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A cytomegalovirus (CMV) was isolated from its natural host, Peromyscus maniculatus, and was designated
Peromyscus CMV (PCMV). A recombinant PCMV was constructed that contained Sin Nombre virus glyco-
protein G1 (SNV-G1) fused in frame to the enhanced green fluorescent protein (EGFP) gene inserted into a site
homologous to the human CMV UL33 (P33) gene. The recombinant CMV was used for expression and im-
munization of deer mice against SNV-G1. The results of the study indicate that P. maniculatus could be infected
with as few as 10 virus particles of recombinant virus. Challenge of P. maniculatus with either recombinant or
wild-type PCMV produced no overt pathology in infected animals. P. maniculatus immunized with recombinant
virus developed an antibody response to SNV and EGFP. When rechallenged with recombinant virus, animals
exhibited an anamnestic response against SNV. Interestingly, a preexisting immune response against PCMV
did not prevent reinfection with recombinant PCMV.

Human cytomegalovirus (HCMV) has been used to express
marker genes such as �-galactosidase or green fluorescent pro-
tein (GFP) in order to localize CMV in cells and animal tissues
or to produce mutant viruses (4, 17, 31, 32). Our laboratory is
interested in developing an animal model for hantavirus infec-
tions in order to explore the possible use of CMV as a vaccine
vector. Advantages to the use of CMV as a vector include the
following: (i) CMV normally does not cause severe disease in
an immunocompetent host; (ii) CMV exists as a latent or
persistent infection for the life of the host, resulting in contin-
uous antigenic stimulation (1); (iii) healthy animals can be
infected with more than one strain of CMV, indicating that the
presence of preexisting immunity against the virus does not
preclude immunization with a second strain expressing the
same or alternative antigens (19); (iv) in cell culture, the virus
has a relatively slow replication cycle, allowing expression of a
protein for several days before the death of permissive cells;
and (v) CMV can abortively infect many cell types, which can
result in the expression of immediate-early and some early
genes without resulting in cell death. This overcomes the prob-
lems with a vector such as vaccinia virus, which is toxic to many
cell types.

We isolated a novel CMV from its natural host, the deer
mouse (Peromyscus maniculatus), and designated this virus
PCMV. It was confirmed to be a herpesvirus by electron mi-
croscopy and a CMV based on homology with other CMVs.
The deer mouse is a reservoir for a severe human disease,
hantavirus pulmonary syndrome, caused by several unique new
world hantaviruses. Sin Nombre virus (SNV) is the predomi-
nant cause of hantavirus pulmonary syndrome in humans in

North America. SNV causes an epizootic disease resulting in a
chronic infection, with some transient mild pathology in its
primary host, the deer mouse P. maniculatis (16, 20, 27). How-
ever, SNV infection in humans results in a severe life-threat-
ening disease (8, 21). In deer mice the maternal antibodies of
seropositive, lactating females provide protection from infec-
tion to the offspring (5). Similarly, maternal antibody may
protect against hantavirus infection in humans (23). These data
suggested that the humoral immune response is an important
factor in determining the course of infection and in the out-
come of the disease in both rodent hosts and humans. We were
interested in using this as an animal model to examine the
humoral immune response against hantavirus proteins. Our
intent was to use this unique PCMV vector to express hanta-
virus proteins in deer mice to determine whether an immune
response could be initiated by using a CMV vector in the
natural rodent host. This approach has a number of advantages
over directly challenging deer mice with SNV, including the
following: (i) animal studies with hantaviruses associated with
pulmonary syndrome require a biosafety level 4 facility (BSL-
4), whereas expression of SNV proteins in a CMV vector only
requires BSL-2 or BSL-3 conditions, and (ii) it would allow us
to determine which of the virus-coded proteins is important in
developing a protective immune response.

We used the PCMV P33 gene, a homolog of HCMV UL33
and murine CMV (MCMV) M33, as an insertion site. This site
has been identified by several investigations as a region of the
genome not essential for CMV replication in tissue culture,
and insertions in this region of MCMV do not block in vivo
replication. The P33 gene was interrupted by homologous re-
combination with a fusion gene consisting of SNV glycoprotein
G1 (SNV-G1) and enhanced GFP (EGFP), thereby creating a
recombinant PCMV(�P33:G1EGFP). SNV-G1 was selected
since it has been shown to play an important role in generating
neutralizing antibodies in mice (10, 28). Although expression
of Old World hantavirus glycoproteins has been reported (9,
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29), for New World viruses such as SNV the expression of
full-length glycoproteins in mammalian cells has typically been
difficult. Recombinant PCMV(�P33:G1EGFP) was used to
infect deer mice in order to induce an immune response
against SNV in the presence and in the absence of a preexisting
antibody response against wild-type virus.

