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Cytomegaloviruses (CMV) utilize a variety of immunomodulatory strategies to facilitate the establishment
of lifelong persistence in their infected hosts. We show that the mouse CMV (MCMV) m155 open reading frame
(ORF) is required for the posttranscriptional inhibition of CD40 expression in infected antigen-presenting
cells. Consistent with the known importance of CD40-mediated costimulation of T cells, a m155-deficient virus
induces enhanced MCMV epitope-specific CD4 T cell responses.

Healthy individuals infected with human cytomegalovirus
(HCMV) are largely asymptomatic, but HCMV infection can
result in high morbidity and death in immunosuppressed pa-
tients (12, 38, 48). HCMV establishes lifelong persistence,
which is thought to require manipulation of the host’s immune
system by the coordinated function of many viral immuno-
modulatory genes (34).

As adaptive immune responses develop during infection,
interactions occur between mature antigen-presenting cells
(APC) and their cognate T cells. The quality and quantity of
the resulting T cell responses are regulated in large part by the
affinity of peptide/major histocompatibility complex-T cell re-
ceptor (MHC-TCR) interactions and commensurate cosignals
mediated by members of the tumor necrosis factor receptor
(TNFR) and CD28 families. CD40 is a costimulatory TNFR
superfamily member that is upregulated upon APC maturation
and plays a role in promoting both CD4 and CD8 T cell
responses (reviewed in references 14 and 29). The infection of
dendritic cells with mouse CMV (MCMV) or HCMV restricts
antigen presentation, inhibits costimulatory molecule expres-
sion, and enhances the expression of negative cosignaling li-
gands, resulting in reduced priming, expansion, and survival of
antigen-specific T cells that encounter these APC (3, 7, 8, 16,
17, 19, 22, 35). Consequently, it is quite possible that these
mechanisms contribute to the immune suppression that is ob-
served for cases of clinical HCMV disease (10, 15, 44).

MCMV infection results in reduced cell surface expression
of CD40 in dendritic cells (DC) (3, 8). Two cell lines were
utilized to investigate this effect; the RAW264.7 monocytic
macrophage cell line and the DC2.4 bone marrow-derived DC
line (kindly provided by K. Rock) (41). Throughout the study,
fluorescence-activated cell sorter (FACS) and immunofluores-
cence experiments with MCMV that expresses green fluores-
cent protein (MCMV-GFP) (33) were performed using multi-
plicities of infection (MOI) of 0.4 and centrifugal

enhancement, resulting in approximately 30% infected
RAW264.7 and 20% infected DC2.4 cells, respectively. Immu-
noblot and RNA analysis of infected cells used MOI of 1.2 and
centrifugal enhancement. Microscopy of infected and unin-
fected cells 24 h postinfection (p.i.), with staining at 4°C using
biotinylated anti-CD40 (Becton Dickinson, Heidelberg, Ger-
many) and Alexa Fluor 546-conjugated streptavidin (Invitro-
gen, Karlsruhe, Germany), confirmed that wild-type MCMV-
GFP downregulates CD40 surface expression (Fig. 1B).

To identify the responsible MCMV open reading frame
(ORF), previously described MCMV-GFP deletion mutants
generated by homologous recombination with the help of bac-
teriophage � recombination genes red�, �, and � (20, 28, 33)
were utilized (Fig. 1A). Both cell lines were treated with 500
U/ml gamma interferon (IFN-�; Immunotools, Friesoythe,
Germany) and surface CD40 or CD86 expression at 24 h p.i.
was analyzed by flow cytometry, using biotinylated antibodies
and streptavidin-allophycocyanin or streptavidin-phycoeryth-
rin (Becton Dickinson) for detection (Fig. 1C). In cells infected
with MCMV-GFP�6, CD40 expression was unaffected (Fig.
1C, MCMV-GFP�6), indicating a role for one or more of the
ORFs encompassed in the deleted region (m144 to m158).
Subsequent infection with MCMV-GFP�m155 (20) (nucleo-
tides [nt] 214440 to 215476 deleted) (37) revealed this single
ORF to be necessary for the observed phenotype (Fig. 1C,
MCMV-GFP�m155). To confirm that m155 is required to
restrict CD40 expression, the m155 ORF (nucleotides 214360
to 215575) (37) was inserted into the MCMV-GFP�6 genome
under the control of the HCMV major immediate early pro-
moter, as previously described (20). Infection with this “rever-
tant” virus (MCMV-GFPm155ins) resulted in CD40 down-
regulation, verifying the requirement for m155 (Fig. 1C,
MCMV-GFPm155ins). Expression of the costimulatory mole-
cule CD86 is inhibited by the m147.5 ORF located within the
�6 region but was unaffected in MCMV-GFPm155ins-infected
cells (Fig. 1D, MCMV-GFPm155ins), confirming that m155
does not disrupt general cell surface protein expression (28).

