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Provides Long-Term, Complete Protection against Viral Replication

Christopher S. Morello, Ming Ye, and Deborah H. Spector*
Molecular Biology Section, Division of Biology, University of California, San Diego, La Jolla, California 92093-0366

Received 4 December 2001/Accepted 5 February 2002

We previously demonstrated that immunization of mice with plasmid DNAs (pDNAs) expressing the murine
cytomegalovirus (MCMV) genes IE1-pp89 and M84 provided synergistic protection against sublethal viral
challenge, while immunization with plasmids expressing putative virion proteins provided no or inconsistent
protection. In this report, we sought to augment protection by increasing the breadth of the immune response.
We identified another MCMV gene (m04 encoding gp34) that provided strong and consistent protection against
viral replication in the spleen. We also found that immunization with a DNA pool containing 10 MCMV genes
that individually were nonprotective elicited reproducible protection against low to intermediate doses of
challenge virus. Moreover, inclusion of these plasmids into a mixture with gp34, pp89, and M84 DNAs provided
even greater protection than did coimmunization with pp89 and M84. The highest level of protection was
achieved by immunization of mice with the pool of 13 pDNAs, followed by formalin-inactivated MCMV
(FI-MCMV). Immunization with FI-MCMV elicited neutralizing antibodies against salivary gland-derived
MCMV, and of greatest importance, mice immunized with both the combined pDNA pool and FI-MCMV had
undetectable levels of virus in the spleen and salivary glands after challenge. Intracellular cytokine staining of
splenocytes from pDNA- and FI-MCMV-immunized mice showed that pDNA immunization elicited high levels
of pp89- and M83-specific CD8� T cells, whereas both pDNA and FI-MCMV immunizations generated strong
CD8�-T-cell responses against virion-associated antigens. Taken together, these results show that immuniza-
tion with pDNA and inactivated virus provides strong antibody and cell-mediated immunity against CMV
infection.

Whereas infection of immunocompetent individuals with
human cytomegalovirus (HCMV) is usually asymptomatic,
hosts with deficient cell-mediated immunity (CMI)—such as
newborns and solid organ or bone marrow allograft recipients
receiving immunosuppressive therapy—are at serious risk for
disseminated HCMV infection and disease (3). In addition,
human immunodeficiency virus (HIV)-infected individuals are
susceptible to life-threatening HCMV disease if uncontrolled
HIV replication sufficiently depletes the CD4�-T-lymphocyte
pool. The severe morbidity and mortality observed in these
immunocompromised groups underscore the important role
that CMI plays in controlling HCMV infection and highlight
the necessity for an effective vaccine that provides strong an-
tiviral CMI.

Studies of immunity to murine CMV (MCMV) have both
confirmed the observations made regarding HCMV-specific
cell-mediated and humoral immunity and provided important
groundwork for the development of CD8�-T-cell immunother-
apy and vaccine strategies. The cell-mediated response to
MCMV plays a critical role in resolving the acute infection and
limiting the reactivation and dissemination of latent virus. Nat-
ural killer cells provide an important first line of defense to
early MCMV infection before the accumulation of virus-spe-
cific CD8� cytotoxic T lymphocytes (CTLs) (39). The acquired

cell-mediated response, which includes both CD8� and CD4�

T lymphocytes, then functions to resolve the acute CMV in-
fection. In adoptive-transfer experiments, it was demonstrated
that CD8� T lymphocytes limit viral dissemination and protect
whole-body gamma-irradiated mice from lethal infection (43,
46). In addition, CD4�, but not CD8�, T lymphocytes appear
to be important for clearance of MCMV from the salivary
glands and can take on an antiviral role if CD8� cells are
depleted (23, 38).

Infection of BALB/c mice leads to generation of CD8�

CTLs directed against both structural and nonstructural anti-
gens of MCMV, with major subsets being specific for the IE1
gene product, pp89 (28, 44, 45), as well as the m164 gene
product (21). It was recently demonstrated that ca. 80% of all
memory CD8� T cells in the spleen and lung are specific for
either of these two antigens (21). Immunization of BALB/c
mice with a recombinant vaccinia virus expressing either full-
length pp89 or an unrelated antigen modified to contain the
Ld-restricted epitope of pp89, 168YPHFMPTNL179, elicits a
CD8� CTL response that is protective against lethal challenge
but not against infection and morbidity (8, 54). In contrast,
exposure of BALB/c mice to a sublethal dose of MCMV ap-
pears to induce additional protective mechanisms, suggesting
that other MCMV proteins play a role in the protective re-
sponse. Recently, it has been found that gp34, the 34-kDa
glycoprotein product of the m04 gene, generates a CD8�-T-
cell response during infection (20), even though gp34 may play
a role in immune evasion by forming a complex with major
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histocompatibility complex (MHC) class I molecules in the
endoplasmic reticulum that is transported to the cell surface
(27). Importantly, a CTL line specific for the Dd epitope of
gp34, 243YGPSLYRRF251, was found to protect immunoab-
lated mice against viral replication in target organs (20). Fi-
nally, another early protein, encoded by m18, was found to
contain a Dd-associated epitope, 346SGPSRGRII354 that elicits
both acute and memory CD8�-T-cell frequencies similar to
those of m04 (17).

We used a plasmid DNA (pDNA) immunization model to
help identify MCMV gene products that can confer protective
cell-mediated responses. We first demonstrated that intrader-
mal (i.d.) immunization of BALB/c mice with a plasmid ex-
pressing pp89 elicits pp89-specific CTL levels similar to those
occurring after viral infection and that these responses con-
ferred protection against subsequent lethal or sublethal intra-
peritoneal (i.p.) viral challenge (13). Based upon the reported
existence of CTLs specific for virion-associated antigens during
infection, we next tested the protective efficacies of MCMV
genes encoding the homologs of HCMV matrix (M32, M48,
M56, M69, M82, M83, and M99) and capsid (M85 and M86)
genes, as well as the nonstructural gene M84 (35). After i.p.
challenge of mice immunized with single plasmids or a pool of
up to four plasmids, we identified a new viral gene, M84, that
conferred protection against viral replication in the spleen, a
target organ important for primary viral amplification leading
to lethal hepatitis (25). In the course of our studies, we found
that the M84 gene, like M83, is a homolog of HCMV UL83-
pp65 (6), a key target for HCMV-specific CD8� T cells (26,
55). Characterization of these MCMV homologs revealed that
like UL83-pp65, the M83 gene product is a late, virion-associ-
ated phosphoprotein that is dispensable for replication in tis-
sue culture (6, 34). In contrast, the M84 gene product was
found to be a nonstructural early protein that was also dispens-
able for growth in culture (34). Importantly, coimmunization
of mice with pp89 and M84 genes was found to confer a
synergistic level of protection after a high sublethal challenge
dose (35). We also found that although protection against low
sublethal viral doses could be elicited by a plasmid pool con-
taining M83, M85, M86, and M99 genes, immunization with
these antigens individually as either pDNA or recombinant
vaccinia virus vectors was not protective (35).

Subsequent studies by the Matthias J. Reddehase group
identified an MHC class I Kd-restricted epitope in the M84
gene product of MCMV strain Smith, 297AYAGLFTPL305

(22). In addition, a nonapeptide epitope of M83 that is pre-
sented on the molecule Ld was identified (761YPSKEPFNF769)
(19). Although the acute and memory CD8�-T-cell responses
to these epitopes were found to be just above the limits of
detection by ELISPOT assay, CTL lines specific for each
epitope were found to confer protection against viral replica-
tion in the spleen, liver, and lungs after transfer to immunoa-
blated mice (19). Taken together, these results suggest that,
while both M83 and M84 genes encode protective MHC class
I-restricted epitopes, pDNA immunization with these genes
reveals differences in their relative efficiencies for the priming
of specific CD8� T cells and/or the ability of these CD8� T
cells to confer protection in immunocompetent mice. In recent
studies, we have shown that pDNA immunization with an M84
plasmid elicits a specific CD8�-T-cell response that is readily

amplified upon subsequent viral challenge (57). Notably, the
M84 epitope-specific CD8�-T-cell response primed by pDNA
immunization was �5-fold higher than that elicited by MCMV
infection. These results highlight the importance of determin-
ing which of the MCMV antigens confer protective responses
and what parameters of these immune responses determine
whether protection is achieved in the immunocytotherapy or
pDNA immunization models.

In contrast to the highly protective role demonstrated for T
lymphocytes, the humoral response to MCMV likely does not
alter the course of the acute infection or affect the latent viral
load, as the neutralizing antibody titers peak ca. 14 days after
infection, a time when infectious virus had already dissemi-
nated to the salivary glands and other target organs (24). How-
ever, the antiviral antibodies elicited during the acute infection
can help to limit the dissemination of reactivated virus (24, 37,
42). In addition, it has also been shown that antiviral antibody
prophylaxis with either adoptively transferred MCMV anti-
serum or vaccination with chemically inactivated MCMV can
reduce the severity of the acute infection (11, 12, 50, 53). As
with HCMV, the neutralizing antibody activities against
MCMV have been shown to be directed against their respec-
tive glycoprotein B (gB) and gH homologs. In addition, immu-
nization of mice with either gB subunit vaccine (56) or gB- or
gH-expressing recombinant vaccinia viruses (40) conferred
some protection against subsequent challenge. Several clinical
studies examining the correlation of the total or HCMV-neu-
tralizing antibody titers with viral load and/or disease severity
have implicated a role for the antibody response for limiting
HCMV disease. However, the levels of HCMV-specific anti-
bodies are not always predictive of disease outcome, and the
therapeutic efficacy of anti-HCMV antibodies in allograft re-
cipients is still not well defined (3).