MATERIALS AND METHODS

Cells and virus culture. PCMV was grown on P. maniculatis embryonic cells
(PMEC). Virus stocks were prepared by infecting roller bottles with PMEC in
Iscove modified Dulbecco medium (IMDM) with 2% fetal calf serum (FCS), at
a multiplicity of infection (MOI) between 0.05 and 0.1 at 37°C. When 100% of
cells demonstrated cytopathology but were still attached, the cells were scraped
off, and the suspension was clarified by pelleting it in a Sorvall GLC centrifuge
at 1,500 � g for 5 min. Cell pellets were resuspended in 10 ml of IMDM with 2%
FCS and subjected to three freeze-thaw cycles. The cell lysate was clarified by
pelleting in a Sorvall GLC centrifuge at 1,500 � g for 5 min. The titer of the virus
was determined by inoculating PMEC on 24-well plates with a serial dilution of
virus stock in IMDM–2% FCS at 100 �l/well for 1 h at 37°C. The 24-well plates
were cultured with an overlay containing IMDM with 0.5% agarose, 2% FCS,
and 50 �g of kanamycin/ml for 1 week, after which the plates were fixed with 4%
formaldehyde in phosphate-buffered saline (PBS) for 1 h, the overlay was re-
moved, and the cells stained with 0.6% methylene blue. After a wash with water,
the plates were dried and the plaques were counted.

Preparation of PCMV genomic clones. PCMV virus stock was prepared as
described above, after which, the PCMV was pelleted at 15,000 rpm in an SW27
rotor (Beckman) for 1 h at room temperature. PCMV genomic DNA was
extracted with the PureGene DNA extraction kit (Gentra Systems) according to
the protocol of the manufacturer.

Virus genomic DNA was digested with NotI for 2 h, and the reaction was
stopped by heating at 65°C for 20 min. The restricted virus DNA was ligated into
pET29c (Novagen) that was linearized with NotI and treated with shrimp alka-
line phosphatase (USB). Electrocompetent DH10B Escherichia coli (Life Tech-
nologies) was transformed with the ligation mix at 330 �F and 400 V (with the
voltage booster set at 4 k�). Clones were selected with NotI inserts of �10 kb.
The viral origin of the NotI inserts was verified by Southern blotting (not shown).

PCR, cloning, and sequencing of the P33 gene and DNA polymerase fragment.
Virus genomic DNA was used as a template for PCR. The UL33 homolog was
subloned by PCR with forward primer 5�-ATGATA-C/G-G/A/C-TGGTTCTA
C-3� and reverse primer 5�-GCGTACAG-C/G-A-C/T-GGGATT-3� (Life Tech-
nologies). The PCR mix contained 50 ng of template DNA, each primer at 100
ng, 2.5 mM MgCl2, 0.2 mM deoxynucleoside triphosphates, and 5 U of Tag in 1�
reaction mix (Promega). Cycles consisted of a denaturation at 94°C for 1 min,
followed by annealing at 50°C for 1 min and an extension at 72°C for 1 min for
35 cycles. The same PCR was repeated with eight viral NotI clones as a template.
The viral NotI genomic clones were cut with BamHI overnight and separated on
a 1.0% agarose gel. The gel was transferred to Zetaprobe GT nylon membrane
(Bio-Rad) according to manufacturer’s recommendations. In order to detect the
P33-gene, we used a 31-mer, 5�-TGGGACGTCACCTGCGAATCTATCAACA
ACA-3�, which was derived from the sequence obtained from one end of the
PCR product. The oligonucleotide was end labeled by using [�-32P]ATP (NEN
Life Sciences) and T4 polynucleotide kinase (Life Technologies). The hybrid-
ization was performed at 65°C in hybridization buffer containing 10.36% (wt/vol)
polyethylene glycol 8000, 7.25% sodium dodecyl sulfate (SDS), 0.233 M sodium
chloride, 0.155 M sodium phosphate (pH 7.4), 1.55 mM EDTA, and 100 �g of
salmon sperm DNA. The membrane was washed in 0.2� SSC (1� SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)–0.1% SDS at 42°C. After washing, the
membrane was dried and exposed to X-ray film. Based on the result from the
Southern blot, NotI clone #121 was cleaved with BamHI (New England Biolabs).
The cleaved DNA fragments were separated on a 1.0% agarose gel, and the 3-kb
band was excised from the gel and purified by using the Qiaex-II kit (Qiagen).
The BamHI fragment was cloned into the BamHI linearized pPUR (Clontech),
creating pPUR3Kb. The P33 gene was sequenced, with gene-specific primers,
based on an initial sequence from the P33 PCR, by using a rhodamine sequenc-
ing kit (PE Biosystems) and the Prism 310 automated sequencer (PE Biosys-
tems). An additional sequence spanning the entire P33 gene was obtained by
primer walking in both directions. The DNA polymerase gene fragment was PCR
amplified with forward primer 5�-C/G-CG-C/T-GGCGTG-A/T-T-A/G-TA-C/T-
GA-C/T-GG-3� and reverse primer 5�-GATCTG-C/T-TG-T/G-CC-C/G-TCGAA
GATGAC-3�. The PCRs were done by using Platinum Taq (Life Technologies).
The cycles consisted of denaturation at 94°C for 30 s, followed by annealing at

