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The cytotoxic T-lymphocyte (CTL) response against the murine cytomegalovirus (MCMYV) immediate-early
gene 1 (IE1) 89-kDa phosphoprotein pp89 plays a major role in protecting BALB/c mice against the lethal
effects of the viral infection. CTL populations specific to MCMYV early-phase and structural antigens are also
generated during infection, but the identities of these antigens and their relative contributions to overall
immunity against MCMYV are not known. We previously demonstrated that DNA vaccination with a pp89-
expressing plasmid effectively generated a CTL response and conferred protection against infection (J. C.
Gonzalez Armas, C. S. Morello, L. D. Cranmer, and D. H. Spector, J. Virol. 70:7921-7928, 1996). In this report,
we have sought (i) to identify other viral antigens that contribute to immunity against MCMYV and (ii) to
determine whether the protective response is haplotype specificc DNA immunization was used to test the
protective efficacies of plasmids encoding MCMYV homologs of human cytomegalovirus (HCMYV) tegument
(M32, M48, M56, M82, M83, M69, and M99), capsid (M85 and M86), and nonstructural antigens (IE1-pp89
and M84). BALB/c (H-2?) and C3H/HeN (H-2*) mice were immunized by intradermal injection of either single
plasmids or cocktails of up to four expression plasmids and then challenged with sublethal doses of virulent
MCMY administered intraperitoneally. In this way, we identified a new viral gene product, M84, that conferred
protection against viral replication in the spleens of BALB/c mice. M84 is expressed early in the infection and
encodes a nonstructural protein that shares significant amino acid homology with the HCMV UL83-pp65
tegument protein, a major target of protective CTLs in humans. Specificity of the immune response to the M84
protein was confirmed by showing that immunization with pp89 DNA, but not M84 DNA, protected mice
against subsequent infection with an MCMYV deletion mutant lacking the M84 gene. The other MCMYV genes
tested did not generate a protective response even when mice were immunized with vaccinia viruses expressing
the viral proteins. However, the M84 plasmid was protective when injected in combination with nonprotective
plasmids, and coimmunization of BALB/c mice with pp89 and M84 provided a synergistic level of protection
in the spleen. Viral titers in the salivary glands were also reduced, but not to the same extent as observed in
the spleen, and the decrease was seen only when the BALB/c mice were immunized with pp89 plus M84 or with
pp89 alone. The experiments with the C3H/HeN mice showed that the immunity conferred by DNA vaccination
was haplotype dependent. In this strain of mice, only pp89 elicited a protective response as measured by a
reduction in spleen titer. These results suggest that DNA immunization with the appropriate combination of

CMY genes may provide a strategy for improving vaccine efficacy.

Human cytomegalovirus (HCMV) is a serious opportunistic
pathogen for both newborn and immunocompromised individ-
uals. It is the leading viral cause of birth defects, affecting 6,000
to 7,000 infants yearly in the United States alone (16). In
addition, nearly 10% of deaths of AIDS patients in 1992 were
attributed to HCMYV disease (45), while in bone marrow and
solid organ transplant recipients, HCMYV infection continues
to lead to a high incidence of morbidity and even mortality (4).
The severe medical problems associated with HCMYV infection
in these particularly vulnerable populations underline the ne-
cessity of developing a safe and effective vaccine. Studies of
HCMYV immunity and the testing of candidate vaccines have
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highlighted the importance of cell-mediated immunity for con-
trol of the infection and prevention of disease.

Because of the strict species specificity of the betaherpesvi-
ruses, animal models of CMV immunity have used murine
cytomegalovirus (MCMYV), which is similar to HCMV with
regard to virion structure, genome organization, gene expres-
sion, tissue tropism, and latency. As with HCMV, the cellular
immune response to MCMYV has been shown to be critical for
control of the acute infection (28). In the susceptible BALB/c
strain, a single nonstructural protein—immediate-early protein
1-pp89 (IE1-pp89)— has been shown to be immunodominant
for the generation of protective cytotoxic T lymphocytes
(CTLs), and a single, nonpeptide epitope was determined to be
targeted during natural infection (28). Delivery of this single
epitope to BALB/c mice by vaccinia virus (14) or synthetic
peptide (42) resulted in protective immunity. Similarly, immu-
nization of BALB/c mice with a pp89-expressing plasmid gen-
erated similar levels of pp89-nonapeptide-specific CTL activity
as did immunization with tissue culture-derived MCMV (17).
However, this plasmid-mediated protection against MCMV
was incomplete (17) compared to that generated by the atten-
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uated virus. This suggests that, to be fully protective, the
MCMV-specific CTL response may need to be directed against
multiple viral antigens.

The number of MCMYV antigens that contribute to the gen-
eration of protective CTL immunity is likely limited to those
viral antigens that not only contain the appropriate epitopes
for efficient binding to major histocompatibility complex
(MHC) class I glycoprotein complexes and subsequent recog-
nition by «/B T-cell receptors (TCRs) but are also capable of
escaping the MCMV-mediated shutdown of antigen presenta-
tion. Similar to HCMV, immune evasion mechanisms affecting
the MHC class I presentation pathway have evolved in MCMV
to downregulate the presentation of MCMV-derived peptides
on the cell surface (19). Seminal experiments characterizing
MCMYV immunity showed that, beginning in the early phase of
viral replication, CTLs specific for an IE antigen could no
longer recognize and lyse MCM V-infected cells (13). Levels of
surface expression of MHC class I molecules did not appear to
be affected at this time, and CTLs specific for an early antigen
were able to lyse infected target cells, indicating the specific
inhibition of pp89 presentation by early genes. However, later
in the early phase, surface expression of MHC class I mole-
cules is severely reduced as a result of MCMV early gene
products blocking transport of peptide-loaded MHC class I
complexes into the medial-Golgi compartment (12). This block
appears to be mediated, at least in part, by the m152 early gene
product (46, 50). This retention of class I complexes and the
resultant prevention of antigen presentation were found to be
abolished in infected cells treated with gamma interferon
(IFN-y) in vitro (20). Another MCMV gene, m06, was found
to encode the glycoprotein gp48, which strongly associates with
MHC class I molecules in the endoplasmic reticulum and re-
routes them into the endosomal-lysosomal compartment for
rapid proteolysis, thus preventing class I surface expression by
an independent mechanism. Therefore, although CTLs di-
rected against several viral epitopes may be generated during
infection, there may exist only a limited number of epitopes
that are sufficiently presented by the infected cell to trigger
lysis of the infected cell at times early enough to be protective
for the host.

Several lines of evidence point to the existence of other viral
targets of CTLs during infection, although their identities have
remained elusive. Reddehase and colleagues showed that tar-
get cells incubated with increasing levels of UV-inactivated
virus became more susceptible to CTL-mediated cytolysis by
splenocytes from MCMV-immune mice (37). Thus, target cells
presenting virion proteins were specifically lysed by T cells
generated during the natural infection. MHC-restricted T-cell
clones have also been isolated and characterized as being spe-
cific for virion (36) and early-phase (13) antigens. Particularly
noteworthy is a recent report in which pulmonary infiltrate
cells in BALB/c bone marrow recipients were examined for
relative CTL activities specific for the well-characterized IE1
nonapeptide versus the total CD8™ cytolytic activity. The total
activity was measured by CD3e-redirected lysis in order to
bypass differences in TCR affinities for MHC-viral peptide
complexes (21). A critical finding from these studies was that
pulmonary CTLs recognized infected cells in all phases of the
viral replicative cycle and that IE1-specific lysis accounted for
only a fraction of the total CTL-mediated lysis in BALB/c
mice. In addition, it was shown that target cells expressing early
antigens were the most susceptible to lysis by pulmonary CTLs
harvested during the peak of lytic activity. In view of the ap-
parent shutdown of antigen presentation beginning during the
early phase of viral gene expression, a requisite property of
protective MCMV antigens may be that they either are ex-
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pressed very early in the infection or are virion proteins intro-
duced into the cytoplasm upon cell membrane-viral envelope
fusion. However, the lack of knowledge regarding the specific
identities of CTL targets of MCMYV other than pp89 prevents
this question from being rigorously addressed.

The goals of the work presented here were (i) to identify
other MCMYV antigens that generate protective cellular immu-
nity in BALB/c mice and (ii) to determine whether this pro-
tection is limited to the H-2¢ haplotype. We previously showed
that intradermal (i.d.) DNA immunization with a pp89-ex-
pressing plasmid elicits a protective CTL response in BALB/c
mice. In this study, we extended these findings by constructing
plasmid DNA vaccines encoding candidate MCMV antigens
and testing their protective efficacies against subsequent
MCMYV challenge. Because MCMV-specific CTLs against
early antigens as well as virion proteins are likely generated
during the infection of BALB/c mice, we focused this study on
an early antigen, M84, and the MCMYV homologs of HCMV
virion proteins. The M84 gene was chosen based on our pre-
vious work showing that the protein encoded by this gene was
an early, nonstructural protein with strong homology to the
HCMYV CTL target pp65 (34). Other genes included in this
study were the homologs of seven tegument and putative teg-
ument antigens and two putative capsid antigens. Two inbred
mouse strains of different H-2 haplotypes were immunized by
injecting these plasmids either singly or in cocktails of multiple
plasmids. We found that in BALB/c mice only plasmids ex-
pressing either the nonstructural pp89 or M84 protein could
limit viral replication in the spleen following subsequent chal-
lenge with a wide range of sublethal MCMYV doses. None of
the other plasmids elicited consistent protection. Moreover,
these genes were not protective even when delivered by im-
munizing the mice with recombinant vaccinia viruses express-
ing the same MCMYV open reading frames (ORFs). The results
also showed that coimmunization of BALB/c mice with the
protective pp89 and M84 plasmids provided synergistic protec-
tion against viral replication in the spleen. The response to
MS84 to was found to be specific for M84 epitopes, as mice
immunized with the M84-expressing plasmid were not pro-
tected against an MCMYV deletion mutant lacking M84. The
reductions in spleen titers were accompanied by smaller reduc-
tions in salivary gland titers, indicating that spread of virus to
secondary organs of replication was only partially limited by
these vaccines. Lastly, we found that the protective responses
generated by our vaccines were haplotype dependent, as pp89
was the only antigen that provided detectable protection in
C3H/HeN mice.

