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We and others have shown that infection of dendritic cells with murine cytomegalovirus (MCMYV) leads to
severe functional impairment of these antigen-presenting cells (D. M. Andrews, C. E. Andoniou, F. Granucci,
P. Ricciardi-Castagnoli, and M. A. Degli-Esposti, Nat. Immunol. 2:1077-1084, 2001; S. Mathys, T. Schroeder,
J. Ellwart, U. H. Koszinowski, M. Messerle, and U. Just, J. Infect. Dis. 187:988-999, 2003). Phenotypically,
reduced surface expression of costimulatory molecules and major histocompatibility complex molecules was
detected. In order to identify the molecular basis for the observed effects, we generated MCMYV mutants with
large deletions of nonessential genes. The study was facilitated by the finding that a monocyte-macrophage cell
line displayed similar phenotypic alterations after MCMYV infection. By analyzing the expression of cell surface
molecules on infected cells, we identified a mutant virus which is no longer able to downmodulate the
expression of the costimulatory molecule CD86. Additional mutants with smaller deletions allowed us to pin
down the responsible gene to a certain genomic region. RNA analysis led to the identification of the spliced gene
m147.5, encoding a protein with 145 amino acids. Experiments with an m147.5 mutant revealed that the protein
affects CD86 expression only, suggesting that additional MCMY genes are responsible for downmodulation of
the other surface molecules. Identification of viral gene products interfering with functionally important
proteins of antigen-presenting cells will provide the basis to dissect the complex interaction of CMV with these

important cells and to evaluate the biological importance of these viral genes in vivo.

Human cytomegalovirus (HCMV) is distributed worldwide
among the human population (for review, see references 42
and 47). CMV infection is primarily a threat to immunocom-
promised patients, e.g., transplant recipients or AIDS patients,
as well as immunologically immature neonates. The severity of
CMV disease correlates with the degree of immunosuppres-
sion, underscoring the importance of immune control for con-
tainment of the viral infection. However, even in healthy indi-
viduals with an intact immune system, primary CMV infection
is characterized by viremia and virus shedding that can last for
months or even years. The delayed clearance of CMV infection
has been attributed to viral gene products, which allow the
virus to escape control by various immune effector mechanisms
(reviewed in references 36 and 52). Murine CMV (MCMYV),
which serves as a model system for HCMV, has proven espe-
cially useful for dissecting the principles of immune evasion
and for defining the biological significance of immunomodu-
latory CMV genes (reviewed in references 21, 28, and 34).

A series of recent studies suggest that cytomegaloviruses do
not just elude the immune effector mechanisms but actively
interfere with the initiation of the immune response (4, 8, 22,
23,29, 38, 44, 45, 48, 49, 55). It is well established that profes-
sional antigen-presenting cells, especially monocytes and mac-
rophages, play a central role in the life cycle of CMVs (26, 56;
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reviewed in references 32 and 33). More recently, evidence was
provided that both MCMV and HCMYV can also infect den-
dritic cells in vitro and in vivo (4, 17, 49, 53).

Considering the crucial role of these antigen-presenting cells
for induction and maintenance of protective T-cell immunity
against viruses (6, 7), one must assume that CMVs were vir-
tually forced to evolve mechanisms that counter the functions
of these cells in order to prevent elimination and to guarantee
dissemination within the host organism and ultimately trans-
mission to other susceptible individuals. Several different
mechanisms have been proposed that may explain the func-
tional impairment of CMV-infected macrophages and den-
dritic cells, ranging from the blockade of gamma interferon-
induced antigen presentation by major histocompatibility
complex (MHC) class II molecules (27), the inhibition of
monocyte differentiation (22), and affected maturation and
migration of immature dendritic cells (44, 45) up to the altered
cell surface expression of functionally important molecules
such as costimulatory proteins on mature dendritic cells (4, 29,
38, 49). So far, the contribution of the various mechanisms
leading to the functional defect of the antigen-presenting cells
is not known, and the viral proteins mediating these effects are
not yet defined. The dissection and understanding of the com-
plex interactions of CMV with the manifold functions of anti-
gen-presenting cells would certainly benefit from the identifi-
cation and characterization of the viral genes responsible.

Since many immunomodulatory genes of viruses can only be
detected by functional assays, we have recently set up proce-
dures for the generation and screening of libraries of viral
mutants (13, 24, 31). This became feasible by the ability to
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clone the genomes of MCMV and HCMYV as bacterial artificial
chromosomes (BACs) and the establishment of random and site-
directed mutagenesis procedures for manipulation of herpesvirus
BAGs (9, 25, 41, 58, 62). With these new powerful genetic ap-
proaches, several CMV genes interacting with different host func-
tions have been found in the meanwhile (5, 12, 15), implying that
these procedures will also help to define the viral genes that
impair the functions of antigen-presenting cells.

In the present study we report on the identification of an
MCMYV gene targeting the expression of the costimulatory
molecule CD86 on the surface of antigen-presenting cells. By
construction and testing of MCMV deletion mutants, we could
consecutively narrow down the genomic region encoding this
viral function. RNA analysis led to the identification of a
spliced gene that we termed m147.5 or modulator of B7-2
(modB7-2). Experiments with a modB7-2 knockout mutant
showed that the gene product exerts a selective effect on CD86
expression, suggesting that additional viral genes are respon-
sible for the observed downmodulation of other functionally
important surface molecules on antigen-presenting cells.

MATERIALS AND METHODS

Cells and viruses. Mouse embryonic fibroblasts obtained from BALB/c mice,
bone marrow stromal M2-10B4 cells (ATCC CRL1972), and the monocyte-
macrophage cell lines RAW264.7 (ATCC TIB-71) (50) and J774A.1 (ATCC
TIB-67) were cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum. Dendritic cells were derived from bone marrow cells
of BALB/c or C57BL/6 mice by cultivation in granulocyte-macrophage colony-
stimulating factor-conditioned RPMI 1640 medium supplemented with 10%
heat-inactivated and filtered fetal calf serum essentially following the protocol of
Lutz et al. (37). Cell cultures were regularly checked for absence of mycoplasma
contamination by use of an enzyme-linked immunosorbent assay-based myco-
plasma detection kit (Roche, Mannheim, Germany).