60°C for 30 s and an extension at 68°C for 1 min for 35 cycles. Sequence
comparisons were done by using the BLASTN, BLASTX, and BLASTP programs
(National Center for Biotechnology Information). All sequence analysis, primer
design restriction analysis, and protein coding evaluation were done by using the
DNA-Star computer package (Lasergene).

RT-PCR of P33 gene. Total RNA from PCMV-infected PMEC was extracted
by using Trizol (Life Technologies) according to the protocol supplied by the
manufacturer. The RNA was reverse transcribed with the Thermoscript reverse
transcription-PCR (RT-PCR) system (Life Technologies) by using the random
hexamers supplied with the kit. The resulting cDNA was treated with DNase I
(Promega). The 5� end of the gene was subsequently amplified by PCR with the
forward primer 5�-CATACACAATAAAAGCCTCCAGAT-3� and the reverse
primer 5�-CGTCGCGTAGTACATAAGTGC-3�, which are located on both sides
of the presumed splice site. The same primers were used in a PCR to amplify part
of the P33 gene by using genomic virus DNA as a template. The PCR product,
representing the P33 cDNA sequence, was cloned into pGEM-T Easy according
to the protocol (Promega). The PCR product was sequenced to confirm the
absence of intron sequences.

Construction of recombinant PCMV(�P33:G1EGFP). Using Pwo polymerase
(Roche Molecular Biochemicals), a 2,116-bp PCR product spanning all of the
SNV-G1 and part of SNV-G2 was amplified from cDNA derived from autopsy
lung tissue from a hantavirus pulmonary syndrome patient. Forward primer 5�-
CGAACCATGGTAGGGTGGGTTTGCATCTT-3� and reverse primer 5�-CT
TCTTGATTGGCAGGATTCAC-3� were used in PCRs. The PCR product was
ligated into pCRII (Invitrogen), creating pCRII-G1. Sequencing of the cloned
product revealed a contiguous open reading frame (ORF) with no stop codons
or other PCR-induced mutations. The expression vector pEGFP-N1 (Clontech)
was cleaved with BamHI, blunt-ended with Klenow (New England Biolabs) and
religated, creating pEGFP-N1-BHI. To make pEGFP-N1G1, SNV-G1 was re-
leased from the plasmid pCRII-G1 with EcoRI and ligated into the EcoRI site
of pEGFP-N1-BHI, thereby placing the G1 PCR fragment upstream and in
frame with EGFP. The sequence of the construct from the transcription start site
through the G1 gene and EGFP gene was verified by sequencing. The unique
AseI site of pEGFP-N1G1 vector was converted to an EcoRV site by cleaving it
with AseI, filling in the overhangs with Klenow, and ligating an EcoRV linker
(5�-PGGGATATCCC-3�) into the plasmid. pN1G1-fl plasmid was generated by
insertion of an XhoI fragment, containing flanking regions of the P33 gene joined
together, each in reverse orientation, into the EcoRV site. The resulting plasmid
was used for homologous recombination with wild-type PCMV (wt-PCMV) as
follows. First, 40 �g of pN1G1-fl was cut with BamHI and then divided into
aliquots in four electroporation cuvettes (Life Technologies), each containing
approximately 5 � 106 PMEC in 0.5 ml of IMDM with 10% FCS. The cells were
electroporated in a Cell-Porator electroporation system (Life Technologies) at
250 V, with a capacitance of 1,600 �F. The cells were plated onto T-75 tissue
culture flasks with fresh IMDM containing 10% FCS and then cultured overnight
at 37°C. The following day, the cells were examined for viability and fluorescence
and then infected with PCMV at an MOI of ca. 1. After superinfection, the cells
were cultured with IMDM containing 2% FCS and 100 �g of G418 until a complete
cytopathic effect was observed. Cells that remained attached were scraped into the
medium, and this mixture was subjected to three freeze-thaw cycles, with vigorous
vortexing between each cycle. Cells were then pelleted, and the supernatant was
filtered by using a 10-ml syringe and a 0.20-�m syringe filter. Fresh PMEC were
infected with the filtered supernatant containing the virus and cultured in the
presence of 100 �g of G418. After all cells were infected, the supernatant virus
was obtained as described above. This procedure was repeated three times.

