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Murine cytomegalovirus (MCMV) functions interfere with protein trafficking in the secretory pathway. In
this report we used �m138-MCMV, a recombinant virus with a deleted viral Fc receptor, to demonstrate that
MCMV also perturbs endosomal trafficking in the early phase of infection. This perturbation had a striking
impact on cell surface-resident major histocompatibility complex class I (MHC-I) molecules due to the
complementary effect of MCMV immunoevasins, which block their egress from the secretory pathway. In
infected cells, constitutively endocytosed cell surface-resident MHC-I molecules were arrested and retained in
early endosomal antigen 1 (EEA1)-positive and lysobisphosphatidic acid (LBPA)-negative perinuclear endo-
somes together with clathrin-dependent cargo (transferrin receptor, Lamp1, and epidermal growth factor
receptor). Their progression from these endosomes into recycling and degradative routes was inhibited. This
arrest was associated with a reduction of the intracellular content of Rab7 and Rab11, small GTPases that are
essential for the maturation of recycling and endolysosomal domains of early endosomes. The reduced
recycling of MHC-I in �m138-MCMV-infected cells was accompanied by their accelerated loss from the cell
surface. The MCMV function that affects cell surface-resident MHC-I was activated in later stages of the early
phase of viral replication, after the expression of known immunoevasins. MCMV without the three immuno-
evasins (the m04, m06, and m152 proteins) encoded a function that affects endosomal trafficking. This function,
however, was not sufficient to reduce the cell surface expression of MHC-I in the absence of the transport block
in the secretory pathway.

Herpesviruses are well known to interfere with major histo-
compatibility complex class I (MHC-I) molecules in order to
ensure evasion from immune recognition. A majority of evi-
dence so far indicates that they target MHC-I maturation
events and MHC-I trafficking in the secretory pathway (33),
although evidence exists suggesting that herpesviruses could
also interfere with MHC-I functions in endosomal pathways
(8). Murine cytomegalovirus (MCMV), a member of the her-
pesvirus family, dedicates a substantial part of its genome to
encoding nonessential genes for the modulation of cellular
functions (40), including MHC-I trafficking in the secretory
pathway (24, 27, 45, 48, 49, 52). All known immune evasion
functions encoded by MCMV are based on a direct interaction
of viral gene products with MHC-I complexes in the secretory
pathway. The egress of nascent MHC-I complexes to the cell
surface of MCMV-infected cells is abolished as a consequence
of their retention in the endoplasmic reticulum (ER)-cis-Golgi
intermediate compartment (ERGIC) by the m152 gene prod-
uct (10, 19, 24, 52, 56) as well as redirection of those that
escape into the Golgi compartment toward late endosomes
(LEs) for degradation by the m06 MCMV gene product (45).
These effects are opposed by gp34, a product of the MCMV
m04 gene, which associates with MHC-I complexes and
reaches the cell surface (24, 27).

The loss of MHC-I from the cell surface is an expected
consequence of the activity of m152 and m06, which act in the
secretory pathway. The level of cell surface MHC-I is substan-
tially reduced at later times of infection (10, 19, 24, 48, 52), and
cells stably transfected with either the m152 or m06 gene do
not display MHC-I at the cell surface (20, 24). If the loss of
MHC-I from the cell surface is a consequence of the prevented
egress from the secretory pathway, then the cell surface loss
should follow the kinetics of the constitutive internalization of
MHC-I complexes in the endosomal pathway. Given that the
constitutive internalization is the net result of cell surface sup-
ply from the secretory pathway, endocytic uptake, and endo-
cytic recycling, it is a slow process that occurs in normal fibro-
blasts at a rate of �6 to 8% per hour (36). Therefore, the effect
of MCMV immunoevasins on cell surface MHC-I should be
expected at later times of infection. However, several reports
demonstrated that the level of MHC-I surface expression was
already reduced in the early phase of infection (10, 45, 48, 52).
Thus, it would be reasonable to expect that MCMV contrib-
utes with a function that causes the accelerated retrieval of cell
surface-resident MHC-I complexes.

In this report we demonstrate that MCMV perturbs endo-
somal trafficking very early in infection by acting on distal parts
of early endosome (EE) route and affecting the trafficking of
both clathrin-dependent and clathrin-independent cargoes.
Clathrin-dependent cargo does not share primary endocytic
carriers with MHC-I proteins (12, 14), which enter the cell via
the nonclathrin Arf6-associated endocytic carriers (12, 14, 41,
42, 53), but they meet in the proximal part of the common early
endocytic route and redirect to distal endocytic carriers around
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the cell center (12, 14). The perturbation of the distal part of
the EE route has dramatic consequences on MHC-I, since it
supplements the viral mechanisms that act in the secretory
pathway. The net result of this perturbation is a complete loss
of MHC-I molecules from the cell surface.

MATERIALS AND METHODS

Cell lines, viruses, and infection conditions. Primary murine embryonic fibro-
blasts (MEFs) were generated from BALB/c mice and bred in minimal essential
medium (MEM) supplemented with 5% (vol/vol) fetal bovine serum (FBS), 2
mM L-glutamine, 100 mg/ml streptomycin, and 100 U/ml penicillin. All reagents
were obtained from Gibco (Grand Island, NY). The cells were grown in petri
dishes as adherent cell lines and used for infection after three in vitro passages
when they were 90% confluent.

The following recombinant MCMVs were used: �m138-MCMV (�MC95.15),
with a deletion of the fcr1 (m138) gene (9); �ie1-MCMV, with a deletion of exon
4 of the ie1 gene (13); �ie2-MCMV, with a deletion of the ie2 (m128) gene (38);
�ie3-MCMV, with a deletion of the ie3 gene (2); and �m4m6m152-MCMV, with
deletions of three known MCMV immunoevasins that affect MHC-I maturation
(52). MCMV wild-type (wt) strain Smith (ATCC VR-194; American Type Cul-
ture Collection [ATCC]) and MCMV deletion mutants were propagated on
third-passage BALB/c MEFs and purified by sucrose gradient centrifugation, as
described previously (6). �ie3-MCMV was grown on the complementing cell line
NIH 3T3 BAM25 (2).

MEFs were infected at a multiplicity of infection (MOI) of 10 with an en-
hancement of infectivity by centrifugation (5), and the efficiency of infection was
monitored by the detection of the intracellular immediate-early 1 (ie1) protein.
The selective expression of MCMV immediate-early (IE) proteins and controlled
transition to the early (E) phase after infection with �m138-MCMV were
achieved with a protocol described previously (10, 48). Viral DNA replication
was determined as described previously by Keil et al. (25).