MCMYV recombinants expressing green fluorescent protein (GFP) were de-
rived from the bacterial artificial chromosome (BAC)-cloned MCMV-GFP ge-
nome pSM3fr-GFP (38). Recombinant viruses were reconstituted by transfecting
DNA of the mutated MCMV BACs into M2-10B4 or mouse embryonic fibroblasts
by electroporation. Briefly, 2 to 3 ug of BAC DNA was electroporated into 10° cells
at 250 V and 1,500 wF with an EasyjecT Optima electroporator (Peqlap, Erlangen,
Germany). For preparation of virus stocks, MCMYV recombinants were propagated
on mouse embryonic fibroblasts and purified as described (11). Titers of virus stocks
were determined by standard plaque assay on mouse embryonic fibroblasts. For
screening purposes, RAW264.7 cells were subjected to centrifugation-enhanced
infection (800 X g for 30 min) (11) with supernatants of MCMV-infected M2-10B4
or mouse embryonic fibroblast cultures, which were harvested when complete cyto-
pathic effect occurred. By following this protocol, usually 20 to 50% of the
RAW264.7 cells became infected as determined by GFP expression after 24 h.
Results were verified with purified virus preparations.

Plasmids. Candidate genes for reinsertion into the genome of MCMV-GFPA6
were amplified by PCR and cloned between the BamHI and NotI sites of shuttle
plasmid pOri6k-AL, which contains a kanamycin resistance marker, an Flp
recognition target (FRT) site, and the bacterial origin of replication R6Kry (35).
Open reading frame (ORFs) m147, m148, m149, and m148 plus m149 and
approximately 300 bp of upstream sequences representing the putative promot-
ers were amplified by PCR with primers m147ori6K.for (5'-GGA TGC GGC
CGC TTT GGC AAG CTT TCC ACC TC-3' ) and m147ori6K.rev (5'-GAT
CGG ATC CAC AAG ACA CAA GTG CTC AAT ATA TAT CAA AAA GGA
TTT ATT TGA CCG GAA AGG TTG AAT TTT T-3' ), m148ori6k.for (5'-G
GATGC GGC CGC TCA CGT AGC CCA CCC AAA GCG AGA-3' ) and
m148oriok.rev (5'-GAT CGG ATC CAC AAG ACA CAA GTG CTC AAT
ATA TAT CAA AAA GGA TTT ATT TTC TAG AAC ATC ATG TTT GCT
AAT-3"), m149ori6k.for (5'-GGATGC GGC CGC GGC GGA ATC CAT TTC
AAG AC-3' ) and ml149oriok.rev (5'-GATCGG ATC CAC AAG ACA CAA
GTG CTC AAT ATA TAT CAA AAA GGA TTT ATT TTT CGG ATA CGG
TGG CGT G-3" ), and m148ori6k.for and m149ori6k.rev, respectively. An RNA
termination sequence derived from the MCMYV ie3 polyadenylation signal (40)
was included in the reverse primers.

In order to reinsert the modB-7 gene without intron, the ORF was PCR
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amplified with primers m147ori6K.rev and Pr-AL13 (5'-ATCGTC GAC CTT
TCC ACC TCA GAC CTT TCA G-3") and the cloned cDNA of modB7-2 as a
template. The resulting DNA fragment was cloned into the BamHI and Sall sites
of pOriok-AL. Then, a BamHI-Sacll fragment at the 3’ end of the insert was
replaced by a DNA fragment obtained by PCR with primers m148ori6kBam.for
(5’-ATCGGA TCC CAC GTA GCC CAC CCA AAG CGA GA-3" ) and m147/
m148RT.rev (5'-TGGAAT AAG ATG CAA CGA AGA C-3") and viral DNA as
a template. Finally, a PCR product generated with primers Pr-AL14 (5'-ATCGTC
GAC AAA AAC CGC TTT ATA TAC AAA GTC TAA GC-3" ) and m149i2.rev
(5'-GAG GCG GCC GCG TGT TGA AGG GGG TCT TGT G-3" ) was cloned at
the 5" end of the insert as a Sall-NotI fragment, resulting in plasmid pOri6k-
modB7-2. All cloned DNA fragments were checked by sequencing.

In order to selectively disrupt the modB7-2 ORF, a 4.7-kbp PstI fragment
(representing nucleotides 204956 to 209647 of the MCMV genome) (51) was iso-
lated from BAC pSM3fr-GFP and subcloned into a pBluescript derivative with a
modified polylinker carrying the recognition sites for BamHI, Pstl, and Smal. An
internal KpnI fragment (equivalent to nucleotides 207143 to 207462) (51) was
deleted and replaced by a Kpnl fragment obtained by PCR with primer Pr-AL17
(5'-TTT TCG GTA CCT aGT CCT aCT aTC aGT CCG CGT CTC TCC GAT
CCT-3" ), which provided the mutation (lowercase letters), and primer m147/
ml148RT.rev. A tetracycline resistance gene derived from pCP16 (16) was then
inserted into the Smal site of the resulting plasmid adjacent to the cloned Pstl
fragment, and finally the complete 7.3-kbp insert was transferred as a BamHI-Pmel
fragment to shuttle plasmid pST76-KSR (10), resulting in pST76-KSR-AL1.

Mutagenesis of the BAC-cloned MCMYV genome. Deletion mutants were con-
structed in Escherichia coli by homologous recombination between linear DNA
fragments and the MCMV BAC pSM3fr-GFP (38) exploiting the bacteriophage
\ recombination genes reda, -B, and -y provided by plasmid pKD46 (18). Linear
fragments carrying a kanamycin resistance gene were generated by PCR with
plasmid pGP704-Kan as a template. pGP704-Kan contains the kanamycin resis-
tance gene from transposon Tn903 flanked by minimal Flp recombinase recog-
nition target sites (FRT). The primers contained 20 to 22 nucleotides at their 3’
ends that were specific for the kanamycin resistance template and 50 to 60
nucleotides at their 5" ends that were homologous to the target region in the
MCMYV BAC and required for homologous recombination. The ranges of the
deletions are given in Table 1. In case of the insertion mutants (see Fig. 3), the
kanamycin resistance cassette was excised by Flp-mediated recombination in E.
coli as described previously (2, 58). Thus, the ORFs targeted in these mutants are
disrupted by small deletions (see Table 1) and by the remaining FRT site only.

