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Mature dendritic cells (DCs) are the most potent antigen-presenting cells within the human immune system.
However, Herpes simplex virus type 1 (HSV-1) is able to interfere with DC biology and to establish latency in
infected individuals. In this study, we provide new insights into the mechanism by which HSV-1 disarms DCs
by the manipulation of CD83, a functionally important molecule for DC activation. Fluorescence-activated cell
sorter (FACS) analyses revealed a rapid downmodulation of CD83 surface expression within 6 to 8 h after
HSV-1 infection, in a manner strictly dependent on viral gene expression. Soluble CD83 enzyme-linked
immunosorbent assays, together with Western blot analysis, demonstrated that CD83 rapidly disappears from
the cell surface after contact with HSV-1 by a mechanism that involves protein degradation rather than
shedding of CD83 from the cell surface into the medium. Infection experiments with an ICP0 deletion mutant
demonstrated an important role for this viral immediate-early protein during CD83 degradation, since this
particular mutant strain leads to strongly reduced CD83 degradation. This hypothesis was further strength-
ened by cotransfection of plasmids expressing CD83 and ICP0 into 293T cells, which led to significantly
reduced accumulation of CD83. In strong contrast, transfection of plasmids expressing CD83 and a mutant
ICP0 defective in its RING finger-mediated E3 ubiquitin ligase function did not reduce CD83 expression.
Inhibition of the proteasome, the cellular protein degradation machinery, almost completely restored CD83
surface expression during HSV-1 infection, indicating that proteasome-mediated degradation and HSV-1 ICP0
play crucial roles in this novel viral immune escape mechanism.

Dendritic cells (DCs) are the most potent antigen-present-
ing cells known (41). They have the unique ability to prime
naive CD4� and CD8� T cells and thereby induce a primary
immune response. As sentinels of the immune system, they lie
in wait in an immature state in almost all peripheral tissues (1).
Upon encountering diverse products of infectious agents, they
begin to mature and lose their ability to take up antigens (57).
In order to activate antigen-specific T cells, mature DCs
(mDCs) must migrate from the areas of antigen uptake to the
areas of antigen presentation, primarily the T-cell zones of the
secondary lymphoid organs (1). During maturation, DCs un-
dergo significant functional and phenotypic changes; for exam-
ple, they develop the ability to migrate into T-cell areas (25);
they respond to different CC and CXC chemokines, compared
to immature DCs (iDCs); and they strongly upregulate the
surface molecule CD83 together with other costimulatory mol-
ecules such as CD80 and CD86 (73).

With respect to its strong upregulation, CD83 is well known

as one of the best cell surface markers for human mDCs (1).
Recently, it has been demonstrated that a precursor form of
CD83 can be found inside monocytes, macrophages, and iDCs
(6). However, CD83 is only stably expressed on mDCs (6) and
some activated T cells and B cells (68). Interestingly, two
different isoforms of CD83 have been described, a membrane-
bound form (mCD83) (71, 72) and a soluble form (sCD83) (30,
31). The latter is most probably generated by proteolytic shed-
ding of the mCD83 isoform, but the precise mechanism is still
unknown (31). Increasing amounts of sCD83 have been de-
tected by Hock and coworkers in a number of patients suffering
from hematological malignancies, including patients with
chronic lymphocytic leukemia and mantle cell lymphoma (30).
These data indicate that sCD83 might play an important role
during the downmodulation of immune responses, and indeed
this was demonstrated in vitro by using mixed-lymphocyte re-
action assays. Interestingly, sCD83 inhibited DC-mediated al-
logeneic T-cell stimulation in a dose-dependent manner (34).
These observations were further strengthened with models of
autoimmune diseases (75). Therefore, the effect of sCD83 was
analyzed in vivo by using the murine experimental autoim-
mune encephalomyelitis model. It was found that sCD83 was
very effective in a prophylactic, as well as in a therapeutic,
application, underlining its high immunosuppressive potential
also in vivo (75).

It is noteworthy that several viruses influence CD83 surface
expression and thereby prevent the activation of T cells.
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Sénéchal and coworkers reported that sCD83 is shed from the
surface of mDCs after infection with human cytomegalovirus
(HCMV), a member of the Herpesviridae family (63). In the
case of herpes simplex virus type 1 (HSV-1), an effect on CD83
surface expression has been detected for iDCs, as well as for
mDCs. HSV-1 is able to initiate infection of both types of DCs
efficiently (32, 42). Infection of iDCs with HSV-1 led to signif-
icant cytopathic effects (20 to 45% of the cells die within 24 to
48 h), generation of infectious viral particles, and failure of DC
maturation (42, 47). Furthermore, CD83 upregulation was al-
most completely blocked during maturation (60). This elimi-
nation of antigen-presenting cells might represent an efficient
way to avoid antiviral immune responses.

Kruse and coworkers reported that, in contrast to iDCs,
HSV-1 infection of mDCs does not lead to infectious particles.
At a multiplicity of infection (MOI) of 1, HSV-1 did not induce
cell death but, surprisingly, Western blot analysis of total cell
lysates revealed that the CD83 molecule was completely de-
graded within 24 h and was already present in reduced
amounts on the cell surface after 10 h (32), while other co-
stimulatory surface molecules such as CD80 or CD86 were
unaffected. However, data concerning the underlying mecha-
nism, the kinetics of downregulation, and the identities of viral
gene products which may be responsible for this effect have not
been presented until now.