Reagents and antibodies. Monoclonal antibodies (MAbs) to Kd (clone MA-
215) (23), Dd (clone 34-5-8s [ATCC HB-102]), transferrin (Tf) receptor (TfR)
(clone R17 217.1.3 [ATCC TIB-219]), the MCMV ie1 protein (clone CRO101)
(11, 30), and lysobisphosphatidic acid (LBPA) (clone 6C4) (28) were used as
hybridoma culture supernatants for immunofluorescence or as semipurified as-
cites for immunoprecipitation. MAb to actin was obtained from Sigma-Aldrich
Chemie GmbH (Germany), MAbs to GM130 and Lamp1 were obtained from
Becton Dickinson & Co. (San Jose, CA), MAb to early endosomal antigen 1
(EEA1) was obtained from Zymed Laboratories (San Francisco, CA), and MAbs
to Rab5, Rab7, and Rab11 were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Alexa488- and Alexa555-conjugated anti-mouse IgG2a, anti-mouse
IgG2b, anti-mouse IgG1, anti-rat IgG, anti-rabbit Ig, anti-chicken Ig, transferrin,
dextran, and epidermal growth factor (EGF) were all obtained from Molecular
Probes-Invitrogen (Eugene, OR). LysoTracker Red DND-99, anti-mouse fluo-
rescein isothiocyanate (FITC)-Ig, and streptavidin-FITC were all obtained from
Molecular Probes-Invitrogen (Eugene, OR). Transferrin-biotin, horseradish per-
oxidase (HRP)-conjugated anti-mouse IgG, brefeldin A (BFA), cycloheximide
(CH), actinomycin D (Act D), and nocodazole were obtained from Sigma-
Aldrich Chemie GmbH (Germany). Streptavidin-peroxidase conjugate was ob-
tained from Roche Diagnostics GmbH (Mannheim, Germany), and HRP-con-
jugated anti-rabbit IgG was obtained from Santa Cruz Biotechnology (Santa
Cruz, CA).

Cell surface expression and flow cytometry. Uninfected or MCMV-infected
fibroblasts were collected by short trypsin treatment and incubated at 4°C for 30
to 60 min with either fluorochrome-conjugated or unconjugated primary re-
agents in phosphate-buffered saline (PBS) containing 10 mM EDTA, HEPES
(pH 7.2), 0.1% NaN3, and 2% fetal calf serum (FCS). Unbound reagents were
removed by three washes with cold PBS, and when required, the cells were
incubated with a fluorochrome-conjugated secondary reagent for 30 min at 4°C.
After three washes with PBS, cells were analyzed by flow cytometry using a
FACSCalibur flow cytometer (Becton Dickinson & Co., San Jose, CA). Dead
cells were excluded by propidium iodide, and a total of 10,000 cells was acquired.
The fluorescence signal was determined as the mean fluorescence intensity
(MFI) after subtraction of the background fluorescence (�MFI).

Immunofluorescence and confocal analysis. Cells grown on coverslips were
fixed with 4% formaldehyde (20 min at room temperature [RT]) and permeab-
ilized with 0.5% Triton X-100 (7 min at RT) or 0.2% Tween (15 min at RT). For
Rab protein expression, cells were fixed and permeabilized with ice-cold meth-
anol (5 min). After permeabilization, cells were incubated with fluorochrome-
conjugated or unconjugated primary immunofluorescence reagents for 60 min.

Unbound reagents were washed with PBS, and cells were either embedded or
incubated for 60 min with an appropriate fluorochrome-conjugated secondary
reagent. After three washes in PBS, labeled cells were embedded in Mowiol and
analyzed by confocal microscopy. Images were obtained by using an Olympus
Fluoview FV300 confocal microscope (Olympus Optical Co., Tokyo, Japan) with
60� Plan Apo objectives. To visualize the level of colocalization, 8 to 10 cells per
experimental condition were randomly selected on the same coverslip among
those that were well spread and showed a well-resolved pattern. Images of single
cells were acquired at the same magnification, exported in a TIFF format, and
processed by Fluoview, version 4.3 FV 300 (Olympus Optical Co., Tokyo, Japan).
Presentation of figures was accomplished with Adobe Photoshop (San Jose, CA).

Internalization assays. The internalization of MHC-I, Lamp1, and TfR was
analyzed by a modified internalization assay as described previously (8, 42).
Internalization was performed on adherent cells grown either in six-well tissue
culture plates for flow cytometry or on coverslips for immunofluorescence. Prior
to their labeling, cells were washed three times with PBS. Cell surface proteins
were labeled with MAb reagents at 4°C for 60 min, unbound MAbs were re-
moved by the three washes with PBS, and internalization was performed at 37°C.
Cells were detached by short trypsinization, a procedure which did not affect the
association of MAbs with cell surface proteins (data not shown). Uninternalized
MAbs bound to cell surface proteins were determined by flow cytometry using
appropriate fluorochrome-conjugated secondary reagents. Internalized MAbs
were visualized inside the adherent cells by immunofluorescence after a short
low-pH (1 min at pH 2.2) treatment prior to fixation to remove MAbs from the
cell surface.

The internalization of Tf on adherent fibroblasts was monitored by immuno-
fluorescence and Western blot (WB) analysis. After 60 min of starvation in
Tf-free medium, cells were exposed to Alexa555-Tf or Tf-biotin for 30 min at
37°C to gain continuous internalization and load Tf-containing intracellular
compartments. The steady-state cell surface Tf-binding capacity was too low to
ensure sufficient signal for quantitative flow cytometric analysis of internaliza-
tion. Thus, Tf uptake was analyzed by the binding of Tf-biotin to the cell surface
at 4°C, and internalization was achieved by incubation at 37°C in Tf-free me-
dium. Uninternalized Tf-biotin was removed by a short low-pH treatment, and
internalized Tf-biotin was quantitatively determined by WB analysis.

The internalization of EGF was monitored after 60 min of starvation in
FCS-free medium followed by continuous exposure to Alexa555-EGF or
Alexa488-EGF at 37°C. The internalization of Alexa488-EGF was terminated
after 60 min by the replacement of the medium, and cells were chased for
different periods of time prior to flow cytometric analysis. For confocal analysis,
uninternalized Alexa555-EGF was removed by the low-pH treatment prior to
processing.

The kinetic model for analysis of the internalization rate (IR) was based on
parameters similar to those used for the transferrin receptor (7). From the
half-life (t1/2) values, we calculated the first-order rate constant for internaliza-
tion (ki), which is equal to ln(2)/t1/2.

Recycling assays. The recycling of MHC-I molecules was determined by a
modification of an assay described previously (53). MHC-I molecules were la-
beled with MAbs at 4°C for 60 min, and MHC-I–MAb complexes were inter-
nalized for 1 to 4 h at 37°C. After internalization, the remaining cell surface
MAbs were removed by a short low-pH treatment, and cells were incubated at
37°C with Alexa488-conjugated secondary antibodies to capture recycled MHC-
I–MAb complexes. The fluorescence signal was quantified by flow cytometry
(�MFI). The percentage of recycled MHC-I was calculated by the division of
�MFI intensities of recycled and internalized MHC-I proteins.

