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Human cytomegalovirus (HCMV) is a human pathogen that causes severe disease primarily in the immu-
nocompromised or immunologically immature individual. To date, no vaccine is available. We describe use of
a spread-deficient murine CMV (MCMV) as a novel approach for betaherpesvirus vaccination. To generate a
spread-deficient MCMV, the conserved, essential gene M94 was deleted. Immunization with MCMV-�M94 is
apathogenic and protective against wild-type challenge even in highly susceptible IFN��R�/� mice. MCMV-
�M94 was able to induce a robust CD4� and CD8� T-cell response as well as a neutralizing antibody response
comparable to that induced by wild-type infection. Endothelial cells were identified as activators of CD8� T
cells in vivo. Thus, the vaccination with a spread-deficient betaherpesvirus is a safe and protective strategy and
allows the linkage between cell tropism and immunogenicity. Furthermore, genomes of MCMV-�M94 were
present in lungs 12 months after infection, revealing first-target cells as sites of genome maintenance.

The human cytomegalovirus (HCMV) is a ubiquitous beta-
herpesvirus that causes severe disease primarily in the immu-
nocompromised or immunologically immature individual. Re-
activation from latent infection can occur when the balance
between viral maintenance and immune control is disturbed
(56). HCMV is able to productively infect a large variety of
different cell types and is thus associated with a broad spec-
trum of diseases. In adults, the main risk groups are immuno-
compromised patients such as transplant recipients and AIDS
or tumor patients (73). Further, congenital HCMV infection
represents the most common infectious cause of brain damage
in children (20). Despite extensive efforts, no effective vaccine
against HCMV is available to date, although its development is
considered to be of greatest importance (70). Design of a
protective HCMV vaccine must serve complex purposes of
safety and immunogenicity due to the diversity of disease man-
ifestations and the heterogeneous immune status of the patient
groups (63).

The continuous passage of HCMV on fibroblasts generated
the Towne strain, which was used in trials as a live attenuated
vaccine. The attenuation was associated with randomly ac-
quired mutations leading to the loss of antigens and receptors
for tropism as well as genes with known or unknown functions
(10). Vaccination with the Towne strain mitigated CMV dis-
ease in seronegative renal transplant recipients and protected

against a low-dose virulent HCMV challenge in volunteers (51)
but failed to confer protection against infection by natural
contact (1, 22). Due to the undefined nature of the attenuation
of the Towne strain, the focus for vaccine design shifted to a
selective but well-investigated set of viral antigens and their
linked effector mechanism.

Other strategies included adoptive transfer of T-cell clones
that protected transplant recipients (58) and transferred anti-
HCMV antibodies to prevent congenital HCMV transmission
(47). Further, vaccination of mice with a recombinant adeno-
virus expressing gB of murine CMV (MCMV), the major tar-
get for neutralizing antibodies (8), protected against MCMV
disease (66). Currently, a subunit vaccine targeting both B- and
T-cell responses is under investigation but has yet to prove its
potential as a suitable HCMV vaccine (current clinical trials
are listed at http://clinicaltrials.gov).

In order to generate a CMV vaccine, further aspects deserve
attention. Animal experiments proved that, although antibod-
ies limit dissemination of recurrent virus, they were found to be
not sufficient to control primary infection (32). Moreover,
CD4� as well as CD8� T cells contain CMV infection by
recognition of a multitude of T-cell epitopes (31, 57).

A large number of HCMV genes counteract innate and
adaptive host immune responses (reviewed in reference 62).
Efficient antigen processing is critical for protection against
CMV disease in the presence of viral immune evasion proteins
(28). Recently, we generated an attenuated MCMV by dele-
tion of gene regions known to encompass such immune-evasive
genes (11). The resulting vaccine, �m01-17�m144-158-
MCMV, lacked 32 genes dispensable for in vitro replication
and induced a protective immune response against wild-type
MCMV (MCMV-wt). Although this vaccine was strongly at-
tenuated in vivo, the possibility that such a mutant might cause
harm under severe immunosuppressive conditions cannot be
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excluded. Prolonged replication of attenuated vaccines in im-
munocompromised patients has indeed been observed (37).
Therefore, virus spread needs to be completely excluded while
maintaining full immunogenic properties. A similar approach
has so far been applied only to alphaherpesviruses in animal
models (reviewed in reference 16). In these studies, the dele-
tion of genes essential for viral DNA replication (46) or pack-
aging (35) gave rise to mutants in which the replication cascade
was terminated at different checkpoints. The antibody re-
sponse to such vaccines was stronger the later the block during
the viral morphogenesis was introduced (3, 46). This concept
led to protective vaccines against wild-type challenge in animal
models (15, 18). Some of these are now entering clinical trials
(http://clinicaltrials.gov). In this study a vaccine against beta-
herpesvirus was evaluated in its natural host. We constructed
an MCMV that cannot spread from the first infected cell. For
this purpose, we deleted the gene M94, which is conserved in
all herpesvirus subfamilies. The gene M94 of MCMV repre-
sents the homolog of UL94 in HCMV, which is essential (17).
The encoded protein, pM94, is part of the virion (34) and, like
pUL94, expressed at late time points of infection (64, 77).
Thus, the deletion of M94 should not affect the expression of
other viral genes.

Here, we describe the properties of the MCMV-�M94 mu-
tant. The MCMV-�M94 vaccine was well tolerated even by
immune-deficient mice highly susceptible to MCMV. Vaccina-
tion induced robust humoral and cellular immune responses
and conferred protection against wild-type virus challenge.
MCMV-�M94 infection is restricted to the first-target cell, and
the impact of infection of different cell types on induction of
adaptive immune responses was examined. Using Cre-loxP-
based conditional expression of a model antigen, we observed
that mainly endothelial cells (EC) but not hepatocytes (Hc)
contribute to the induction of virus-specific CD8� T cells. The
genome of MCMV-�M94 was found to be maintained in mice
for at least 1 year, indicating that first-target cells of the vaccine
are long-lived and could serve as an antigen reservoir for pro-
longed activation of the immune system.

MATERIALS AND METHODS

Cells and mice. The fibroblast cell line NIH 3T3 and BALB/c-derived murine
embryonic fibroblasts (MEF) were cultured as described previously (12).
C57BL/6 (B6) mice, B6.SJL-Ptprc (Ptprc) mice, and 129.IFN��R�/� mice were
purchased from Elevage Janvier (Le Genest Saint Isle, France), Jackson Labo-
ratories (Bar Harbor, ME), and B&K Universal Limited (Grimston, England),
respectively. 129.IFN��R�/� mice (45) were backcrossed on the B6 background
(B6.IFN��R�/�). T-cell receptor (TCR) transgenic OT-I (25) and OT-II (6)
mice were backcrossed to Ptprc (CD45.1) and Thy1.1 (CD90.1) congenic mice,
respectively. Alb-cre (52) and Tie2-cre (14) mice were maintained on the B6
background. Mice were kept under specific-pathogen-free conditions. Animal
experiments were approved by the responsible office of the State of Bavaria
(approval no. 55.2-1-54-2531-111-07) or by the Ethics Committee at the Univer-
sity of Rijeka.

