteinaceous DB to induce cytotoxic cells
compared to the established standard of murine CMV infec-
tion. However, the mouse model can provide only limited
information about the potency of these particles to induce
protective HCMV-specific CTL, as processing and presenta-
tion of HCMV antigens may be quite different in humans.
Thus, detailed analyses of this issue must await future preclin-
ical studies.

Viruses or intracellular microorganisms frequently lead to a
Th1-type immune response after infection. It is well estab-
lished that the presence of Th1-type helper lymphocytes is
important for the development of both humoral and cellular
immunity. Cell-mediated cytotoxicity, primarily mediated
through CD81 CTL, appears to be critical for the control of
CMV infections (57, 59, 60). An HCMV-specific CTL re-
sponse, however, can be sustained only in the presence of
T-cell help (85). Thus, a successful vaccine against HCMV will
likely require the induction of a Th1-like immune response.
Previous work has shown that the differentiation of naive Th
cells into Th1 or Th2 cells can be influenced by many factors,
the most important of which are cytokines (45, 72). IL-12 and
cytokines that modulate the influence of IL-12, such as IFN-g
and IFN-a, are key regulators of Th1 differentiation (9, 58),
while IL-4 and IL-5 are key regulators of Th2 differentiation
(72). Other factors that can affect Th-cell differentiation in-
clude the type of antigen-presenting cells and the dose of
antigen. For example, the addition of immunostimulatory sub-
stances such as aluminum hydroxide to vaccine preparations as
well as gene gun applications often lead to a Th2-like helper
response (20), which would be undesirable in the case of
HCMV. On the other hand, there are also reports showing that
both in vivo and in vitro, DNA vaccines can induce lympho-
cytes as well as sorted B cells, T cells, and NK cells to produce
Th1-inducing cytokines such as IL-12, IFN-g, and IFN-a (35,
39). For the development of an HCMV vaccine, DB could be
a suitable antigen delivery system because they induce a Th1-
like immune response. After subcutaneous footpad immuniza-
tion of mice with DB, lymphocytes isolated from draining
lymph nodes secreted high levels of IFN-g but no detectable
IL-5 upon restimulation with DB. Although immunization with
sfDB also resulted in IFN-g production, levels were consider-
ably lower and production appeared to be delayed. This was
particularly the case when sfDB were used for both immuni-
zation and restimulation of the lymphocytes. Thus, the ability
of DB to enter cells appears to support the stimulation of a Th
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response in vivo. One possible explanation for this may be that
DB as well as virions are able to enter professional antigen-
presenting cells such as B cells and dendritic cells (64; Mach,
unpublished; Pepperl and Plachter, unpublished) and may
thereby be efficiently introduced into the MHC class II pre-
sentation pathway.

It has been shown before that the development of Th1-like
or Th2-like immune responses may vary according to the route
of immunization. In general, Th1 immune responses promote
the production of IgG2a antibodies, whereas Th2 immune
responses promote the production of IgG1 antibodies. For DB,
the route of administration appeared to be irrelevant for the
induction of a Th1-like immune response. Both intraperitoneal
and subcutaneous application led to an IgG1/IgG2a ratio of
,1. The finding that both intraperitoneal and subcutaneous
immunizations resulted in the same type of immune response
indicates that the induction of Th1 lymphocytes by DB is at-
tributable to the antigen rather than to the route of immuni-
zation.

In the past, several different strategies were used for the
development of an HCMV vaccine (11, 49). The primary goal
was to induce protective humoral immunity in women of child-
bearing age in order to prevent congenital HCMV infection.
With the advent of the AIDS epidemic and the increasing
frequency of iatrogenic immunosuppression, e.g., during trans-
plantation, it became apparent that in addition to antibody
synthesis, cellular immunity must be induced by a vaccine
which could limit HCMV disease in these patients. Early at-
tempts which used live attenuated strains of HCMV as a vac-
cine were encouraging and demonstrated that some protective
immunity to HCMV could be induced by vaccination (49, 52,
78). The Towne vaccine could modify the outcome of HCMV
infection in renal transplant recipients, although infection
could not be prevented (50). In a challenge study, limited
protection was afforded by vaccination with the Towne strain
(51). However, HCMV infection rates were not affected by
vaccination in young women (3). Notably, the CTL responses
seemed to wane early after Towne vaccination (1).

Other investigators have stressed the need to refine vaccine
strategies by combining gB as a target for the humoral immune
response with pp65 to induce cellular immunity (16). DB ap-
peared to be an ideal natural source of such an immunogen,
combining all relevant antigens which could be delivered by
these particles in a manner similar to viral infection. In addi-
tion, DB do not contain replicating DNA.

From the data presented, several options for the future
development of DB as a vaccine are available. (i) Using re-
combinant DNA technology, these particles will have to be
modified to further optimize antigen composition. This may be
critical, as nonstructural viral antigens have been described to
be important for the induction of immunity in part of the
Caucasian population (34). (ii) DB can be used as a delivery
system to include antigens from other viruses in a multivalent
vaccine. (iii) Investigating the components necessary to form
DB will enable the design of strategies to reconstitute DB-like
particles in the absence of infectious virus. In this report, we
have shown that DB of HCMV are immunogenic without ad-
juvant in mice and induce HCMV-neutralizing humoral as well
as cellular immune responses. Therefore, these particles ap-
pear to be a promising basis for the future development of an
nonreplicating recombinant HCMV vaccine.
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