In order to distinguish between internalized and recycled MHC-I–MAb com-
plexes, the recycling assay was performed at 16°C, a temperature at which the
progression of early endosomes (EE) and recycling from EE are inhibited (49).
Recycled MHC-I–MAb complexes were captured with Alexa488-anti-mouse
IgG2a or IgG2b (green fluorescence), and internalized complexes that did not
recycle were stained with Alexa555-anti-mouse IgG2a or IgG2b (red fluores-
cence) after fixation and permeabilization. Cells were analyzed by confocal
microscopy.

Tf recycling was determined after Tf internalization and its loss from cells by
recycling (50). Cells were starved in medium without Tf for 1 h and exposed to
Tf-biotin for 60 min at 37°C. Uninternalized Tf-biotin was removed by washing
(three times in medium with unlabeled Tf), and the recycling of Tf-biotin was
determined by its loss from cells after incubation at 37°C in medium containing
200 �g/ml of unlabeled Tf (49, 50). Tf-biotin in cells was determined by WB
analysis using streptavidin-peroxidase (POD).

Western blotting. Cellular extracts for WB analysis were prepared in SDS
sample buffer, separated by reducing SDS-PAGE, and blotted onto a polyvinyl-
idene difluoride (PVDF) WB membrane (Roche Diagnostics GmbH, Mann-
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heim, Germany) at 60 to 70 V for 1 h. Membranes were washed in Tris-HCl-
buffered saline (TBS) (50 mM, pH 7.5) and incubated in 1% blocking reagent
(Roche Diagnostics GmbH, Mannheim, Germany) for 2 h, followed by a 1-h
incubation with MAbs, three cycles of washing (TBS with 0.1% Tween 20 [TBS-T
buffer]), and a 45-min incubation with peroxidase-conjugated secondary reagent
diluted in TBS buffer containing 0.5% blocking reagent. After being washed
three times with TBS-T buffer (pH 7.5), membranes were enveloped into plastic
wrap, incubated with Super Signal West Dura extended-duration substrate
(Pierce Chemical Co., Rockford, IL) for 1 min, and exposed to BioMax film
(Kodak). Signals of bands on WB membranes were quantified with a calibrated
imaging densitometer (GS-710; Bio-Rad).

Cell surface biotinylation and immunoprecipitation. Adherent cells were
washed three times with PBS in tissue culture dishes and resuspended in bioti-
nylation buffer (10 mM Na2B4O7 � 10H2O, 5 mM NaCl, 2 mM CaCl2, and 1 mM
MgCl2 [pH 8.8]). The biotinylation reaction was initiated by the addition of 0.15
mg/ml D-biotinoyl-ε-amidicaproic acid-N-hydroxysuccinimide ester (Roche Diagnos-
tics GmbH, Mannheim, Germany) at room temperature and stopped after 20 min
with cold stop solution (50 mM NH4Cl in PBS) for 5 min on ice. After three washes
with 10% tissue culture medium (supplemented with FBS), cells were incubated at
37°C in fresh medium. After the indicated times, cells were collected, washed in
ice-cold PBS three times, and lysed in a buffer containing 50 mM Tris-Cl (pH 8.0),
150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.02% NaN3, and 2 mM phenylmeth-
ylsulfonyl fluoride (PMSF). Supernatants of cellular lysates were precleared with 30
�l of a protein A-Sepharose slurry (Amersham Pharmacia Biotech). Quantitative
immunoprecipitation of MHC-I molecules was performed with the ascitic fluid of
appropriate MAbs (3 �l). Immune complexes were retrieved with protein A-Sepha-
rose (50 �l of a 50% slurry), and Sepharose beads were washed as described
previously (56). Immune complexes were eluted at 96°C by incubation with sample
buffer and analyzed by 13% SDS-PAGE under nonreducing conditions. After elec-

trophoresis, polyacrylamide gels were blotted onto a PVDF membrane and probed
with 100 mU/ml of streptavidin-POD as described above.

RESULTS

Cell surface MHC-I molecules are downregulated in the
early phase of infection with MCMV. Given that cell surface
MHC-I molecules are downregulated at later times of
MCMV infection (10, 19, 24, 48, 52), we first determined the
kinetics of their loss from the cell surface. We used the
recombinant virus �m138-MCMV in order to avoid unspe-
cific interactions of the m138 protein, which strongly binds
the Fc portion of immunoglobulins (9), with monoclonal
antibody (MAb) reagents. The cell surface level of MHC-I
(Dd and Kd) was unchanged within the first 5 h of infection
(Fig. 1A), which is followed by their rapid loss, with a rate
of approximately 0.33 � 0.02 h�1, resulting in a reduction to
�60% of the control level at 6 h postinfection (p.i.) and to
�30% at 8 h p.i. (Fig. 1A). The cell surface loss of MHC-I
molecules coincided with the appearance of their intracel-
lular accumulation in perinuclear vesicles (Fig. 1B). Effects
similar to those described above for �m138-MCMV were
also observed after infection with wild-type (wt) MCMV,
including the degree of cell surface loss (Fig. 1C).

FIG. 1. Loss of cell surface MHC-I in the early phase of MCMV infection. (A) Cell surface expression of Kd molecules determined on murine
embryonic fibroblasts (MEFs) by flow cytometry after infection with �m138-MCMV and after treatment with cycloheximide (CH) or brefeldin A
(BFA). Results are presented as percentages of initial expression. Data are averages of data from four independent experiments � standard
deviations (SD). (B) Detection of Kd by indirect immunofluorescence on PFA-fixed (cell surface) and PFA-fixed and Triton X-100-permeabilized
(intracellular) cells. Bars, 10 �m. (C) Cell surface level of Kd after 8 h of infection with wt MCMV, �m138-MCMV, �ie1-MCMV, �ie2-MCMV,
and �ie3-MCMV. (D) Cell surface levels of Dd and Kd after infection with �m138-MCMV under conditions of selective and enhanced expression
of immediate-early (IE) and early (E) genes. The protocol used for the definition of the period of E gene transcription (10) required for the
synthesis of the protein(s) that downregulates cell surface MHC-I is presented above the data. (Top) Infection in the presence of CH results in
enhanced transcription of IE genes, which is followed by selective IE protein synthesis after the replacement of CH with actinomycin D (Act D).
(Bottom) After the removal of CH, the synthesized IE proteins activate the transcription of E genes until Act D is added. (E) Effect of ganciclovir
(GC) (8 �M) on cell surface levels of Kd (left axis and circles) and DNA replication (right axis and lines) in �m138-MCMV-infected fibroblasts.
The incorporation of [3H]thymidine was determined in 2-h intervals.
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MCMV immunoevasins that arrest MHC-I transport in the
secretory pathway and abolish the supply of the cell surface
(10, 19, 24, 45, 52, 56) may lead to the constitutive endocytic
clearance of preformed MHC-I from the plasma membrane.
However, the rate of loss of MHC-I from the cell surface was
much lower (t1/2 of �24 h) when cells were treated with either
cycloheximide (CH) or brefeldin A (Fig. 1A), drugs that pre-
vent export from the secretory pathway. This finding suggests
that the viral interference mechanism is distinct from the trans-
port block of newly synthesized MHC-I proteins.