By pDNA immunization, we have been able to significantly
suppress viral replication in the spleen after viral challenge.
However, titers in the salivary glands were only moderately
reduced. In this report, we asked whether increased protection
against MCMV replication could be achieved (i) by broaden-
ing the CD8�-T-cell-mediated immune response to the pDNA
vaccine and (ii) by complementing the CD8�-T-cell immunity
with protective antibody responses against multiple epitopes.
Our hypothesis was that better protection could be conferred
to the host through the generation of immune responses that
more closely resembled those following the acute infection,
both in terms of the number of antigens delivered and the
generation of both cell-mediated and humoral immunity. In
the studies presented here, we found that immunization with a
DNA pool containing both individually protective and nonpro-
tective plasmids, followed by immunization with formalin-
killed virus, is an effective means of generating complete pro-
tection against viral replication and dissemination.

MATERIALS AND METHODS

Mice, cells, and viruses. Three- to four-week-old pathogen-free female
BALB/c (H-2d haplotype) mice were purchased from Simonsen Laboratories or
Harlan Sprague-Dawley, Inc. Mice were housed in microisolator covered cages
and allowed to acclimate to the University of California, San Diego, vivarium for
1 week prior to immunization.

All media contained 0.29 mg of L-glutamine, 100 U of penicillin, and 0.1 mg of
streptomycin per ml, and all calf sera (CS) and fetal bovine sera (FBS) were heat
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inactivated at 56°C for 1 h. NIH 3T3 cells (ATCC CRL 1658) were grown in
Dulbecco modified Eagle medium (DMEM; low glucose) supplemented with
10% CS. COS-7 (ATCC CRL 1651) and J774A.1 (ATCC CRL TIB-67) macro-
phages (H-2d) were grown in DMEM (high glucose) supplemented with 10%
FBS and 1 mM sodium pyruvate. Mouse embryonic cells (MECs) were prepared
by standard methods from BALB/c embryos, propagated in DMEM (low glu-
cose) plus 10% FBS, and used for virus preparation as previously described (4).

The K181 strain of MCMV was obtained from Michael Oldstone. Salivary
gland-derived stocks of MCMV (SG-MCMV) and tissue culture-derived MCMV
were prepared as previously described (35). For some challenge experiments, an
SG-MCMV stock was prepared with modifications to produce a more homoge-
neous stock. After Dounce homogenization, the salivary gland homogenate was
clarified by centrifugation at 500 � g for 5 min at 4°C. The resulting pellet was
Dounce homogenized again in fresh freezing medium (DMEM, 10% CS, 10%
dimethyl sulfoxide) and then frozen and thawed. After they were reclarified as
described above, the supernatants were combined from the supernatants ob-
tained from the first spin. The combined supernatants were then clarified for 35
min at 4,000 � g, and the resulting supernatants were clarified at 10,000 � g for
10 min at 4°C. The preparation was stored at �80°C until use and was found to
have a titer on NIH 3T3 cells of 1.9 � 107 PFU/ml and a 50% lethal dose (LD50)
of ca. 8 � 105 PFU in BALB/c mice. This LD50 value was ca. three- to fourfold
higher than those previously reported, possibly due to the removal of large virion
aggregates that would individually score as 1 PFU by plaque assay but would
contribute to a virulence higher than that produced by a single infectious virion.

Preparation of FI-MCMV. Tissue culture-derived MCMV was propagated as
described above and partially purified by ultracentrifugation as previously de-
scribed (9) except that a 25% sorbitol–Tris-buffered saline cushion was used.
Viral pellets were resuspended in phosphate-buffered saline (PBS), titers were
determined in triplicate on NIH 3T3 cells, and then the pellets were formalin
inactivated as previously described (53). The resulting preparation was con-
firmed to be completely inactivated by high-sensitivity plaque assay (see below)
and had a final titer of ca. 1 � 109 to 2 � 109 PFU equivalents (PFU eq) per ml.
Mock FI-MCMV was prepared from the supernatants of uninfected NIH 3T3
cells or MECs and formalin treated as described above.

Plasmids. Cloning of the following MCMV genes into the pcDNA3 vector was
previously described: the IE1 gene pp89, M84, seven matrix protein genes (M32,
M48, M56, M69, M82, M83, and M99), two capsid genes (M85 and M86), and the
early gene e1 (M112-113) (35). In addition, the construction of amino-terminal
ubiquitin fusions of pp89 and M84 (U-pp89 and U-M84, respectively) was re-
cently described (57).

The gp34 gene (m04) was PCR amplified from MCMV-infected NIH 3T3
DNA (prepared by Qiagen Blood Kit) and FLAG tagged at its carboxy terminus
with the following primers: sense, 5�-ATG TCT CTC GTA TGT CGG CTG
GTG TTG GTG-3�; and antisense, 5�-TTA CTT GTC GTC GTC ATC CTT
GTA GTC GTT ACT CTT AAG CGG TTT GAA GTT C-3� (the FLAG
tag-encoding sequence is underlined). Primer sequences were based upon the
published m04 sequence of MCMV strain Smith (41). After amplification with
cloned Pfu polymerase (Stratagene), the 825-bp product was agarose gel purified
and blunt end ligated into EcoRV-digested, calf intestinal alkaline phosphatase
(CIAP)-treated pc3 vector (57). Resultant clones were screened by restriction
analysis, and a clone containing the insert in the desired orientation, designated
pc3-gp34, was propagated; the entire insert was then sequenced by using Seque-
nase (Amersham). Alignment of the putative amino acid sequences of K181 and
Smith strains was performed by using DNAMAN 4.0 software (Lynnon BioSoft,
Inc.). Expression of the clone was examined by transient transfection of COS-7
cells with pc3-gp34, (expressing the FLAG-tagged gp34 from MCMV K181) or
with pcDNA3-m04 (expressing the wild-type m04 open reading frame [ORF]
from MCMV Smith [a gift from Ann Hill]). After transfection, cells were lysed
in reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) buffer, lysates were electrophoresed on an SDS–10% PAGE gel and
electroblotted onto nitrocellulose, and the gp34 proteins were detected by using
either a BALB/c anti-MCMV hyperimmune serum (5), or a FLAG-specific
mouse monoclonal antibody (Kodak-IBI) and Pierce SuperSignal West Pico
substrate.

Immunization and virus challenge. Plasmid DNAs for injection were propa-
gated in Escherichia coli DH5� (Life Technologies) and purified by using either
Qiagen Mega or Giga columns, followed by four Triton X-114 extractions as
previously described (2), or by using Qiagen EndoFree Mega or Giga columns.
The backs of the mice were shaved and i.d. injected three times within 2 to 4
weeks with plasmid DNA in endotoxin-free Tris-buffered saline (pH 8) by using
a U-100 tuberculin syringe (Becton Dickinson, Inc.).

For immunization with inactivated MCMV, FI-MCMV was diluted in PBS,
and an equal volume of either PBS or Imject Alum (Pierce) was added dropwise

while the mixture was swirling. FI-MCMV was mixed with alum or PBS for 30
min and then injected i.p. (at 107 PFU eq in 0.2 ml per mouse). Mock FI-
MCMV-immunized mice were injected with formalin-inactivated mock prepa-
ration plus alum.

At various intervals after the last immunization, mice were i.p. challenged with
either a single sublethal dose of MCMV, typically 0.5 to 0.6 LD50, or one of three
challenge doses over a range of 0.3 to 0.7 LD50 in 0.5 ml of PBS (pH 7.4). Ac-
tual challenge doses used were dependent upon the virulence of the viral prep-
aration.

Virus titration. Spleen and salivary gland homogenates (10% [wt/vol]) were
prepared in DMEM–10% CS–10% dimethyl sulfoxide and stored at �70°C.
Infectious MCMV present in the organ homogenates was quantified by plaque
assay on NIH 3T3 monolayers in 24-well dishes (13). For the detection of very
low levels of infectious virus in the spleen, a more sensitive protocol was used.
Spleen homogenates were thawed in a 37°C bath and clarified by microcentrifu-
gation for 2 min at 16,000 � g. One hundred microliters of clarified homogenate
(0.1 spleen equivalent) was mixed with 5 ml of DMEM plus 6% CS, and then the
mixture was added to a 75% confluent monolayer of NIH 3T3 cells in a T-75
flask. As a control for the presence of inhibitors of plaque formation in the
homogenate, another 100 �l of the homogenate supernatant was added to 5 ml
of DMEM plus 6% CS containing 10 PFU of MCMV. After adsorption for 3 h,
the 5 ml of inoculum was diluted by the addition of 15 ml of DMEM plus 6% CS,
and the flasks were incubated overnight at 37°C and 10% CO2. The diluted
inoculum was then removed, the monolayers were washed twice with warm PBS,
and a 25-ml overlay of DMEM–6% CS–0.5% agarose was added. Flasks were
incubated until day 5 or 6 postinfection, and then the monolayers were formalin
fixed and stained with crystal violet before the plaques were counted. This
protocol was found to reliably detect �10 PFU per spleen without inhibition of
the exogenously added MCMV in each positive control. Of note, we found that
infection with centrifugal enhancement (800 � g, 40 min) did not significantly
increase the number of plaques formed when known amounts of virus of �10
PFU, as measured by standard 24-well plaque assay, were used (data not shown).
While we did see infectivity enhancement that increased with increasing amounts
of input virus at 	10 PFU, we chose to use overnight adsorption of virus to
provide consistent comparisons between high and low levels of infectious virus.