MATERIALS AND METHODS

Mice. Only female, specific-pathogen-free inbred mice were used in these
experiments. Mice were at least 6 weeks old upon arrival and were not injected
with DNA or MCMV until at least 1 week later. BALB/c (H-27) mice were
obtained from Harlan-Sprague-Dawley, Inc., or Simonsen Laboratories, Inc., at
5 to 6 weeks of age. C3H/HeN (H-2X) mice were obtained from Simonsen
Laboratories at 5 to 6 weeks of age. Mice were housed in microisolator-covered
cages in a vivarium (University of California, San Diego) and given food and
water ad libitum.

Cells and virus. NIH 3T3 cells (ATCC CRL 1658), CV-1 cells (ATCC CCL
70), and HeLa S3 cells (ATCC CCL 2.2) were maintained in Dulbecco’s modi-
fied Eagle’s medium containing 10% (vol/vol) heat-inactivated bovine calf serum
and 200 U of penicillin, 0.2 mg of streptomycin, 0.05 mg of gentamicin, 1.5 pg of
amphotericin B, and 0.29 mg of L-glutamine per ml. MCMYV strain K181 and the
MB84 deletion mutant AM84 (34) were prepared as salivary gland homogenates
following intraperitoneal (i.p.) injection of female BALB/c mice as previously
described (15). The titers of these viruses were determined on NIH 3T3 cells as
described below.

Plasmid constructs. Restriction endonucleases, T4 DNA ligase, T4 DNA
polymerase, Klenow fragment of DNA polymerase, and competent Escherichia
coli cells (DHSa MAX) were obtained from Bethesda Research Laboratories,
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Inc., unless otherwise noted. DNA restriction fragments contained in agarose
gels were purified using the Geneclean Kit (Bio 101) or by centrifugation of gel
slices in 0.45-pm-pore-size Ultrafree-MC filter columns (Millipore) according to
the manufacturer’s recommendations. Unless otherwise specified, phosphory-
lated linker DNAs were obtained from Stratagene, Inc., and linker ligations and
digestions were performed as described previously (40). When appropriate, ori-
entations of MCMYV sequences in recombinant clones were confirmed by restric-
tion analysis. Construction and characterization of pACYC184-based plasmids
containing the HindIII fragments of the MCMV genome (i.e., H3B, H3D, H3H,
etc.) were described previously (33). To allow easier cloning of a number of
ORFs into the vaccinia virus vector plasmid pSC11 (6), this plasmid was modified
to place either a Notl, Nhel, or Kpnl restriction site at a position allowing
expression of the cloned gene in recombinant vaccinia viruses under the control
of the vaccinia virus p7.5 promoter. The pSC11 vector was digested with Smal,
then phosphorylated Notl (Promega), Nhel, or Kpnl linkers were ligated to the
cut plasmid, and the plasmid was then digested with an excess of Notl, Nhel, or
Kpnl, respectively. The linker-ligated plasmid was then isolated and recircular-
ized, yielding pSC11(Not), pSC11(Nhe), or pSC11(Kpn), respectively. Restriction
analysis in all three cases demonstrated placement of the introduced site at a
position corresponding to the Smal site of the parent plasmid.

For i.d. DNA immunization experiments, full ORFs encoding pp89 (IE1), M99
(pp28), M32, M82, M83, M84, M85, M86, M48, M56, and M69 were each
subcloned into the eukaryotic expression vector pcDNA3 (Invitrogen). Construc-
tion of pcDNA3-pp89, pcDNA3-MS82, pcDNA3-M83, and pcDNA3-M84 has
been described previously (11). To subclone the M82 OREF into the vaccinia virus
vector pSC11(Nhe), pcDNA3-M82 was cleaved with EcoRI, blunt ended, and
ligated to a phosphorylated Xbal linker. The DNA was then cut with an excess
of Xbal, and a 22-kbp fragment was isolated and ligated to Nhel-cut
pSC11(Nhe), yielding pSC11-M82. To clone the M84 ORF into a vaccinia virus
vector plasmid, pcDNA3-M84 was cut with Kpnl, and a 2-kbp fragment, con-
taining the entire M84 ORF, was isolated and ligated to KpnlI-cut pSC11(Kpn),
yielding pSC11-M84. To clone the M99 ORF into pcDNA3, pGS-M99 (formerly
pGS-UL99 [10]) was digested with BamHI and the 2.6-kbp fragment containing
M99 was isolated and ligated to BamHI-cut pcDNA3.

The M32 ORF was subcloned from the HindIll B region of the MCMV
genome into pcDNA3 as follows. pACYC184-H3B was digested with HindIII
and SstII to release a 4.2-kbp SstII fragment containing the entire M32 ORF.
This fragment was isolated and cloned into pBluescript I KS(+) (Stratagene) to
yield pBS-4.2 H3B, a clone containing the 5’ end of the ORF proximal to the
EcoRV site of the vector. To remove flanking sequences 5" of the M32 ORF,
pBS-4.2 H3B was cleaved with EcoRV and a 5.8-kbp fragment containing the
M32 ORF, some upstream and downstream sequences, and the vector backbone
was isolated and recircularized to yield pBS-M32. pBS-M32 was cut with EcoRV,
and NorI linkers (Promega) were ligated to the ends. After Notl digestion, the
plasmid was recircularized to yield pBS-5'Not M32. This plasmid was cut with
Sst1l and Dral, blunt ended with T4 DNA polymerase, and then cut with HindIII
to yield the entire M32 ORF on a 2.7-kbp fragment with a 5" HindIII end and a
blunt 3’ end. This 2.7-kbp fragment was isolated and ligated to HindIII- and
EcoRV-cut pcDNA3 to yield pcDNA3-M32. To construct the M32-expressing
vaccinia virus, pcDNA3-M32 was cut with NorI, and a 2.7-kbp fragment, con-
taining the entire M32 ORF, was isolated and ligated to Norl-cleaved
pSC11(Not), yielding pSC11-M32.

In order to construct pcDNA3-M85, the M85 ORF-containing plasmid
H3C8.2-GEM (11) was digested with Aat1l and a 1.0-kbp fragment was isolated.
This fragment was ligated to AatII-cut pGEM-7Zf(+), and a clone which con-
tained the insert with the 5’ end of the M85 ORF proximal to the Sp6 promoter
site of the vector was selected and designated pGEM-MS85. pGEM-M85 was cut
with Aatll, and an adapter containing a NotI site and an AarII overhang, 5'-CAG
CGG CCG CTG ACG T-3’ (Integrated DNA Technologies, Inc.), was ligated to
the cut DNA. The end-adapted DNA was cut with NorI, and a 1.0-kbp fragment
was isolated and ligated to NotI-cut pcDNA3, yielding pcDNA3-M85, or NotI-cut
pSC11(Not), yielding pSC11-M85.

To construct pcDNA3-M86, the plasmid H3C14.2-GEM (11) was digested
with Kpnl and the 8.2-kbp fragment containing M86 was isolated and ligated to
Kpnl-cut pPGEM-4Z. A clone with the 5" end of the ORF proximal to the EcoRI
site of the vector was isolated and designated H3C8.2-GEM(rev). To eliminate
3.1 kbp of 3’ flanking sequence from the M86 ORF, H3C8.2-GEM(rev) was
cleaved with Sphl, and the 7.8-kbp M86- and pGEM-4Z-containing fragment was
isolated and recircularized to yield pGEM-iM86. This construct was digested
with Eco47III (New England Biolabs) and Sphl and then blunt ended. Phos-
phorylated Xbal linkers were then ligated to the blunt ends, and following
digestion with Xbal, the 4.5-kbp fragment containing M86 was subcloned into
Xbal-cleaved pcDNA3 to yield pcDNA3-M86 or Nhel-cut pSC11(Nhe) to yield
pSC11-M86.

To subclone the M69 ORF into pcDNA3, pACYC184-H3D was cleaved with
Sphl and the 3.8-kbp fragment was isolated. This M69-containing fragment was
ligated to Sphl-digested pGEM-4Z, and a clone containing the insert with the 3’
end of the M69 ORF proximal to the Sp6 promoter site of the vector was selected
and designated pGEM-MG69. This plasmid was cleaved with SnaBI (New En-
gland Biolabs), and HindIII linkers were ligated to the blunt ends. The
HindIII-linkered DNA was then digested with HindIIl, EcoRI, and Dral, and a
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3.0-kbp 5’-HindIII to 3’-EcoRI fragment containing M69 was isolated and li-
gated to HindIII- and EcoRI-cleaved pcDNA3 to yield pcDNA3-M69.