Further enrichment was achieved by using a flow cytometer (Beckman
Coulter). PMEC from two wells of a six-well plate containing EGFP-expressing
recombinant PCMV were treated with trypsin and resuspended in PBS contain-
ing 50 mM EDTA and 2% FCS. Uninfected PMEC were used as a negative
control. Based on the difference between the negative cells and the EGFP-
containing cells, a population displaying a high degree of fluorescence was
selected, and these cells were distributed in such a manner that one fluorescent
cell was seeded per well in a 96-well plate containing confluent, uninfected
PMEC. Several wells of the 96-well plate were pooled and expanded. The
recombinant PCMV virus was checked for purity, and correct insertion of ex-
pression cassette by Southern blotting and PCR analysis. The recombinant
PCMV is called PCMV(�P33:G1EGFP).

Immunohistochemistry. PMEC were plated on coverslips in six-well plates and
infected with wt-PCMV or recombinant PCMV at virus/cell ratio (MOI) of 0.1.
At 6 days postinfection, cells on coverslips were fixed by incubation in methanol-
acetone (3:1) solution for 5 min. Coverslips were then dried and stored at 	20°C.
Before immunostaining, coverslips were rehydrated in PBS for 5 min, followed
by incubation with primary antibody (1:200 dilution, recombinant human anti-
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SNV-G1 antibody, immunoglobulin G1 SNV #26) in PBS–0.2% Tween 20 for
1 h. The cells were then washed three times for 5 min with PBS–0.2% Tween 20,
incubated with secondary antibody (1:2,000 dilution; alkaline phosphatase-con-
jugated goat anti-human immunoglobulin G [H�L] antibody; Vector Laborato-
ries), washed three times for 5 min with PBS–0.2% Tween 20, rinsed with Tween
20–Tris-buffered saline, and developed by using the alkaline phosphatase sub-
strate kit 1 (Vector Laboratories). Coverslips were mounted on slides and viewed
by using interference contrast microscope.

SDS-polyacrylamide gel electrophoresis and Western blotting. PMEC, seeded
in 60-mm dishes, were infected with either wt-PCMV or PCMV(�P33:G1EGFP)
or were mock infected. Alternatively, PMEC were transfected by electroporation
with pEGFP-N2-G1 as described above. For the infected cells, the cells were
lysed after 5 days. For the transfected cells, 1 day after transfection, the PMEC
were superinfected with wt-PCMV at an MOI of 1. After 6 days, lysates were
obtained by aspirating the medium and scraping the cells into 100 �l of 4�

sample buffer containing 0.4 M Tris-HCl (pH 6.9), 40% glycerol, 10% SDS,
0.016% BPB protease inhibitors (Boehringer Mannheim), and 10% �-mercap-
toethanol, added just before use. The cell lysates were heated at 100°C for 5 min
before they were stored at 	20°C, or they were used immediately.

The cell lysates were subjected to SDS–12% polyacrylamide gel electrophore-
sis at 200 V and then transferred to Immobilon-P (Millipore) by using a semidry
transfer unit (Bio-Rad), after which the membranes were dried and incubated
with TBST blocking buffer (1� Tris-buffered saline with 0.05% Tween 20 and
5% nonfat dry milk) for 1 h at room temperature. A monoclonal antibody to
EGFP (GFP monoclonal antibody 8362-1; Clontech) was used at a dilution of
1:1,000. Secondary goat anti-mouse antibody conjugated to horseradish peroxi-
dase (Chemicon) was used at a dilution 1:2,000. The detection was performed by
using the DAB (3,3�-diaminobenzidine) substrate kit (Vector Laboratories) or
enhanced chemiluminescence (Amersham Pharmacia). For detection of SNV-
G1, rabbit serum against the SNV-G1-N2 peptide (CYNQVDWTKKS), coupled
with keyhole limpet hemocyanin, was used. This peptide from SNV-G1 repre-
sents the region of G1 homologous to an immunodominant epitope of Pumaala
G1 (14). Rabbits were immunized, boosted two times, and screened for antibody
production. Antibodies to SNV-G1 were affinity purified by using a SulfoLink
affinity column (Pierce), conjugated with SNV-G1-N2 peptide.