Neutralization assay. Blood was collected from the retro-orbital plexus prior
to challenge, and sera were stored at �20°C until use. The neutralization activity
against SG-MCMV was subsequently determined as previously described (12),
except that 20 �l of each decomplemented serum (heated at 56°C for 30 min) was
mixed with 50 PFU of SG-MCMV and rabbit complement (Sigma). The positive
control serum was a pool of sera from mice 6 months after i.p. injection with 2.25
� 105 PFU of SG-MCMV (0.3 LD50). The neutralization titer was calculated as
the highest reciprocal twofold dilution of serum that resulted in a �50% reduc-
tion in the number of PFU of input virus.

ICCS for detection of MCMV antigen-specific CD8� T lymphocytes. Intracel-
lular cytokine staining (ICCS) was performed as previously described with mod-
ifications (1, 15, 51, 57). Synthetic peptides of the two defined, Ld-restricted
epitopes of MCMV—pp89 168YPHFMPTNL176 and M83 761YPSKEPFNF769—
were synthesized and purified by high-pressure liquid chromatography by Pep-
tidoGenic Research and Co., Inc. (Livermore, Calif.). Splenocytes were harvest
ed, blood cells were lysed, and the resulting splenocytes were washed with RP-10
(RPMI 1640, 10% FBS, 50 �M 2-mercaptoethanol) and resuspended in RP-10 to
2 � 107 cells per ml. To stimulate antigen-specific CD8� T cells, 100 �l of
splenocytes was mixed with 100 �l of RP-10 containing a 2 �M concentration of
the appropriate epitope peptide and 1:500 diluted GolgiPlug containing
brefeldin A (Pharmingen). Alternatively, splenocytes were stimulated with
J774A.1 macrophages (H-2d) infected with UV-inactivated MCMV (UV-MC
MV) with centrifugal enhancement (800 � g, 40 min) at an equivalent multiplic
ity of infection (MOI) of 10 for 5 h. Stimulator cells were then harvested, washed
three times with RP-10, and resuspended in RP-10 containing GolgiPlug as
described above; 100 �l of splenocytes was then mixed with 100 �l of stimulator
cells (3.3 � 105 cells). After incubation of splenocytes with peptide or stimulator
cells at 37°C and 7% CO2 for 8 h, cells were pelleted and resuspended in
fluorescence-activated cell sorting buffer containing Fc Block (Pharmingen).
After incubation on ice, cells were pelleted, CD8 labeled, fixed, and permea
bilized, and gamma interferon (IFN-
) labeled as recommended by the manufa
cturer (Pharmingen). The double-stained cells were analyzed by flow cytometry
on a Coulter Epics Elite counter by the CORE Flow Cytometry Laboratory,
Veterans Affairs Medical Center, San Diego, Calif., and the number of antigen-
specific CD8� T cells, enumerated by using B. D. Flow Cytomete software
(Elite), was expressed as a percentage of the total CD8� T cells.
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RESULTS

The m04 (gp34) ORF of MCMV K181 possesses amino-
terminal sequence heterogeneity compared with the Smith strain
but contains the defined MHC class I Dd-restricted epitope
and elicits strong protection against sublethal challenge after
pDNA immunization. Although pp89 has long been known to
be a key target of the CD8�-T-lymphocyte response during
MCMV infection, until recently little information existed about
the identities of additional MCMV antigens that elicit CD8�-
T-cell responses. In order to further define the CD8�-T-cell
specificities in the MCMV-infected BALB/c mouse, Holtap-
pels et al. screened titrating concentrations of 35 MCMV ge-
nome-spanning candidate MHC class I Dd-binding nonapep-
tides for their ability to restimulate MCMV-specific memory
spleen cells and lyse peptide-loaded P815 cells (20). This enor-
mous study serendipitously identified a nonapeptide epitope
contained within the gp34-encoding m04 ORF of MCMV
Smith strain. Although adoptive transfer of a CTL line specific
for this epitope was protective against MCMV infection in
whole-body gamma-irradiated mice, the CTL line was unable
to lyse MCMV-infected MECs in vitro. We therefore sought to
determine whether an gp34-specific immune response could
protect immunocompetent mice against subsequent viral rep-
lication.

The m04 ORF from MCMV K181-infected NIH 3T3 cell
DNA was amplified and placed into a pcDNA3-derived plas-
mid vaccine vector, pc3 (see Materials and Methods). A car-
boxy-terminal FLAG tag was added to the m04-gp34 sequence
for ease in detection of the gene product. Figure 1A shows the
sequence alignment of the putative amino acid sequence of the
resultant K181 m04-gp34 clone, pc3-gp34, compared with the
published m04 sequence of strain Smith (41). We found that
the two sequences share an overall 86% amino acid identity
and that the amino-terminal 90 to 91 amino acids of these
proteins share at most a 60% identity level with a single amino
acid deletion found in the m04 ORF of K181. These identity
values are approximate because the 8 amino-terminal and 9
carboxy-terminal amino acids of our m04 clone are encoded by
the Smith sequence-derived PCR primers (underlined se-
quences in Fig. 1A). Nevertheless, the amino acid sequence
heterogeneity between the two strains was located in both the
putative signal peptide region and the membrane-distal por-
tion of the putative extracellular domain. Within the hetero-
geneous extracellular region, a consensus N-glycosylation se-
quence (amino acids 77 to 79 in the Smith strain) was found to
be intact in the K181 sequence. Most notably, the Dd-restricted
epitope identified in Smith strain is identical in the transmem-
brane-cytoplasmic domain junction of our K181 clone. To con-
firm that the sequence heterogeneity found in the K181-de-
rived m04 clone was not due to mutations introduced during
PCR amplification, the heterogeneous region of m04 (begin-
ning downstream of the 5� sense cloning primer) was directly
sequenced in the restriction nuclease-cloned EcoRI X frag-
ment of K181 (33). Both sequences were found to be identical,
demonstrating the true heterogeneity of m04 sequences in
these two strains of MCMV. Whether this sequence heteroge-
neity contributes to differences in the immune evasion or vir-
ulence characteristics of strains Smith and K181 is remains to
be determined.

To test the expression of the m04 clone, COS-7 cells were
transiently transfected with either the FLAG-tagged gp34 plas-
mid or a pcDNA3-based plasmid expressing gp34 from Smith
strain (a generous gift from Ann Hill). Cell lysates were sub-
jected to SDS-PAGE and Western blot analysis with an anti-
FLAG monoclonal antibody. The left panel of Fig. 1B shows a
strongly immunoreactive 35-kDa band that was detectable only
in the K181 gp34-FLAG-transfected cells, demonstrating the
expression of an appropriately sized protein with an in-frame
FLAG tag. In addition, an identical blot was probed with a
BALB/c mouse anti-MCMV hyperimmune serum. This serum
was found to detect the FLAG-reactive protein in the gp34-
FLAG lane, as well as a slightly faster migrating protein in the

A

45

31.5

gp
34

-F
LA

G (K
18

1)

anti-FLAG anti-MCMV

gp
34

 (S
m

ith
)

pc
3

gp
34

-F
LA

G (K
18

1)

gp
34

 (S
m

ith
)

pc
3kDa

B

    Signal Peptide         Extracellular
1   MSLVCRLVLVTVVLSSLFTFAISRNDNECEKMQKEYKEKMKYRHSLGC Smith
    |||||||||| |  |    |  | |   | |     | || ||| |||
1   MSLVCRLVLVIVIVSVVISFVGSYNNDQCKKDEEAFKKKMQYRHPLGC K181
    
49  YFKGINPTKVPSSDPRTILKCTLPDVKVNASWTLEWVVVNLHTSVDVT Smith
    ||||| ||| ||          ||||||||||||||||| |  |||||
49  YFKGITPTKIPSKRDTLLTCK.LPDVKVNASWTLEWVVVKLQNSVDVT K181

97  SYYESSPNSEPRFLRAILNFTPMHGLRTKNLLKVKDGFQVDNSTDNGN Smith
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    ||||||||||||||||||||||||||||||||||||||||||||||||
144 GGNLYVYPNATTGSADSVRCRLRMCPWTSNSKMTARDEEMLRKMSEVL K181
             Transmembrane   
193 NLPNYGVPDLTPPRRDEFYTKNESPNTIVTTLTVIVTLLFVGLLLVLI Smith
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      Dd epitope               FLAG

FIG. 1. Expression of the m04 (gp34) gene of MCMV strain K181.
(A) Amino acid sequence alignment of the m04 (gp34) ORF of K181
and Smith strains. PCR primers derived from the Smith strain were
used to amplify the m04 ORF of strain K181, and the resulting FLAG-
tagged gene fusion was cloned and dideoxy sequenced. Shown is the
putative amino acid sequence of the K181 clone compared to the
published Smith strain sequence. Underlined are the PCR primer-
encoded amino acids, including the carboxy-terminal FLAG tag. Indi-
cated by alternate shaded and nonshaded sequence are the putative
signal peptide, extracellular, transmembrane, and cytoplasmic do-
mains. The Dd-restricted nonapeptide epitope defined for strain Smith
is indicated in boldface italic letters. (B) Expression of m04 in COS-7
cells after transient transfection. Cells were transfected with the empty
vector pc3 or plasmids expressing either the FLAG-tagged gp34 from
K181 or the wild-type gp34 from Smith strain, and 48 h later, cells were
lysed in reducing SDS-PAGE buffer. Lysates were analyzed by West-
ern blotting with either an anti-FLAG monoclonal antibody (left) or
an anti-MCMV hyperimmune serum (right) and enhanced-chemilu-
minescence detection.
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cells transfected with the Smith strain gp34 plasmid. The mi-
gration of the Smith strain gp34 is consistent with its lack of an
epitope tag. These results not only confirm that the K181 gp34
protein is appropriately expressed from the plasmid construct
but also show that MCMV infection of the host elicits a vig-
orous humoral response against gp34.