To subclone the M48 ORF, pACYC184-H3H was digested with Mscl and
EcoRV, and HindIII linkers were ligated to the blunt ends. After digestion with
Hindlll, the 9.3-kbp HindIII fragment containing the M48 ORF was isolated and
ligated to HindIIl-cleaved pGEM-4Z to yield pPGEM-M48. pGEM-M48 was cut
with Nhel, and the overhangs were filled in with Klenow fragment. NotI linkers
were ligated to the blunt ends, and following digestion with NorI and HindIll, a
6.8-kbp HindIII-to-Notl fragment was isolated and ligated to HindIII- and NotI-
cleaved pcDNA3 to yield pcDNA3-M48.

The M56 ORF was subcloned by first digesting pACYC184-H3D with HindIII
and EcoRI. The 5.2-kbp EcoRI-to-EcoRI fragment containing M56 was isolated
and subcloned into the EcoRI site of pGEM-4Z to yield pPGEM-M56. pGEM-
MS56 was digested with BssHIIL, and the ends were filled in with Klenow fragment.
After digestion with Stul, NotI linkers were ligated to the blunt ends. Following
digestion with Notl, the 2.55-kbp fragment containing M56 was isolated and
ligated into the Notl site of pcDNA3 to yield pcDNA3-M56.

To clone the MCMYV early transcription unit el (5) into a vaccinia virus vector,
pACYC184-EcoH, containing the 11-kbp EcoRI H fragment of MCMYV, was
cleaved with BamHI and EcoRI, and a 1.5-kbp fragment, containing the el gene,
was isolated and ligated to BamHI- and EcoRlI-cleaved pGEM1 (Promega),
yielding e1-GEM. This plasmid was digested with Agel (New England Biolabs)
and EcoRI, and a 1.4-kbp fragment was isolated, blunt ended, and ligated to the
Smal-cleaved vaccinia virus vector pGS20, yielding pGS-el.

Expression of MCMV ORFs. Expression of full ORFs from the pcDNA3-
based plasmids was assessed prior to immunization. Antigens were expressed and
[*S]methionine-labeled by TNT (Promega) coupled in vitro transcription-trans-
lation using the T7 promoter in the vector and following the manufacturer’s
recommendations. Labeled translation products were added to Laemmli sodium
dodecyl sulfate (SDS) sample buffer, heated to 100°C (or 42°C for M83 and M84)
for 2 min, separated by SDS-polyacrylamide gel electrophoresis on gels with
various acrylamide concentrations ranging from 5 to 15%, and visualized by
fluorography or autoradiography.

Vaccinia virus construction. Recombinant vaccinia viruses expressing the
MCMV M32, M82, M84, M85, M86, and el ORFs or B-galactosidase were
constructed using the vaccinia virus vector plasmids pSC11-M32, pSC11-M82,
pSC11-M84, pSC11-M85, pSC11-M86, pGS-e1, and pSC11, respectively, and the
WR strain of vaccinia virus as the parent virus (ATCC VR-119) using methods
previously described (6, 23, 31, 47). The resulting recombinant viruses were
designated M32-vacc, M82-vacc, M84-vacc, M85-vacc, M86-vacc, el-vacc, and
pSCl1-vacc, respectively. Construction of the vaccinia virus recombinants ex-
pressing M83 (M83-vacc), M99 (M99-vacc, formerly UL99-vacc), and pp89
(pp89-vacc) was described previously (10, 11, 47). Recombinant viruses were
grown and plaque purified on the 143B cell line (ATCC CRL 8303) under
selection with 50 pg of 5-bromo-2’-deoxyuridine per ml. Southern blot analysis
using probes to either the thymidine kinase region of the vaccinia virus genome
or the MCMYV gene to be inserted showed the expected hybridization pattern
consistent with the appropriate insert DNA and also confirmed the homogeneity
of the plaque-purified stock (data not shown). Large-scale viral stocks were
prepared by growth of the plaque-purified virus on monolayers of HeLa S3 cells.
Virus stocks were prepared by freeze-thawing infected cell pellets, prior to
storage in aliquots at —70°C. Viral stock titers were determined by plaque assay
on monolayers of CV-1 cells after treatment of the viral stock for 30 min at 37°C
with 0.25% (vol/vol) trypsin. Production of immunoreactive products of the
expected sizes from M99-vacc, M83-vacc, M84-vacc, M32-vacc, pp89-vacc, and
el-vacc was confirmed by Western blot analysis of infected cell extracts (data not
shown).

Immunizations. Plasmid DNAs were prepared from standard Luria-Bertani
cultures using Qiagen Maxi and Mega columns according to the manufacturer’s
instructions. Plasmids were resuspended in Tris-EDTA (pH 8.0) made with
endotoxin-free ddH,O (Life Technologies, Inc.). The endotoxin content of the
DNA was reduced to 0.5 to 5 ng per mg of DNA, as measured by the Limulus
amoebocyte lysate assay (Associates of Cape Cod, Inc., Woods Hole, Mass.), by
four extractions with Triton X-114 essentially as described previously (35). Fol-
lowing ethanol precipitation, DNA pellets were washed with 70% ethanol (in
endotoxin-free ddH,0) and resuspended in endotoxin-free 10 mM Tris-HCI (pH
8.0) to a concentration of approximately 2 mg per ml. DNA concentrations were
measured by A,¢,, and the plasmid DNA was verified by agarose gel electro-
phoresis to be >95% supercoiled, undegraded, and free of chromosomal DNA
or RNA contamination. For injection, DNA was diluted in 10 mM Tris-buffered,
endotoxin-free saline (pH 8.0).

For DNA immunizations, mice were i.d. injected with 30 to 50 ng of DNA (see
Results) using a 0.5-ml insulin syringe equipped with a 28-gauge needle (U-100;
Becton Dickinson & Co.). Mice were immunized three times in 10 to 14 days,
with each immunization consisting of three injections of DNA into separate sites
of the shaved skin of the lower back within 1.5 cm of the base of the tail.

For immunization with recombinant vaccinia viruses, mice were injected i.p.
with 0.5 ml of phosphate-buffered saline (PBS) containing 107 PFU of recom-
binant vaccinia virus grown on HeLa S3 cells. In one experiment (see Results),
mice were boosted 31 days following the initial vaccination. Mice were chal-
lenged i.p. with virulent MCMV K181 12 or 21 days following the last vaccination
(see Results).
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TABLE 1. HCMYV antigens and their MCMV homologs used in
DNA immunization experiments”

HCMV ORF HCMV Ag MCMV ORF Identity (%)”
UL32 pp150 M32 25
ULAS p212 M48 2
UL56 p130 M56 42
UL69 pUL69 M69 25
ULS2 pp71 M82 19
ULS3 pp65 M83 17

M84 21
ULS5 mCP M85 55
UL86 MCP M86 53
UL99 pp28 M99 35
UL123 pp72 m123 (pps89) —¢

“ Abbreviations: Ag, antigen; mCP, minor capsid protein; MCP, major capsid
protein.

b Percent amino acid identity over the overlap identified by FASTA (35). Also
see reference 11 for UL82-UL84 homologies with M82-M84.

¢ No significant amino acid sequence homology, though position and function
of pp72 and pp89 are conserved (35).

Virus challenge, tissue harvest, and plaque assay. Two to four weeks after the
last immunization, mice were challenged by i.p. injection of virulent MCMV
strain K181 in 0.5 ml of sterile PBS. At various times postchallenge, mice were
sacrificed by CO, asphyxiation, spleens or salivary glands were aseptically re-
moved, and 10% (wt/vol) homogenates were made in Dulbecco’s modified Ea-
gle’s medium—-10% bovine calf serum-10% dimethyl sulfoxide using sterile Pyrex
homogenizers. Homogenates were stored at —70°C. All organ homogenates
from a single experiment were diluted, and the titers were determined simulta-
neously by plaque assay on NIH 3T3 cells as previously described (17). Plaques
were counted on day 4 or 5 postinfection (p.i.). Unless otherwise indicated, organ
titers presented are the means of the log;, PFU per organ for four mice and error
bars representing either the standard deviation or, for better visibility of data
points in most line graphs, the standard error of the mean.

Statistical analysis. MCMYV organ titers were compared by one-factor analysis
of variance (ANOVA) and Fisher’s protected least significant difference post hoc
test for pairwise comparisons between groups.