FIG. 1. Analysis of RNA and DNA from Peromyscus cells infected
with PCMV. (A) Demonstration of a presence of both genomic and
spliced version of P33 gene in infected cells. Lanes: 1, P33-specific RT-
PCR with RNA from PCMV-infected cells as a template; 2, P33-
specific PCR with purified genomic PCMV DNA as a template; M,
100-bp ladder (Gibco-BRL). (B) Genomic arrangement of coding re-
gion of P33. The first exon, encoding the first 11 amino acids, is sep-
arated by an 85-bp intron from the second exon encoding an additional
404 amino acids.

FIG. 2. Jotun-Hein alignment of the P33 protein with the homologous UL33 proteins from MCMV (M33), RCMV (R33), and HCMV (UL33).
The consensus residues are boxed. The homologies are 62.5, 59.9, and 39.1%, respectively.
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Immunization of deer mice and serology. Two groups of mice were injected
intraperitoneally with either 10 PFU wt-PCMV (eight mice) or with 10 PFU of
PCMV(�P33:G1EGFP) (eight mice). One year later the three mice from the
wt-PCMV-infected group and six mice from the PCMV(�P33:G1EGFP)-in-
fected group received a second immunization with 10,000 PFU of PCMV(�P33:
G1EGFP) intraperitoneally. Periodically the mice were bled, and their serolog-
ical status was determined for PCMV, EGFP, and SNV by enzyme-linked
immunosorbent assay (ELISA). Antigens for the ELISA consisted of a PCMV-
infected PMEC lysate, SNV-infected Vero-E6 cell lysate, and rEGFP protein
(Clontech) at 100 pg/well. GFP monoclonal antibody (Clontech) was used at a
1:500 dilution as a positive control antibody in an EGFP ELISA. The negative
controls were uninfected cells. Statistical analysis was performed in MS Excel
2000 by using the t test function.

RESULTS

Isolation of a CMV from deer mice. In attempting to isolate
endogenous viruses from tissues of deer mice by using cells
derived from PMEC, a cytopathology typical of CMV was
observed (18). Examination of infected cells by transmission
electron microscopy revealed viral capsids strongly resembling
those of the herpesvirus family (3) (electron microscopy cour-
tesey of Jay Brown, University of Virginia [data not shown]).

Identification of PCMV DNA polymerase and UL33 ho-
molog. To confirm if the virus isolated was a CMV, we exam-
ined total DNA isolated from infected cells for the presence of
homologs to the HCMV DNA polymerase and the HCMV
UL33 gene. These genes were selected because the polymerase
gene is well conserved among herpesviruses (6, 7, 15, 24), and
a homologous form of the human CMV UL33 gene has been
reported to be present in many CMVs. UL33 is nonessential
for virus replication in cell culture (13, 33), making it a possible
site for insertion of foreign genes. PCR analysis and sequenc-
ing of the UL33 homolog yielded preliminary sequence infor-
mation, which was used to synthesize a small 29-mer probe for
screening a series of plasmid clones of virus genomic DNA.
The sequence obtained from a 3-kb genomic BamHI fragment
identified a CMV UL33 homolog. The sequence revealed a
high level of homology to MCMV M33 and rat CMV (RCMV)
R33. Whereas UL33 and the RCMV homolog R33 are the
products of unspliced RNA, the MCMV homolog, M33, is the
product of a single splicing event (11). The P33 sequence of
PCMV is contiguous, suggesting a splicing event. RT-PCR was
performed with primers on either side of the putative splice-
donor and -acceptor sequences. This experiment confirmed the
presence of an 85-bp intron within the 1,333-bp gene, consist-
ing of 33- and 1,215-bp exons (Fig. 1). When total RNA from
PCMV-infected cells was used as a template, two bands were
detected on the gel representing unspliced genomic copy of
P33 and spliced P33 mRNA. M33, R33, and UL33 genes are
homologous to G protein-coupled receptor (amino acid se-
quence similarities of 62.5, 59.9, and 39.1%, respectively) (Fig.
2). Transcriptional analysis in the presence of 50 �g of phos-
phonoformic acid (PFA)/ml inhibited P33 transcription con-
firming its identity as a true late gene (data not shown).

The DNA sequence of the DNA polymerase gene was com-
pared to the corresponding regions of characterized DNA
polymerases of other species-specific CMVs. As expected, the
DNA polymerase ORF aligned most closely with those of
previously characterized rodent CMVs, with the MCMV DNA
polymerase homolog ORF being the most closely related, fol-
lowed by the DNA polymerase of RCMV (Fig. 3). Other DNA

polymerase homologs are grouped in different clades with
HCMV and rhesus CMV (RhCMV) occupying one clade and
guinea pig CMV (GpCMV) being grouped with two different
tupaia herpesvirus DNA polymerases. This alignment and the
fact that PCMV did not replicate in NIH 3T3 cells (data not
shown) illustrate that PCMV is a novel CMV, one closely
related to MCMV and RCMV.