To determine whether immunization with the gp34 plasmid
could elicit a protective response in immunocompetent mice,
groups of BALB/c female mice were i.d. immunized three
times within 3 weeks with either 26 �g of pcDNA3, 10 �g of
pc3-gp34 (K181), or 2 �g each of pp89 and M84 plasmids. The
DNA masses of all injections were normalized to 26 �g by the
addition of empty pcDNA3 vector. Four weeks after the last
immunization, four mice per group were i.p. challenged with
80 � 103, 120 � 103, or 160 � 103 PFU of SG-MCMV K181
(corresponding to ca. 0.3, 0.5, and 0.6 LD50 for this viral stock).
On day 6 postchallenge, spleens were harvested and homoge-
nized for MCMV titer determination. We found that coimmu-
nization with pp89 plus M84 elicited responses resulting in 80-
to 350-fold reductions in spleen viral titers compared to the
mice immunized with vector alone (Fig. 2A). These reductions
in viral titers were slightly lower than those previously observed
after pp89 plus M84 coimmunization, possibly due to the long-
er-than-usual period before challenge (4 weeks versus 2 weeks)
and/or the use of 2 �g each of MCMV antigen-expressing
pDNA (instead of 15 �g). Most importantly, immunization
with the gp34-expressing plasmid consistently resulted in 30- to
730-fold reductions in viral titers after challenge with all three
challenge doses (Fig. 2A). It should be noted that 10 �g of the

gp34-expressing plasmid was used in this group compared to
the 2 �g of each of pp89 and M84. The higher mass of the gp34
plasmid was used to help prevent it from being limiting, since
it had not been titrated for protective efficacy (data not
shown). Nonetheless, these results demonstrate that pDNA-
delivered gp34 provides protection against viral replication in
mice with intact CMI.

Coimmunization with a pool of minor MCMV antigens that
are not protective when injected individually provides protec-
tion against low to intermediate challenge doses and augments
the protection elicited by pp89 plus M84 coimmunization. Dur-
ing our previous pDNA immunization experiments directed at
identifying novel protective MCMV antigens, we subcloned
nine MCMV ORFs encoding putative tegument and capsid
antigens and tested their ability to protect against subsequent
challenge (35). None of these antigens elicited consistent pro-
tection either when individually delivered by pDNA (35; data
not shown) or recombinant vaccinia virus (35). However, when
mice were immunized with a pool of M83, M85, M86, and M99
plasmids, a low level of protection was observed after challenge
with the lower viral doses. In view of these results and an
earlier published report suggesting that a large number of
MCMV antigens other than pp89 may contribute to CD8�-T-
cell immunity (18), we tested whether the combined CMI gen-
erated against several individually nonprotective antigens could
lead to a significant level of protection against viral replication.

To address this question, groups of mice from the same gp34
immunization experiment described above were i.d. immu-
nized with a pool of 10 plasmids consisting of 2 �g each of

FIG. 2. Protection against viral replication in BALB/c mice immunized with the gp34 plasmid or various pools of MCMV antigen-expressing
plasmids. Mice were i.d. immunized three times within 3 weeks with 26 �g of plasmid DNA mixtures containing either (i) empty vector (pcDNA3);
(ii) the gp34-FLAG plasmid (gp34); (iii) pp89- and M84-expressing plasmids (pp89�M84); (iv) a pool of 10 plasmids expressing genes encoding
putative matrix (M32, M48, M56, M69, M82, M83, and M99) and capsid (M85 and M86) antigens, as well as the nonstructural e1 gene product
(Mat/Cap/e1); (v) a combined pool containing pp89, M84, and the Mat/Cap/e1 plasmids (pp89/M84/Mat/Cap/e1); or (vi) a combined pool
containing the gp34 plasmid and the pp89/M84/Mat/Cap/e1 plasmid pool (All). Four weeks after the last immunization, mice were i.p. challenged
with either 80 � 103, 120 � 103, or 160 � 103 PFU of SG-MCMV (corresponding to 0.3, 0.5, and 0.6 LD50 for this viral stock), and on day 6
postchallenge, spleens were harvested for MCMV titer determination on NIH 3T3 cells. The resulting spleen titers are shown as the means of the
log10 PFU per spleen for four mice with the standard error (S.E.) of the mean indicated by error bars. For display purposes, the data are presented
in three panels with the pcDNA3 control included in all panels for comparison. MCMV titers in the spleens of mice immunized with the following
plasmids are shown: pcDNA3, gp34, or pp89�M84 (A); pcDNA3, pp89�M84, Mat/Cap/e1, or pp89/M84/Mat/Cap/e1 (B); and pcDNA3, gp34,
pp89/M84/Mat/Cap/e1, or the All plasmid pool (C).
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plasmids expressing seven putative matrix (M32, M48, M56,
M69, M82, M83, and M99) and two putative capsid (M85 and
M86) antigens, as well as one nonstructural (e1) antigen: a
plasmid pool designated Mat/Cap/e1. In addition, we tested
whether this combination of individually nonprotective plas-
mids could augment the protective responses elicited by pp89-
M84 coimmunization by including 2 �g each of the pp89 and
M84 plasmids into Mat/Cap/e1 to yield the vaccine pp89/M84/
Mat/Cap/e1. Finally, 2 �g of the gp34-expressing plasmid was
added to the pp89/M84/Mat/Cap/e1 mixture to yield the “All”
vaccine, a mixture of 13 plasmids expressing MCMV genes. As
described above, DNA masses in all vaccines were normalized
by the addition of empty pcDNA3 vector. These mice were
immunized and challenged in the same experiment described
above, and all subsequent splenic viral titers were measured in
the same plaque assay as described above.

Interestingly, after challenge with the lowest viral dose of
80 � 103 PFU, immunization with the plasmid mixture con-
sisting of the 10 individually nonprotective plasmids (Mat/Cap/
e1) resulted in a 350-fold average reduction in viral titers in the
spleen relative to the pcDNA3-immunized controls (Fig. 2B).
This level of protection was similar to that observed in the
pp89- and M84-coimmunized mice challenged with the same
viral dose. Furthermore, a significant reduction in viral titer
(20-fold) was observed in the Mat/Cap/e1-immunized mice
after challenge with 120 � 103 PFU. By comparison, the re-
duction level in the pp89- and M84-coimmunized mice was ca.
200-fold at this viral dose. Finally, at the highest challenge
dose, the viral titer reductions in the spleens of the Mat/Cap/e1
group were only threefold. Taken together, these results dem-
onstrate that MCMV antigens that individually do not elicit
protective responses can contribute to a strong protective re-
sponse when combined into a multivalent vaccine. Compared
to the “major” antigens of MCMV that are individually pro-
tective in our pDNA immunization assay (pp89, M84, and
gp34), however, the combined response to the Mat/Cap/e1
group was more easily overwhelmed by increases in the viral
challenge dose. Thus, these individually nonprotective antigens
may represent minor antigens that can contribute to the
breadth of CMI to the virus.

Most significantly, we found that the addition of the minor
antigen plasmids to the pp89- and M84 plasmid mixture fur-
ther reduced viral titers to levels 3-, 4-, and 12-fold below those
afforded by pp89- and M84 coimmunization alone (Fig. 2B).
The net reduction in titer compared to pcDNA3-immunized
controls was ca. 3 logs across the challenge doses tested. In-
clusion of the protective gp34 plasmid into the highly protec-
tive pp89/M84/Mat/Cap/e1 vaccine, however, did not further
increase the level of protection (Fig. 2C, pp89/M84/Mat/
Cap/e1 versus All).