RESULTS

Expression of MCMYV antigens from plasmid DNA vaccine
vectors. The genome of MCMYV contains approximately 170
ORFs, and of all of the virally encoded antigens, only one IE
antigen—IE1-pp89—has been identified as eliciting a protec-
tive CTL response in infected BALB/c mice. Based upon work
by Koszinowski and Reddehase documenting the presence of
other specific CTL populations, it appears that other CTL
epitopes may be contained within viral early-phase and struc-
tural proteins (13, 36). In order to begin the identification of
antigens that generate the protective CTL response against
MCMYV, we first isolated the coding sequences for several
candidate MCMYV antigens for subsequent testing in a plasmid
DNA immunization-based protection assay. The virion pro-
teins that we tested were the MCMV homologs of known
HCMYV tegument and capsid proteins (see Table 1 for list).
The homology between the published DNA sequences of
HCMV strain AD169 (7) and MCMYV strain Smith (35) facil-
itated our subcloning of these MCMV homologs from the
K181 genome into the mammalian expression vector pcDNA3
for strong HCMV major IE promoter-enhancer-driven expres-
sion of the ORFs in vivo. The tegument and putative tegument
antigens of HCMV include UL32-pp150, UL48-p212 and
UL56-p130 (3), pUL69 (49), UL82-pp71, UL83-pp65, and
UL99-pp28, and their respective FASTA amino acid homolo-
gies are shown in Table 1. The major and minor capsid anti-
gens of HCMV encoded by UL86 and ULSS, respectively,
share approximately 50% FASTA amino acid homology with
their MCMYV counterparts, M86 and M85, and both of these
MCMYV genes were subcloned for immunization trials.
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FIG. 1. Coupled in vitro transcription-translation of pcDNA3-based vaccine
plasmids. All antigens encoded by the plasmids used for immunization of mice
were expressed in vitro from the T7 promoter of the plasmid vector using the
TNT (Promega) expression system. [*>S]methionine-labeled translation products
were denatured in reducing SDS-polyacrylamide gel electrophoresis buffer, elec-
trophoresed on gels of various acrylamide concentrations ranging from 5 to 15%,
and visualized by fluorography or autoradiography. Each panel represents a
different expression experiment and gel with the migration of the molecular mass
standards (in kilodaltons) in each gel shown at the left.

In our previous studies, we noted that the M84 ORF of
MCMYV possesses greater homology to UL83 than does the
positional homolog M83 (11). Further analysis of the products
of these two genes revealed that the M83 gene product was
similar to HCMYV pp65 by virtue of its late expression, phos-
phorylation in vivo, and virion association and that the M84-
encoded protein is an early, nonstructural protein (11, 34).
Based upon these latter findings, we included the M84-express-
ing plasmid in our immunization studies. Since we previously
demonstrated that a pp89-expressing plasmid vaccine provides
protection against MCMYV infection in BALB/c mice (17), the
pp89 cDNA was subcloned into pcDNA3 as a control for these
immunization experiments.

To confirm expression of antigens from the pcDNA3-based
vaccine plasmids, all recombinant proteins were expressed by
coupled in vitro transcription-translation reactions driven from
the T7 promoter in the vector. Molecular masses of the
[*>S]methionine-labeled polypeptides (Fig. 1) correlated well
with those predicted from the amino acid sequences (35), ex-
cept that the M69 polypeptide migrated to a molecular mass
approximately 25 kDa higher than the expected 93 kDa. This
anomalous migration of M69 is likely due to large stretches of
charged amino acids and/or a large percentage of serines pre-
dicted by its coding sequence.

The relative protective effect elicited by pcDNA3-pp89 im-
munization increases with increased MCMYV challenge dose.
After demonstrating that immunization with pp89-expressing
plasmid pcDNA-89 can protect BALB/c mice against both
lethal and sublethal MCMYV challenges (17), we proceeded to
optimize the experimental conditions to increase our probabil-
ity of identifying other potentially protective antigens. Al-
though pcDNA-89 provides protection against lethal challenge
with virulent virus, we found that this protection could be
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FIG. 2. The relative protective effect elicited by pcDNA3-pp89 immuniza-
tion, as measured by replication in the spleen, increases with increasing viral
challenge dose. Naive BALB/c mice were immunized three times in 10 days by
i.d. injections of 50 pg of either pcDNA3 or pcDNA3-pp89 as described in
Materials and Methods. Two weeks after the last immunization, mice were i.p.
challenged with one of four serial dilutions of salivary gland-derived MCMV
corresponding to 21 X 103, 47 X 103, 95 X 103, and 127 X 10° PFU in 0.5 ml of
PBS per mouse. Six days postchallenge, spleens were removed and the viral titers
were determined. Spleen titer values presented are the means of the log,, PFU
per spleen for four mice with the standard deviation (SD) indicated by error bars.
Values above each challenge dose indicate the fold reductions of the nonloga-
rithmic mean titers (i.e., PFU per organ) of pcDNA3-pp89-immunized mice
relative to the corresponding pcDNA3-immunized controls.

overwhelmed by increases of the lethal challenge dose occur-
ring from normal experimental variation in virus administra-
tion. We therefore sought to develop a protection assay which
used a sublethal challenge in order to prevent the small vari-
ations in challenge dose from acutely affecting the measure of
protection. To this end, we titrated the level of challenge dose
to find a sublethal dose that would not overwhelm the protec-
tive response from plasmid DNA immunization. We measured
the replication of MCMYV in the spleens of vaccinated mice on
day 6 postchallenge, as these replication levels correlate well
with mortality of BALB/c mice from MCMYV infection. In
addition, control of the acute MCMYV infection in the spleens
of BALB/c mice has been found to be CD8" T cell mediated
(24), and we previously demonstrated that a specific CTL re-
sponse can be elicited by plasmid DNA immunization with a
pp89-expressing plasmid (17).

Four BALB/c mice per group were immunized by i.d. injec-
tions of 50 pg of pcDNA3 or pcDNA3-pp89 in endotoxin-free
saline. Mice were injected three times over 10 days, and then,
2 weeks after the last immunization, the mice were i.p. chal-
lenged with either 21 X 103, 47 X 10°, 95 X 10?, or 127 X 10°
PFU (approximately 0.13, 0.25, 0.5, or 0.75 X 50% lethal dose
[LDs,], respectively) of salivary gland-derived MCMV K181
(Fig. 2). Mice were sacrificed on day 6 postchallenge, and their
spleens were aseptically removed, Dounce homogenized, and
stored until plaque assay on NIH 3T3 cells. As seen in Fig. 2,
the levels of MCMYV replication in the spleens of the pcDNA3-
immunized mice increased approximately 1,000-fold over the
range of increasing challenge doses. In contrast, over the same
range of MCMYV challenge doses, the resulting spleen titers in
the pcDNA3-pp89-immunized mice increased only 2.5-fold. At
the greatest sublethal dose tested, corresponding to approxi-
mately 0.75 X LDs,, MCMYV titers in the pcDNA3-pp89-im-
munized mice were 1,300-fold lower than those in the
pcDNA3-alone-immunized mice. Thus, for the pp89-express-
ing plasmid, the fold protection level relative to controls in-
creased with increasing challenge dose, with the greatest pro-
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tective effect observed after challenge with 0.75 X LDs,. Since
other antigens may elicit a response different in either nature
or magnitude from that elicited against pp89, the protection of
mice immunized with the other MCMYV antigens was measured
across this entire range of challenge doses. In a separate ex-
periment, we also determined that similar protection was af-
forded by immunization with 10 or 50 g per injection (data
not shown), and therefore the doses of plasmid DNA did not
appear to be limiting in this immunization assay.

Plasmid DNA immunization with M84, either alone or in
combination with other expression plasmids, protects BALB/c
mice against challenge with increasing sublethal doses of
MCMY. Since we were able to elicit consistent protection
against a wide range of sublethal challenge doses following
plasmid immunization with pp89, we used this challenge strat-
egy as a measure of the protective abilities of the other plas-
mids encoding MCMYV antigens. In order to efficiently screen
a dozen additional antigens in mice of various MHC back-
grounds, we chose to immunize groups of mice with mixtures
of the different plasmids rather than immunize with each plas-
mid alone. This method is roughly analogous to that used by
Barry and coworkers (1), who screened pools of expression
clones from sublibraries made from the genome of Myco-
plasma pulmonis, although their immunization pools contained
large numbers of uncharacterized plasmids. If we found a par-
ticular plasmid pool to be protective in the initial screen, then
its constituent plasmids would be used singly in a later immu-
nization experiment to determine which antigen(s) provided
the protective effect. Because the results of a pilot immuniza-
tion experiment using a single sublethal challenge dose sug-
gested that pcDNA3-M84 may provide protection (data not
shown), the M84-expressing plasmid was singled out to be used
alone as well as in combination with other expression plasmids.
The pcDNA3-based vaccine plasmids were divided into three
groups of plasmid cocktails. pcDNA3-M84 was included in
group I (Gp. I) with M32 and M82—two antigens which did
not confer protection in pilot immunization or recombinant
vaccinia virus immunization experiments (see below). Gp. 1
consisted of equal masses of pcDNA3-M32, -M82, and -M84,
as well as pcDNA3 vector alone added to normalize the in-
jected DNA mass with that of Gp. II. Gp. II contained
pcDNA3-M83, -M8S5, -M86, and -M99, and Gp. III contained
pcDNA3-M48, -M56, and -M69.