Tagging of the modB7-2 ORF was also done by homologous recombination in
E. coli with a linear DNA fragment, which was obtained by PCR with primers
m147HA for (5'-TAA CAG ATA TGT AGC GGA ACC CTG CGG TCC CGA
CGA TGA ATA CCC ATA CGA CGT CCC AGA CTA CGC TTA AAG GAC
GAC GAC GAC AAG TAA-3" ) and m147HA.rev (5'-AGA GAC TAA AGA
CAA CAT CAC ACA AGT TTA TTG AGA TGG TGA CAC AGG AAC ACT
TAA CGG CTG A-3") and pG704-Kan as a template. The hemagglutinin (HA)
epitope sequence is provided by the forward primer (italic). After insertion of the
linear fragment into BAC pSM3fr (59), the HA epitope sequence was fused in frame
to the 3’ end of the modB7-2 ORF. The kanamycin resistance cassette was subse-
quently removed by Flp recombinase, and successful tagging was verified by se-
quencing.

BAC pSM3fr-A6-Akan, obtained from the genome of MCMV-GFPA6 by
Flp-mediated excision of the kanamycin resistance marker, carries a single FRT
site. The pOri6k-based shuttle plasmids described in the section on plasmids
were inserted into BAC pSM3fr-A6-Akan by Flp-mediated recombination as
described elsewhere (39).

For construction of a BAC with a selective disruption of the modB7-2 gene,
first the genomic region from nucleotides 207002 to 207685 was replaced by red
a-, B-, and y-mediated recombination in E. coli with a DNA fragment comprising
a pCP16-derived tetracycline resistance marker (16), which was obtained by PCR
with primers Pr-AL22 (5'-CGC GGC TAC GGG CGC CAG TCG TAC CGC
GTC GGT CCC CCT CTG ATG CCG CCT TCT TCT AGA GGT ACC
GCA-3") and Pr-AL23 (5'-AGA CAG ATC AGC GCA CGC TAT GTC TTC
GGC AGA CCG CCT GGC GAG TCG AGT GGA ATT CCC GGG AGA
GCT-3"). The resistance marker was subsequently excised with Flp recombinase.
Finally, the DNA sequences carrying the stop codons were reintroduced by a
two-step replacement procedure as described (9, 10) with plasmid pST76-KSR-
ALI. Successful introduction of the mutation was verified by sequencing.

DNA of mutant BACs was isolated from E. coli cultures by the alkaline lysis
procedure (54) and characterized by digestion with appropriate restriction en-
zymes followed by agarose gel electrophoresis as described (9).

Flow cytometry. Biotinylated monoclonal antibodies directed against CD40
(no. 553789), CD80 (no. 553767), CD86 (no. 553690), MHC class I (no. 553578),
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TABLE 1. Deletion mutants and CD86 phenotype of infected RAW264.7 cells
Deletion
Mutant Phenotype
Range” (nt) OREF(s)
MCMV-GFPA6 203002-217799 m144-m158 Loss of function
MCMV-GFPA6S1 202746-207298 m144-m148 Loss of function
MCMV-GFPA6S2 207354-212803 m149-m153 Loss of function
MCMV-GFPA6S3 212946-216883 m154-m157 Wild type
MCMV-GFPAm146 205646-206774 m146 Wild type

MCMV-GFPAm147/m148
MCMV-GFPAm149
MCMV-GFPAmM149/m150
MCMV-GFPAm151

206866-207265
207354207566
207354208762
208844-209982

m147 plus m148
m149
m149 plus m150

Loss of function
Loss of function
Loss of function

RV-AL13 207112-207141
RV-AL14 207290-207337
RV-AL15 207467-207506
RV-AL16 207812-207864
RV-AL17 208529-208628

ml151 Wild type
m147 plus m148° Loss of function
m147 plus m149° Wild type
m149° Loss of function
m149 plus m150° Wild type
m150° Wild type

“ Nucleotide positions refer to reference 51.

> These ORFs are disrupted by small deletions and the insertion of an FRT site only.

and MHC class II (no. 553546) (all from Becton Dickinson, Heidelberg, Ger-
many) were used for the analysis of phenotypic changes on infected RAW264.7
cells. A streptavidin-allophycocyanin conjugate (no. 554067) was used to visual-
ize primary biotinylated antibodies. Cells were harvested by centrifugation and
resuspended in phosphate-buffered saline containing 3% fetal calf serum and
Fc-Block (no. 553141) at a dilution of 1:100. After 5 min of incubation at room
temperature, an antibody against the respective cell surface antigen or an iso-
type-matched control antibody was added at a dilution of 1:100. After incubation
for 20 min at 4°C in the dark, cells were washed twice and resuspended in
phosphate-buffered saline containing 1% fetal calf serum and 1 pg of propidium
iodide per ml. Fluorescence-activated cell sorting analysis was done with a
FACScalibur machine (Becton Dickinson) equipped with Cell Quest software.

RNA analysis. Cytoplasmic RNA was isolated from either uninfected or
MCMV-GFP-infected RAW264.7 cells 24 h postinfection with the RNeasy mini
kit (Qiagen, Hilden, Germany). The RNA was reverse transcribed with random
hexamers and Thermoscript reverse transcriptase (Invitrogen, Carlsbad, Calif.)
following the instructions of the manufacturer. The resulting cDNA product was
PCR amplified with the specific primers m147/m148RT.for (5'-CAG ATA CAC
CAG CCG AAA G-3" ) and Pr-AL10 (5'-ATC ACC CCG GAG GAT GCG
TCT TCT TG-3' ) under the following conditions: one cycle at 95°C for 10 min;
10 cycles of 30 s at 95°C, 45 s at the annealing temperature starting at 65°C and
going down 1°C per cycle, and 30 ¢ at 72°C; 23 cycles of 20 s at 95°C, 45 s at 55°C,
and 30 s at 72°C; and one cycle at 72°C for 5 min. DNA of the BAC MCMV-GFP
served as a template for the control reaction. The amplified products were
separated on a 1.2% low-melting-point agarose gel and visualized by ethidium
bromide staining. The PCR products were purified with the Qiaquick PCR
purification Kit (Qiagen, Hilden, Germany) and sequenced with the primer
Pr-AL11 (5'-GGC GGA ATC CAT TTC AAG AC-3"). 5" Rapid amplification
of cDNA ends (RACE) and 3’-RACE experiments were performed with the
gene-specific primers Pr-AL12 (5'-TTT GGC AAG CTT TCC ACC TC-3" ) and
m147/m148RT.rev, respectively, and the GeneRacer kit (Invitrogen) according
to the manufacturer’s protocol. The amplified products were separated on a
1.2% low-melt agarose gel and specific bands were eluted and subjected to
sequencing reactions with the gene specific primers.