To test whether these modest increases in protection pro-
vided by the minor antigens were consistently elicited, we per-
formed a confirmatory small-scale immunization experiment.
Eight mice per group were i.d. immunized three times over 3
weeks with either (i) pcDNA3, (ii) pp89 plus M84, or (iii) a
pool of pp89, M84, and the structural and putative structural
antigens (M32, M48, M56, M69, M82, M83, M85, M86, and
M99). The latter vaccine is designated pp89/M84/Mat/Cap.
Three weeks after the last immunization, four mice per group
were i.p. challenged with either 80 � 103 or 120 � 103 PFU of

SG-MCMV (0.3 or 0.5 LD50, respectively), and on day 6 post-
challenge, spleens were harvested to assess viral titers. We
found that, after either challenge dose, inclusion of the Mat/
Cap plasmids into the pp89 plus M84 vaccine provided �3-fold
reductions in titers below those provided by pp89 plus M84
alone (Fig. 3). Significantly, after the 120 � 103 PFU challenge,
MCMV titers in the spleen were reduced by greater than 4 logs
relative to the vector-immunized controls. This level represents
the strongest protection we have achieved against MCMV rep-
lication with our pDNA-based vaccines: a level near the assay
detection limit of 102 PFU per spleen. These results suggest
that the combined responses to minor antigens can play an
additional role in protective immunity. Moreover, DNA im-
munization with both of these minor antigens and 2 of the
major protective antigens of MCMV can generate antiviral
immunity that is consistently greater than that afforded by the
major antigens alone. However, compared to the protection
elicited by the putative matrix, capsid, and e1 plasmids, the
individually protective antigens pp89, M84, and gp34 provide
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FIG. 3. Protection against viral replication in BALB/c mice immu-
nized with pp89�M84 plasmids alone or with a pool of plasmids
expressing putative matrix and capsid antigens. BALB/c mice were i.d.
immunized as described in the legend to Fig. 2 with 26 �g of DNA
consisting of (i) pcDNA3 vector, (ii) pp89 and M84 plasmids (pp89�
M84), or (iii) pp89 and M84 plasmids combined with the nine plasmids
expressing putative matrix and capsid antigens (see Fig. 2). Three weeks
after the last immunization, mice were i.p. challenged with either 80 �
103 or 120 � 103 PFU of the SG-MCMV stock described in the text,
and on day 6 postchallenge, spleens were harvested and titers were
determined as described above. The resulting spleen titers are shown
as the mean of the log10 PFU per spleen for four mice with the
standard deviation (SD) indicated by error bars. The values above each
group indicate the fold reductions of the nonlogarithmic mean titers
(i.e., PFU per spleen) of each group relative to the pcDNA3-immu-
nized group for the corresponding challenge dose. The assay limit of
sensitivity is indicated by the horizontal line (102 PFU per spleen).
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the majority of the protective response. At this time, we cannot
exclude the possibility that other MCMV genes, such as m164
or m18, could provide protection levels as high or higher than
those observed after immunization with the genes shown here.
Furthermore, we would predict that compared to the “All”
pDNA-immunized mice, mice immunized by prior MCMV
infection would possess even stronger protective immunity that
would be effective against higher challenge doses. We there-
fore sought to further augment the protective responses of the
pDNA-immunized mice by inclusion of a more complete set of
antigens to which both protective cell-mediated and antibody
responses could be elicited.

A pDNA prime and FI-MCMV boost strategy confers com-
plete protection against MCMV replication in the spleen and
salivary glands. The studies described above demonstrate that
an optimized pDNA vaccine comprised of both dominant and
minor antigens consistently reduces the titer of the challenge
virus in the spleen to levels 104-fold below those seen in vector-
immunized controls. While this robust CMI is important for
such cell-disseminated viruses as the CMVs, the low-level viral
replication observed in the spleens of vaccinated mice likely
results in progeny virus that can seed the salivary glands and
thus allow subsequent viral amplification and transmission
(35). Since the protection elicited by the pDNA immunization
is likely due to CD8�-T-lymphocyte responses, we sought to
augment the overall protection with an antibody response that
could prevent the dissemination of virus to the salivary glands.
To this end, we investigated the protective efficacy of chemi-
cally killed MCMV, a multivalent immunogen that potentially
provides all possible antigenic sites for neutralizing antibodies.

Tissue culture-derived MCMV was partially purified by ul-
tracentrifugation through a sorbitol cushion and inactivated
with formalin as described in Materials and Methods. Each
preparation of FI-MCMV was confirmed by plaque assay to be
free of infectious virus to a level of �5 PFU per ml, a reduction
of more than 2 � 108- to 4 � 108-fold. Prior to the i.p. injection
of mice, FI-MCMV was diluted to the desired concentration
with sterile, endotoxin-free PBS, and in some cases, an equal
volume of aluminum hydroxide solution (Pierce Imject Alum)
was added according to the manufacturer’s recommendations.

To assess the ability of this killed virus vaccine to induce a
protective antibody response and augment the plasmid DNA-
generated CTL response, mice were primed by i.d. pDNA
immunization and i.p. boosted with FI-MCMV in saline or
alum (see Fig. 4 for experimental groups and timeline). Mice
first received one of the following pDNA pools: (i) pc3-Ua
vector alone, (ii) U-pp89 plus U-M84 (amino-terminal ubiqui-
tinated pp89 and M84 fusion proteins, respectively), or (iii)
U-pp89, U-M84, gp34, and the matrix/capsid/e1 pool (together
designated the “All-U” pool). The pp89 and M84 ubiquitin
fusion proteins were used in this experiment since results from
previous experiments with U-pp89 and U-M84 plasmids dem-
onstrated that they may elicit greater protection than the wild-
type antigens, especially when the mass of plasmid injected was
suboptimal (reference 57 and data not shown). As in the ex-
periment described above, each injection contained 26 �g of
DNA consisting of 2 �g of each antigen-expressing plasmid
and the appropriate normalization masses of empty vector.
Mice were pDNA immunized three times within 4 weeks, and
6 weeks after the last DNA immunization, each pDNA group

was i.p. injected with either 106 PFU eq of FI-MCMV in alum,
107 PFU eq of FI-MCMV in saline or alum, or a formalin-
treated mock virus preparation (M) in alum or was left un-
treated. Mock- or FI-MCMV-injected mice were reinjected
with the same antigen preparation 8 weeks later, and blood was
collected 4 and 5 weeks after the first and second immuniza-
tions, respectively, for examination of neutralizing antibody
responses.

Complement-dependent neutralizing antibody titers were
measured with the sera collected after the first and second
FI-MCMV injections by standard plaque reduction assay with
SG-MCMV. No detectable neutralization activity was detected
in sera collected prior to the second FI-MCMV injection (data
not shown). After the second injection, however, we found that
mice immunized with FI-MCMV had average reciprocal log2

neutralization titers of 3 to 4.75 (Fig. 5). In comparison, a
pooled serum from sera of four mice previously i.p. infected
with 0.3 LD50 (225 � 103 PFU) of live SG-MCMV had a
neutralization titer of 7 or 8 in several assays (Fig. 5 and data
not shown). Neutralizing antibody titers of mice within groups
were variable, and there were no significant differences in
mean neutralizing titers generated after immunization with
either of the two doses of FI-MCMV or the inclusion of alum.
No neutralizing antibodies were detected in mice immunized
with pDNA only or the mock-virion preparation (Fig. 5). In
addition to the virus-neutralizing activity, we found by Western
blot analysis that mice immunized with FI-MCMV raised an-
tibody responses to gB, a target of neutralization antibodies, as
well as to other virion-associated proteins (data not shown).

Immunization Groups and Schedule

Week 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

pDNA i.d.

1 1

1

2 2

2

3

FI-MCMV i.p.

SG-MCMV

Challenge i.p.
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d 6 p.i.

Spleen

d 10 p.i.

S.G.

Organ Harvests

U-pp89

U-M84

gp34

M32   M48
M56   M69
M82   M83
M85   M86
M99   e1

pDNA Groups
1. Vector (pc3-Ua) alone

2. U-pp89 + U-M84

3. "All-U" pDNA pool

SG-MCMV

Challenge
0.5 × LD50PFU† = PFU equivalents 

FI-MCMV Groups
1. DNA only

2. Mock (M)

3. 106 PFU†  

4. 107

5. 107

+ alum

+

-
+

FIG. 4. Immunization groups and schedule for vaccination with
pDNA and FI-MCMV. Mice were first i.d. immunized three times with
26 �g of one of the three pDNA groups shown. At 6 and 14 weeks after
the last pDNA immunization, mice from each pDNA group were
either left untreated (DNA only) or were injected with one of the four
FI-MCMV or mock preparations shown (FI-MCMV groups 2 to 5).
Test bleeds, viral challenge, and organ harvests were performed on the
days shown (d, day; p.i., postinfection).
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In order to assess the protection elicited by the various
pDNA prime and FI-MCMV boost combinations, immunized
mice were i.p. challenged with 400 � 103 PFU (0.5 LD50) of
SG-MCMV 8 weeks after the second FI-MCMV immunization
(22 weeks after the last pDNA immunization). The challenge
dose with this viral stock corresponds to 120 � 103 PFU of the
more highly virulent stock used for challenge in Fig. 2 and 3
(see Materials and Methods). Spleens and salivary glands were
harvested on day 6 and 10 postchallenge, respectively, for
MCMV titer determination. When viral titers in the spleen
were measured, we found that mice primed with the backbone
pc3-Ua vector and boosted with any of the three FI-MCMV-
containing preparations had similar protection against viral
replication (Fig. 6A). In all cases, MCMV titers in the spleen
were reduced to levels of ca. 102 PFU/spleen. Boosting of mice
by i.p. injection of the formalin-treated mock virion prepara-
tion (M�) resulted in a 1.2-log titer reduction in the spleens
compared with the pc3-Ua only immunized controls (Fig. 6A).
This reduction may have resulted from nonspecific immunity
provided by residual inflammation in the peritoneum caused
by previous i.p. injection with alum.