The cell surface MHC-I proteins were lost to a similar de-
gree after infection with mutant viruses lacking either the im-
mediate-early 1 (ie1) or ie2 gene (Fig. 1C). However, after
infection with �ie3-MCMV, the cell surface level of MHC-I
even increased (Fig. 1C), indicating that the function that
rapidly downregulates cell surface MHC-I is related to the
effect of either the ie3 protein or viral early functions that are
under ie3 regulation. The loss of cell surface MHC-I in cells
treated for 3 h with CH followed by 8 h of treatment with
actinomycin D (Act D), conditions for an enhanced expression
of IE proteins (10, 25), indicates that neither IE gene products
nor transcripts that occur in the IE phase affect cell surface-
resident MHC-I. However, when CH was replaced with inhib-
itor-free medium prior to the addition of Act D, a procedure
that allows limited and enhanced early (E) gene expression
(10, 48), cell surface-resident MHC-I proteins were reduced
under conditions of at least 3 h of E gene expression (Fig. 1D).
Given that viral E genes that block transport in the secretory
pathway require only 30 min of E gene expression (10, 48),
these data suggest that the viral interference mechanism is not
related to the function of these genes but rather to viral func-
tions that are expressed later. Cell surface MHC-I was down-
regulated at a similar rate in infected cells in which viral DNA
replication was inhibited with ganciclovir (Fig. 1E) or foscarnet
(data not shown), indicating that the viral interference mech-
anism does not require the function of viral DNA replication
machinery and expression of late genes.

MHC-I molecules were cleared from the cell surface with
kinetics that differ from those of clathrin-dependent mecha-
nisms. In order to display MHC-I complexes that are relocated
from the cell surface, we labeled cell surface MHC-I molecules
of �m138-MCMV-infected fibroblasts with MAbs at 4 h p.i.,
when their cell surface level was still unchanged, and mon-
itored their endosomal trafficking (Fig. 2A). This assay is
widely used in internalization studies (3, 6, 12, 41, 42, 53).
Labeled MHC-I complexes, both Kd (Fig. 2A) and Dd (data
not shown), internalized with similar kinetics in �m138-
MCMV-infected cells, with average internalization rates
(IRs) of 0.33 � 0.018 h�1 for Kd and 0.315 � 0.012 h�1 for
Dd (t1/2 of �2 h). This rate was 4- to 6-fold higher than that
in uninfected fibroblast (Fig. 2A), in which the average IRs
were 0.077 � 0.012 h�1 for Kd (t1/2 of �9 h) and 0.058 �
0.01 h�1 for Dd (t1/2 of �12 h). After 4 h of internalization,
approximately 20% of MHC-I remained at the surface of
�m138-MCMV-infected cells (Fig. 2A).

Internalized MHC-I–MAb complexes were first found dis-
persed in cytoplasmic vesicles, and after 2 h, they concentrated
in the perinuclear area (data not shown). After 4 h of inter-
nalization (Fig. 2B), a majority of internalized MHC-I–MAb
was found accumulated in enlarged perinuclear vesicles. Al-

though many of these vesicles were concentrated in the jux-
tanuclear area, internalized MHC-I complexes could be found
accumulated in the juxtanuclear tubulovesicular endosomes
only after prolonged internalization (8 h of internalization)
(Fig. 2B).

In order to rule out the possibility that the binding of MAbs
changes the rate or the route of endosomal trafficking, we
performed a control experiment by using two indicators of
transferrin (Tf) receptor (TfR) trafficking. Our data (Fig. 2C)
demonstrate that the IR and recycling rate (RR) of TfR are
indistinguishable when TfR was labeled either with MAbs or
with biotinylated and fluorochrome-conjugated Tf, respec-
tively.

Although the IR of MHC-I was 4- to 6-fold higher in
�m138-MCMV-infected cells than in uninfected fibroblasts, it
was still much lower than the IR of the clathrin-dependent
cargo. Given that the cell surface level of TfR was low on
MEFs, we compared the uptakes of Tf-biotin in uninfected and
infected cells. Our data demonstrate that the rates of uptake of
Tf-biotin were similar in infected and uninfected cells (Fig.
2D), indicating that the clathrin-dependent process is func-
tional in the infected cell. However, we observed a delay of
TfR accumulation in the juxtanuclear recycling compartment,
suggesting a disturbance of TfR trafficking (Fig. 2E). Taken
together, our data indicate that MHC-I complexes are re-
moved from the surface of infected cells with kinetics that
differ from those of clathrin-dependent mechanisms.

Internalized MHC-I molecules are retained in a perinuclear
early endosomal compartment that is insensitive to brefeldin
A. In order to characterize endosomes with retained MHC-I,
we performed a colocalization analysis of internalized MHC-I
in �m138-MCMV-infected cells with a panel of well-known
endosomal markers (Fig. 3). A majority of internalized MHC-I
localized in the enlarged perinuclear vesicles that were positive
for early endosomal antigen 1 (EEA1) (Fig. 3Aa) and TfR
(Fig. 3Ab), indicating that these vesicles represent a transi-
tional stage of “classical” EEs (12, 14, 49). A majority of the
MHC-I-loaded vesicles were found around the cell center in
the area that does not contain membranes positive for the late
endosomal (LE) markers lysobisphosphatidic acid (LBPA)
(Fig. 3Ad) and ganglioside M1 (GM1) (Fig. 3Ae) (28, 39).
Very little colocalization with these markers was observed,
suggesting that MHC-I molecules either do not reach or do not
stay long in the predegradative LEs. In contrast, a colocaliza-
tion of internalized MHC-I with Lamp1, a marker of limiting
LE membranes, was found in the perinuclear localization typ-
ical for LEs but also in the juxtanuclear area (Fig. 3Ac). Given
that Lamp1 recirculates between the LEs and plasma mem-
brane, through EEs (28, 47), these data suggest that Lamp1
also arrests with MHC-I. Taken together, the colocalization
analysis indicates that internalized MHC-I molecules are re-
tained in the juxtanuclear early endosomal vesicles that are in
a transitional stage before their fusion or maturation into LEs.
This is also supported by the lack of their colocalization with
LysoTracker Red DND-99 (Fig. 3Af), a marker of acidic en-
dosomes (lysosomes).