m155 is a member of the MCMV m145 family of 10 pre-
dicted membrane glycoproteins (37). Eight m145 family mem-
bers, including m155, have predicted or proven structural ho-
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mology to MHC class I molecules (2, 31, 42). This structure
underlies the interactions of four m145 family proteins (m145,
m152, m157, and m155) with MHC class I or NK cell ligands
that contain MHC class I structural elements (2, 5, 20, 24, 26,
27, 42, 50). The downregulation of CD40 by m155 is the first
example of an m145 family member targeting a protein unre-
lated to MHC class I, suggesting a novel recognition mecha-
nism. The second known function of m155, downregulation of
H60 (20, 27), is shared with m138 (25), an immunoevasin that
also restricts expression of two other NK cell ligands (4, 24,
25). Consequently, the emerging picture depicts a complex
network of multifunctional CMV immunomodulatory proteins
that shape the antiviral immune response.

Transcription of m155 in MCMV-infected RAW264.7 cells
was analyzed 24 h p.i. by Northern blotting, using 5 �g of
cytoplasmic mRNA and a [�-32P]dCTP-labeled probe compris-
ing the m155 ORF (nt 214444 to 215536) generated using a
random primer labeling kit (Amersham, Freiburg, Germany).
A 2.1-kb mRNA transcript was detected (Fig. 2A), similar to
that previously observed for MCMV-infected NIH 3T3 cells (1,
49). To examine m155 protein expression, an influenza hem-
agglutinin (HA) epitope tag was inserted at the C-terminal end
of the m155 ORF in the bacterial artificial chromosome (BAC)
genome of the MCMV-GFP virus as previously described (28).
Lysates of cells infected with the m155-HA virus were then
analyzed by SDS-PAGE and subsequently immunoblotted us-

FIG. 1. (A) Schematic depiction of MCMV mutants utilized in this study. MCMV-GFPm155 was designed based on the MCMV-�6 backbone
inserting the m155 gene under the control of the HCMV major immediate early promoter. Boxes, indicated ORFs; dashed lines, deleted areas
replaced by kanamycin resistance gene; solid lines, distance between ORFs. WT, wild type. (B) RAW264.7 cells were infected with MCMV-GFP,
and CD40 surface expression was analyzed at 24 h p.i. by microscopy. Red, CD40; green, MCMV-derived GFP. (C and D) RAW264.7 or DC2.4
cells were infected with the indicated viruses. CD40 or CD86 surface expression was determined at 18 h p.i. Black lines, indicated antibody; gray
lines, isotype control. Gated for GFP� (MCMV-GFP-infected) cells.
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ing a primary rabbit anti-HA antibody and a secondary horse-
radish peroxidase (HRP)-conjugated anti-rabbit antibody
(Sigma, Munich, Germany) (Fig. 2B). While the predicted size
of m155 is 43 kDa, m155-HA from infected cell lysates mi-
grated with a molecular mass of �60 kDa by this analysis.
When cell lysates were treated with 0.025 U endoglycosidase H
(Roche Diagnostics, Mannheim, Germany) at 37°C for 16 h in
50 mM sodium citrate buffer (pH 5.5), m155-HA was detected
at the predicted size of �43 kDa, indicating that this protein is
modified by N-linked glycosylation (Fig. 2B). Interestingly, all
detectable m155-HA protein was susceptible to endoglycosi-
dase H treatment, suggesting that the protein does not exit the
endoplasmic reticulum (ER)/cis-Golgi compartment. Immuno-
fluorescence analysis of MCMV m155-HA-infected DC2.4
cells 10 h p.i. was then performed (Fig. 2C), using a primary
rabbit anti-HA antibody (Sigma) and a secondary Alexa 568-