In the first screen of the vaccine plasmids, four BALB/c mice
per group were immunized i.d. three times over 2 weeks with
pcDNA3, pcDNA3-pp89, pcDNA3-M84, Gp. I, or Gp. II. Each
injection consisted of 40 ug of total DNA, with 10 g of each
antigen-expressing plasmid and the balance made up with
pcDNA3. Two weeks after the last immunization, mice were
challenged with one of four challenge doses of virulent virus as
described above, and the spleen titers on day 6 postchallenge
were determined. For display purposes, the data for Gp. I and
II are presented in two separate panels of Fig. 3 with the
results for pcDNA3 and pp89 included in both panels for
comparison. It should be noted that when the titer of an organ
was below the limits of assay sensitivity, generally 10> PFU/
organ, the titer for that organ was arbitrarily set to the limit of
sensitivity for calculation of the mean and standard deviation.
Thus, values corresponding to the organ titer reduction for
that group of mice relative to the pcDNA3-alone-immunized
controls were underestimates. Consistent with our previous
findings, we found that the MCMYV titers in the spleens of
pcDNA3-immunized mice increased from 10° to greater than
10° PFU per spleen over the range of challenge doses tested,
while the titers in the pp89-alone group remained at a rela-
tively constant 10*° PFU per spleen (Fig. 3A and B). Com-
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FIG. 3. Plasmid DNA immunization of BALB/c mice with pcDNA3-based
vectors used alone or in combination and the reductions in spleen titers following
increasing sublethal challenge doses of virulent MCMV. BALB/c mice were i.d.
immunized three times over 2 weeks with 40 ug of DNA consisting of either
pcDNA3 or a cocktail of 10 ug of each antigen-expressing plasmid to be tested
and the balance of 40 pg consisting of pcDNA3. Two weeks after the last
immunization, mice were i.p. challenged with either 20 X 103,40 X 103, 80 X 103,
or 120 X 10° PFU, and spleens were harvested 6 days postchallenge for MCMV
titer determination. Spleen titer values presented are the means of the log,, PFU
per spleen for four mice with the standard error (SE) of the mean indicated by
error bars. (A) Spleen titers of mice immunized with either pcDNA3, pcDNA3-
pp89, pcDNA3-M84, or Gp. 1. (B) Spleen titers from the same pcDNA3- or
pcDNA3-pp89-immunized mice as in panel A as well as the Gp. II-immunized
mice. (C) Spleen titers from an independent experiment in which mice were
immunized with 30 ug of pcDNA3, 10 pg of pcDNA3-pp89 plus 20 pg of
pcDNA3 to normalize masses), or 30 pg of Gp. III (10 wug of each plasmid
shown).

pared to the pcDNA3 group, spleen titers in the M84-immu-
nized group were also consistently reduced at all of the
challenge doses, although the suppression of viral replication
afforded by the M84 plasmid was less than that for pp89. The
average spleen titers in the M84 group increased from 10*% at
the lowest challenge dose to only 10*° at the highest dose, an
increase of approximately sixfold. When pcDNA3-M84 was
included in Gp. I with M32 and M82, the resulting protective
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effect of M84 was still observed and even slightly increased
compared to that for M84 administered alone (Fig. 3A). Im-
munization with the Gp. II DNAs (Fig. 3B) resulted in some
protection at the lower challenge doses, with an approximately
20- to 25-fold reduction in MCMV titers compared to that for
the pcDNA3-immunized mice subjected to the same challenge
dose of 80 X 10°> PFU per mouse. However, unlike the pro-
tection observed in the pp89-, M84-, and Gp. I-immunized
groups, protection elicited by the Gp. II plasmids was over-
whelmed at the highest challenge dose. Furthermore, the an-
tigens represented in Gp. II were not found to generate con-
sistent protection against a variety of challenge doses when
used singly and delivered by recombinant vaccinia viruses (see
below and data not shown). Moreover, when the M82, M83,
and M32 plasmids were tested singly for protective efficacy
after we increased the plasmid dose from 10 to 50 pg per
injection, we found results similar to those above (data not
shown).

In a separate experiment, the protective abilities of the
MCMYV homologs of the HCMV gene products UL48, UL56,
and UL69 were tested using the approach described above.
Mice were immunized with either pcDNA3, pcDNA3-pp89, or
Gp. III and then challenged 2 weeks after the last immuniza-
tion with i.p. inoculation of the same virus and doses used
previously. In this experiment, while pp89 provided protection
at all of the challenge doses, most notably at the higher doses,
the viral titers in the spleens of the Gp. III-immunized mice
were comparable to those of the pcDNA3-immunized mice
(Fig. 3C). We conclude from this result that M48, M56, and
M69 do not elicit a protective response in BALB/c mice.

In addition to using plasmid DNA vaccine-based immuniza-
tion of mice to identify protective MCMYV antigens, we also
immunized mice with recombinant vaccinia viruses as an alter-
native delivery and expression system for some of the MCMV
antigens tested above. Vaccinia virus has been used as a model
system for intracellular expression of antigens for generation
of CTL responses, and this model was used extensively to
characterize pp89-mediated immunity to MCMV. We con-
structed vaccinia virus recombinants of strain WR that express
the same M32, M82, M83, M84, M85, M86, M99, and pp89
coding sequences used for plasmid vaccine construction such
that expression was driven by the vaccinia virus p7.5 promoter.
These MCMV antigen-encoding vaccinia viruses were desig-
nated M32-vacc, M82-vacc, M83-vacc, M84-vacc, M85-vacc,
MS86-vacc, M99-vacc, and pp89-vacc, respectively. In addition,
we constructed a recombinant vaccinia virus, el-vacc, express-
ing the early transcription unit el (5). Finally, a B-galactosi-
dase-expressing vaccinia virus recombinant, pSCl1-vacc, was
constructed as a negative control for immunization experi-
ments.

In the first immunization trial, three BALB/c mice per group
were i.p. immunized with 107 PFU of the vaccinia virus recom-
binant pSC11-vacc, M99-vacc, el-vacc, M83-vacc, or pp89-vacc
and then i.p. boosted 31 days after the first vaccination. Twelve
days following the second vaccination, mice were i.p. chal-
lenged with 40 X 10 PFU of virulent MCMYV, and on day 6
postchallenge, spleens were harvested as described above for
MCMV titer determination. Similar to the plasmid DNA im-
munization results above, we found that only the pp89-express-
ing vaccinia virus provided significant protection in the spleen,
with a 400-fold reduction in MCMV titers in the spleens of
pp89-vacc-immunized mice relative to the pSC11-vacc-immu-
nized controls (Fig. 4A). In a separate trial, four mice per
group were immunized as described above with a single dose of
107 PFU of the other vaccinia viruses expressing putative struc-
tural antigens, M82-vacc, M85-vacc, M86-vacc, and M32-vacc,
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FIG. 4. Immunization of BALB/c mice with recombinant vaccinia viruses
expressing the MCMV ORFs. BALB/c mice were i.p. immunized with the re-
combinant vaccinia viruses and challenged with virulent MCMYV, and spleens
were harvested 6 days postchallenge for MCMYV titer determination. Spleen titer
values presented are the means of the log,, PFU per spleen for each group with
the standard deviation (SD) indicated by error bars. Values above each titer bar
indicate the fold reductions of the nonlogarithmic mean titers (i.e., PFU per
spleen) of that immunized mouse group relative to the corresponding pSC11-
vacc-immunized controls, with statistically significant titer reductions denoted as
superscripts (+*, P < 0.05; f, P < 0.01; £, P < 0.001; one-factor ANOVA and
Fisher’s protected least significant difference test). (A) Three mice per group
were ip. immunized with 107 PFU of one of the recombinant vaccinia viruses
expressing the MCMYV antigens shown or the B-galactosidase-expressing pSC11-
vacc. A booster injection was given 31 days postimmunization, and 12 days
following the boost, mice were i.p. challenged with 40 X 10° PFU of MCMV. (B)
Four mice per group were given a single i.p. immunization with 107 PFU of the
vaccinia virus recombinants shown and, 21 days postimmunization, were chal-
lenged with 30 X 10° PFU of MCMV. (C) Twelve mice per group were immu-
nized as described for panel B and challenged with 80 X 10° PFU of MCMV.
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as well the nonstructural antigen-expressing M84-vacc and
pp89-vacc. On day 21 postvaccination, mice were challenged
with 30 X 10° PFU of MCMYV, and on day 6 postchallenge,
MCMYV titers in the spleen were determined. As in the first
vaccinia virus trial, we found that immunization with pp89-vacc
provided significant protection (P = 0.005) with a 280-fold
reduction in spleen titer relative to that for pSC11-vacc-immu-
nized mice (Fig. 4B). We also found 11- and 12-fold titer
reductions in the mice immunized with M84-vacc and M85-
vacc, respectively (Fig. 4B). However, these reductions were
not statistically significant (P > 0.15). A third trial was per-
formed using 12 mice per group in order to more accurately
assess the protective efficacies of M84-vacc and M85-vacc. Fol-
lowing a single immunization as described above, mice were
i.p. challenged with 80 X 10° PFU of MCMYV. Although
MCMYV replication in the spleens of the pSCll-vacc-immu-
nized mice was approximately 10-fold lower than that in the
other two trials, mice receiving either M84-vacc or pp89-vacc
showed statistically significant (P < 0.001) reductions in day 6
spleen titers (Fig. 4C). In this trial, M85-vacc-immunized mice
showed MCMYV titers similar to those of the pSC11-vacc con-
trols, indicating that M85-vacc-mediated protection may not be
consistently protective. Of note, plasmid DNA Gp. II contains
the M85 plasmid, and immunization with this plasmid cocktail
did not provide protection at the highest challenge dose. In
summary, immunization trials using vaccinia virus recombi-
nants expressing the MCMV ORFs yielded results similar to
those from the plasmid DNA immunization experiments.
Taken together, DNA immunization of BALB/c mice with
plasmids encoding either the immunodominant pp89 protein
or the pp65 homolog M84 can protect BALB/c mice from
splenic viral replication over a wide range of sublethal chal-
lenge doses. Relative to controls, the fold suppression of
MCMYV replication elicited by either of these plasmids in-
creased with challenge dose, with the protection by pp89 being
consistently greater than that afforded by M84. While titers in
both of these groups remained low relative to those in vector-
alone-immunized controls, the titers were above the limits of
detection, indicating that protection was still incomplete. The
rationale for screening multiple plasmids by coinjecting them
in cocktails was justified by the observation that the protective
ability of pcDNA3-M84 was not negatively affected by its co-
immunization with nonprotective expression plasmids. How-
ever, it is not known whether the immune responses to other
protective MCMYV antigens could be negatively affected by
coimmunization in a plasmid cocktail. Other than pp89 and
MS84, none of the other antigens tested by plasmid DNA or
vaccinia virus immunization were capable of generating signif-
icant protection against viral replication in the spleen.
Coimmunization of BALB/c mice with plasmids expressing
pp89 and M84 results in synergistic reduction in spleen rep-
lication following challenge with a high sublethal dose. As
described above, screening of 11 antigen-expressing plasmids
in two inbred mouse strains revealed only two antigens which
could protect BALB/c mice from challenge, the major IE1
protein pp89 and the pp65 homolog M84. Protection elicited
by either plasmid against MCMYV replication was incomplete
as evidenced by the presence of detectable virus in the spleen.
We therefore sought to determine whether a combination of
these two MCMYV genes could augment the antiviral response.
BALB/c mice were i.d. immunized three times over 2 weeks
with either 30 wg of pcDNA3; 15 ng of pp89, M83, or M84
(each combined with 15 pg of pcDNA3 to normalize DNA
masses); or a cocktail of 15 ng each of pp89 and M83 or pp89
and M84. Three weeks after the last immunization, vaccinated
mice were i.p. challenged with 60 X 10? or 120 X 10° PFU of
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FIG. 5. Plasmid DNA immunization of BALB/c mice with protective and
nonprotective plasmids, either alone or in combination, and the resulting viral
spleen titers following sublethal MCMYV challenge. BALB/c mice were i.d. im-
munized three times with either 30 ug of pcDNA3 or a cocktail of 15 ug of each
antigen-expressing pcDNA3-based plasmid to be tested and the remainder of 30
pg consisting of pcDNA3. Two weeks after the last immunization, mice were i.p.
challenged with either 60 X 10% (A) or 120 x 10 (B) PFU of MCMV. On day
6 postchallenge, spleens were harvested, and the resultant spleen titers are shown
as the means of the log;, PFU per spleen for four mice with the standard
deviation (SD) indicated by error bars. Values above each titer bar indicate the
fold reductions of the nonlogarithmic mean titers (i.e., PFU per organ) of that
group relative to the corresponding pcDNA3-immunized controls. The subscript
0 indicates that three of the four mice in this group had MCMYV titers below the
detection limit of 10> PFU/spleen and that the titer values of each of these three
mice were arbitrarily set to the detection limit for mean titer calculation. Note
also that the standard deviation of this group was too low to depict with an error
bar.