Generation of the trans-complementing cell line NT/M94-7. The conditional
trans-complementing cell line NT/M94-7 was generated as described in reference
(41). Briefly, the M94 open reading frame (ORF) was amplified from pSM3fr
(61) using primers HAM94for (5�-GTGGGATCCACCATGTACCCCTACGA
CGTGCCCGACTACGCCACGTCCAGACTATCC-3�) and M94rev (5�-ACTC
TAGAGTCGACTTCACATGTGCTCGAGAACA-3�), thereby introducing a
hemagglutinin (HA) tag at the N terminus. The PCR product was digested with
BamHI and XbaI and inserted into the BamHI- and NheI-cleaved pTRE2Hyg
vector (BD Biosciences Clontech, Heidelberg, Germany), resulting in pTRE-
HAM94, putting HAM94 expression under the control of the tetracycline (Tet)-
inducible promoter. Stable NIH 3T3 transfectants harboring pTRE-HAM94

were selected with 50 �g/ml hygromycin B. The deletion virus MCMV-�M94 was
reconstituted by transfecting different NT/M94 cell clones with the respective
bacterial artificial chromosome (BAC). The most productively infected trans-
complementing cell line, NT/M94-7, was subcloned by limiting dilution.

Generation of recombinant viruses. Recombinant MCMV mutants were de-
rived from the MCMV BAC clone pSM3fr, which originated from the Smith
strain (44). Nucleotide positions are given according to Rawlinson et al. (55). The
1.4-kbp SmaI fragment of pCP15 carrying the FLP recombinase target (FRT)-
flanked kanamycin resistance gene (kanR) was introduced into the BssHII site of
pCR3 (Invitrogen, Basel, Switzerland), resulting in pCR3-FRT-kanR-FRT. A
fragment containing an ATG start codon and a loxP site was generated by
annealing the oligonucleotides ATGlox1 (5�-AATTCATGATAACTTCGTATA
GCATACATTATACGAAGTTATCCGGAGATATCCACCGGTCTGGCG
GCCGC-3�) and ATGlox2 (5�-TCGAGCGGCCGCCAGACCGGTGGATAT
CTCCGGATAACTTCGTATAATGTATGCTATACGAAGTTATCATG-3�).
This fragment was inserted into the EcoRI and XhoI site positioned between the
major immediate early promoter (IEP) of HCMV and the poly(A) signal of the
bovine growth hormone of pCR3-FRT-kanR-FRT to obtain pCR3-FRT-kanR-
FRT-ATG-loxP. The ovalbumin gene (ova) was synthesized, introducing GGAA
after nucleotide position 9, resulting in a BspEI restriction site for further
cloning. ova was inserted in frame using BspEI and NotI sites of pCR3-FRT-
kanR-FRT-ATG-loxP, resulting in a full-length ova with inserted loxP site after
the initial ATG under the control of IEP pCR3-FRT-kanR-FRT-ATG-loxP-ova.
To obtain a construct with Cre-inducible ovalbumin (OVA) expression, a flox-
stop cassette (61) was inserted into the EcoRI and BspEI sites of pCR3-ATG-
loxP-ova, resulting in pCR3-ATG-flox-stop-ova. Using these constructs as tem-
plates and oligonucleotides 5�-�m157-pCR3-FRT-kanR-FRT (5�-CGT GGT
CAA GCC GGT CGT GTT GTA CCA GAA CTC GAC TTC GGT CGC GTT
GCT TAC AAT TTA CGC GCG GG-3�; nucleotide position 216243 to 216290)
and 3�-�m157-flox-egfp (5�-CCC CGA TAT TTG AGA AAG TGT ACC CCG
ATA TTC AGT ACC TCT TGA CTA AGA AGC CAT AGA GCC CAC
CGC-3�; nucleotide position 216885 to 216930) as primers, a linear DNA frag-
ment containing the IEP-ova cassette, the FRT-flanked kanR, and the viral
homology sequences for the MCMV genome target site m157 was generated. In
a similar procedure the firefly luciferase gene (luc) was cloned under the control
of the IEP into pCP15 carrying the FRT-flanked kanR. These fragments were
introduced into m157 of pSM3fr as described previously (61), resulting in
pSM3fr-�m157-ova, pSM3fr-�m157-flox-ova, and pSM3fr-�m157-luc. For exci-
sion of the FRT-flanked kanR, FLP recombinase was transiently expressed from
plasmid pCP20.

Generation of spread-deficient virus mutants. For generation of the recom-
binant MCMV lacking the M94 sequence, the parental MCMV BACs pSM3fr
(MCMV-wt), pSM3fr-�m157-ova (MCMV-ova), and pSM3fr-�m157-rec-egfp
(MCMV-�m157-rec-egfp) (61) were applied to a second mutagenesis step.
Therefore, plasmid pO6-tTA-mFRT-kanR-mFRT was obtained by insertion of
kanR, on both sides flanked by mutant 34-bp FRT sites from pO6ie-F5, into
pO6-tTA (41) to express the tTA transactivation gene under the control of the
IEP necessary for trans complementation of pM94. A linear DNA fragment
containing the tTA cassette, kanR, and viral homology sequences for the MCMV
genome target site (MCMV upstream homology, nucleotide position 136189 to
136234; MCMV downstream homology, nucleotide position 137256 to 137309)
was generated using primer 5��M94-pO6-tTA (5�-TGC TTC CCG GCG GCT
TCT GCG CGA CCT TCC AGC TGC AGG TAG ACC ACG GCG ACG TCC
AGA CTA TCC GTG AAA AGT TTG AGA AGC ATC AGT AGC CGA TTT
CGG CCT ATT GGT T-3�), primer 3�-�M94-pO6-tTA (5�-CAT GGA TGG
GTT GGT TGA TTT GTA TGT CTG TTG GCT ACT CAC ATG TGC TCG
AGA AGC CAG TGT GAT GGA TGA TCC TC-3�), and plasmid pO6-tTA-
mFRT-kanR-mFRT as the template. This PCR fragment was inserted into the
different parental pSM3fr clones, thereby deleting the M94 gene. Since ORFs of
M94 and M93 overlap, 47 bp of homology had to be left at the 5� end of M94 to
keep the M93 ORF intact and 17 bp of homology is still present at the former 3�
end of M94. Again, FLP recombinase was expressed for excision of kanR. Con-
struction of pSM3fr-�M94, pSM3fr-ova-�M94, pSM3fr-flox-ova-�M94, and
pSM3fr-�m157-rec-egfp-�M94 was confirmed by restriction digest analysis and
sequencing.