conjugated anti-rabbit antibody (Invitrogen) to detect the
m155-HA protein (middle panel), and a mouse anti-calnexin
antibody (Abcam, Cambridge, United Kingdom) with a sec-
ondary Cy5-conjugated anti-mouse antibody (Jackson Immuno-
Research, Suffolk, United Kingdom) as an ER marker (left
panel). This analysis confirmed that most of the m155-HA
protein localizes to the ER, in agreement with the predomi-
nantly intracellular localization described for m155 in MCMV-
infected COS-7 cells (right panel) (32). This contrasts with the
observed localization of m155 in CV-1 cells when transiently
expressed in the absence of MCMV infection, suggesting that
an additional viral or cellular protein(s) may be required to
direct m155 to the ER (20).

To confirm a temporal correlation between m155-HA
protein expression and CD40 downregulation, infected
RAW264.7 cells were analyzed in parallel at several time
points by surface and intracellular FACS (Fig. 2D and E) and
immunoblotting (Fig. 2F). Intracellular m155-HA expression
was detected using rabbit anti-HA (Sigma) and a phycoeryth-
rin-conjugated anti-rabbit secondary antibody (eBioscience,
Frankfurt, Germany). m155-HA expression correlated with the
observed timing of CD40 downregulation.

To further characterize the mechanism of m155-mediated
CD40 downregulation, the level of CD40 mRNA was analyzed
by semiquantitative PCR analysis of cDNA isolated from
RAW264.7 cells infected with MCMV-GFP at 24 h p.i. (Fig.
3A), using the following primers: CD40 sense, 5	-CTG CCC
AGT CGG CTT CTT CTC-3	; CD40 antisense, 5	-CCT GTG
TGA CAG GCT GAC AC-3	; actin sense, 5	-CAG AGG CTC
CCC TAA ATC CC-3	; and actin antisense, 5	-CAC ACT
GAG TAC TTG CGC TC-3	. MCMV-GFP infection did not
result in a reduction of the CD40 transcript, indicating that
downregulation of this costimulatory receptor by m155 occurs
posttranscriptionally.

Next, CD40 protein levels in MCMV-GFP-infected cell ly-
sates were analyzed by immunoblotting, using rabbit anti-

FIG. 2. Characterization of m155 expression and its correlation
with CD40 downregulation. (A) RAW264.7 or DC2.4 cells were in-
fected with the indicated viruses and RNA corresponding to the m155
transcript identified by Northern blotting. (B) RAW264.7 cells were
infected as indicated, and HA-tagged proteins were detected by im-
munoblotting cell lysates. Lysates were treated with endoglycosidase H
(EndoH) where shown. � or 
, with or without indicated virus or
EndoH. (C) DC2.4 cells were infected with MCMV m155-HA and
analyzed 10 h p.i. by confocal microscopy. m155-HA and the ER
marker calnexin are shown. Cell nuclei were detected using Hoechst
33342 DNA stain and are indicated. The overlap between m155-HA
(red) and calnexin (green) is shown in yellow. (D) RAW264.7 cells
were infected with MCMV-GFP wild type, and CD40 surface expres-
sion was measured at the indicated times postinfection. (E) RAW264.7
cells were infected with MCMV m155-HA, and intracellular m155-HA
expression was measured as indicated. (F) Lysates of RAW264.7 cells
infected with MCMV-GFPm155HA for the times shown were ana-
lyzed by immunoblotting.