MHC-I-loaded endosomes partially intertwined with the
Golgi cisternae in the pericentriolar area and displayed a pat-
tern of colocalization with the Golgi marker GM130 (Fig. 3B).
The disruption of the microtubular network by nocodazole
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dispersed both MHC-I-loaded vesicles and the Golgi cisternae
throughout the cytosol but did not lead to their complete
separation (Fig. 3B). Therefore, to exclude the fusion of these
compartments, we treated �m138-MCMV-infected cells with
brefeldin A (BFA) after the internalization of MHC-I com-
plexes. BFA treatment (34), at a concentration that dispersed
the Golgi compartment (Fig. 3B), did not disperse juxtanuclear
vesicles loaded with internalized MHC-I (Fig. 3B), indicating
that MHC-I retention endosomes did not fuse with the Golgi
compartment. In addition, BFA treatment caused the pericen-
triolar concentration and tubulation of MHC-I-loaded endo-
somes (Fig. 3B), suggesting that the BFA-sensitive machinery
contributes to the maintenance of the MHC-I-loaded endo-
somes in the vesicular form.

MCMV perturbs recycling from early endosomal compart-
ments. The increased internalization rate and retention of
MHC-I in �m138-MCMV-infected cells may be associated
with the reduced capacity for recycling from the retention
endosomes. Thus, we next determined the efficiency of recy-
cling from MHC-I-loaded endosomes (53). In uninfected fi-

broblasts, 30% � 8% of internalized MHC-I was returned to
the cell surface with a t1/2 of 16 � 3 min (Fig. 4A). However,
in �m138-MCMV-infected cells, the recycling efficiency was
reduced to 12% � 3%, and the half-value was reached after
45 � 12 min (Fig. 4A). These data demonstrate that MHC-I
molecules could recycle from the retention vesicles but that
their recycling was reduced and delayed. Although more
MHC-I was internalized in �m138-MCMV-infected cells than
uninfected cells, these data suggest that the formation of the
recycling domain in the retention endosomes was limited. Pro-
longed internalization did not increase the recycling efficiency
in either uninfected or infected cells (data not shown), indi-
cating that the capacity of the recycling domain is determined
by components of the recycling machinery and not by the
amount of internalized cargo.

Given that internalized MHC-I colocalized with steady-state
(Fig. 3A) and internalized (data not shown) TfR in perinuclear
endosomes, we next examined whether Tf recycling is also
altered in infected cells. Internalized Tf rapidly recycled from
uninfected cells, resulting in the loss of internalized Tf-biotin

FIG. 2. Internalization of cell surface MHC-I and clathrin-dependent cargo in uninfected and �m138-MCMV-infected fibroblasts. (A) The loss of
Kd from the cell surface was determined by an internalization assay. The experimental design is presented on the right. Cell surface Kd of uninfected and
�m138-MCMV-infected (at 4 h p.i.) MEFs was labeled with MAbs for 60 min at 4°C, and the remaining MAbs at the cell surface were determined by
flow cytometry after the indicated periods of incubation at 37°C (internalization). Results are presented as a percentage of initial expression � SD from
six independent experiments. (B) Intracellular distribution of cell surface-labeled Kd after 4 and 8 h of internalization in �m138-MCMV-infected MEFs.
Internalized Kd-MAb complexes were determined on permeabilized cells with Alexa555-anti-mouse IgG2b. (C) Internalization rate (IR) and recycling
rate (RR) of TfR in L-Ld fibroblasts, determined by anti-TfR MAb (R17) and by Tf-biotin or Alexa488-Tf. The rates were calculated from t1/2 values.
Results represent the means � SD of data from six independent experiments. (D) Tf uptake in uninfected and �m138-MCMV-infected MEFs
determined by binding of Tf-biotin to cell surface TfRs at 4°C and internalization at 37°C for the indicated times. Uninternalized Tf-biotin was removed
by low-pH treatment, and the level of intracellular Tf-biotin was determined by Western blotting and quantified by densitometry; black bars represent
uninfected cells, and gray bars represent infected cells. (E) Confocal images of internalized TfR in uninfected and �m138-MCMV-infected MEFs after
labeling of cell surface TfR with MAbs at 4°C and internalization at 37°C. Bars, 10 �m.
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FIG. 3. Characterization of the MHC-I-loaded perinuclear endosomal compartment in �m138-MCMV-infected cells. (A) Colocalization of
internalized MHC-I with early and late endosomal markers. At 4 h p.i., MHC-I molecules were labeled with MAbs and internalized for an
additional 4 h. Internalized MHC-I–MAb complexes were stained with Alexa555-anti-mouse IgG2b secondary reagent (red fluorescence [a to d])
and colocalized with the early endosomal markers EEA1 (Alexa488-anti-chicken IgG [green fluorescence]) (a) and TfR (Alexa488-anti-rat IgG
[green fluorescence]) (b) and the late endosomal markers Lamp1 (Alexa488-conjugated anti-rat IgG [green fluorescence]) (c) and LBPA
(Alexa488-conjugated anti-mouse IgG1 [green fluorescence]) (d). Also shown is the colocalization of internalized MHC-I complexes (stained with
Alexa488-anti-mouse IgG2b [green fluorescence]) with GM1 (stained with Alexa555-CTxB [red fluorescence]) (e) and fluid-phase internalized
LysoTracker Red DND-99-labeled endosomes (red fluorescence) (f). (B) Internalized MHC-I–MAb complexes (red fluorescence) were colocal-
ized with the Golgi marker GM130 (green fluorescence) in untreated cells or in cells treated for an additional 60 min with nocodazole (4 �M) and
BFA (10 �g/ml). Bars, 10 �m.
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from cells at a t1/2 of �10 min (Fig. 4B). In contrast, in �m138-
MCMV-infected cells, the loss of internalized Tf-biotin was
delayed (t1/2 of �45 min), indicating that TfR recycling is also
reduced in infected fibroblasts. This supports our previous
conclusion that MCMV infection affects the formation of re-
cycling domains in early endosomes.

In order to distinguish whether internalized MHC-I mole-
cules are able to reach juxtanuclear recycling endosomes in
�m138-MCMV-infected cells, we performed recycling at 16°C
(Fig. 4C). This temperature is permissive for recycling from
juxtanuclear recycling endosomes but not from EEs (49). In
addition, at this temperature, EE trafficking was inhibited, and
endocytosed cargo was stacked in subplasmalemmal vesicles,
also including recycled MHC-I complexes, which enabled a
distinction between recycled (r) and internalized (i) cargoes
(Fig. 4C). At 16°C, approximately half (data not shown) of the
internalized MHC-I was recycled within the first hour (de-
tected as subplasmalemmal cargo), and the rest remained in-
side the cells, even after 4 h of recycling (Fig. 4C). These data
indicate that internalized MHC-I molecules are able to reach
the recycling domain, which has characteristics of the jux-
tanuclear recycling endosomes.