Viruses were reconstituted from BAC DNA, propagated on NT/M94-7 com-
plementing cells, and purified on a sucrose cushion as previously described (61).
For analysis of virus replication, supernatants from infected cells were taken
every 24 h. Quantification of infectious virus was done using the median tissue
culture infectious dose (TCID50) method on NIH 3T3 or complementing NT/
M94-7 cells. For the determination of virus replication in vivo, virus load was
determined by standard plaque assay as PFU per gram organ as described
previously (61). Spread deficiency of each virus stock of M94-deficient mutants
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(MCMV-�M94, MCMV-ova-�M94, MCMV-flox-ova-�M94, and MCMV-
�m157-rec-egfp-�M94) was confirmed by the absence of plaque formation after
infection of noncomplementing MEF, although cytopathic effect (CPE) of indi-
vidually infected cells was detectable.

UV inactivation of virus. For in vivo application, a fraction of the MCMV-wt
virus preparation used for immunization was inactivated by exposure to 1.5
kJ/cm2 UV light at a distance of 5 cm in a UV-cross-linker (Stratagene, Amster-
dam, Netherlands) at 4°C. Viral infectivity was decreased by factor of 2.4 � 107.
The same treatment was sufficient to abolish viral gene expression when MCMV-
�m157-rec-egfp was subjected to different doses (0.5, 1.0, and 1.5 kJ/cm2) of UV
light and subsequently titrated on MEF (data not shown). At 4 days postinfection
(p.i.) enhanced green fluorescent protein (EGFP) expression in single infected
cells was detected after virus was irradiated with a low dose (0.5 kJ/cm2) of UV,
whereas no EGFP expression was seen after strong irradiation (1.5 kJ/cm2).
Untreated MCMV-�m157-rec-egfp formed EGFP� plaques.

Immunization and challenge of mice. Eight- to 10-week-old female B6 mice
were immunized by intraperitoneal (i.p.) or subcutaneous (s.c.) injection of
either MCMV-wt or mutant MCMV. Each mouse received 100 �l of virus
suspension s.c. or 300 �l i.p. C57BL/6 mice were immunized with 1 � 105 TCID50

MCMV-wt or MCMV-�M94, 129.IFN��R�/� mice were immunized with 2.5 �
105 TCID50 of MCMV-�M94 or UV-irradiated MCMV-wt, and B6.IFN��R�/�

mice were immunized with 3 � 105 TCID50 of MCMV-�M94 or MCMV-wt.
Mock-treated mice received the same volumes of phosphate-buffered saline
(PBS). To boost mice, this procedure was repeated 14 days p.i. Sera collected
from mice 12 weeks p.i. were used to determine amounts of virus-specific anti-
bodies by virus neutralization assay, as described below.

Twenty-eight days or 20 weeks postpriming, mice were challenged by intrave-
nous (i.v.) injection of 106 PFU of tissue culture-derived MCMV-wt. Five days
postchallenge lungs, liver, and spleen were collected under sterile conditions and
stored at �80°C. Organ homogenates were analyzed for infectious virus load by
standard plaque assay of MEF. Salivary gland-derived MCMV (sgMCMV-wt)
was generated as a homogenate of salivary glands from mice infected with tissue
culture-derived MCMV-wt as already described (74). The isolated sgMCMV-wt
is more virulent than tissue culture-derived MCMV-wt (50). Vaccinated
B6.IFN��R�/� mice were challenged with 2 � 105 PFU sgMCMV-wt, and
129.IFN��R�/� mice were challenged with 2.5 � 105 TCID50 tissue culture-
derived MCMV-wt.

Virus neutralization assay. Heat-inactivated serum (56°C, 30 min) from 5
immunized mice 12 weeks p.i. was pooled and serially diluted 1:2 in Dulbecco’s
modified Eagle medium (DMEM) containing a final concentration of 10%
guinea pig complement. Each dilution was mixed with 50 PFU of MCMV-luc,
incubated for 90 min at 37°C, and subsequently added to NIH 3T3 cells in a
96-well format. After 1 h at 37°C the virus inoculum was removed and NIH 3T3
medium was added. The cultures were incubated for 24 h, and luciferase activity
in cell extracts was determined using the luciferase assay (Promega, Mannheim,
Germany) in a luminometer (Berthold, Bad Wildbad, Germany) according to the
supplier’s and manufacturer’s instructions, respectively.

In vivo cytotoxicity assay. To evaluate CD8� T-cell effector function in vivo,
splenocytes of congenic CD45.1� Ptprc mice were incubated with 2 �M peptide
and stained with 2 �M, 0.7 �M, or 0.1 �M carboxyfluorescein succinimidyl ester
(CFSE) and the PKH26 red fluorescent cell linker minikit according to the
manufacturer’s instructions (Sigma-Aldrich). At day 6 p.i., labeled CD45.1� cells
were transferred into B6 (CD45.2�) recipients. After 16 h spleens of recipient
mice were removed and flow cytometric analysis of the target cells was per-
formed. Specific cytotoxicity of target cells was calculated using the equation %
specific lysis 	 (1 � ratio for unprimed cells/ratio for primed cells) � 100, where
ratio 	 (% of cells with low-concentration CFSE labeling/% of cells with high-
concentration CFSE labeling) (40). The OVA-derived class I peptide (SIINF
EKL) and MCMV-specific peptides derived from m139 (TVYGFCLL), ie3 (R
ALEYKNL), M57 (SCLEFWQRV), and M45 (HGIRNASFI) (68) were
purchased from Metabion, Germany, and were dissolved and stored according to
the manufacturer’s instructions.

Adoptive transfer and flow cytometric analysis. OVA-specific CD8� T cells
were isolated from spleen and cervical, axillary, brachial, and inguinal lymph
nodes of OT-I TCR transgenic mice backcrossed to congenic CD45.1� mice.
OT-I cells were purified by negative selection via the CD8�� T-cell isolation
kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Transgenic T cells (3 �
105) were injected i.v. into recipient B6 mice 1 day prior to i.p. infection with
105 TCID50 MCMV. To follow expansion of the transferred OT-I T cells, 100
�l blood was taken 3, 6, and 8 days p.i., erythrocytes were lysed (PharmLyse,
BD Biosciences, Heidelberg, Germany), and remaining cells were incubated
with phycoerythrin (PE)-Texas Red-coupled anti-CD8� (5H10; Caltag, Sac-
ramento, CA) and PE-coupled anti-CD45.1 antibodies (A20; BD Biosciences

Pharmingen). Flow cytometric acquisition was performed using an Epics
XL-MCL (Beckman-Coulter), and data were analyzed using FlowJo software
(Tristar, Ashland, OR).