virulent MCMV. On day 6 postchallenge, spleens were homog-
enized for MCMYV titer determination.

Consistent with the above data, immunization with pp89 or
M&84 alone resulted in reductions in titer following infection
with either challenge dose (Fig. 5). Relative to the spleen titers
of pcDNA3-immunized mice, titer reductions of 190-fold for
pp89 and 110-fold for M84 were observed after the 60 X 107
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PFU challenge (Fig. 5A), and 680- and 320-fold reductions
were measured for pp89 and M84, respectively, following the
120 X 10° PFU challenge (Fig. 5B). In contrast, titers in M83-
immunized mice were nearly indistinguishable from those in
vector-alone controls at either challenge dose. Moreover, mice
coinjected with pp89 and the nonprotective M83 plasmids and
then challenged with either viral dose showed no significant
reduction in spleen titer below that elicited by pp89 immuni-
zation alone (Fig. 5). After challenge of the pp89-M84-coim-
munized group with the lower challenge dose, the resulting
titer reduction level was comparable to that observed with
pp89 alone (Fig. 5A). However, when pp89 and M84 plasmids
were coinjected into the group of mice and mice were then
challenged with 120 X 10° PFU, the resulting spleen titers
were reduced to over 6,100-fold below those in the pcDNA3
group, a level approximately 10-fold lower than that for the
pp89-alone group and 20-fold lower than that for the M8&4-
alone group (Fig. 5B). In addition, since MCMV was detect-
able in the spleen of only one of the four mice, the actual
reduction in spleen titer might even have been greater, as titers
of MCMV-negative mice were arbitrarily set to the detection
limit of 10*> PFU/spleen (denoted by the subscript 0 in Fig. 5B).
Note that, in this coimmunized group, the standard deviation
of spleen titers was not sufficiently large to be depicted with an
error bar. Taken together, the above results suggest that the
immune responses against pp89 and M84 are able to comple-
ment each other and interact synergistically. However, the high
dose of challenge virus needed to produce this effect suggests
that the immune cells primed by the plasmids require a large
input viral dose to be rapidly restimulated or to cause them to
migrate from the immunization site to the tissues where they
are able to alter the course of the systemic infection.

The immune response against pcDNA3-M84 does not pro-
tect against challenge with an MCMV mutant lacking M84
expression. The above results showed that prior immunity
against M84 is protective against subsequent MCMYV challenge
and that coimmunization with both M84 and pp89 results in a
synergistic level of protection against a high challenge dose.
We previously demonstrated that plasmid DNA immunization
with a pp89-expressing plasmid induces CTL responses against
the dominant pp89 nonapeptide epitope as strong as those
generated during infection with tissue culture-derived MCMV
(17). Because M84 is also a nonstructural protein (34), we
would expect that the protection generated by the M84-ex-
pressing plasmid is also a cell-mediated response. From our
experiments above, however, we could not exclude the possi-
bility that protection mediated by pcDNA3-M84 (or M84-vacc)
was due to a cytokine response that could result in a more
rapid nonspecific priming of naive CTLs or activation of nat-
ural killer (NK) cells or, in the case of pp89-M84-coimmunized
mice, a more rapid induction of pp89 memory CTLs into cy-
tolytic effectors. We therefore tested whether the protection
mediated by pcDNA3-M84 required that the infected cells
express the M84 protein. We previously found that M84 was
dispensable for viral replication in tissue culture and that a
K181 deletion mutant, AM84, was able to replicate with slightly
attenuated growth levels in the target organs of BALB/c and
other strains of mice (34). We therefore tested whether this
MS84 deletion mutant could escape pcDNA3-M84-based im-
munity in plasmid DNA-immunized mice.

Four BALB/c mice per group were immunized with
pcDNA3, pp89, M84, or the pp89-M84 cocktail as described
for Fig. 5. Two weeks after the last immunization, mice were
i.p. challenged with 120 X 10° PFU of salivary gland-derived
stocks of either wild-type K181 or AM84. We found that on day
6 postchallenge, MCMV titers in the spleens of pcDNA3-
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FIG. 6. Protection of plasmid DNA-immunized mice against either wild-type
K181 or the M84 deletion mutant AM84. Four BALB/c mice per group were i.d.
immunized as described for Fig. 5, and 2 weeks following the last immunization,
mice were i.p. challenged with 120 X 10° PFU of MCMV from salivary gland-
derived stocks of either wild-type K181 or AM84. Titer values and error bars are
as described for Fig. 5. Values above each titer bar indicate the fold reductions
of the nonlogarithmic mean titers (i.e., PFU per organ) of that group relative to
the corresponding pcDNA3-immunized controls challenged with the same virus.
SD, standard deviation.