Insertion of SNV-G1 into PCMV. Although rat and mouse
M33 is not essential for the viral replication cycle in tissue
culture, recombinant RCMV and MCMV lacking the UL33
homolog displayed an attenuated phenotype, as demonstrated
by a reduced tropism for the salivary gland (11) and an in-
creased 50% lethal dose (2), respectively. The P33 gene was
therefore targeted to be replaced with an expression cassette
encoding a fusion gene comprised of the entire SNV-G1 (plus
the nucleotide sequence for the first 50 amino acids of G2)
placed in frame with the EGFP gene at the C-terminal end.
The P33 gene, situated in the middle of a 3-kb BamHI genomic

FIG. 3. Phylogenetic relationships of PCMV to representative CMVs
isolated from rodents and primates. A single most parsimonious phy-
logenetic tree was generated on the basis of amino acid sequence
differences of the 480-amino-acid fragment of the viral DNA polymer-
ase by using PAUP (version 4b10). Maximum-parsimony analysis was
conducted by using the “branch-and-bound” search option and a “pro-
tpars” weighting matrix. Gaps were treated as “missing data.” Lengths
of the horizontal branches are proportional to the amino acid step dif-
ferences between corresponding taxa (see bar scale). Vertical branches
are for visual clarity only. Bootstrap values obtained from 1,000 rep-
licates of the heuristic maximum-parsimony analysis are shown in
italics at the appropriate branch points. Previously published CMV
DNA polymerase sequences used in the analysis include the following:
HCMV strain AD169 (GenBank accession number X17403), RhCMV
strain 68-1 (AF033184), MCMV strain Smith (M73549), RCMV strain
Maastricht (AF232689), GpCMV strain 22122 (L25706), and tupaia
herpesvirus strains 1 (THV-1; AF074327) and 2 (THV-2; AF281817).
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DNA fragment, contains two convenient XhoI sites that are
575 bp apart, with the translation start site 378 bp upstream of
the first site and the stop codon 376 bp downstream of the
second site. The 575-bp XhoI fragment was replaced with a
plasmid that contains the fusion gene described above by ho-
mologous recombination. The recombinant virus was purified
by using G418 selection and fluorescence-activated cell sorting
(FACS). PCR analysis across the insertion site demonstrated
no evidence of contaminating wild-type sequences (Fig. 1A).
Southern blot analysis (Fig. 4) with a P33 specific probe dem-
onstrated that there is a shift in size from 3 kb in the wt-PCMV
to ca. 10 kb in the recombinant PCMV genomic fragment. It
was therefore concluded that the recombinant virus was pure,
and it was designated PCMV(�P33:G1EGFP).

Expression of EGFP-G1. Cells infected with recombinant
PCMV expressed EGFP, which was detected by using fluores-
cence microscopy (Fig. 5A). In order to determine whether G1
could be detected in infected cells, we stained cells with anti-
G1 antibodies. Recombinant PCMV-infected PMEC strongly
reacted with anti-SNV-G1 recombinant human antibody on
immunohistochemistry slides (Fig. 5B to D). Protein lysates of
PMEC infected with PCMV(�P33:G1EGFP) were examined
by Western blot analysis with a monoclonal antibody to EGFP.
Interestingly, Western blot analysis showed an abundant band
corresponding to the molecular mass expected for EGFP (ca.
27 kDa) (Fig. 6A). The observed molecular mass of the protein
band was less than the predicted molecular mass of the G1-
EGFP fusion protein (
106 kDa). An infection time course of
recombinant PCMV-infected PMEC showed the expression of
the low-molecular-weight EGFP protein was detectable 72 h
postinfection by Western blot analysis (Fig. 6C). Rabbit serum,
generated against a peptide based on the amino acid sequence

of SNV-G1, homologous to immunodominant domain of Pu-
maala G1, showed a band of ca. 75 kDa at late times postin-
fection (Fig. 6B). The G1-EGFP expression cassette is under
the transcriptional control of the HCMV immediate-early pro-
moter; however, there is no detectable signal for EGFP until
48 h postinfection.