OVA-specific CD4� T cells were isolated from spleen and cervical, axillary,
brachial, and inguinal lymph nodes of OT-II TCR transgenic mice backcrossed
to congenic CD90.1� mice. After lysis of erythrocytes, 3 � 105 transgenic T cells
were injected i.v. into recipient mice 1 day prior to infection with 105 TCID50

MCMV. Spleens were removed, and splenocytes were incubated with Fc block
(2.4G2; BD Biosciences) and subsequently stained with PE-conjugated anti-
CD90.1 (HIS51; eBioscience) and PE-Cy5.5-coupled anti-CD4 (RM 4-5; eBio-
science). Flow cytometric acquisition was performed using a FACSCalibur (BD
Biosciences), and data were analyzed using FlowJo software.

Quantification of viral genomes in organ homogenates. Lungs were removed
from mice 12 month after infection. Organs were homogenized, and DNA was
extracted using the DNeasy blood and tissue kit from Qiagen (Hilden, Ger-
many). Elution was done with 100 �l of the supplied elution buffer, and the
genomic DNA concentration of each sample was quantified in duplicate using a
NanoDrop ND-1000 UV-visual spectrophotometer. To quantify the viral DNA,
a quantitative real-time PCR specific for the MCMV M54 gene (12) was per-
formed using a specific TaqMan probe (5�-6-carboxyfluorescein [FAM]-AACG
TACATCGCTCTCTGCTGGCCG-6-carboxytetramethylrhodamine [TAMRA]-
3�) and the TaqMan 1000 RXN PCR core reagent kit on an ABI Prism 7700
sequence detector (Applied Biosystems, Carlsbad, CA). To calculate the viral
genome copy number, a standard curve for the BAC plasmid pSM3fr containing
the M54 gene was included.

Statistical analysis. Statistical analyses were done using Prism 4 (GraphPad
Software, La Jolla, CA). For comparison of in vitro growth rates of viruses, for
the neutralizing antibody assay, for real-time PCR, and for T-cell proliferation
assays, the means and standard deviations (SD) were calculated. In all figures
depicting virus load in organs and in vivo cytotoxicity, the medians are given.
Comparison of the neutralizing antibody responses in mice vaccinated with
MCMV-wt or MCMV-�M94 was performed with the two-way analysis of vari-
ance (ANOVA) test. Comparison of percentages of T-cell proliferation and
quantification of virus in organs and viral genomes were done with the two-tailed
Wilcoxon rank sum test using procedures at http://elegans.swmed.edu/
leon
/stats/utest.cgi.

RESULTS

MCMV-�M94 is spread deficient. The HCMV virion pro-
tein pUL94 is essential for virus replication (17) and is ex-
pressed with late kinetics (77). Preliminary work in our group
showed that pM94, the MCMV homologue, is also essential
and plays a crucial role in a postnuclear step of virus matura-
tion (S. Maninger, et al., unpublished data). In order to trans
complement the essential M94 gene product and reconstitute
an M94 deletion mutant, we generated the NIH 3T3-derived
complementing cell line NT/M94-7, harboring the M94 gene
under the control of the TRE promoter. The TRE promoter is
active only in the presence of the Tet transactivator (tTA). To
provide the tTA for trans complementation of pM94, the tTA
expression cassette was introduced into pSM3fr (44), disrupt-
ing M94 and generating pSM3fr-�M94. MCMV-�M94 virus
was reconstituted by transfecting NT/M94-7 cells (Fig. 1).
Next, we performed multistep growth analysis, infecting NT/
M94-7 cells as well as parental NIH 3T3 fibroblasts with
MCMV-�M94 or MCMV-wt. While MCMV-�M94 replicated
to MCMV-wt-like titers on NT/M94-7 cells, no infectious virus
was detectable in the supernatant of NIH 3T3 cells (Fig. 2A).
As the defect of MCMV-�M94 to release infectious virus par-
ticles into the supernatant does not exclude cell-associated
virus spread, we constructed a �M94 mutant expressing the
enhanced green fluorescent protein (EGFP) (MCMV-�m157-
rec-egfp-�M94). While MCMV-�m157-rec-egfp-�M94 spread
with kinetics comparable to that of MCMV-wt on NT/M94-7
cells, MCMV-�m157-rec-egfp-�M94 remained strictly confined
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to the first-infected NIH 3T3 cells (Fig. 2B). This result was
confirmed also in endothelial cells (see Fig. S1 in the supple-
mental material). In summary, M94 is essential and deletion
abrogates virus release and cell-to-cell spread. In addition,
MCMV-�M94 can be efficiently produced by trans comple-
mentation.

MCMV-�M94 does not revert to replication-competent vi-
rus. A major safety concern is reversion of vaccine strains to
replication-competent viruses during preparation (60) or in
the vaccinee (30). To exclude acquisition of the M94 gene
through recombination via homologous sequences between
MCMV-�M94 and the complementing cell line, homologies
were carefully avoided during virus construction. Replica-
tion-competent virus indicative of recombination between
the deletion virus and the M94 gene expressed by NT/M94-7
was never observed. In order to investigate the safety of
MCMV-�M94 for vaccination studies in a highly susceptible
mouse strain, 129.IFN��R�/� mice were infected with
MCMV-wt or MCMV-�M94. While all IFN��R�/� mice

died within 14 days upon infection with MCMV-wt, after
infection with MCMV-�M94 all mice survived with no or
only minimal weight loss (Fig. 2C). In conclusion, MCMV-
�M94 could be safely produced and even immune-deficient
mice tolerated MCMV-�M94 infection.

MCMV-�M94 induces neutralizing antibody and T-cell re-
sponses. Poor induction of neutralizing antibodies that prevent
viral entry is a problem in HCMV infection (39). Therefore, we
compared the neutralizing antibody responses to MCMV-wt
and MCMV-�M94 12 weeks postimmunization. Serial dilu-
tions of sera were mixed with a luciferase-expressing MCMV
(MCMV-luc) prior to infection of NIH 3T3 cells. The reduc-
tion of the luciferase signal reflected the neutralizing capacity
of the antisera. Immunization with MCMV-�M94 induced a
slightly smaller amount of neutralizing antibodies than immu-
nization with MCMV-wt (Fig. 3A) (P � 0.05), whereas immu-
nization with UV-irradiated MCMV-wt abolished the induc-
tion of neutralizing antibodies (data not shown), confirming
published observations (21).