alone-immunized mice were comparable whether they were
inoculated with the wild-type or AM84 virus (Fig. 6). Mice
immunized with pcDNA3-pp89 alone were found to control
replication of either wild-type or AM84 viruses to equal levels.
Since we previously showed that the levels and kinetics of pp89
protein expression in AM84-infected NIH 3T3 cells were iden-
tical to those in the wild-type-virus-infected cells (34), the
similar viral titers in the spleens of the pp89-immunized mice
suggest that the presentation of pp89 in infected cells in vivo is
not significantly affected in the absence of M84 expression.
Most importantly, Fig. 6 shows that when M84-immunized
mice are challenged with wild-type or AM84 viruses, only the
M84-expressing wild-type virus is reduced in titer with a similar
magnitude as that afforded by immunization with pp89. AM84,
in contrast, replicated in M84-immunized mice to a level sim-
ilar to that in the pcDNA3-alone-immunized controls. Thus,
pcDNA3-M84-mediated responses require that infected cells
express M84 in order to be protective. When mice were coim-
munized with pp89 and M84 plasmids and challenged with
wild-type MCMYV, we observed a synergistic reduction level of
6,600-fold in spleen titer relative to that in pcDNA3-immu-
nized-K181-challenged mice. This reduction level is consistent
with the pp89-M84 coimmunization-mediated protection
shown in Fig. 5. However, when pp89-M84-coimmunized mice
were challenged with AMS84, the synergistic protection was
abrogated and a titer reduction level of 380-fold was obtained.
This level of protection closely matched that provided against
AMS84 following immunization with only the pp89 plasmid.
Therefore, the protective response elicited by pp89 immuniza-
tion appears to be independent of the M84 response, as the
inclusion of the M84 plasmid with the pp89 plasmid did not
augment the pp89-specific response against AM84.
Immunization with pcDNA3-pp89 alone or in combination
with pcDNA3-M84, but not immunization with pcDNA3-M84
alone, results in consistent reductions in salivary gland titer.
Having observed augmented protection from viral replication
in the spleens of BALB/c mice coimmunized with the plasmids
expressing pp89 and M84, we sought to determine if the lim-
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ited replication in the spleen (and possibly other abdominal
organs) could substantially reduce viral spread to the salivary
glands. We found previously that immunization with a pp89
plasmid vaccine resulted in reduced salivary gland titers rela-
tive to those observed in mice immunized with vector back-
bone alone (17), but titers were still approximately 10° PFU/
organ. In an independent coimmunization experiment,
BALB/c mice were i.d. immunized with the same DNAs as
described above. The range of challenge doses chosen (2 X
103,10 X 103,30 X 10?, and 60 X 10° PFU) was lower than that
used when measuring spleen titer reductions because salivary
gland titers are maximal following injection of lower input viral
doses. Day 10 postchallenge salivary gland titers for the mice
immunized with pcDNA3, -pp89, or -84 or pp89-M84 can be
seen in Fig. 7. Salivary gland titers of pcDNA3-alone-immu-
nized mice increased from 10%° to 107 PFU/organ over the
range of challenge doses and remained maximal at approxi-
mately 107 PFU/organ. In mice immunized with pp89 and
challenged with the three lowest viral doses, there were ap-
proximately twofold (P < 0.05), sixfold (P < 0.001), and eight-
fold (P < 0.01) reductions in salivary gland titers relative to
those for pcDNA3-immunized controls, respectively, while at
the highest dose the reduction was threefold (P < 0.05). Thus,
the protective effect of pcDNA3-pp89 in the salivary gland
increased with increasing challenge dose, but unlike the pro-
tection found in the spleen, the titer reductions approached
only a single order of magnitude. In contrast to pp89, salivary
gland titers in the M84 group were not reduced relative to
those for pcDNA3-immunized mice over the range of chal-
lenge doses given. When pp89 and M84 were used for coim-
munization, salivary gland titer reductions of 3-fold (P < 0.05),
9-fold (P < 0.001), and 11-fold (P < 0.01) were observed
following the lower challenge doses and a reduction of 5-fold
(P < 0.01) was observed with the highest challenge dose: re-
ductions at least as great as or just measurably greater than
those with pp89 immunization alone. However, coimmuniza-
tion with pp89 and M84 still allowed the virus to replicate to
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FIG. 7. Plasmid DNA immunization of BALB/c mice with protective plas-
mids, used alone or in combination, and the resulting salivary gland viral titers
following sublethal MCMV challenge. BALB/c mice were i.d. immunized as
described for Fig. 5 and 2 weeks after the last immunization were i.p. challenged
with either 2 X 103, 10 x 10%, 30 X 103 or 60 X 10°> PFU of MCMV. Day 10
postchallenge salivary gland titers are shown as the means of the log,, PFU per
salivary gland for four mice with the standard error (SE) of the mean indicated
by error bars. Statistically significant titer reductions relative to the pcDNA3-
immunized mice are indicated as follows: *, P < 0.05; §, P < 0.01; and %, P <
0.001 (one-factor ANOVA and Fisher’s protected least significant difference
test).
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titers of 10° PFU in salivary glands. Thus, while protection in
the salivary glands mediated by immunization with pp89 alone
or in combination with M84 was statistically significant follow-
ing the range of the challenge doses tested, the magnitude was
less than that observed in the spleen.

Plasmid DNA immunization with pcDNA3-pp89, but not
pcDNA3-M84, provides detectable protection in C3H/HeN
mice. An optimal vaccine should include antigen(s) that is
presented by MHC molecules derived from wide immunoge-
netic backgrounds. In the MCMV model of immunity, the
BALB/c inbred strain has been the primary animal used for
determining which antigens were immunodominant for CTL
recognition and protection (28). However, it has since been
found that the BALB/c strain may rely upon CD8" T lympho-
cytes for the control of MCMV to a greater extent than do
other inbred mouse strains (29). Other inbred strains possess
higher resistance to MCMV due to both H-2 haplotype and
non-H-2-linked genes that are responsible for activating NK
cells early in the infection before CTLs are fully active. Be-
cause the C3H/HeN inbred strain is highly resistant to MCMV
due to both its H-2 haplotype (18) and its rapid activation of
NK cells by secretion of high levels of IFN-y, we chose to test
the efficacy of the plasmid DNA immunization cocktails in
these mice.

Four female C3H/HeN mice per group were i.d. immunized
three times over 14 days with pcDNA3, pp89, M84, Gp. I, or
Gp. II. Two weeks after the last immunization, mice were i.p.
challenged with approximately 40 X 10%, 80 X 10°, 160 X 107,
or 320 X 10° PFU per mouse (see Fig. 8 for actual doses
administered). Previous i.p. challenge experiments of mock-
immunized or unimmunized C3H/HeN mice had provided us
with a challenge dose range which would result in MCMV
titers in the spleen which were measurably above the detection
limits by plaque assay. Because of the rapid and efficient ability
of the C3H strain to control MCMYV infection in spleen tissue,
spleen titers at day 3, rather than day 6, postchallenge were
measured.

As shown in Fig. 8, only pp89 plasmid immunization was
able to generate protection in the C3H/HeN mice. MCMV
titers in the pp89-immunized mice rose exponentially as the
challenge dose was increased, and the slope was nearly the
same as that in the pcDNA3-immunized mice, with the titers in
the pp89 groups remaining approximately two- to sevenfold
below those for the controls (Fig. 8). While the titer reductions
in the pp89-immunized group relative to those for the
pcDNA3-immunized controls were statistically significant (P <
0.01) at the three lowest challenge doses, the overall reduction
trend contrasts with that observed for BALB/c mice. For
BALB/c mice, increasing doses of virus resulted in an increas-
ing relative protection level afforded by the protective plas-
mid(s). Similar results were also consistently observed in two
other independent experiments measuring pp89-mediated pro-
tection in the C3H/HeN strain. We also found that, in contrast
to the observed response in BALB/c mice, i.d. immunization of
C3H/HeN mice with M84 alone or in combination with other
MCMYV genes (Gp. I) was unable to elicit protection in the
spleen against any of the viral challenge doses (Fig. 8). More-
over, Gp. II was not protective in the C3H/HeN strain at any
of the challenge doses.

DISCUSSION

The goal of this study was to identify the other potential
targets of protective CTLs in BALB/c mice and to determine
whether similar protective responses would be generated in a
strain with a different H-2 haplotype. Our approach was to use
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FIG. 8. Plasmid DNA immunization of C3H/HeN mice with pcDNA3-based
vectors used either alone or in combination and the reductions in spleen titers
following increasing sublethal challenge doses of virulent MCMV. C3H/HeN
mice were immunized as described for Fig. 3 and then i.p. challenged 2 weeks
following the last immunization with either approximately 40 X 10°, 80 X 103,
160 X 103, or 320 X 103 PFU of MCMV. Day 3 postchallenge spleen titer values
presented are the means of the log,, PFU per spleen for four mice with the
standard error (SE) of the mean indicated by error bars. Statistically significant
titer reductions relative to the pcDNA3-immunized mice are indicated as in Fig.
7. Spleen titers are those of mice immunized with either pcDNA3, pcDNA3-
pp89, pcDNA3-M84, Gp. I, or Gp. IL.

plasmid DNA immunization, an effective and straightforward
method for generating CTL responses, to elicit cell-mediated
immunity specific for an MCMV early antigen and several
MCMYV homologs of HCMV virion-associated proteins. These
antigens were chosen by virtue of their ability to be presented
on the cell surface in association with MHC class I complexes
before the early-phase MHC class I shutdown. CTLs directed
against these antigens may theoretically lyse the infected cell
prior to release and spread of progeny virus. Although CTLs
are likely generated to an array of MCMYV antigens during the
course of infection, our assay was designed specifically to iden-
tify those antigens that not only generate CTL responses in
vivo but also are protective against challenge with virulent
virus.