Immunization of deer mice with PCMV(�P33:G1EGFP). To
determine whether PCMV(�P33:G1EGFP) can infect deer
mice and evoke an immune response against SNV-G1 and
EGFP, deer mice were immunized with 10 PFU of the recom-
binant PCMV or wt-PCMV and monitored for antibodies to
SNV, EGFP, or PCMV. After a year, these mice were boosted
with 10,000 PFU of the recombinant PCMV, and their serol-
ogy for PCMV and SNV was monitored. Figure 7A demon-
strates an early immune response (15 days postinfection)
against PCMV and EGFP in deer mice infected with recom-
binant PCMV. Deer mice infected with recombinant PCMV
showed a weak but statistically significant (P � 0.018) immune
response against PCMV 4 weeks postinfection (Fig. 7B). The
immune response against PCMV increased over a 12-month
period. Reinfection of recombinant PCMV-infected mice with
recombinant PCMV caused a dramatic increase in anti-PCMV
and anti-SNV antibody levels (Fig. 7B and C). Therefore, it
seems likely that the levels of G1 expression in the recombi-
nant virus were sufficient to induce a significant humoral im-
mune response. In addition, infection of wt-PCMV-infected
mice with recombinant PCMV resulted in significant anti-SNV
antibody levels by 3 weeks postinfection (P � 0.003).

FIG. 4. Southern blot of recombinant and wt-PCMV DNA dem-
onstrating insertion of SNV-G1 into P33. (A) PCR amplification with
P33-specific primers with wt-PCMV DNA (lane 1), recombinant
PCMV DNA (before FACS) (lane 2), and recombinant DNA (after
FACS) (lane 3). (B) Southern blot of total DNA isolated from PMEC
infected with PCMV(�P33:G1EGFP) (lane 1), wt-PCMV (lane 2), or
uninfected control cells (lane 3). The DNAs were cleaved with BamHI,
and the blot was probed with the 1.2-kb AgeI fragment containing the
P33 gene. (C) Agarose gel, used for the Southern blot presented in
panel B. Lane labeling is the same in panels B and C.

FIG. 5. Fluorescence and immunohistochemistry analysis of wt-
PCMV and recombinant PCMV infection of PMEC. (A) Peromyscus
cells 5 days after infection with recombinant PCMV(�P33:G1EGFP).
Magnification, �320. (B) PMEC infected with recombinant PCMV
probed with nonspecific negative antibody control. (C) PMEC infected
with recombinant PCMV probed with recombinant anti-SNV human
antibody. (D) PMEC infected with wt-PCMV probed with recombi-
nant anti-SNV human antibody. In panels B to D, primary antibody
incubations were followed by incubation with alkaline phosphatase-
conjugated secondary antibody-colorimetric development. Magnifica-
tion, �640.
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DISCUSSION

In this study we describe a CMV from P. maniculatis that has
not been previously characterized. The virus was classified as a
CMV based on the following criteria: (i) the cytopathology was
typical of a CMV; (ii) electron microscopy indicated a mor-
phology typical of a CMV (Jay Brown, unpublished data); (iii)
DNA polymerase and UL33 homologs shared sequence ho-
mology with MCMV; and (iv) replication occurred exclusive-
ly in cells derived from P. maniculatus. Phylogenetic analysis
places this virus in the same clade as MCMV and RCMV. The
DNA polymerase fragment shows similarities, at the amino
acid level, of 60.2 and 56.9% with the corresponding regions of
the DNA polymerases of MCMV and RCMV, respectively.

The evolutionary relatedness to MCMV is also demon-
strated by the fact that the UL33 homolog, P33, contains an
85-bp intron that separates the 33-bp 5� end of the coding
region from the remaining 1,215-bp second exon. In the M33
gene, the splice site is at the identical position in the gene. This
finding is in contrast to the UL33 homologs in RCMV (R33)
and HCMV, for which the gene is encoded on a contiguous
ORF. The P33 gene is a true late gene in that no transcripts
were detected in the presence of PFA, in contrast to transcrip-
tion for the DNA polymerase, which represents an early cyto-
megalovirus gene. Although these G protein-coupled receptor
homologs are dispensable for virus replication in tissue culture,
they clearly play an essential role in viral pathogenesis, as is
evident by a decreased tropism for the salivary glands (2, 11)
and an increased 50% lethal dose of UL33-null CMVs.