FIG. 1. Concept of inducible trans complementation. In Escherichia coli the BAC pSM3fr-�M94 was generated by insertion of the tTA
transactivator cassette into pSM3fr, thereby deleting M94. The trans-complementing cell line NT/M94-7 expresses pM94 under the control of the
Tet-inducible promoter. Upon transfection with pSM3fr-�M94, expression of tTA by the viral genome induces expression of pM94 by the cell,
leading to the production of trans-complemented MCMV-�M94. This virus is able to infect noncomplementing first-target cells. Due to the lack
of the essential gene M94, the release of infectious virus particles is impossible although immediate early (IE), early (E), and late (L) viral gene
expression as well as DNA replication (DNA rep) occurs.
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Both CD4� and CD8� T cells play important roles in host
defense against CMV. Antiviral CD8� T cells are effective in
controlling MCMV during acute infection and mediate pro-
tection after immunization (57). In addition, CD4� T helper
cells are required for virus clearance in salivary glands (31). In
order to compare the levels of CD4� and CD8� T-cell re-
sponses induced by MCMV-wt and MCMV-�M94, we chose
OVA as a model antigen to be expressed by the vaccine. B6
mice were infected with MCMV-ova and MCMV-ova-�M94 1
day after adoptive transfer of OVA-specific CD4� or CD8� T
cells. For MCMV-ova the expansion of OVA-specific CD4�

and CD8� T cells peaked at day 6 p.i., concordant with pub-
lished data (33). Remarkably, MCMV-ova-�M94 also stimu-
lated the proliferative response of OVA-specific CD8� and
CD4� (Fig. 3B) T cells to a degree comparable to that
achieved by the spread-competent MCMV-ova. The amount of
CD8� T cells was even slightly larger than that obtained with
MCMV-wt (P � 0.01).

We wished to confirm this observation for native MCMV
antigens. B6 mice were infected with MCMV-�M94 or
MCMV-wt. At six days p.i., target cells loaded with viral pep-
tides derived from either m139, ie3, M57, or M45 (68) were
injected and their cytolysis in vivo was analyzed (Fig. 3C). The
cytolytic CD8� T-cell response induced by MCMV-�M94
turned out to be comparable to that induced by MCMV-wt. In
contrast, B6 mice injected with UV-irradiated MCMV gener-
ated no or only poor lysis of targets. UV inactivation of
MCMV-�M94 or MCMV-wt also abolished OVA-specific T-
cell expansion and the virus-neutralizing capacity of sera (data
not shown). Thus, viral gene expression appeared to be crucial
for the induction of the adaptive immune response. Alto-
gether, spread-deficient MCMV induced an immune response
comparable to that induced by MCMV-wt.

Role of viral target cell types in CD8� T-cell activation. The
strong adaptive immune response against MCMV-�M94 was
surprising, since MCMV-�M94 gene expression is limited to
the first-target cells. Induction of a specific T-cell response is
dependent on antigen presentation by infected cells and by
professional antigen-presenting cells (APC) (76). In order to
assess the contributions of infection of different cell types to
the generation of an efficient CD8� T-cell response, we com-
bined the replication-deficient MCMV with conditional acti-
vation of a marker gene (61). We constructed MCMV-flox-
ova-�M94, which expresses OVA only after Cre-mediated
recombination.

Endothelial cells (EC) and hepatocytes (Hc) are among the
first-target cells infected by MCMV in vivo (61). Whether these
cell types contribute to CD8� T-cell activation was addressed
by infecting mice that express Cre recombinase selectively in
vascular EC (Tie2-cre) or Hc (Alb-cre). One day after adoptive
transfer of OVA-specific CD8� T cells, mice were infected
with 105 TCID50 of spread-deficient MCMV-flox-ova-�M94.
Hc are the main producers of infectious virus during the first
few days of infection and are highly effective in activating a
conditional marker gene via Cre recombinase (61). Yet selec-
tive induction of OVA expression in MCMV-infected Hc re-
sulted in only weak proliferation of OVA-specific CD8� T cells
(Fig. 4). In contrast, a significantly (P � 0,001) higher prolifera-
tive response of OVA-specific CD8� T cells was observed upon
OVA expression in EC. Therefore, infection of EC makes a

FIG. 2. MCMV-�M94 is spread deficient, and replication depends on
trans complementation of pM94. (A) Parental NIH 3T3 and NT/M94-7
fibroblasts were infected at 0.1 TCID50/cell with MCMV-wt (w) or
MCMV-�M94 (�M94). At the indicated days, infectious virus in the
supernatant was quantified on NT/M94-7 cells by TCID50 endpoint
titration. Shown are the means plus SD of titrated duplicates. At day
5 postinfection (p.i.) supernatants were additionally titrated on MEF. No
PFU was found in 1 ml supernatant of MCMV-�M94-infected NT/M94-7
cells. DL, detection limit. (B) Parental NIH 3T3 and NT/M94-7 fibro-
blasts were infected with MCMV-�m157-rec-egfp-�M94. At the indicated
time points EGFP-expressing cells were monitored. hpi, hours p.i.
(C) 129.IFN��R�/� mice (n 	 15 for MCMV-�M94, n 	 8 for MCMV-
wt) were infected with 2.5 � 105 TCID50 i.p., and survival was followed for
30 days p.i.
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stronger contribution to the induction of an antiviral CD8� T-cell
response than infection of Hc. As infection of C57BL/6 mice with
MCMV-�M94-ova, which leads to expression of OVA in all in-
fected cells, induces a higher proportion of OVA-specific CD8�

T cells than expression selectively in EC (Tie2-cre mice infected

with MCMV-�M94-flox-ova; P � 0.01), additional cell types seem
to be involved in antigen expression and T-cell stimulation. In
addition, the significantly different T-cell responses after cell-
type-specific recombination in vivo prove that MCMV-�M94 is
unable to spread from cell to cell.