Of particular interest was our finding that coimmunization
with U-pp89 plus U-M84 or the All-U plasmid vaccines aug-
mented the protection afforded by FI-MCMV. Most signifi-
cantly, all of the mice primed with All-U plasmid pool and
boosted with 107 PFU eq of FI-MCMV—with or without al-

um—had no detectable MCMV in their spleens (�10 PFU/
spleen). As described in Materials and Methods, the detection
limit of 10 PFU/spleen for this assay was based upon a modi-
fied plaque assay in which 1/10 of each spleen homogenate was
diluted and absorbed to NIH 3T3 cells in a T-75 flask instead
of one well of a 24-well dish. This additional dilution of the
toxic spleen homogenates was sufficient to ensure that the cell
monolayer remained viable and that plaque formation was not
inhibited. This was confirmed for each homogenate by adding
a small amount of infectious MCMV to a control flask infected
with another 1/10 of the same homogenate. Notably, infection
with centrifugal enhancement did not increase the number of
plaques formed when �10 PFU of virus was exogenously add-
ed to the homogenates. In contrast to the undetectable levels
of MCMV in the spleens of mice immunized with All-U and
FI-MCMV, the mice immunized with only U-pp89 plus U-M84
pDNA or the All-U pDNA pool showed variable 1- to 4-log
titer reductions compared to the pc3-Ua immunized controls.
This variability, compared to that observed in Fig. 2 and 3,
suggests that the plasmid-mediated immune responses had
waned somewhat in the 22 weeks that passed between the last
pDNA immunization and viral challenge. Note that while the
400 � 103 PFU challenge dose may seem discordant with the
doses used in the experiments above (Fig. 2 and 3), 400 � 103

PFU from the viral stock used in for Fig. 6 corresponds to
120 � 103 PFU of the more highly virulent virus stock used in
Fig. 2 and 3.

Of greatest importance, we found that i.p. immunization
with FI-MCMV provided protection against MCMV replica-
tion in the salivary glands (Fig. 6B), a key organ involved in
viral transmission. We found with all three pDNA vaccines that
further immunization with 107 PFU eq of FI-MCMV with
alum generally resulted in protection greater than that elicited
by 106 PFU eq with alum or by 107 PFU eq without alum.
Importantly, four of four mice immunized with the All-U plas-
mid pool and with 107 PFU eq of FI-MCMV plus alum had
undetectable levels in the salivary glands (�100 PFU/salivary
gland). In addition, the titers of 103 PFU per salivary gland
shown in the two All-U primed, 107 PFU eq-alum-boosted
mice (Fig. 6B, circled with asterisk) represent overestimates of
the actual titers, since no plaques developed in any of the wells
of this assay, but the toxicity of the homogenates precluded the
detection of any virus below the level of 103 PFU per organ.
Taken together, a pDNA prime–FI-MCMV boost vaccination
strategy provides protection greater than that afforded by ei-
ther immunization arm alone and can reduce viral titers to
undetectable levels in both major target organs examined. Ex-
periments are in progress to determine both the vaccine’s abil-
ity to limit replication in the liver and lungs, organs relevant to
CMV disease in humans, and to compare the protective effi-
cacy with that elicited by prior MCMV infection.

Immunization with the All-U pDNA pool elicits CD8�-T-cell
responses against pp89, M83, and virion-associated antigens,
whereas FI-MCMV immunization elicits CD8� T cells specific
for M83 and other virion-associated antigens. The above re-
sults demonstrate that immunization with FI-MCMV elicits a
neutralizing antibody response that may help contribute to the
observed protection against subsequent challenge. However,
the protection was incomplete unless mice were first primed by
i.d. immunization with the pool of 13 MCMV antigen-express-

FIG. 5. Complement-dependent neutralizing antibody titers in
BALB/c mice immunized with pDNA and FI-MCMV. Sera collected
on week 23 (test bleed 2) of the experiment (see Fig. 4) were de-
complemented, and serial twofold dilutions were mixed with 50 PFU of
SG-MCMV and rabbit complement before incubation and standard
plaque assay on NIH 3T3 cells. Mice were pDNA and FI-MCMV
immunized as shown in Fig. 4. A positive control serum pooled from
BALB/c mice 6 months after i.p. injection with 225 � 103 PFU (0.3
LD50) of live SG-MCMV (Live MCMV) was simultaneously tested.
Neutralizing titers shown are the greatest reciprocal log2 dilutions of
serum that resulted in a �50% reduction in the number of PFU of
input virus, with bars representing the mean of four mice per group
and the closed circles representing the neutralization titers of individ-
ual mice. When the neutralization titer of a serum was below the
detection limit (indicated by the horizontal line), the titer was arbi-
trarily set to 0.5 for display purposes and mean calculation. Abbrevi-
ations: (�)(�), pDNA-immunized mice only; M, mock FI-MCMV-
immunized mice; PFU†, formalin-inactivated PFU equivalents.
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ing plasmids. Because the pDNA pool did not itself elicit or
contribute to the neutralizing antibody response (Fig. 5), we
sought to determine whether CD8�-T-lymphocyte-mediated
responses were generated against key antigens in the pDNA
and FI-MCMV immunizations.

In order to measure the MCMV-specific CD8�-T-cell re-
sponses, a new immunization experiment was initiated in which
BALB/c mice were either mock immunized or immunized with
the optimal FI-MCMV dose described above but with a con-
densed immunization schedule. Mice were first i.d. immunized
three times within 3 weeks with pc3-Ua or the All-U pDNA
pool. At 3 and 8 weeks after the last pDNA injection, mice
were i.p. injected with either 107 PFU eq of FI-MCMV plus
alum or an equivalent volume of formalin-treated mock virion
plus alum. Mice were then sacrificed for ICCS assay-based
enumeration of the CD8� splenocytes specific for key MCMV
antigens either expressed by the pDNA pool or contained
within the FI-MCMV preparation. In order to measure the
response against an antigen delivered only by pDNA immuni-
zation, we used the dominant Ld-restricted nonapeptide epi-
tope of pp89 168YPHFMPTNL176 (8). We also examined the
CD8�-T-cell responses to an antigen expressed by the All-U
pDNA pool, as well as contained in the FI-MCMV, by using
the defined Ld-restricted epitope of the M83 gene product
(761YPSKEPFNF769) (19). Although M83 is the only virion-
associated antigen in which CD8�-T-cell responses have been

documented thus far, we were nevertheless interested in mea-
suring the total CD8�-T-cell responses generated against all
virion-associated antigens. To this end, we modified the ICCS
assay such that the splenocytes from immunized mice were
stimulated with permissive J774 macrophage cells (16) that had
been previously infected at a high MOI with UV-MCMV and
thus present the virion-associated MCMV antigens in the ab-
sence of viral gene expression.

Because MCMV-specific CD8� T cells were not detectable
in an initial ICCS experiment with splenocytes from mice 14
weeks after the second FI-MCMV immunization (data not
shown), we measured recall responses after in vivo restimula-
tion with live virus as previously described (57). MCMV-spe-
cific recall CD8�-T-cell responses were measured after i.p.
challenge of three or four mice per group with l20 � 103 PFU
of SG-MCMV (0.15 LD50) 16 weeks after the last FI-MCMV
immunization. In addition, an MCMV-immune mouse that
had been i.p. infected with MCMV 9 months previously was
also i.p. rechallenged as described above to show the recall
CD8�-T-cell levels after MCMV infection and reexposure.
The levels of pp89 peptide-specific CD8� T cells in the spleens
of immunized mice 5 days after viral challenge (or rechallenge)
are shown in Fig. 7A. The mean background staining level in
pp89 peptide-stimulated splenocytes from pDNA vector alone
and mock-virion-immunized mice after challenge was 0.30%.
As expected, mice immunized with empty pDNA vector and
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FI-MCMV had background levels of pp89-specific CD8� T
cells, since pp89 is a nonstructural antigen. In contrast, when
challenged with virus, the mean pp89-specific CD8�-T-cell lev-
els for three mice immunized with the All-U pDNA and mock
virion was 7.8%, with a range of 0.3 to 13.6%. Thus, in two of
the three mice tested, pp89-specific CD8�-T-cell immunity was
generated by the immunizations with 2 �g of U-pp89 pDNA in
the All-U pool that included 12 other MCMV antigen-express-
ing plasmids. In addition, the levels of pp89-specific CD8� T
cells in the two responding mice compared favorably to the
14.4% specific CD8�-T-cell level in the rechallenged MCMV-
immune mouse (Fig. 7A, SG-MCMV). While these frequen-
cies of 7.8 and 14.4% pp89-specific CD8� T cells may appear
high in relation to CMI to MCMV, it should be noted that
these frequencies were obtained after in vivo restimulation
with live virus. In addition, similar, if not higher, frequencies
have been demonstrated in several independent experiments
(57). Interestingly, after viral challenge, the pp89-specific
CD8�-T-cell levels in the four mice immunized with All-U plus
FI-MCMV were only slightly higher than the background level,
ranging from 0.25% to 1.1% (mean � 0.55%).