For Northern blot analysis, 5 pg of cytoplasmic RNA of uninfected and
MCMV-GFP infected cells was separated on denaturing formaldehyde-1.2%
agarose gels and transferred to Hybond XL membranes (Amersham, Freiburg,
Germany) by the capillary blot standard procedure (54). The membranes were
prehybridized with a prehybridization reagent (Roche) for 2 h at 65°C. Probes 1
and 2 were generated by PCR with primers m147ori6k.rev and m148ori6k.rev
and m149RT for (5'-ACG AGC GGA AAT GTC CAA C-3' ) and m149i2.rev,
respectively. Probes were labeled with [a->*P]dCTP with a random prime label-
ing kit (Amersham) and filters were hybridized at 65°C overnight. Washing of the
filters was done twice, each time for 10 min, in 3X SSC (1X SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS), 1X SSC-0.1%
SDS, and 0.3X SSC-0.1% SDS. Results were obtained by autoradiography on
Kodak Biomax MR films.

Western blot analysis. RAW264.7 cells were infected with the recombinant
virus RV-AL18 at a multiplicity of infection of 1 followed by centrifugal en-
hancement as described (11). For selective expression of viral immediate-early

proteins, cells were incubated from 30 min prior to infection to 3 h postinfection
in the presence of cycloheximide (100 wg/ml; Sigma, Munich, Germany), fol-
lowed by incubation in the presence of actinomycin D (2.5 pg/ml; Sigma) for
another 3 h. Selective expression of early genes was achieved by incubation of the
cells in the presence of phosphonoacetic acid (250 pg/ml; Sigma) for 24 h.
Protein samples were taken from mock-infected cells and from infected cells at
the indicated time points by lysis of the cells in protein sample buffer (3% SDS,
2% B-mercaptoethanol, 200 mM Tris [pH 8.8], 0.5 M sucrose, 5 mM EDTA), and
subsequently boiled for 5 min. Proteins were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) (15% polyacrylamide) and
transferred to nitrocellulose filters. Filters were probed with an anti-HA antibody
(no. H6908; Sigma). Signals were detected by enhanced chemiluminescence with
the ECL detection kit (Amersham).

RESULTS

Reduced surface expression of costimulatory molecules on
MCMV-infected RAW264.7 cells. We and others have recently
observed a reduced expression of MHC and costimulatory
molecules on the surface of dendritic cells upon infection with
MCMV (4, 38). The rationale of our current work is to identify
the viral genes mediating these phenotypic alterations of den-
dritic cells. To this end, a genetic approach was chosen exploit-
ing the techniques for the manipulation of CMV genomes that
were established in our laboratory (14).

Since screening of hundreds of viral mutants may be re-
quired to identify the viral gene responsible for a specific
phenotype (12), we sought to design a convenient read-out
system for this purpose. Therefore, we asked whether the phe-
notypic alterations that we found on MCM V-infected dendritic
cells (38) may also occur on other antigen-presenting cells.
Infection of the macrophage-monocyte cell line RAW264.7
(50) indeed led to alterations in the expression of certain cell
surface-expressed molecules (Fig. 1). Cells were infected with
the recombinant virus MCMV-GFP (38), expressing green flu-
orescent protein (GFP), in order to differentiate infected from
uninfected cells with flow cytometry by gating for GFP-positive
cells. At 24 h postinfection, significantly reduced expression of
the costimulatory molecules CD86, CD80, and CD40 as well as
of MHC class I molecules was measured on infected (GFP-
positive) cells in comparison to noninfected (GFP-negative)
cells of the same cultures. There was very little MHC II ex-
pression on the surface of RAW264.7 cells (data not shown),
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FIG. 1. Phenotypic changes of MCMV-infected RAW264.7 monocyte-macrophage cells. RAW264.7 cells were infected with the recombinant
virus MCMV-GFP expressing green fluorescent protein and analyzed by flow cytometry 24 h postinfection. Surface expression of the indicated
markers on MCM V-infected (GFP-positive) cells is represented by bold black lines and on uninfected (GFP-negative) cells of the same culture
by bold gray lines. Thin gray lines, isotype control.

preventing analysis of the viral effect on MHC II in these cells.
Similar observations were made after infection of the mono-
cyte-macrophage cell line J774A.1 (data not shown). The re-
sults suggested that the cell lines examined may facilitate the
identification of at least some of the MCMV genes which
interfere with the expression of functionally important surface
molecules on antigen-presenting cells.

Generation and screening of MCMYV deletion mutants. The
immunomodulatory genes of murine and human cytomegalovi-
ruses which have been characterized so far are nonessential for
replication of the viruses in cell culture (3, 24, 58). Most of these
genes are located at the termini of the MCMYV genome and at the
termini of the U; and Ug regions of the HCMV genome. Assum-
ing that the viral genes interfering with the expression of surface
molecules on antigen-presenting cells belong to the same class of
genes, we decided to generate a series of MCMV mutants each
carrying a different deletion of approximately 10 to 15 kbp within
the terminal regions of their genomes. The mutant genomes were
based on the bacterial artificial chromosome (BAC)-cloned
MCMYV genome pSM3fr-GFP, which contains a GFP gene in-
serted within the ie2 locus (38). Thus, all of the mutants expressed
GFP, easily allowing differentiation between infected and unin-
fected cells by flow cytometry.