FIG. 3. MCMV-�M94 induces neutralizing antibodies and T-cell responses. (A) B6 mice were immunized i.p. with 105 TCID50 MCMV-wt (wt)
or MCMV-�M94 (�M94) or mock infected (PBS). Blood was collected 12 weeks p.i., and virus-neutralizing capacity of the serum was determined
using MCMV-luc. Neutralizing antibody (ab) levels of MCMV-�M94-immunized mice were significantly lower than antibody levels of MCMV-
wt-immunized mice by two-way ANOVA testing (P 	 0.04). Values represent the means plus SD of measured serum pools. RLU, relative luciferase
units; BG, background. (B) After adoptive transfer of 3 � 105 OT-I CD8� T cells (top), B6 mice (n 	 5) were infected i.p. with 105 TCID50
MCMV-ova (wt-ova) or MCMV-ova-�M94 (�M94-ova) or injected with PBS. At days 3, 6, and 8 p.i. flow cytometric analysis was performed on
blood for the congenic marker CD45.1 and CD8. After adoptive transfer of 3 � 105 OT-II CD4� T cells (bottom), B6 mice (n 	 5) were infected
i.p. as above. At days 3, 6, and 8 p.i. flow cytometric analysis was done on splenocytes for CD90.1 and CD4. Each bar represents the mean plus
SD for the indicated group (**, P � 0.01). spec, specific. (C) B6 mice (n 	 5) were infected i.p. with 105 TCID50 MCMV-wt (wt), MCMV-�M94
(�M94), or UV-irradiated MCMV-wt (wt UV). At day 6 p.i. an in vivo cytotoxicity assay was performed using splenocytes labeled with
carboxyfluorescein succinimidyl ester (CFSE) and the indicated viral peptides. Symbols represent the specific lysis activity against the indicated
peptide in individual animals. The cross bars indicate the medians of the analyzed groups. The right panel shows an exemplary set of flow
cytometric data.
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MCMV-�M94 protects against challenge with MCMV-wt. In
order to test protection of MCMV-�M94 against lethal chal-
lenge, B6 mice were infected with either spread-deficient
MCMV-�M94, the attenuated strain �m01-17�m144-158-
MCMV (11), or MCMV-wt. A boost infection with the same
dose was applied 4 weeks later. Twenty weeks after priming
mice were challenged i.v. with 106 TCID50 tissue culture-de-
rived MCMV-wt. Most remarkably, a single immunization
dose of MCMV-�M94 was already sufficient to strongly sup-
press MCMV-wt replication by 10,000-fold in lungs, 1,000-fold
in liver, and at least 100-fold in spleen, whereas nonimmunized
controls had high virus loads in all organs tested (all P � 0.01)
(Fig. 5A). Overall, the protection mediated by MCMV-�M94
vaccination was comparable to that mediated by MCMV-wt or
�m01-17�m144-158-MCMV vaccination (all P � 0.05). Due
to the strong protection achieved already after one adminis-
tration, a boosting effect could not be detected. However, there
was weak protective effect after a single dose when UV-inac-
tivated MCMV-wt or UV inactivated MCMV-�M94 virus was
administered. After a boost with UV-inactivated viruses, the
effect was slightly improved but still remained lower than that
of a single dose of MCMV-�M94 (P � 0.05).

We asked whether the strong protection after a single ad-
ministration of MCMV-�M94 could also be realized in a short-
term vaccination protocol. In addition, we tested the influence
of two different application routes. B6 mice were injected ei-
ther i.p. or s.c., followed by challenge infection with MCMV-wt
only 4 weeks later. Here, vaccination with MCMV-�M94 re-
sulted in about a 100-fold reduction of challenge virus load in
liver (P � 0.05), lungs (P � 0.01), and spleen (P � 0.01) (Fig.
5B), comparable to immunization with �m01-17�m144-158-
MCMV. MCMV-wt vaccination resulted in reduction of chal-
lenge virus load by 1,000-fold (P � 0.01). Generally, there was
no significant difference between the i.p. and s.c. vaccination
routes although s.c. injection appeared to induce slightly better

protection in spleen (P � 0.05) (Fig. 5B) and hearts (data not
shown).

In summary, the spread-deficient MCMV-�M94 was able to
efficiently protect immunocompetent mice against challenge
with MCMV-wt after vaccination with a single dose. Remark-
ably, vaccination with MCMV-�M94 was as efficient as vacci-
nation with MCMV-wt for long-term protection, whereas the
use of UV-inactivated virus could not compete even after a
second application.

Protection of severely immune-compromised recipients.
Type I interferons are key cytokines in the immune response
against CMV, and deletion of their receptor results in a mouse
(IFN��R�/�) that is severely immunocompromised and at
least 1.000-fold more susceptible to MCMV infection than the
parental mouse strain (53). Since spread-deficient MCMV-
�M94 was proven to be well tolerated by IFN��R�/� mice
(Fig. 1C), we tested whether MCMV-�M94 could protect
IFN��R�/� mice against lethal MCMV-wt challenge (Fig.
6A). B6.IFN��R�/� mice were immunized with MCMV-
�M94 or a sublethal dose of MCMV-wt. Both groups survived,
and mice immunized with MCMV-�M94 showed no significant
weight loss, whereas MCMV-wt-infected mice lost approxi-
mately 15% of their body weight (data not shown). Four weeks
later, mice were challenged by infection with a lethal dose of
more-virulent salivary gland-derived MCMV (see Materials
and Methods). Most strikingly, the vaccination with both
MCMV-�M94 and MCMV-wt was protective and all animals
survived (Fig. 6A).

B6 mice profit from an Ly49H-dependent activation of nat-
ural killer cells, resulting in a strong innate immune response
stimulated by the MCMV protein encoded by m157 (71).
129.IFN��R�/� mice do not express Ly49H and are even
more susceptible to MCMV infection than B6.IFN��R�/�

mice. 129.IFN��R�/� mice were vaccinated with MCMV-
�M94 and challenged 4 weeks later with a dose of 2.5 � 105

TCID50 tissue culture-derived MCMV-wt (Fig. 6B). In line
with the earlier data (11), vaccination with UV-inactivated
virus mediated only partial protection and could delay death
for a short period. MCMV-�M94-vaccinated mice survived the
lethal challenge even with a dose of 2.5 � 106 TCID50. In
summary, vaccination with MCMV-�M94 is able to protect
even highly susceptible immune-compromised mice against le-
thal MCMV challenge.

Maintenance of the MCMV-�M94 genome in vivo. One ar-
gument against the application of live attenuated vaccines is
their ability to establish a latent infection that bears the risk of
reactivation (30). On the other hand nonproductive reactiva-
tion episodes might result in endogenous boosts of the antiviral
immune response (68). Thus, it was intriguing to test whether
the MCMV-�M94 genome is maintained in vaccinated hosts.
Quantitative PCR analysis of total DNA extracted from lungs,
a key manifestation site of CMV disease (5), was performed.
Twelve months p.i. genomes of MCMV-�M94 could be de-
tected in all mice tested (Fig. 7A and B), proving that the
genome of MCMV-�M94 is maintained. Interestingly, the ge-
nome numbers detected in lungs 1 year after infection with
MCMV-�M94 and MCMV-wt were not significantly different
(P � 0.05). This finding proved that at least some of the
first-target cells are not lost after infection either due to virus-
induced cell death or elimination by the immune response. In

FIG. 4. EC contribute to antiviral CD8� T-cell stimulation. One
day prior to i.p. injection of 105 TCID50 of MCMV-flox-ova-�M94
(�M94-flox-ova), MCMV-ova-�M94 (�M94-ova), MCMV-wt (wt), or
PBS, 3 � 105 congenic OT-I CD8� T cells were transferred i.v. into B6,
Alb-cre, and Tie2-cre mice. At day 6 p.i. a flow cytometric analysis was
performed on peripheral blood lymphocytes (PBL) for the congenic
marker CD45.1 and CD8. Boxes represent the ratios of OT-I cells per
CD8� cells as a pool of 3 independent experiments and extend from
the 25th to the 75th percentile. The lines indicate the medians. Whis-
kers extend to show the extreme values. The P values were obtained by
applying a two-tailed Wilcoxon rank sum test (**, P � 0.01; ***, P �
0.001).
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summary, these data also provide the first evidence that virus
spread is not necessary for long-term genome maintenance and
that first-target cells infected with MCMV-�M94 may be able
to contribute to a more sustained immune response.