We generated a recombinant PCMV by inserting an expres-

sion cassette for SNV-G1 fused to EGFP into the P33 gene.
Fusion protein was designed with a preserved G1-G2 cleavage
site between the G1 and EGFP coding regions. This was done
to achieve expression of G1 in its natural form, which could be
important for the generation of a correct immune response
against G1, while providing easy EGFP detection for monitor-
ing of recombinant protein expression and selection of recom-
binant virus. Expression of EGFP was confirmed by observing
green fluorescence. Immunohistochemistry with specific anti-
SNV-G1 recombinant human antibody confirmed the expres-
sion of SNV-G1 in PMEC infected with recombinant PCMV.
Western blot analysis of infected cell lysates indicated that an
abundant protein of 27 kDa, presumably EGFP, was present at
early times in infection. Western blot analysis of these same
lysates with a rabbit antiserum against a G1 epitope of SNV
indicated a 75-kDa G1 protein was detected at late times in
infection. These results confirm expression and cleavage of G1
and EGFP from their fusion protein precursors. Efficient ex-
pression from the G1-EGFP cassette occurred only late in
infection and is also consistent with inefficient expression of
the EGFP-G1 plasmid in transient transfections (data not
shown). Although the HCMV promoter is an immediate-early
promoter, this is in the context of the CMV virion and its
position in the virus DNA. It is likely that when the promoter
is present in the PCMV genome and in P. maniculatus cells
that its temporal regulation is different. It appears that G1 and
EGFP proteins were both expressed as individual polypep-
tides, since a G1-EGFP fusion protein is not detectable in
infected cells. This is probably caused by the cleavage site

FIG. 6. Western analysis of recombinant proteins expressed with recombinant PCMV virus. (A) Western blot of wt-PCMV-infected PMEC and
PCMV(�P33:G1EGFP)-infected PMEC at 96 h postinfection with a monoclonal antibody to EGFP. The predominant band on the blot is EGFP
protein with a molecular mass of ca. 27 kDa. (B) Western blot of SNV expression in PCMV(�P33:G1EGFP)-infected PMEC at 72 and 96 h
postinfection with a rabbit anti-peptide antibody raised against an epitope of SNV-G1. The minor band at ca. 72 kDa corresponds to SNV-G1. (C)
Western blot of time course expression of EGFP in PCMV(�P33:G1EGFP)-infected PMEC.
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between G1 and G2 in the SNV glycoprotein, which was re-
tained in the G1-EGFP fusion construct.

When deer mice were challenged with PCMV (�P33:
G1EGFP), they could be infected with as little as 10 PFU per
animal. When the animals were challenged with recombinant
virus, an antibody response to SNV-G1 and EGFP was de-
tected. This is a strong indication that the expressed forms of
G1 and EGFP are capable of inducing antibodies that recog-

nize SNV-G1 and EGFP in Vero-E6 infected cell lysates. In-
terestingly, preexisting immunity to wt-PCMV does not inter-
fere with the induction of an immune response against an
immunogenic transgene expressed in this viral vector. This is in
accordance with studies that show the presence of multiple
strains of MCMV, resulting from subsequent infections, in wild
mice (19). This is in contrast to HCMV infection in humans
where, in healthy individuals, prior infection with either wild-
type HCMV or a vaccine strain confers at least partial protec-
tion (1, 25, 26). This could prove to be an important advantage
over other, more frequently used virus gene delivery systems in
the deer mouse model, in which an immune response to the
viral vector can interfere with the efficiency of transgene ex-
pression in vivo (12, 30). The fact that an antibody response
against PCMV antigens is more profound in wt-PCMV-in-
fected mice suggests that recombinant PCMV might display an
attenuated phenotype. It is interesting that, although the virus
is attenuated after insertion of a foreign gene into P33, it is still
able to establish an infection with as little as 10 PFU per
animal, as demonstrated by the observation that challenged
animals produced antibodies to PCMV, SNV, and EGFP.
However, the antibody response to PCMV in mice infected
with recombinant PCMV was lower than in wt-PCMV-infected
mice (data not shown).

There are other examples of the successful utilization of
herpesviruses to induce an immune response through heterol-
ogous expression. The canine herpesvirus has been used to
induce a protective immune response against rabies by expres-
sion of the rabies virus G protein (35) in dogs. Also, Marek’s
disease virus, expressing IBDV-VP2, was efficacious in protect-
ing chickens from very virulent infectious bursal disease (34).
Although the results presented here are encouraging, further
studies need to be conducted to determine the efficacy of a
PCMV vector in protecting deer mice from SNV infection. At
this time little is known about the significance of antibody
versus cell-mediated response in protection against SNV in-
fection. Furthermore, the role of G1, G2, or nucleocapsid pro-
tein in a protective immune response against SNV is unclear.
The data from our laboratory indicate that maternal antibody
may protect young animals against infection with SNV (5).

We intend to explore the recombinant PCMV system fur-
ther to identify the importance of G1, G2, and the nucleo-
capsid protein in protection against SNV. It is our intent to
challenge animals immunized with the PCMV vector with wild-
type virus to determine whether prior humoral immunity can
protect against the animals developing a persistent infection or
after the length of time the viremic phase of the disease occurs.
These studies will be done in the near future when biocontain-
ment level 4 space is available since animal studies require
BSL-4 containment and the space in the United States for this
type of containment is extremely limited.
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