The deletions were introduced into the BAC-cloned MCMV
genome by utilizing the ET-mutagenesis technique (58, 64),
and mutant viruses were reconstituted by transfecting the mu-
tated genomes into murine fibroblasts (for details, see Mate-
rials and Methods). Then, the ability of the mutants to inter-
fere with the expression of the various surface expression
markers on RAW264.7 cells was tested by flow cytometry. One
of the mutants, MCMV-GFPAG6, was no longer able to influ-
ence the expression of CD86. At 24 h after infection with
MCMV-GFPA6, GFP-positive (infected) cells and uninfected
cells expressed similar levels of CD86 (Fig. 2B, right panel). Even
at later times after infection (48 h), expression of CD86 remained
at high levels, and there was no significant difference between
infected and noninfected cells. For comparison, cells infected with
the parental virus MCMV-GFP displayed a clearly reduced ex-
pression of CD86 (Fig. 2B, left panel). This result led us to
conclude that the mutant MCMV-GFPAG6 had lost this function.
The mutant carries a deletion spanning from nucleotides 203002
to 217799 of the MCMYV genome (51), affecting ORFs m144 to
m158 (Fig. 2A). Thus, the viral function targeting CD86 expres-
sion on antigen-presenting cells is encoded by one or several
genes located in this genomic region.

Mapping of the gene interfering with CD86 expression. In
order to narrow down the genomic region encoding the viral
function, three new mutants with smaller deletions were con-
structed and tested for their ability to interfere with CD86
expression. Two of the mutants, MCMV-GFPA6S1 and
MCMV-GFPA6S2, were unable to downregulate CD86 ex-
pression in RAW264.7 cells (Table 1). Accordingly, we had to
consider that two or more proteins that work together (en-
coded by m144 to m148 and m149 to m153) are needed to
accomplish this viral function. Another possibility was that the
gene responsible spans the boundary that was defined by the
deletions of mutants MCMV-GFPA6S1 and MCMV-GFPA
6S2. A number of additional mutants that carried deletions of
single ORFs in this region were generated in order to ascribe the
function to a certain viral gene. Since some ORFs are located at
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FIG. 2. Deletion mutant MCMV-GFPAG lost the ability to down-
modulate CD86 expression. (A) Genome structure of the recombinant
viruses MCMV-GFP and MCMV-GFPA6. Boxes represent the GFP
gene and the BAC vector sequences, and the broken line and the delta
(A) indicate the deletion (ORFs m144 to m158). The illustration is not
drawn to scale. (B) RAW264.7 cells were infected with MCMV-GFP
(left panel) or MCMV-GFPAG (right panel) and analyzed for surface
expression of CD86 by flow cytometry as described for Fig. 1. Black
lines represent expression of CD86 on MCMV-infected (GFP-posi-
tive) cells, and gray lines represent expression of CD86 on the unin-
fected (GFP-negative) population of the same culture.
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FIG. 3. Fine mapping of the gene targeting CD86 expression. (A) The ORFs in the genomic region analyzed are represented by open boxes.
The black arrowheads indicate the positions of small mutations disrupting the ORFs in the individual mutants. The scheme is not drawn to scale.
(B) The recombinant viruses RV-AL13 (box 1), RV-AL14 (box 2), RV-AL15 (box 3), RV-AL16 (box 4), and RV-AL17 (box 5) were used to infect
RAW264.7 cells, and their ability to influence the expression of CD86 was determined by flow cytometry 24 h postinfection. Bold lines represent
the expression of CD86 on MCMV-infected (GFP-positive) cells, and gray lines represent the expression of CD86 on the uninfected (GFP-

negative) population of the same culture.

the same position but on opposite DNA strands or overlap (see
Fig. 3), more than one ORF was affected in some of the mutants.
Three of the mutants, carrying deletions of m147 plus m148,
m149, and m149 plus m150, respectively, exhibited a loss-of-func-
tion phenotype (Table 1). Possible reasons for the observed phe-
notype can be that several ORFs encode the function or that the
deletion of an ORF impaired the promoter and therefore the
expression of a neighboring gene because the ORFs are narrowly
clustered in this region (51).

Gain of function by reinsertion of genes into the genome of
deletion mutant MCMV-GFPAG. In order to assign the func-
tion to a specific gene, we reinserted the candidate genes into
the genome of mutant MCMV-GFPAG6 and tested whether the
resulting mutants had regained the ability to downmodulate
CDS86 in infected cells. The ORFs plus approximately 300 bp of
upstream sequences representing the putative promoter region
were amplified by PCR and cloned into a shuttle plasmid that
also carried an FRT site. Reinsertion of the genes into the
backbone of MCMV-GFPA6 was mediated by Flp recombina-
tion (for technical details, see Materials and Methods). Since
the results obtained with the deletion mutants strongly sug-
gested that ORFs m147, m148, and m149 may be involved in
CD86 downmodulation, we started with a recombinant virus
carrying a reinsertion of this genomic region. Indeed, the virus
RV-ALA4 possessed the function (Table 2), confirming that one
or several of the ORFs located on the reinserted fragment
encoded the protein(s) interfering with CD86 expression. ORF
m150 could definitely be excluded because it was not com-
pletely enclosed in the inserted DNA fragment. Recombinant
viruses carrying the putative m147, m148, and m149 genes still
each showed the same loss-of-function phenotype as the pa-
rental virus MCMV-GFPAG6 (Table 2). Accordingly, the func-
tion could not be encoded solely by one of these ORFs.

If two gene products are needed to accomplish the function,
double infection of cells with reinsertion mutants that carry the
responsible genes should restore the function. However, in
double infection experiments performed with mutants RV-
ALl and RV-AL2, RV-AL1 and RV-AL3, and RV-AL2 and
RV-AL3, downmodulation of CD86 was not observed, not
even in a minor population of the infected cells. The results of

these experiments excluded that the proteins encoded by the
recombinant viruses tested work together to mediate the effect
on CDS86.

Fine mapping of the gene. Another set of mutants in which
the ORFs were disrupted by small mutations rather than by
complete removal of an ORF were constructed in order to
minimize potential negative effects on neighboring promoters
or genes (Fig. 3). This was accomplished by targeted insertion
of an FRT-flanked kanamycin resistance gene into the BAC-
cloned MCMYV genome by targeted mutagenesis followed by
excision of the kanamycin resistance marker by Flp-mediated
recombination, leaving one FRT site that disrupted the ORF
(for details, see Materials and Methods). The mutant virus
RV-ALI13 displayed a loss-of-function phenotype (Fig. 3B),
indicating that ORF m147 or m148 encodes at least part of the
viral protein targeting CD86 expression. Mutant RV-AL17 was
still able to downregulate CD86 in infected cells, confirming
the results obtained with the reinsertion mutants, excluding
ORF m150. Disruption of ORF m149 in mutant RV-AL16 was
compatible with the wild-type phenotype, indicating that ORF
m149 is not involved either.