Vaccination with MCMV-�M94 prevents replication of vi-
rus in the respiratory tract. From epidemiological studies it
was suggested that saliva is an important route of transmission
of HCMV (49). To test whether the vaccine MCMV-�M94 is
able to block virus replication in salivary glands and lungs,
C57BL/6 mice were immunized with MCMV-�M94 or control
viruses and received 12 months later a challenge infection with
106 PFU MCMV-wt i.v. (Fig. 7C and D). A single application
of MCMV-�M94 was sufficient to suppress challenge virus
replication by more than a factor of 1,000 in lungs in 4 out of

6 animals (Fig. 7C). Further, no challenge virus could be iso-
lated from salivary glands 14 days after challenge (Fig. 7D).
This implies that shedding of virus from the respiratory tract
via saliva and therefore horizontal transmission via this route
are abrogated by vaccination with spread-deficient MCMV.

DISCUSSION

We report on the vaccination against a betaherpesvirus us-
ing a spread-deficient vaccine. The vaccine induced a strong
adaptive immune response comparable to that induced by
MCMV-wt, conferring protection even in highly immune-com-
promised mice. This implies that infection of the first-target
cells is sufficient for successful vaccination.

FIG. 5. MCMV-�M94 protects against challenge with MCMV-wt. B6 mice (n 	 5) were immunized (1st) s.c. or i.p. with 105 TCID50 MCMV-wt
(wt; solid symbols), MCMV-�M94 (�M94; open symbols), �m01-17�m144-158-MCMV (��; dark gray symbols), or PBS (light gray symbols).
Virus preparations were UV irradiated before immunization (UV) as indicated. Optionally, mice were boosted (2nd) 2 weeks later with the same
dose, route, and virus. Challenge infection was applied i.v. 20 (A) or 4 weeks (B) after priming with 106 PFU MCMV-wt. Five days postchallenge,
a plaque assay was performed. Horizontal bars show the medians for the groups. Each symbol represents one individual mouse. DL, detection limit.
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An intact immune system usually protects against HCMV
disease. Hence, the antigenic capacity of the wild-type virus is
sufficient for the induction of a protective immune response.
The inability of UV-inactivated virus to protect efficiently
against challenge infection demonstrated the need for viral
antigen expression, including nonstructural antigens (11, 21).
As a consequence an ideal vaccine should exploit the full

immunogenic potential but avoid the pathogenic potential of
the wild-type virus.

The alphaherpesvirus field has pioneered the use of repli-
cation-defective viruses as vaccines (16). These vaccines were
generated by the deletion of genes essential for virus replica-
tion and are thus apathogenic (46). Now, to construct a spread-
deficient betaherpesvirus vaccine, we chose deletion of M94 for
the following reasons. First, M94 is essential for spread of
MCMV and, as inferred from studies of HCMV, it should be
expressed with late kinetics during virus replication (64, 77).
Second, pM94 does not belong to the group of glycoproteins,
which comprise major targets for the neutralizing antibody
response of HCMV. Third, M94 of MCMV is the homologue
of UL94 in HCMV (77), which in principle allows translation
to the human pathogen. Finally, the deletion of UL94 of
HCMV might even be of advantage because pUL94 induces
autoreactive antibodies that are associated with systemic scle-
rosis (42). Interestingly, genomes of the spread-deficient
MCMV-�M94 were detected in lungs after i.p. infection, show-
ing that virus can disseminate either as free particles (29) or as
cell-associated virus. Monocytes and macrophages were shown
to be attracted to the peritoneal cavity after infection and
transport of the virus in blood (69, 75). These cells could also
release virus at distant sites to infect EC or other cell types, a
process called trans infection (24).

The spread-deficient betaherpesvirus vaccine presented here
has a strong protective capacity, similar to MCMV-wt infec-
tion. The immune response of the vaccinee controls virus rep-
lication in all analyzed organs, preventing overt CMV disease.
The absence of detectable amounts of infectious virus in sali-
vary glands of long-term-vaccinated mice 2 weeks after chal-
lenge implies that horizontal transmission to other individuals
via saliva is also abrogated. But a crucial difference between
MCMV (38) and HCMV is that only in the latter is reinfection
common (4, 7, 13, 54). Thus, it seems possible that a similar
human vaccine will not be able to protect in all scenarios
against reinfection. Nevertheless, it is possible that such an
equivalent vaccine will protect against HCMV disease, similar
to the protective effect of a preexisting infection. This is sup-
ported by the observation that women who were exposed to
HCMV were at lower risk of giving birth to children with
symptomatic disease than noninfected women (19). The sero-
positivity of the mother could not prevent infection of, but did
prevent pathogenesis in, the children. In addition, frequent
exposure to different CMV strains could further increase im-
munity against reinfection (1). It is therefore tempting to test
a spread-deficient HCMV vaccine for the induction of an im-
mune response equal to natural infection, which might still
protect against symptomatic HCMV infection without the risk
for reactivation and pathogenesis.

The immune response to MCMV-�M94 reached a level
comparable to that to MCMV-wt. Protection was similar to
that by the recently generated vaccine �m01-17�m144-158-
MCMV (11), which lacks 32 viral genes but which is not spread
deficient in vitro. In �m01-17�m144-158-MCMV, immune-
evasive genes were deleted to increase the antiviral immune
response and thereby to attenuate the virus. The combination
of both approaches in the future, namely, the deletion of at
least one essential gene combined with the deletion of selected