MCMV retards progression of MHC-I and clathrin-depen-
dent cargo toward the degradative late endosomal compart-

ments. The retention of internalized MHC-I in the perinuclear
endosomes also suggests the reduced maturation of the en-
dolysosomal domain and its progression toward LEs. A major-
ity of internalized MHC-I did not localize in Lamp1- and
LBPA-positive (Fig. 3Ac and d) LE compartments, which ar-
gues against a massive membrane flow toward the endolyso-
somal route. In order to estimate the rate of progression to-
ward LEs, we first determined the degradation rate of cell
surface MHC-I in infected cells. Cell surface proteins were
biotinylated at 4 h p.i., and the intracellular level of biotin-
labeled MHC-I molecules was determined by immunoprecipi-
tation. In uninfected fibroblasts (Fig. 5A), biotinylated Kd (and
Dd [data not shown]) remained in the cells for a long period of
time (t1/2 of �12 h), which gives a degradation rate of �0.06
h�1. This is in a range similar to the internalization rate de-
termined by MAb labeling (Fig. 2A) and indicates that MAb
labeling did not facilitate degradation. Biotinylated MHC-I
degraded faster in �m138-MCMV-infected fibroblasts than in
uninfected cells (Fig. 5A), and very little biotinylated Dd and
Kd were found at 20 h postinfection (Fig. 5B). However, their
degradation did not correlate with internalization. The degra-
dation rate of Kd was determined to be �0.17 h�1 (Fig. 5A),
which is significantly higher than that in uninfected cells but
still half of the internalization rate (average of 0.315 h�1). This
indicates that after fast removal from the cell surface and
retention in the early endosomal compartment, MHC-I com-
plexes have restricted entry into the degradative route.

To examine the degradative routes in �m138-MCMV-in-
fected cells, we cointernalized MHC-I with two clathrin-depen-
dent cargo molecules that travel into LEs via either dynamic
(EGF) or static (Lamp1) early endosomes (4, 31). In infected
cells, internalized EGF dispersed into TfR-negative, Lamp1-
positive, and DND-99-positive perinuclear vesicles, as in unin-
fected cells (Fig. 5C), and did not colocalize with internalized
MHC-I (Fig. 5D). This finding suggests that MCMV does not
alter the formation of dynamic EEs and that the MHC-I re-
tention compartments are not generated from dynamic EEs.
Although EGF was able to reach the LBPA-negative predeg-
radative compartment (Fig. 5C), its loss from �m138-MCMV-
infected cells was much slower (t1/2 of �2 h) than that from the
uninfected cells (t1/2 of 30 min) (Fig. 5E), indicating that the
degradation of clathrin-dependent cargo was also delayed in
the infected cells.

A smaller fraction of the internalized Alexa555-EGF that
reached the juxtanuclear area in �m138-MCMV-infected cells
colocalized with internalized TfR and MHC-I (Fig. 5C and D),
which is consistent with their retention in the static subpopu-
lation of EEs (31). This conclusion was supported by the coin-
ternalization of MHC-I and Lamp1, which travels via static
early endosomes (22). Both MHC-I and Lamp1 were found in
the same perinuclear vesicles (Fig. 5D), indicating that MHC-I
molecules are retained in static early endosomes with a re-
duced capacity for progression toward LEs.

MCMV infection decreases the cellular level of Rab
GTPases. The maturation of the early endosomal sorting do-
main requires the replacement of the Rab5 small GTPase
either with Rab7, which leads to the formation of a late endo-
somal domain, or with Rab11, which is essential for the tubu-
lation of the recycling domain (17, 46). Therefore, defective
early endosomal maturation in �m138-MCMV-infected cells

FIG. 4. Recycling of MHC-I molecules in MCMV-infected cells.
(A) Recycling efficiencies, expressed as the percentage recycled, and
recycling kinetics, expressed as the t1/2 required to reach the maximal
signal, were determined for uninfected and �m138-MCMV-infected (6
h p.i.) fibroblasts after 1 h of internalization of Kd-MAb complexes.
Recycled complexes were captured by Alexa488-conjugated anti-mouse
IgG2b, and fluorescence intensity was determined by flow cytometry.
(B) Recycling of internalized Tf determined by Western blot detection
of intracellular Tf-biotin. The loss of Tf-biotin from cells occurs by
recycling. Quantification was made by densitometry of blots, and re-
sults are expressed as a percentage of Tf-biotin after internalization
(control value). Shown are data from one representative experiment
out of four experiments. (C) Recycling of internalized (i) Dd-MAb (red
fluorescence) from the juxtanuclear retention compartment at 16°C.
Recycled (r) Dd-MAb was captured by Alexa488-conjugated anti-
mouse IgG2a (green fluorescence) and stacked in subplasmalemmal
endosomes at 16°C. Bars, 10 �m.
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could be associated with the reduced level or defective func-
tioning of Rab proteins. In order to test this, we determined
the levels of expression of Rab proteins that act at proximal
(Rab5) and distal (Rab7 and Rab11) stages of endosomal
maturation. At 6 h p.i. and later, a significant reduction of the
Rab7 (data not shown) and Rab11 (Fig. 6A) associations with
endosomal membranes was observed by immunofluorescence.
This reduction was not the result of cytoplasmic dispersion but
rather was the consequence of a decreased cellular level (Fig.
6B). With the progression of infection, the cellular levels of all
three Rab proteins declined, leading to a reduction of the level
of Rab5 to the 35% control value and an almost-complete loss
of Rab7 and Rab11 at 24 h p.i. (Fig. 6B). Given that a balance
of Rab proteins is essential for the modeling of early endo-
somes, we calculated the levels of expression of Rab7 and
Rab11 in relation to that of Rab5 (Fig. 6C). Our data demon-
strate that the cellular levels of these two Rab proteins is
altered more than that of Rab5, suggesting that the distal part
of the early endosomal route is more affected by MCMV in-
fection.