The results of the experiments presented here showed that
of the two MCMV homologs of HCMV ULS83-pp65, the M84
protein was protective while the positional homolog M83 was
not. Protection was observed in BALB/c, but not C3H/HeN,
mice. We previously reported the homologies and possible
evolutionary relationships of the M83 and M84 proteins with
their HCMV homologs UL83 and UL84 (11). The positional
homologs M83 and ULS3 are both late proteins that are virion
associated. However, ULS84 is an early, nonstructural protein,
and the M84 protein is also expressed early and is not detect-
able in the virion (34). In addition, both M83 and ULS83 pro-
teins are targets of humoral responses during infection of their
respective hosts. Whereas pp65 has been documented to be
targeted by the HCMV-specific CTLs across various HLA
types in healthy seropositive individuals (2, 26, 32, 48), only the
MS84 homolog conferred protection to mice following DNA
immunization. Because the M84 protein is nonstructural, the
protective immunity elicited by the M84 plasmid is almost
certainly cell mediated. This is further supported by the dem-
onstration that the M84-mediated protection from challenge
required M84 expression in the infected cell. Therefore, the
M84 protein likely contains one or more epitopes that may be
presented on class I molecules of the H-2¢ BALB/c strain. The
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consistently weaker protection levels afforded by M84 relative
to pp89 could be due to several factors including in vivo pro-
tein expression levels from the vaccine plasmids, relative effi-
ciencies of peptide processing and loading, TCR-MHC affini-
ties, or the relative availability of M84 protein during infection
for proteolysis and presentation. Interestingly, recent experi-
ments reevaluating the relative frequencies of CTL responses
against HCMV IE1-pp72 and ULS83-pp65 in healthy HCMV-
seropositive blood donors showed that, in 12 donors tested, all
12 had CTLs specific for either pp72 or pp65, but only 4 had
CTLs for both antigens (26).

Although at least some virion proteins elicit specific CTLs
during MCMYV infection, none of the plasmids or recombinant
vaccinia viruses encoding structural or putative structural
MCMYV antigens was protective in vivo. It could be reasoned
that either none of these proteins contained epitopes that
could be presented on cells of either of the H-2 haplotypes
tested or the immunization methods failed to elicit CTL re-
sponses strong enough to alter the course of infection. It is
noteworthy that only the two plasmids coding for nonstructural
proteins, pp89 and M84, were protective in BALB/c mice. In
contrast to the late expression patterns generally observed for
the structural proteins, peak expression of pp89 and M84 is at
IE and early times, respectively. DNA immunization may have
been able to elicit responses too weak to detect the relatively
small amounts of virion-associated protein entering the cyto-
plasm upon viral penetration but strong enough to detect the
presentation of the de novo-synthesized antigens at the peak of
their expression. Although CTLs are thought to be exquisitely
sensitive to peptide-loaded class I molecules (9), adequate
levels of these complexes may be required for the migration
and activation of memory cells from the immunization site to
the infected target organs. Even in measuring the activity of
CTLs from MCMV-immune mice using target cells presenting
only virion-associated antigens, high doses of UV-inactivated
virus particles (200 PFU equivalents per cell) and an excess of
in vitro restimulated effectors (5:1 to 25:1 effector/target ratios)
are required to achieve levels of specific lysis similar to those
using target cells undergoing de novo expression of viral anti-
gens (36, 37). The additional need for the migration of DNA-
primed effector cells may be reflected in the augmented pro-
tection reported from priming mice with plasmid DNA and
then boosting with the appropriate antigen-expressing recom-
binant vaccinia virus (43, 44). The vaccinia virus infection may
draw the DNA-primed CTLs into tissues where they can en-
counter their specific antigen, proliferate, and provide in-
creased immunosurveillance in the organs targeted by the chal-
lenge virus. Experiments examining the protection levels
following immunization and challenge of mice in proximal or
distal sites may help determine if these spatial relationships
apply to this system.

Our studies also showed that in the H-2 strain C3H/HeN,
immunization with the pp89-expressing plasmid provided some
protection against splenic viral replication. Although the re-
ductions in spleen titer were within 10-fold compared with
vector-alone-immunized controls, our results suggest that one
or more pp89 epitopes are presented in association with the
MHC H-2* heavy chain. C3H mice are among the most resis-
tant to MCMYV infection, partially due to their H-2* haplotype
(18). Early activation of NK cells through IFN-y production
also helps to rapidly control viral replication in visceral organs.
Results from experiments utilizing monoclonal antibody-me-
diated depletion of T-lymphocyte subsets in such resistant
strains suggest that CD8" T-cell populations may play less of a
role in viral clearance during the acute infection than innate
responses (29). Thus, even moderate CTL responses generated
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by the pp89 plasmid may have been overshadowed by the
strong innate response. However, it has been shown for mutant
and wild-type 129 strains that previous vaccination with an
attenuated MCMV deletion mutant significantly limits the
splenic replication upon subsequent virulent MCMYV challenge
regardless of the IFN-y receptor-mediated mechanisms of viral
control (30). The efficacy of the vaccine was compromised,
however, in B, microglobulin null 129 mice. Taken together,
these data suggest that effective vaccination with an attenuated
MCMYV should provide T-cell-mediated protection in mice
with intact IFN-vy responses. In addition, the efficient control of
splenic viral replication in C3H forced us to measure viral
replication at day 3 postchallenge, a time that was perhaps too
early for CTLs primed by DNA immunization to become fully
active effectors. Previous work by Del Val et. al demonstrated
that CTLs generated in C57BL/6 (H-2") mice following infec-
tion with MCMV or a pp89-expressing vaccinia virus specifi-
cally lyse syngeneic target cells expressing IE-phase genes (13).
Thus, it appears as though at least one pp89-derived CTL
epitope may be presented in association with MHC class I
complexes from H-2¢, H-2°, and H-2* strains. Levels of specific
lysis in vitro of target cells expressing IE or IE plus early
antigens by C57BL/6 haplotype-derived CTLs, however, were
reduced approximately two- to threefold relative to those ob-
tained from the BALB/c mice (13). Thus, the protective ability
of pp89 in the C3H/HeN strain may be less pronounced than
that in the BALB/c strain due to a lower relative affinity of
pp89-derived epitopes for H-2* class I complexes and/or non-
CD8" T-lymphocyte-mediated effectors that dominate the an-
tiviral response in this strain.

When BALB/c mice were coimmunized with pp89 and M84
DNAs, a synergistic reduction in spleen titers was observed
relative to those after immunization with either plasmid alone.
However, this synergistic effect was observed only when the
mice were challenged with the highest doses of virus. This
suggests that, upon more stringent challenge conditions, the
observed interaction between the two CTL epitopes may have
been synergistic. Since these two CTL epitopes are located on
proteins from different phases of viral gene expression, it is
possible that inclusion of MCMYV genes encoding both IE and
early proteins in a DNA vaccine accounts for such a substantial
increase in protection.

In a recent study, the breadth of the CTL response against
MCMYV was analyzed using a bone marrow transplantation
model in BALB/c mice (21). The authors found that, when
pulmonary CTL activity peaked at 4 weeks p.i., CTLs displayed
the highest CD3e-redirected cytolytic activity against target
cells presenting early (12 h p.i.) antigens, while target cells
presenting only virion proteins were not significantly lysed.
Pulmonary CTLs isolated at 3 weeks p.i., 1 week before activ-
ities were optimal, however, displayed the highest levels of
activity against IE and late proteins. Thus, in order for com-
plete CTL-mediated protection to occur in the lung, the CTL
repertoire may need to encompass multiple epitopes in order
to adapt to changing conditions in the infected tissue such as
the relative availability of viral antigens for MHC class I pre-
sentation. Although in our experiments the antigens in Gp. II
did not provide protection against the highest MCMV chal-
lenge dose, the inclusion of one or more of them in the pp89-
M84 DNA vaccine may help diversify the resulting CTL re-
sponses and provide more complete protection against viral
replication.

In contrast to the reduction of spleen titers to nearly unde-
tectable levels in pp89-and-M84-coimmunized BALB/c mice,
viral replication in the salivary glands was reduced only up to
10-fold below that of control mice. Previously, we reported
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salivary gland titer reductions of approximately 50-fold follow-
ing pp89 DNA immunization (17). However, pp89 was ex-
pressed from pcDNA-I/Amp, and the use of the pcDNA3
vector in this report may account for differences in immunity.
Through depletion studies of immune T lymphocytes, it was
previously found that CD4™" cells are the effectors of viral
clearance from this organ (24, 25). Although the protective
immunity provided by CD8™" lymphocytes may suppress viral
replication in the abdominal organs, virus that seeds the sali-
vary glands replicates to high levels until CD4" lymphocyte-
mediated clearance can occur. Therefore, it appears likely that,
although our plasmid DNA immunization-mediated protec-
tion may dramatically reduce MCMYV replication in the spleen
to nearly undetectable levels, the ability of the virus to dissem-
inate to and amplify in the salivary gland was not significantly
impeded in the immunized animals. This is not surprising,
since plasmid DNA immunization favors the generation of
CD8-mediated T-cell responses. Taken together, these data
suggest that, in order for vaccination to significantly reduce
salivary gland titers, adequate CD4™" antiviral activity in the
salivary gland must be established prior to or coinciding with
viral seeding of that organ.

DNA-mediated immunization has become a valuable re-
search tool and holds great promise for future use in prevent-
ing infectious diseases. The field is moving rapidly, and with
continued innovations in augmenting immune responses
against plasmid-encoded antigens by coadministration of cyto-
kines or cytokine-expressing plasmids (8, 22, 27), utilizing im-
munostimulatory DNA sequences (41), improving chemical or
physical delivery systems, and delivering antigens as immune-
response-enhancing ubiquitin fusion proteins (38, 39), it seems
likely that it will be possible to vigorously prime both arms of
the acquired cellular immune response to MCMYV and provide
complete protection against acute infection and the establish-
ment of latency. The identification of MCMYV antigens that
elicit these types of protective responses will be crucial to
directing this prophylactic immunity. The insights provided
from animal models can then be used for the development of
a safe and effective vaccine against HCMV.
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