FIG. 6. MCMV-�M94 protects immunocompromised mice against
MCMV-wt challenge. (A) B6.IFN��R�/� (n 	 6) mice were immu-
nized i.p. with 3 � 105 TCID50 MCMV-wt (wt) or MCMV-�M94
(�M94). Control groups of B6.IFN��R�/� (gray circles) or B6 (gray
triangles) mice were treated with PBS. Four weeks later challenge
infection was performed by i.p. injection of mice with 2 � 105 PFU
salivary gland-derived MCMV (sgMCMV-wt), and survival was mon-
itored. (B) 129.IFN��R�/� mice immunized 4 weeks earlier with 2.5 �
105 TCID50 of MCMV-�M94 (�M94; open circles; n 	 8), or UV-
irradiated MCMV-wt (wt UV; n 	 8) were challenged with a lethal
dose of MCMV-wt (see Fig. 2C), and survival was monitored. A 10-
fold-higher dose of MCMV-wt was applied to mice immunized with
MCMV-�M94 (n 	 7) (open triangles).
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FIG. 7. Long-term maintenance of MCMV-�M94 genome and protection, B6 mice were infected i.p. with 105 TCID50 MCMV-wt (wt)
(n 	 5) or MCMV-�M94 (�M94) (n 	 6). Twelve months p.i. total DNA was extracted from lungs. (A) PCR analysis was performed,
obtaining a specific 246-bp fragment of the polymerase gene M54. As controls DNA from lungs 5 days after infection with 105 TCID50
MCMV-wt [wt (acute)] (n 	 5), PBS (1), no template (2), or the BAC plasmid pSM3fr (3) was used. MW, molecular weight marker.
(B) Quantitative real-time PCR analysis was performed, and viral M54 gene copies per �g genomic DNA were calculated. Each symbol
represents one individual mouse. Horizontal bars show the medians of the groups. Genome copy numbers of MCMV-wt (wt) and
MCMV-�M94 (�M94) are not significantly different (P � 0.05). Both groups are significantly different from mice with acutely infected lungs
[wt (acute)] (**, P � 0.01). DL, detection limit. (C and D) B6 mice (n 	 5) were immunized i.p. with 105 TCID50 MCMV-wt (wt; solid
symbols), MCMV-�M94 (�M94; open symbols), �m01-17�m144-158-MCMV (��; dark gray symbols), or PBS (light gray symbols). Virus
preparations were UV irradiated before immunization (UV) as indicated. Challenge infection was applied i.v. 1 year after priming with 106

PFU MCMV-wt. The plaque assay was performed 5 days after challenge in lungs (C) and 14 days after challenge in salivary glands (D).
Horizontal bars show the medians of the groups. Each symbol represents one individual mouse.
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immune evasins (62), provides room for improved immunoge-
nicity and safety.

Infection of susceptible IFN��R�/� mice with spread-defi-
cient MCMV proved the safety of the vaccination concept.
Furthermore, IFN��R�/� mice were protected against an oth-
erwise lethal challenge, similar to results from other infection
models (9, 48). Although recent work revealed the capacity of
MCMV to efficiently induce type I interferon (26), the efficacy
of the spread-deficient MCMV vaccine in IFN��R�/� mice
implies that type I interferon-dependent immunity is not es-
sential for the protection conferred by short-term vaccination.

Interestingly, the spread-deficient MCMV induced an adap-
tive immune response with efficiency similar to that of MCMV-
wt. The CD4� and CD8� T-cell response was on the same level
as that for MCMV-wt, and the neutralizing antibody response
was only marginally reduced. This slightly lower neutralizing
capacity might be caused by the smaller number of infected
cells and therefore by the reduced amount of antigen that is
released after infection with MCMV-�M94. A lower number
of antigen-antibody complexes might lead to less-efficient af-
finity maturation, creating antibodies of lower neutralizing ca-
pacity. Nevertheless, the neutralization of virus appears suffi-
cient to control virus replication.

Why did the adaptive immune response to the vaccine reach
a level near to that for MCMV-wt infection despite the inabil-
ity to spread? MCMV-�M94 was able to establish viral genome
maintenance as efficiently as MCMV-wt. The classical defini-
tion of herpesviral latency includes the potential for reacti-
vated gene expression, with subsequent release of infectious
virus (59). Although the term “latency” is formally not appli-
cable to the situation with MCMV-�M94 in the absence of
productive infection, there is no evidence that pM94 affects
reactivation of gene expression. Because the protective effect
of MCMV-�M94 increased rather than faded over time, we
believe that periodic restimulation of the immune response
due to reactivation of gene expression contributed to the sus-
tained protection induced by MCMV-�M94. Interestingly, vi-
rus-infected cells are not eliminated by the activated immune
response. This means that the first-target cells that are infected
by the spread-deficient vaccine are resistant to elimination.
Similarly, cells infected with a spread-deficient mutant of the
gammaherpesvirus MHV-68 were not attacked by the adaptive
immune response (72). For MCMV-wt it was shown that T
cells are activated against a highly antigenic virus epitope of
M45 presented by professional APC but that the activated T
cells did not eliminate infected target cells in organs of
C57BL/6 mice (27). This protection was caused by m152, which
is known to downmodulate major histocompatibility complex
class I (MHC-I). The target cells that are protected from
CD8� T-cell elimination were not identified, and we could
show that at least some of these protected cells are first-target
cells of MCMV. Studies with MCMV-�M94 and new con-
structs should help to shed more light on latency and long-term
immunity against MCMV.

Endothelial cells (EC), hepatocytes (Hc), and macrophages
are first-target cells for HCMV and MCMV in vivo (29, 61). In
addition, EC have recently been identified as sites of virus
latency (65), and at least liver EC are able to directly stimulate
a cytotoxic T-cell response (36). Using MCMV-�M94 con-
structs for conditional gene expression, we noticed substantial

differences in the abilities of EC and Hc to activate a CD8�

T-cell response. In contrast to EC, Hc, one of the most impor-
tant first targets for MCMV during acute infection (61), in-
duced only a poor CD8� T-cell response. This lack of stimu-
latory capacity is apparently not compensated by cross
presentation through professional antigen-presenting cells.
Cross presentation was shown to be important for the induc-
tion of a T-cell response against fibroblasts infected with a
spread-deficient MCMV (67). On the other hand, bone mar-
row-derived APC, which are thought to be important cross-
presenting cells, seem not to be necessary for the activation of
a CD8� T-cell response via cross presentation against MCMV
infection (36). In addition to EC, other cell types seem to
contribute to CD8� T-cell stimulation, as antigen expression in
most infected cells led to a stronger T-cell response than ex-
pression in infected EC only. Infected dendritic cells and mac-
rophages were shown to activate a T-cell response against
MCMV in vitro (43), and these cells can be infected in vivo (2).
Therefore, infected professional APC may contribute to im-
mune stimulation against MCMV in addition to EC. It appears
noteworthy that the attenuated HCMV strains such as Towne
and AD169, which are characterized by a 20-fold reduction of
immunogenicity and the inability to confer immune protection
(1), accumulated mutations resulting in their inability to infect
EC, epithelial cells, smooth muscle cells, and macrophages
(23). Thus, it appears likely that the restricted cell tropism may
in fact represent the cause for their failure as HCMV vaccines.
It will be tempting to determine the roles of different cell types
in CD8� T-cell stimulation and protection. In conclusion, we
propose that spread-deficient HCMVs that are able to infect
the proper primary cell types and establish long-term genome
maintenance deserve further clinical studies as candidate vac-
cines.
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