Splenocytes from the same mice were also tested for levels
of M83 peptide epitope-specific CD8� T cells. Mice immu-
nized with FI-MCMV (and empty pDNA vector) and chal-
lenged with virus had low levels of M83-specific CD8� T cells,
with a mean level of 0.26% (range, 0.16 to 0.42%). This level
was approximately twice the background level of 0.12% (range,
0.09 to 0.15%) observed with splenocytes from the pc3-Ua and

mock-virion–alum-immunized mice. More significantly, mice
immunized with the All-U pDNA pool had a mean M83-
specific CD8�-T-cell level of 1.0% (range, 0.46 to 1.4%), a
level �8-fold higher than the background level and 3-fold
higher than that observed in the MCMV-immune mouse (Fig.
7B). Taken together, these data suggest that the M83-express-
ing pDNA elicits a stronger M83-specific CD8�-T-cell re-
sponse than the M83 contained within the FI-MCMV prepa-
ration. Of note, there appeared to be competition between the
pp89 and M83 peptides for Ld, since splenocytes from the
All-U, M-immunized mice reacted strongly to one of the two
epitopes (Fig. 7A and B). Sequential immunization with the
All-U pDNA pool, followed by FI-MCMV, resulted in a mean
level of M83-specific CD8� T cells of 0.29% (range, 0.23 to
0.34%), a level similar to that elicited by FI-MCMV immuni-
zation alone, as well as by prior MCMV infection.

Finally, the CD8�-T-cell responses to the virion-associated
antigens were measured in the pDNA- and FI-MCMV-immu-
nized mice after challenge. In pilot ICCS experiments with
splenocytes from SG-MCMV-infected mice, we found that the
optimal stimulator cell-to-splenocyte ratio was 1:6 and that the
levels of IFN-
-positive splenocytes were maximal after stim-
ulation for 8 h (data not shown). Upon ICCS assay of the
pDNA- and FI-MCMV-immunized mice described above, an
average background level of 0.06% of the CD8� T cells in the
splenocytes of All-U- and FI-MCMV-immunized mice was
IFN-
 positive after stimulation with uninfected J774 cells
(Fig. 7C). In contrast to the results obtained with the pp89 or
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FIG. 7. ICCS assay-based quantification of the MCMV-specific CD8� T splenocytes of mice immunized with pDNA and FI-MCMV. In a
separate pDNA and FI-MCMV immunization experiment, BALB/c mice were i.d. immunized three times within 3 weeks with either empty plasmid
vector (pc3-Ua) or the All-U pDNA pool (All-U). At 3 and 8 weeks after the last pDNA immunization, mice were i.p. injected with either mock
formalin-inactivated virion in alum (M) or 107 PFU eq of SG-MCMV in alum (FI). At 12 weeks after the last i.p. immunization, mice were i.p.
challenged with 120 � 103 PFU (0.15 LD50) of live SG-MCMV. At the same time, a control mouse that had been i.p. injected with live SG-MCMV
9 months previously was challenged (SG-MCMV). Five days after challenge (or rechallenge), splenocytes were harvested and the levels of
MCMV-specific CD8� T lymphocytes were measured by ICCS assay as described in Materials and Methods. The specific levels of CD8� T cells
are shown as the percentages of CD8� T splenocytes that were IFN-
 positive in response to in vitro stimulation with the peptides or cells specified
below. Bars represent the means of three mice per group, and closed circles represent values for individual mice. (A) Stimulation of splenocytes
with the pp89 peptide 168YPHFMPTNL176; (B) stimulation of splenocytes with the M83 peptide 761YPSKEPFNF769; (C) stimulation of splenocytes
with either uninfected J774A.1 macrophages (Uninf. J774 cells) or J774A.1 macrophages infected with UV-MCMV at an equivalent MOI of 10
for 5 h (J774 cells � UV-MCMV).
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M83 peptides, significant levels of UV-MCMV-specific CD8�

T cells were elicited in mice immunized with FI-MCMV alone
and then challenged with virus (Fig. 7C). Specifically, an aver-
age of 1.0% of CD8� T cells (range, 0.8 to 1.2%) from the
FI-MCMV-immunized mice synthesized IFN-
 in response to
the UV-MCMV-infected stimulator cells. This level was �7-
fold higher than the 0.14% average level in the pDNA vector-
and mock virion-immunized mice stimulated with the same
cells. UV-MCMV-specific CD8�-T-cell levels elicited after im-
munization with FI-MCMV alone were similar to those immu-
nized with the All-U pDNA pool alone (mean, 1.1%; range,
0.78 to 1.8%). Taken together, these data demonstrate that
immunization with either the All-U pDNA pool or FI-MCMV
elicits a CD8�-T-cell response to virion-associated proteins
that can be measured after viral challenge. As was the case
when pp89- or M83-specific responses were evaluated, in mice
primed with the All-U pDNA and boosted with FI-MCMV the
recall percentage of UV-MCMV-specific CD8� T cells was
�3-fold lower than that obtained with mice immunized with
only All-U DNA or FI-MCMV (Fig. 7C). Nevertheless, the re-
sulting levels of CD8� T cells in All-U plus FI-MCMV-immu-
nized mice were comparable to that seen in the MCMV-im-
mune mouse (0.55%).

DISCUSSION

The goal of this study was to improve a pDNA-based vaccine
against CMV by increasing the overall breadth of the humoral
and cell-mediated responses elicited by the vaccine. We previ-
ously demonstrated that coimmunization of BALB/c mice with
pp89- and M84-expressing plasmids resulted in a synergistic
level of protection against viral replication in the spleen after
challenge, whereas immunization with single plasmids express-
ing putative matrix and capsid genes was not protective (35).
However, although viral titers in the spleens of the pp89 and
M84-coimmunized mice were reduced by �3 logs relative to
controls, viral replication in the salivary glands was not sub-
stantially affected. Thus, even low levels of viral replication in
the spleens of the pp89 and M84-coimmunized mice resulted in
the dissemination of progeny virus to the salivary glands, an
immunologically privileged site where the virus replicates even
in the presence of strong CD8�-T-cell-mediated immunity (23,
32, 38). We therefore sought to develop a vaccine that (i)
further reduced the levels of viral replication in the spleen by
providing increased CD8�-T-cell-mediated immunity and (ii)
augmented the increased CD8�-T-cell responses with a hu-
moral response that provided immunity against both input
virus and low levels of progeny virus and thus prevented viral
dissemination to the salivary glands. In the present study, we
describe an optimized vaccine strategy that consists of (i) i.d.
priming with a pool of pDNAs encoding pp89, M84, and gp34,
as well as 10 individually nonprotective plasmids expressing
putative matrix, capsid, and nonstructural antigens; and (ii) i.p.
boosting with chemically killed virus adsorbed to an alum ad-
juvant. We found that only when the vaccine contained all of
these components was protection sufficient to suppress viral
replication in the spleen and salivary glands to undetectable
levels.

These results both confirm and extend our previous obser-
vation that a pDNA vaccine consisting of M83-, M85-, M86-,

and M99-expressing plasmids provides protection against low
challenge doses of MCMV (35). We demonstrated here that by
increasing the number of individually nonprotective plasmids
in the vaccine to 10, a more significant level of protection can
be achieved. However, the protective immunity elicited by
these plasmids is not as strong as that afforded by the individ-
ually protective antigens of MCMV and therefore may repre-
sent minor antigens. We also found that inclusion of this lim-
ited set of antigens into a pool with the individually protective
pp89, M84, and gp34 plasmids resulted in consistently in-
creased protection levels in the spleen. It is possible that in-
clusion of the nonprotective plasmids may provide helper
epitopes that augment the responses to one or more of the
individually protective plasmids. Alternatively, the additional
protection provided by the minor antigen plasmids may be due
to the increase in the breadth of the CD8�-T-cell repertoire
for MCMV antigens that may be presented by different cell
types or at different stages of the infection. In this regard,
Holtappels et al. previously reported that the CD8� T lympho-
cytes that infiltrated the lungs of MCMV-infected mice pos-
sessed lytic activity against immediate-early, early, and late
MCMV antigens and that the peak activities against each of
these classes of antigens changed throughout the course of
acute infection (18). Furthermore, the pp89-specific CTLs rep-
resented a minor fraction of the total CD3ε-redirected CD8�-
T-cell-mediated cytolytic response. It was later found that CTL
lines specific for the defined epitopes of pp89, gp34, M83, and
M84 are protective in the spleen and lungs of immunodeficient
mice (19, 20).

Immunization with the pDNA pool All-U was found to elicit
strong CD8�-T-cell responses against pp89 and M83 Ld pep-
tides, as well as against the virion-associated antigens pre-
sented by J774 cells infected with UV-MCMV. However, the
detection of CD8� T cells specific for these antigens was pos-
sible only after viral challenge. The inability of our ICCS assay
to detect virus-specific CD8� T cells in the absence of in vivo
restimulation with MCMV was likely due at least in part to the
prolonged period of time between pDNA immunization and
the ICCS assay. Another potential explanation is that the
pDNA immunizations were performed with pp89 plus 12 other
antigen-expressing plasmids and not just the pp89 plasmid
alone. Relevant to this is our finding that coimmunization with
pp89 and M84 plasmids results in lower levels of pp89-specific
CD8� T cells compared to immunization with pp89 pDNA
alone, although the recall responses were comparable after
viral challenge (57). It is therefore conceivable that the addi-
tion of the 12 other MCMV antigen-expressing plasmids with
the pp89 pDNA further reduced the peak levels of pp89-
specific CD8� T cells. Nevertheless, these results show that a
low level of CD8� T cells prior to challenge may not neces-
sarily predict the strength of the recall response to the chal-
lenge virus.