The known MCMV immunoevasins are not required for
endosomal MHC-I retention, but without them, the disruption
of endosomal MHC-I trafficking is not sufficient to reduce cell
surface expression of MHC-I. MCMV encodes three proteins
(m04, m06, and m152) that interfere with MHC-I trafficking in
the secretory pathway (24, 27, 45, 56), resulting in the down-
regulation of MHC-I cell surface expression (52). In order to

FIG. 5. Degradation kinetics of cell surface MHC-I and progression of clathrin-dependent cargo molecules into late endosomes. (A) Degra-
dation kinetics of cell surface Kd molecules were determined by cell surface biotinylation of uninfected and �m138-MCMV-infected (at 4 h p.i.)
cells and immunoprecipitation of Kd from cytoplasmic extracts. Immunoprecipitates were quantified by a densitometric analysis of blots. Shown
are data representative of data from four experiments. HC, heavy chain. (B) Immunoprecipitates of Dd and Kd from uninfected and �m138-
MCMV-infected cells 20 h after cell surface labeling. (C) Colocalization of internalized of Alexa555 (red fluorescence)- or Alexa488 (green
fluorescence)-EGF (60 min) with steady-state TfR, LBPA, and Lamp1 and with cointernalized LysoTracker Red DND-99 (DND) in
uninfected and �m138-MCMV-infected (7 h p.i.) cells. (D) Cointernalized Kd-MAb and Alexa555-EGF or Lamp1 in �m138-MCMV-infected
cells (4 to 8 h p.i.). (E) Degradation kinetics of internalized EGF. Uninfected and �m138-MCMV-infected (7 h p.i.) cells were loaded for
60 min with Alexa488-EGF, and the fluorescence intensity inside the cells was determined by flow cytometry after the indicated periods of
chase. Results are presented as percentages of initial expression.

FIG. 6. Expression of Rab GTPases in MCMV-infected cells.
(A) Intracellular distribution of Rab11 in uninfected and �m138-
MCMV-infected cells determined by immunofluorescence. Bars, 10
�m. (B) Western blot analysis of Rab5, Rab7, and Rab11 expression
levels in uninfected (0) and �m138-MCMV-infected cells (4 to 24 h
p.i.). (C) Relative expression levels of Rab7 and Rab11 normalized to
that of Rab5. The blots were analyzed by densitometry, and the rela-
tive expression level of Rab5b at the corresponding time was set up as
the 100% value. Data represent average data for four blots � standard
errors of the means (SEM).
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examine their role in the formation of perinuclear retention
endosomes, we infected cells with the MCMV deletion mutant
�m4m6m152-MCMV, which is known not to abolish cell sur-
face MHC-I expression (52). The cell surface expression levels
of Dd and Kd were reduced to the �80% values in cells in-
fected with the mutant virus at 12 h p.i. (Fig. 7A), similar to
values described previously for B12 cells (52). Although cell
surface MHC-I was not downregulated after infection with
�m4m6m152-MCMV (Fig. 7A), MAb-labeled MHC-I inter-
nalized with an increased rate similar to those of cells infected
with wt MCMV (data not shown) and �m138-MCMV (Fig.
7B). Internalized Dd (data not shown) and Kd (Fig. 7C) were
retained in the perinuclear endosomes. Thus, our data indicate
that MCMVs without the three known MHC-I immunoevasins
encode functions that affect endosomal trafficking, which are
not sufficient to reduce the cell surface expression of MHC-I in
the absence of a transport block in the secretory pathway.

DISCUSSION

In this report we demonstrate that MCMV perturbs endo-
somal trafficking in the early phase of infection. This pertur-
bation has a striking impact on MHC-I trafficking because of
the simultaneous effects of MCMV immunoevasins that act in
the secretory pathway (24, 27, 45, 52, 56). Two of them (m152
and m06) are expressed in the early phase of infection (45, 56)
and prevent the exit of the nascent MHC-I complexes to the
cell surface (19, 40, 45, 56). Without them, MHC-I cell surface
downregulation cannot occur (52). However, our data demon-
strated that the loss of MHC-I from the cell surface is rapid
and occurs early in the infection with a rate of �33% per hour.
This cannot be explained by their constitutive internalization,
which is five to six times slower in normal fibroblasts (36),
indicating that MCMV encodes an additional function that is
expressed in the early phase of infection (Fig. 1), after the
expression of the three known MCMV immunoevasins (48).
This function arrests the endosomal trafficking of cell surface-
resident MHC-I in perinuclear early endosomes by inhibiting
their recycling and LE progression. Together with the reduced
egress of newly synthesized MHC-I complexes from the secre-
tory pathway, this results in their accelerated loss from the cell
surface. However, the effect is not MHC-I specific, since clath-
rin-dependent cargo molecules that travel via static early en-

dosomes (31) are also collected in the perinuclear endosomes,
and their progression toward either the recycling or degrada-
tive route is inhibited. Given that MHC-I and clathrin-depen-
dent cargo meet in the proximal part of the common endoso-
mal route (12, 14, 42), the effect of MCMV is focused on the
distal stage of endosomal maturation to EEA1-positive EEs
prior to the segregation of recycling and endolysosomal do-
mains. This is associated with a reduction in levels of Rab7 and
Rab11, small GTPases that bring the domain identity to the
endosomal membrane (17, 46), indicating that MCMV thor-
oughly remodels the endosomal system in the early phase of
infection.

MHC-I molecules are constitutively internalized via Arf6-
associated clathrin-independent endocytic carriers that fuse
with EEA1-positive transferrin-containing endosomes gener-
ated by clathrin-dependent endocytosis (6, 12, 14, 41, 42).
These endosomes, by heterotypic fusion, generate “classical”
early endosomes (14), which on microtubular trails partition
their membranes and thereby sort their cargo into either recy-
cling or endolysosomal domains (31). Recycling domains ma-
ture into recycling tubular carriers in a process that involves
Rab11 GTPase (46), and endolysosomal domains fuse with or
mature into LEs with the help of Rab7 (46). Given that the
level of constitutive endocytosis of the plasma membrane is
very high and occurs several times per hour (12, 18), constitu-
tively endocytosed cargo, also including MHC-I molecules,
should be returned either by rapid recycling from the primary
acceptor compartment or by slow recycling from EEs (14, 53).
The net result of constitutive internalization is a removal of
approximately 5 to 10% of MHC-I molecules from the cell
surface each hour, depending on the cell type and MHC-I
allele (36). In uninfected fibroblasts, less than one-third of
endocytosed MHC-I molecules are recycled back to the cell
surface from EEs and the juxtanuclear tubulovesicular recy-
cling compartment (41, 53). Another two-thirds were directed
into degradation each hour, and the cell surface loss was re-
constituted by newly synthesized MHC-I from the secretory
pathway. Recycling is thereby critical for the maintenance of
the cell surface level and cell surface retention of MHC-I. In
MCMV-infected fibroblasts, the recycling of MHC-I com-
plexes is delayed and reduced, which cannot keep the balance
with the constitutive endocytosis, and one-third of cell surface