FIG. 3. CD40 downregulation results from a loss of protein expres-
sion. (A) RAW264.7 cells were infected with the MCMV-GFP wild
type or were left uninfected, and cytoplasmic RNA was extracted and
analyzed for the presence of CD40 and actin transcripts. �, reverse
transcriptase (RT) treated; 
, without reverse transcriptase.
RAW264.7 (B) and DC 2.4 (C) cells were mock infected or infected
with MCMV-GFP, and CD40 (top) and �-actin (bottom) proteins
were detected by immunoblotting.
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CD40 (Stressgen, Aachen, Germany) and anti-actin (Sigma)
antibodies and a secondary HRP-conjugated anti-rabbit anti-
body for detection. CD40 protein expression was undetectable
in RAW264.7 (Fig. 3B) or DC2.1 cells (Fig. 3C) after MCMV-
GFP infection, regardless of whether cells were treated with
IFN-� or not. The restriction of CD40 cell surface expression
therefore appears to be due to a reduction in total cellular
CD40 protein. Treatment of infected cells with proteasomal
and lysosomal protease inhibitors (MG132 and leupeptin, re-
spectively) had no discernible effect on the loss of CD40 (data
not shown). Cleavage of CD40 at the plasma membrane to
release a soluble extracellular form of the protein has been
reported for human B cell lines (11) but also could not be
detected upon MCMV infection (data not shown). The mech-
anism of CD40 loss from MCMV-infected cells therefore re-
mains unknown and is the subject of further investigations.

m155 functions as a virulence factor in mice; MCMV mu-
tants lacking m155 cause reduced pathogenicity in BALB/c
SCID mice and are controlled more readily by NK cells in
immunocompetent BALB/c mice due to their inability to re-
strict H60 expression (1, 20, 27). The lack of H60 in B6 mice
(13, 26, 30) allows for the study of possible effects of m155 on
adaptive immune responses in the absence of its NK cell mod-
ulatory capacity. To accomplish this, an m155 deletion virus
was constructed as previously described (9) using the BAC-
cloned genome of the K181 strain of MCMV (kindly provided
by A. Redwood) (40).

As CD4 and CD8 T cells differ in their requirements for
APC-derived costimulation, we examined MCMV epitope-
specific responses of both T cell types in the spleen 8 days
postinfection with wild-type or m155-deletion viruses (6, 36).
Splenocytes were restimulated in vitro with purified peptide
epitopes for CD8 or CD4 T cells as previously published (6)
and IFN-�- or IFN-�/TNF-secreting cells were analyzed by
flow cytometry. Examination of m388-15-, m45985-993-, and
m139419-426 (23) epitope-specific CD8 T cell responses re-
vealed there to be no statistically significant differences in mice
infected with wild-type or MCMV�m155 viruses (Fig. 4A).
Significantly higher percentages of m25409-423 epitope-specific
IFN-�- and IFN-�/TNF-producing CD4 T cells were seen for
mice infected with MCMV�m155 than in those infected with
wild-type MCMV (Fig. 4B). These results indicate that the
absence of the m155 ORF has an enhancing effect on MCMV-
specific CD4 T cell responses in B6 mice at early times postin-
fection.

Both human and mouse CMV have been previously shown
to limit cytokine production by CD4 T cells in DC-T cell
culture systems, which has been postulated to be due to re-
duced expression of MHC class II (21, 39). The quality of the
CD4 T cell response is CD40 dependent in lymphocytic cho-
riomeningitis virus (LCMV) and adenovirus models; CD4 T
cell priming is restricted in the absence of interactions between
CD40 on APC and CD40L on activated CD4 T cells, and CD4
help-dependent CD8 T cell responses, such as MCMV IE3
responses, are similarly dependent on the CD40/CD40L inter-
action (18, 43, 45–47).

A possible explanation for the observed inhibition of CD4 T
cell expansion by m155 is that downregulation of CD40 results
in insufficiently stimulated APC that are unable to prime nor-
mal CD4 T cell responses. Although further analysis is re-

quired to confirm whether this is the precise reason for the
observed reduction in functional CD4 T cell responses, we
have identified the m155 protein as a participant in CD4 T cell
regulation and as the first m145 family protein known to target
a member of the TNFR family.
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