Our studies also showed that immunization with the All-U
pDNA pool elicits a CD8�-T-cell response specific for M83
that can be detected after viral challenge. We previously re-
ported that immunization with an M83-expressing recombinant
vaccinia virus or pDNA was not protective against subsequent
sublethal challenge (35). At that time, it was unknown whether
M83 contained any MHC class I-restricted epitopes. Subse-
quently, Holtappels et al. demonstrated that MCMV infection
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elicits a CD8�-T-cell response against an Ld-restricted non-
apeptide of M83 (19). Interestingly, a CTL line specific for this
epitope was protective against viral replication when adop-
tively transferred to gamma-irradiated recipient mice. Further-
more, the protective ability of this CTL line was greater—on
the basis of transferred cell number—than a CTL line specific
for M84, an antigen found to be protective in our pDNA
immunization assay (19). Although these results may appear to
be contradictory, our pDNA vaccine model of protection dif-
fers substantially from the adoptive transfer model in two ways.
In the latter model, the recipient mice were first ablated of all
CMI, allowing for subsequent reconstitution with stimulated
CD8� T cells that not only were specific for the M83 epitope
but also possessed lytic activity at the time of transfer. This
specific reconstitution may allow for greater protective effects
in the absence of competition with CD8� T cells with T-cell
receptors specific for minor or unprotective antigens. Second,
the recipient mice were challenged subcutaneously in the foot-
pad, an infection route that provides a more slowly dissemi-
nated infection compared to i.p. infection. The subcutaneous
infection may provide a longer period for the in vivo prolifer-
ation of the transferred M83-specific CD8� T lymphocytes
(29). In the DNA vaccine model, not only must the plasmid-
expressed antigen contain an appropriate epitope for MHC
class I binding and T-cell-receptor recognition but, after chal-
lenge, the epitope must also be presented in the context of
MHC class I complexes to the vaccine-primed CD8� T cells.
The resulting stimulation must be sufficient to induce protec-
tive lytic activity even in the presence of other presented viral
antigens and CD8� T lymphocytes with different specificities.
Because the M83 plasmid was injected with other plasmids,
including the three individually protective plasmids pp89, M84,
and gp34, it remains to be determined whether the immuniza-
tion with M83 pDNA or vaccinia virus alone fails to provide
protection because they do not prime sufficient numbers of
CD8� T cells or whether primed CD8� T cells are not suffi-
ciently restimulated in vivo to provide protective lytic activity.

One interesting result of these studies was that the recall
CD8�-T-cell responses to pp89, M83, and virion-associated
antigens in mice immunized with the All-U pDNA pool alone
were higher than those in mice that were sequentially immu-
nized with the All-U pDNA pool and FI-MCMV. This reduc-
tion at first may appear to be the result of the FI-MCMV
immunization interfering with or abrogating the responses to
the All-U pDNA. However, this seems unlikely since the mice
immunized with pc3-Ua, FI� had levels of virion-specific
CD8� T cells similar to those of mice immunized by All-U,
M�. In addition, mice immunized with both pDNA and FI-
MCMV were the only ones to have undetectable levels of virus
in their spleens and salivary glands after challenge. Instead,
these results suggest that protective immunity was not com-
promised but augmented. We hypothesize that the apparent
decrease in the CD8�-T-cell levels for the mice immunized
with pDNA and FI-MCMV may be due to the assay conditions
in which recall responses were measured after viral challenge.
In order for the memory cells to proliferate, they must be
subjected to a threshold level of viral antigen in association
with the MHC complexes (29). Because the FI-MCMV immu-
nization elicited neutralizing antibody responses, the restimu-
lating virus may have been neutralized and thus prevented

from disseminating to the spleen where subsequent infection
and viral antigen presentation would have allowed the prolif-
eration of MCMV-specific memory CD8� T cells. In addition,
in the All-U DNA- and FI-MCMV-immunized mice, it is likely
that challenge virus that was not neutralized by the FI-MCMV-
induced antibodies was suppressed by the All-U pDNA-in-
duced CD8�-T-cell-mediated immunity at the site of challenge
and in the draining lymph nodes. Thus, the local CD8�-T-cell
responses may have helped to prevent dissemination of the
challenge virus to the spleen, as evidenced by the lack of
detectable viral replication in the spleens of the All-U- and
FI-MCMV-immunized mice. This hypothesis might also ex-
plain why the mice immunized with the FI-MCMV alone had
higher recall responses to the virion structural proteins than
did mice immunized with the All-U pDNA plus FI-MCMV. In
this case, although the FI-MCMV-immunized mice also had
high neutralizing antibody titers, some residual infectious virus
likely disseminated to and replicated in the spleen, thus result-
ing in the proliferation of virion-specific CD8� T cells to
higher levels. Future experiments examining the levels of spe-
cific CD8�-T-cell responses after the pDNA prime and FI-
MCMV boost in the absence of restimulation by challenge
virus should help resolve the question.

Two other studies have looked at the efficacies of inactivated
virus vaccines for MCMV. Tolpin et al. showed that two i.p.
immunizations of CD-1 Swiss mice with 5 � 107 PFU eq of
formalin-inactivated SG-MCMV (without adjuvant) provided
protection against lethal challenge (80% specific protection
against 2 LD50) but not against viral replication and dissemi-
nation (53). More recently, Geoffroy et al. showed that i.p.
immunization with three doses of 107 PFU eq of sodium pe-
riodate-inactivated TC-MCMV completely protected BALB/c
mice from death and viral replication when challenged 3 weeks
after the last immunization (12). However, when the mice were
challenged 3 months after the last immunization, mice were
protected from death but not viral replication. In the work
presented here, we also found that FI-MCMV immunization
alone was unable to completely protect mice against viral in-
fection and dissemination when mice were challenged 2
months after the last immunization. Only when mice were
immunized with both pDNA and FI-MCMV was the replica-
tion of challenge virus suppressed to levels below detection
limits. Taken together, these results show that a protective
antibody response to MCMV is an effective means of limiting
viral replication and dissemination when used in conjunction
with pDNA-induced CD8�-T-cell responses, although the rel-
ative contributions that the antibody and CD8�-T-cell re-
sponses made in the overall observed protection in the All-U,
FI-MCMV-immunized mice remain to be specifically ad-
dressed. Further long-term studies are warranted to determine
the maintenance of these immune responses and their protec-
tive abilities over time.

The use of different prime and boost methods for vaccina-
tion is emerging as an effective means for generating high
levels of immunity that are stronger than priming and boosting
by the same method. Various combinations of different vacci-
nation methods that have been reported thus far include prim-
ing or boosting immunizations with pDNA, purified protein
subunit, killed whole virus, attenuated or replication-defective
recombinant vaccinia virus, adenovirus vectors, and canarypox
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vectors. Two published reports have specifically examined the
efficacy of pDNA prime-killed virus boost vaccinations. In a
mouse model of rabies virus vaccination, priming with a pDNA
expressing the gG envelope glycoprotein, followed by boosting
with human diploid cell killed virus vaccine (HDCV), resulted
in �10-fold-higher peak and sustained levels of virus-neutral-
izing antibody titers compared to pDNA prime-pDNA boost
(31). In that study, the most effective prime-boost strategy was
priming with a gG-expressing recombinant vaccinia virus and
boosting with HDCV, since peak levels of neutralizing anti-
body responses were �50-fold higher than those from pDNA
prime and boost. In another study it was shown that a pDNA
prime-killed influenza virus boost vaccine was more effective in
limiting nasal shedding of virus in pigs after intranasal chal-
lenge than was a pDNA and boost strategy (30). However, on
each of 4 days examined after challenge, the levels of secreted
virus in the pDNA prime-killed virus boosted pigs were not
significantly different from those receiving killed virus for both
the prime and the boost vaccinations. Several other studies
have demonstrated that pDNA prime and infectious viral vec-
tor boost methods can provide immunity against such patho-
gens as HIV (14, 47), hepatitis C virus (36), herpes simplex
virus (10), influenza virus (7), Plasmodium spp. (48, 49), and
Ebola virus (52), and in many cases this prime-boost method
resulted in protection superior to the other prime-boost meth-
ods tested. Although boosting with live, attenuated, or repli-
cation-defective viral vectors has been shown to elicit strong
immunity to the delivered antigens, concerns remain regarding
the safety of these vectors in immunocompromised individuals,
as well as with regard to their relative efficacies in the presence
of vector-specific immunity elicited from a previous immuni-
zation.

One major benefit of the pDNA prime-killed virus boost
strategy used here is that at no time are infectious vectors used,
and immune responses to both nonstructural and structural
viral antigens can be elicited without developing vector-specific
responses. It is our hope that future studies will further dem-
onstrate the effectiveness of this pDNA prime-killed virus
boost vaccination against MCMV in providing immunity that is
(i) protective against a long-term challenge, (ii) protective
against mucosal challenge, (iii) protective in immunologically
diverse mouse strains, and (iv) protective against the establish-
ment of or the reactivation from latency. The information
gained from these studies should provide the basis for the
development of a safe and effective vaccine against HCMV.
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