Surprisingly, however, an insertion located within the first
third of ORF m149 led to a loss of the function (mutant
RV-ALL15; Fig. 3B). Since several small ORFs are located on
both DNA strands in this region, the result strongly suggested
that one of these ORFs represents either one of the genes
involved or at least a part of the gene. Another insertion
affecting the very end of ORF m147 and the 5’ end of ORF

TABLE 2. Reinsertion mutants and their CD86 phenotypes on
RAW264.7 cells

Mutant Gene(s) reinserted” Phenotype
RV-ALI1 m147 Loss of function
RV-AL2 m148 Loss of function
RV-AL3 m149 Loss of function
RV-AL4 m147, m148, m149 Gain of function
RV-AL24 modB7-2 (without intron) Gain of function

“The indicated genes were reinserted into the genome of deletion mutant
MCMV-GFPA6 lacking ORFs m144 to m158.
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FIG. 4. Detection of viral transcripts. (A) Locations of probes (black bars) and primers (arrows) used for Northern blot analysis and reverse
transcription-PCR. The structure of the identified gene modB7-2 is indicated at the bottom. Gray boxes represent exons, and the intron is marked
by lines. (B) RAW264.7 cells were mock infected (lane 1) or infected with MCMV-GFP (lane 2). Cytoplasmic RNA was isolated 24 h postinfection
and subjected to Northern blot analysis with 3*P-labeled probes. The positions of RNA marker bands are indicated at the right margin. (C) The
RNA isolated from mock-infected (lane 1) and MCMV-GFP-infected (lane 2) cells was reverse transcribed with oligo(dT) priming, and the
resulting cDNA was used as a template for PCR with the primers indicated in panel A. For comparison, viral DNA (lane 3) was used as the
template for PCR. Amplified products were separated on a 1.2% agarose gel and visualized by ethidium bromide staining. DNA size markers are
shown at the right margin. (D) Deduced amino acid sequence of the ModB7-2 protein. Putative transmembrane regions are underlined.

m149 only (mutant RV-AL14) had no effect on the phenotype
(Fig. 3B). Altogether, these results pointed to the possibility
that the gene is composed of at least two exons represented by
either ORF m147 or m148 and another exon located in the
region which is affected in mutant RV-AL15.

Identification of the gene m147.5. Northern blot experiments
were performed to identify transcripts arising from the indi-
cated genomic region. RNA was isolated from RAW264.7 cells
that were either mock infected or infected with MCMV-GFP
and analyzed by hybridization with probes that were specific
for regions proven to be essential for the function by the
previous experiment (Fig. 4A). A strong signal corresponding
to a transcript about 700 nucleotides was detected by probe 1
(Fig. 4B). Probe 2 revealed a band of similar size, suggesting
that a single spliced gene is located in the region examined.
The weaker signal observed with probe 2 may be the result of
hybridization to a small exon.

In order to substantiate these results, cDNA was generated
by reverse transcription and PCR amplified with primers
m148.for and m149.rev, which were specific for ORFs m147
and m148 and the region affected in mutant RV-AL15 (arrows
in Fig. 4A). A PCR product with a size of 250 bp was obtained
from the cDNA derived from RNA of MCMV-GFP infected
cells (Fig. 4C, lane 2). In comparison, when viral DNA was
used as a template, a product of 450 bp was generated (Fig. 4C,

lane 3). This result indicated that an intron sequence of about
200 bp was missing in the cDNA. Sequence analysis of the PCR
product led to the identification of exon-intron boundaries at
nucleotide positions 207466 and 207263 in the lower strand of
the MCMV genome (51). The sequences GTGGGT and TTT
TCACATACAG at the start and end point of the intron rep-
resent consensus splice donor and splice acceptor sites, respec-
tively (43).

5’- and 3'-RACE experiments were carried out to define the
start and end point of the transcript. Sequence analysis of the
amplified cDNA products indicated a subtle heterogeneity at
the transcription start site, locating the 5" end of the transcript
at nucleotides 207525 and 207523 of the MCMV genome. A
bona fide TATA box (TATATA) was found another 24 bp
upstream (nucleotides 207554 to 207549). The 3’ end of the
transcript was mapped to position 206834. A classical polyad-
enylation signal, AATAAA (nucleotides 206866 to 206861),
and a sequence displaying homology to the typical 3'-end con-
sensus sequence YGTTGTTYY (Y, pyrimidine) (63) (TGT-
GTGATGTTGTCTT; nucleotides 206825 to 206810) were
found immediately up- and downstream of the determined 3’
end, respectively. Taken together, an exon with a size of 59
nucleotides spanning from nucleotides 207525 to 207467 is
spliced to a second exon starting at position 207263 (Fig. 4A).
The second exon, which is mainly identical to the previously
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FIG. 5. Identification of the protein encoded by the modB7-2 gene.
(A) A recombinant virus that carries a modB7-2 ORF tagged with an
HA epitope sequence at its 3’ end was constructed. (B) Expression of
the HA-tagged ModB7-2 protein in RAW264.7 cells infected with
RV-AL18. RAW264.7 cells were mock infected or infected at a mul-
tiplicity of infection of 1, and cell lysates were harvested at the indi-
cated time points (hours) postinfection. In order to achieve selective
expression of immediate-early or early proteins, cells were incubated from
30 min prior to infection to 3 h postinfection in the presence of cyclohex-
imide (CHX) followed by incubation in the presence of actinomycin D
(ActD) for another 3 h or incubated in the presence of phosphonoacetic
acid (PAA) for 24 h. Protein samples were separated on a 15% polyacryl-
amide gel, and Western blot analysis was performed with an anti-HA
antibody. Molecular mass standards are indicated on the left.

described ORF m147 (51), has a size of 430 nucleotides. An ORF
starts at position 207502 within exon 1, which contributes 12
codons of a total of 145 codons. Computer-assisted analysis of the
amino acid sequence (30) led to the prediction of two putative
transmembrane regions (amino acids 62 to 84 and 105 to 127)
(Fig. 4D) and suggested a type IIIb topology of the protein.