FIG. 7. The known MCMV immunoevasins are not required for endosomal MHC-I retention. (A) Cell surface expression of Dd and Kd on
MEFs infected for 12 h with either �m138-MCMV or �m4m6m152-MCMV. Results are presented as percentages of initial expression. Data are
averages of data from four independent experiments � SD. (B) IRs of Dd and Kd in uninfected cells and cells infected with either �m138-MCMV
or �m4m6m152-MCMV. (C) Confocal image of juxtanuclear accumulation of internalized Kd (red fluorescence, 4 h of internalization, as described
in the legend Fig. 2) and nuclear MCMV ie1 (green fluorescence) in cells infected with the triple immunoevasin deletion mutant �m4m6m152-
MCMV. Bar, 10 �m.
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MHC-I molecules were redistributed to the intracellular local-
ization each hour, resulting in their retention in the perinu-
clear EEA1-positive EEs. This retention suggests a defective
maturation of endosomal domains, which can be associated
with the insufficient amount of corresponding Rab proteins.
This is supported by the observation that the recycling of Tf
was reduced and the degradation of EGF was delayed in
�m138-MCMV-infected cells. Similar effects on TfR recycling
after interference with Rab11 functions (54) and on EGF traf-
ficking after the depletion of Rab7 by RNA interference (51)
were observed. In the absence of Rab7, the trafficking of EGF
through the EEs to the LEs does not change, but their exit
from the LEs into lysosomes is blocked (51).

Our data indicate that the MCMV-generated perinuclear
retention endosomes represent an intermediate in EE mat-
uration at the stage of remodeling of their EEA1-positive
(also Rab5-positive) sorting domain into either recycling or
endolysosomal domains, a process known to require Rab
conversion (46). It has the characteristics of sorting endo-
somes at the terminal stage of their maturation, such as
localization, vesicular nature, attachment of EEA1, accessi-
bility to the incoming cargo from the plasma membrane
known to cross the sorting endosome (TfR, EGF receptor
[EGFR], and Lamp1), attachment to microtubules, and pro-
pensity for tubulation after BFA treatment (55). In addition,
the retention endosomes are concentrated in the jux-
tanuclear area devoid of LE membranes, the site of early
endosomal transition or conversion into recycling endo-
somes or LEs (37). The retention vesicles tend to fuse in the
pericentriolar area and demonstrate tubulation, which is a
characteristic of endosomal recycling domains (34, 55).
From this compartment, recycling occurs at 16°C, conditions
that do not allow recycling from EEs (49), but also after
BFA treatment (M. Ilić Tomaš and P. Lučin, unpublished
data), which inhibits recycling from juxtanuclear recycling
endosomes (49, 50). Thus, the perinuclear retention com-
partments share characteristics of EEs and the juxtanuclear
recycling compartment. It is attractive to speculate that
MCMVs conserve the process of endosomal conversion dis-
playing various stages of converting endosomes, a process
which is rapid in untreated cells (46) and very slow in
MCMV-infected cells.

It was recently reported that a sustained activation of pro-
tein kinase C (PKC) drives the formation of an endosomal
compartment in the juxtanuclear localization, named the peri-
centrion, which sequesters membrane recycling components
(1, 21) but not components and markers of the endolysosomal
route (21). Although the MCMV-generated perinuclear endo-
somal compartment has many similarities with the pericen-
trion, it also sequesters cargo molecules that travel toward LEs
(EGF, Lamp1, and dextran). In addition, PKC inhibitors did
not cause a dispersal of MCMV retention compartments
(Tomaš and Lučin, unpublished). Thus, although PKCs are
essential for the early phase of MCMV replication (30) and
may be activated during herpesvirus infection (43), it is un-
likely that MCMV remodeling of early endosomal trafficking is
the consequence of sustained PKC activation.

A similar effect on the perturbation of MHC-I trafficking
was described previously for the HIV early gene product Nef,
which reduces MHC-I surface expression by the internalization

of MHC-I molecules (15). For this effect, Nef does not use
classical clathrin-mediated endocytosis, as in the case of CD4
downregulation, but internalizes cell surface MHC-I molecules
via a nonclathrin Arf6-dependent pathway (4, 44) and redis-
tributes them into the perinuclear area that overlaps with the
trans-Golgi network (TGN) membranes (15). However, it ap-
pears that Nef does not specifically interact with Arf6 but
rather nonspecifically perturbs the trafficking route used by
MHC-I (32), including alterations in the morphology and func-
tions of the endosomal recycling compartment (35).

Interference with endocytic trafficking can be exploited by
MCMV as a way for surveillance of the LE peptide-loading
compartments. By retaining cell surface MHC-I at the en-
dosomal crossroads, MCMV may prevent not only the exit
of nascent viral peptide-loaded MHC-I complexes to the cell
surface but also peptide loading in the exogenous pathway.
The exchange of peptides can occur in acidic LEs (16), and
viral peptide-loaded MHC-I can be presented at the cell
surface by exocytosis (26). Therefore, it is important for
MCMV to prevent the progression of MHC-I from EEs
toward an LE peptide-loading compartment. This may be
achieved by their retention at the sorting site without a
direct interaction of MCMV-encoded proteins with MHC-I.
Together with the prevented egress from the secretory path-
way, this can be sufficient for a complete disarming of the
antigen presentation machinery.

Taken together, the striking effect of MCMV on the MHC-I
cell surface level in the early phase of infection uncovers a
mechanism of endosomal remodeling very early in infection. It
is attractive to speculate that this remodeling evolved for the
purpose of MCMV morphogenesis and that the remodeling of
cellular functions occurs much before viral DNA replication.
This is supported by a recent observation that the endosomal
recycling compartment contributes during the envelopment of
human cytomegalovirus (29). Thus, an understanding of the
morphogenesis of the retention compartment may give insight
into the earliest events in the formation of the assembly com-
partment. In addition, an understanding of the mechanism of
formation of the perinuclear endosomal retention compart-
ment that retains clathrin-dependent and clathrin-independent
cargoes may contribute to an understanding of molecular and
mechanistic events in endosomal maturation and the forma-
tion of recycling endosomes and LEs. These mechanisms are
not yet resolved, and, as for many cellular functions, MCMV
may point to main principles that drive endosomal maturation
in normal cells.
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Campbell, U. H. Koszinowski, A. B. Hill, and H. L. Ploegh. 1997. A mouse
cytomegalovirus glycoprotein, gp34, forms a complex with folded class I
MHC molecules in the ER which is not retained but is transported to the cell
surface. EMBO J. 16:685–694.

28. Kobayashi, T., M. H. Beuchat, M. Lindsay, S. Frias, R. D. Palmiter, H.
Sakuraba, R. G. Parton, and J. Gruenberg. 1999. Late endosomal mem-
branes rich in lysobisphosphatidic acid regulate cholesterol transport. Nat.
Cell Biol. 1:113–118.

29. Krzyzaniak, M. A., M. Mach, and W. J. Britt. 2009. HCMV-encoded glyco-
protein M (UL100) interacts with Rab11 effector protein FIP4.Traffic 10:
1439–1457.
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