In order to prove that a protein encoded by the identified
gene is expressed in infected cells, a short DNA sequence
encoding an influenza virus hemagglutinin-derived epitope
(HA tag) was inserted at the 3’ end of the ORF in the BAC-
cloned MCMV genome (Fig. 5A). RAW264.7 cells were in-
fected with the resulting virus, RV-ALS, and cell lysates were
prepared at different time points postinfection and subjected
to Western blot analysis with an anti-HA antibody (Fig. 5B). A
protein of approximately 23 kDa could be detected at 3 h
postinfection. Strongest expression was observed between 6
and 8 h postinfection, and expression lasted throughout the
time period examined, until 48 h postinfection. When protein
expression in the infected cells was restricted to immediate-
early proteins, no signal was found (Fig. 5B, lane CHX/ActD).
In contrast, when expression of late proteins was prevented by
addition of phosphonoacetic acid to the cell culture medium,
the protein could clearly be detected, indicating that it belongs
to the class of early viral proteins.

By selectively disrupting the expression of the identified
gene without affecting any other viral gene, we wanted to
provide definite evidence that the gene is involved in the down-
modulation of CD86 surface expression. To this end, we intro-
duced four stop codons at positions 48, 49, 50, and 52 into the
open reading frame of the gene (Fig. 6A) with a two-step
replacement procedure for mutagenesis of the BAC MCMV-
GFP (for details, see Materials and Methods). Please note that
the amino acid sequence encoded by ORF m148, which is
located on the opposite DNA strand, is not affected by the
mutations. Successful mutagenesis was verified by DNA se-
quencing of the mutated genome. Recombinant virus RV-
AL22 was reconstituted from the modified BAC genome and
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FIG. 6. Phenotypic analysis of mutant viruses with either a selective
disruption or a reinsertion of the modB7-2 gene. (A) Four stop codons
were introduced into the modB7-2 ORF of the BAC-cloned MCMV
genome by site-directed mutagenesis to prevent the generation of a
functional protein. Indicated are the lower and upper strands of the
genomic regions and the resulting amino acid sequences of m /48 and
modB7-2 before and after mutagenesis. Please note that the amino
acid sequence of m148 is not affected by the mutations. (B) The ability
of the resulting viral mutant RV-AL22 to influence expression of
CD86 was assessed by flow cytometry. (C) Genome structure of mu-
tant RV-AL24, indicating reinsertion of the modB7-2 gene without an
intron into the backbone of MCMV-GFPA6 and flow cytometric anal-
ysis of CD86 expression on the surface of RV-AL24-infected cells. For
panels B and C, the bond lines represent CD86 expression in infected
(GFP-positive) cells and the gray lines represent CD86 expression in
uninfected (GFP-negative) cells of the same culture.

tested for its ability to influence the expression of CD86 on
RAW264.7 cells. As can be seen in Fig. 6B, RV-AL22 is miss-
ing this function, clearly indicating that the disrupted gene is
responsible for interference with CD86 expression.

As a second proof, we constructed viral mutant RV-AL24
(Fig. 6C; Table 2) by reinsertion of the identified gene without
the intron sequence into the backbone of the deletion mutant
MCMV-GFPAG6 lacking ORFs m144 to m158 (construction of
the mutant is described in Materials and Methods). Analysis of
CD86 expression on the surface of RV-AL24-infected cells
revealed that RV-AL24 possessed the function, confirming that
the inserted ORF encodes the gene product mediating the effect.
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FIG. 7. Selectivity of the modB7-2 gene function. RAW264.7 cells
were infected with MCMV-GFP or with the mutant virus RV-ALI1S5,
which carries a mutation in exon 1 of modB7-2 (compare Fig. 3A).
Surface expression of the indicated markers on infected (GFP-posi-
tive) (black lines) and uninfected (GFP-negative) cells (gray lines) of
the same cultures was determined by flow cytometry.

We propose to name the identified gene m147.5 according to its
position in the MCMYV genome. In addition, we would like to give
it the designation modulator of B7-2 (modB7-2) to indicate its
modulating effect on CD86 surface expression.

Selective targeting of CD86 expression by the modB7-2 gene.
CD86 and other costimulatory molecules as well as MHC class
II molecules share the secretory transport pathway to the
plasma membrane, and in immature dendritic cells they are
stored at least in part together in the same compartment (57).
Since CD40 and CD80 are also downmodulated on MCMV-
infected antigen-presenting cells, one may expect that MCMV
has invented a common principle that affects the transport
and/or the expression of all of these molecules. To test this
hypothesis, RAW264.7 cells were infected with the recombi-
nant virus RV-AL1S5 and, for comparison, with the parental
virus MCMV-GFP. In RV-AL15, the modB7-2 gene is specif-
ically disrupted by a mutation within the first exon (see the
position of the mutation in Fig. 3, arrowhead 3). Accordingly,
the virus was unable to influence the expression of CD86 on
the surface of infected cells (Fig. 7, lower panel, histogram 1).
Downmodulation of the other costimulatory molecules tested
was unaffected, as they showed reduced expression levels sim-
ilar to those on cells infected with the parental virus MCMV-
GFP (Fig. 7, compare histograms 2 to 4, upper and lower
panels). Virtually identical results were found when infected
dendritic cells were examined. In addition, downregulation of
MHC class I and class II molecules was still observed on
dendritic cells infected with modB7-2 mutants (data not
shown). Thus, the effect of modB7-2 is specific for CD86, and
there is no impact on the other surface molecules tested.

DISCUSSION

In this study, we report the identification of an MCMV gene
which is required for downmodulation of the cell surface ex-
pression of the costimulatory molecule CD86 on infected an-
tigen-presenting cells. By taking a genetic approach in combi-
nation with screening of mutants for a loss of the viral function,
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we were able to successively narrow down the genomic region
encoding the function and finally to identify the gene respon-
sible. The gene, which has not been described before, is com-
posed of two exons and encodes a 145-amino-acid protein.
Selective disruption of the modB7-2 ORF as well as rescue of
the phenotype by reinsertion of the gene into the genome of a
mutant lacking the function provided definitive evidence that
the gene is involved in the downregulation of CD86 surface ex-
pression. Since a viral mutant with a mutation in the modB7-2
gene retained its ability to influence several other surface mole-
cules, we conclude that additional immunomodulatory MCMV
genes are responsible for interference with these functionally im-
portant molecules of antigen-presenting cells.

The procedure that we chose to find the modB7-2 gene was
enabled by the availability of the BAC-cloned MCMV genome
(41, 59) and of techniques for rapid and specific manipulation
of BAC-cloned herpesviruses genomes (1, 60). A previously
described approach, the combination of random transposon
mutagenesis of the MCMYV genome with phenotypic screening
procedures, opened the avenue to identify viral genes that are
responsible for specific properties of cytomegaloviruses (12,
13, 15). A similar genetic strategy, the systematic knockout of
every HCMV ORF encoding a putative glycoprotein, was suc-
cessfully used to map the HCMV genes encoding the viral Fcy
receptors (5).

Our approach extends the previous possibilities and further
speeds up the screening procedure. First, there was no need to
know the exact properties of the desired viral protein, and the
strategy depended on a stable phenotype and a convenient read-
out system only. The observation that monocyte-macrophage cell
lines displayed downmodulation of surface molecules upon
MCMYV infection like that of dendritic cells was especially helpful
in this respect. Following the identification of the modB7-2 gene,
we could confirm that modB7-2 mutants showed an identical loss
of the function in dendritic cells, implying that the ModB7-2
protein affects the same target(s) in both cell types.

Second, the generation and analysis of mutants with large
deletions reduced the screening effort. The idea to construct
mutants with large deletions was driven by the hypothesis that
immunomodulatory functions are encoded by the “luxury”
class of CMV genes that are nonessential for replication of the
virus in cell culture and that such genes are preferentially
located at the termini of the CMV genomes. Indeed, all mutant
genomes generated gave rise to viable mutants. By construct-
ing mutants with successively smaller deletions, we could rap-
idly locate the desired gene. We admit that by following this
strategy, one may miss a nonessential gene if it is dispersed
between essential genes within the central region of the CMV
genomes. Although different, the previously used transposon
approach was also afflicted with a few shortcomings. Recent
work revealed, for example, that the distribution of transposon
insertions in a virus library is not completely random (39).
Thus, screening of a transposon library will sometimes have to
encompass severalfold coverage of all possible mutants without
guaranteeing that the desired mutant is really present. Such
potential problems can eventually be circumvented by applying
a more systematic mutational analysis, which has already been
done for HCMYV laboratory strains (20, 61). Such libraries of
defined mutants will provide a good basis for further pheno-
typic screens. But even when such libraries become available,
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we think it will be worthwhile to generate and to include
mutants with large deletions into a screen in order to speed up
the genetic analysis of CMV.

We provide several lines of evidence that the modB7-2 gene
is involved in the downmodulation of CD86. Every virus car-
rying a mutation that affected the gene displayed a loss of the
function. Interestingly, a mutant with a mutation in the intron
sequence retained the ability to influence CD86 surface ex-
pression, suggesting that splicing of the primary transcript is
not disturbed by the mutation. Reinsertion of a DNA fragment
carrying the gene into the genome of the deletion mutant
MCMV-GFPA6 was sufficient to restore the function. Final
assignment of the function to the identified gene was ham-
pered by the fact that both DNA strands in the genomic region
analyzed carry ORFs which overlap either partially or even
completely. The RNA analysis led to the detection of one
transcript only, and the identified splice donor and acceptor
sites represent consensus sites. We did not find evidence that
other transcripts originate from this area in MCMV-infected
RAW267.4 cells. Thus, either some of the ORFs are expressed
after infection of other cell types only or they do not represent
genuine genes. In fact, recent reevaluation of the coding po-
tential of the HCMV genome led to the discarding of several
previously annotated ORFs (19, 46), and the same may apply
to some ORFs of MCMV.

Definitive proof that the modB7-2 gene is responsible for
CD86 downmodulation was provided by introduction of stop
codons into the modB7-2 ORF in mutant RV-AL22, which
exclusively disrupted expression of the ModB7-2 protein but
retained the integrity of ORF m148. Reinsertion of the
modB7-2 gene lacking the intron sequence into the genome of
the deletion mutant MCMV-GFPAG6 led to a rescue of the
phenotype, providing further evidence that the identified ORF
encodes the function.

An interesting question is whether the modB7-2 gene prod-
uct mediates the effect solely by itself or has to cooperate with
other viral proteins. Analysis of mutants with large deletions
elsewhere in the genome did not show a loss of the function
(data not shown). The phenotypes of mutant RV-AL4 and of
the mutants with disruptions of single ORFs also suggest that
no other gene is involved and that the modB7-2 gene exerts the
effect alone. However, as mentioned before, we cannot com-
pletely rule out that a gene encoding a putative cofactor may have
escaped our detection. An answer to the question will be provided
by expression of the isolated gene in macrophages or dendritic
cells. This kind of experiment is under way. In any case, modB7-2
is an essential factor required for downmodulating CD86.

The observation that ModB7-2 specifically targets CD86 and
does not seem to influence the expression of other surface
molecules may give us a hint about its mode of action. Al-
though the observation cannot be generalized because we only
analyzed a few surface molecules, one can assume that
ModB?7-2 either interacts with CD86 directly or targets a path-
way that is used exclusively by CD86. Because CD86 shares the
secretory pathway with other costimulatory molecules as well
as with MHC molecules and because these molecules are
stored at least partially in the same vesicles in antigen-present-
ing cells (57), one might expect a common effect on their
expression if ModB7-2 acted in a more general way, e.g., by
disturbing the transport pathway or by targeting the vesicles.
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This seems rather unlikely. In fact, we got preliminary results
that other individual MCMYV genes are responsible for specific
effects on the different surface molecules. Analysis of the
amino acid sequence suggested that the protein is inserted into
a membrane of the cell via its two transmembrane regions.
Examination of the subcellular localization of the ModB7-2
protein and of its interaction with other cellular and viral
proteins has to await the generation of specific antisera and
will be the subject of further work.

Since the description of the functional impairment of
MCM V-infected antigen-presenting cells (4, 38), this is the
first study that reports on the identification of an MCMV gene
that may contribute to the defect in these cells. The genetic
approach taken here will allow us to find the other MCMV
genes interfering with the functions of dendritic cells and could
also be used to define HCMV genes mediating comparable
effects. Definition of the molecular basis underlying the ob-
served viral effects is a prerequisite to dissect and to under-
stand the complex interaction of CMV with these important
antigen-presenting cells. Identification of the viral genes and
the availability of corresponding MCMV mutants will also
allow us to evaluate the biological significance of these viral
gene functions in vivo.
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