A great deal of attention has been drawn to the immediate-
early (IE) proteins of HSV-1, which are of crucial importance
for the regulation of viral gene expression and virus-host cell
interactions (45). Five IE genes are encoded by the viral ge-
nome, and their transcription is activated by the viral transac-
tivator VP16 (69). These five proteins are infected cell protein
0 (ICP0), ICP4, ICP22, ICP27, and ICP47. In addition to
VP16, another key regulatory protein, the virion host shutoff
(vhs) protein, is a component of the virus particle and thus is
delivered into the cell at the very beginning of infection. The
vhs protein has been characterized as a viral RNase that de-
grades mRNAs (cellular mRNAs, as well as viral mRNAs)
(23), and it has been suggested to be one of the main mediators
of HSV-1 immune evasion responses (64).

ICP47 has also been directly associated with an immune
escape mechanism; this viral IE protein complexes with and
thereby inhibits the transporter associated with antigen pre-
sentation, which leads to a lack of major histocompatibility
complex (MHC) class I peptide complex assembly (70) and to
an inhibition of CD8� T-cell-mediated protection (26).

Although it is not essential for HSV-1 replication in cultured
cells infected at a high multiplicity (15), IE ICP0 plays a very
special role during virus infection. In the absence of ICP0, the
lytic replication cycle is initiated very poorly because the viral
genome becomes subject to repression. Such repressed HSV-1
genomes in cultured cells can be reactivated by later expression
of ICP0, and in animal models, ICP0-null mutant viruses re-
activate poorly from latency (for reviews, see references 14, 16,
28, and 56). Several groups have reported that ICP0 inhibits
the expression of interferon-stimulated genes that occurs in
response to HSV-1 infection and might thereby inhibit cellular
antiviral responses (13, 46). These and other functions of ICP0
are dependent on the presence of its so-called RING finger
domain, which confers on the protein ubiquitin E3 ligase ac-
tivity whose consequence is the degradation of a number of

cellular proteins via the ubiquitin-proteasome pathway (5, 28,
29). Several cellular proteins are degraded during HSV-1 in-
fection in an ICP0-dependent manner, including the promyeo-
lytic leukemia (PML) protein (4, 19), SUMO-modified Sp100
(7, 27, 48), DNA-PK (54), and CENP-C (18). Thus, several
cellular proteins are targets of the ubiquitin E3 ligase activity
of ICP0, and inhibition of this activity with proteasome inhib-
itors or by mutation of the RING finger domain of ICP0 results
in a significant reduction of viral genome expression, particu-
larly at low MOIs, and as a consequence an increased likeli-
hood of the virus entering into a quiescent or latent state of
infection (16, 21).

In this study, we provide new insights into how HSV-1 dis-
arms mDCs by the downmodulation of CD83 expression. By
fluorescence-activated cell sorter (FACS) analyses, we were
able to show that CD83 is downregulated with very fast kinetics
after infection with HSV-1. This loss of CD83 from the cell
surface is due not to a virus-induced shedding mechanism but
rather to protein degradation. Infection with an ICP0 deletion
mutant, together with immunofluorescence data and transfec-
tion experiments, revealed an important role for this IE pro-
tein during virus-induced CD83 degradation. Inhibition of pro-
teasome function by a specific inhibitor of the cellular
degradation machinery provided further evidence that this IE
protein of HSV-1 is, either directly or indirectly, responsible
for this effect. In summary, we provide here, for the first time,
evidence of the molecular mechanism by which CD83 is de-
graded during HSV-1 infection.

MATERIALS AND METHODS

Virus strains, virus preparation, and virus titration. HSV-1 strain 17� was the
wild-type (WT) laboratory strain used in these studies, from which the ICP0
deletion mutant virus dl1403 (HSV-1 �ICP0) was derived (66). HSV-1/17�/
CMV-EGFP/ UL43 (HSV-1 WT EGFP) contains the enhanced green fluores-
cent protein (EGFP) marker gene. This reporter is driven by the CMV promoter
and has been inserted into the gene for UL43. As the gene for UL43 has been
described as a nonessential gene (10, 61) which has previously been shown not to
affect the kinetics of HSV reactivation and latency (42), this virus closely resem-
bles the WT virus. The HSV-1/pR20.5/vhs (HSV-1 �vhs) strain contains a cas-
sette expressing EGFP and LacZ and was described previously (38). Virus stocks
were prepared and the virus titer was determined as previously described (65).
UV-inactivated particles were generated by irradiation with UV light (1,500
J/cm2) in a Vilber Luormat (Biometra, Göttingen, Germany).

Plasmids. The expression plasmid pcDNA3-CD83, containing the CD83 cod-
ing sequence under the control of a CMV promoter, has been described previ-
ously (32). Plasmids pCI-110 and pCI-FXE express full-length ICP0 and RING
finger deletion mutant ICP0, respectively (20). Plasmid pEG110 contains full-
length ICP0 fused to EGFP (39).

Generation of DCs. Peripheral blood mononuclear cells were isolated from
different healthy donors by sedimentation with Lymphoprep (Nycomed Pharma
AS, Oslo, Norway) and cultured in RPMI 1640 medium (BioWhittaker, Verviers,
Belgium) supplemented with 1% autologous serum, 10 mM HEPES (pH 7.5;
Sigma-Aldrich, Deisenhofen, Germany), 2 mM L-glutamine (Cambrex Bio-
Science, Verviers, Belgium), 100 U/ml penicillin, and 100 �g/ml streptomycin
(Sigma). Mononuclear cells were seeded into standard tissue culture flasks
(Nunc, Wiesbaden, Germany) and incubated for 1 h. The nonadherent fraction
was washed off after 1 h with pure RPMI 1640 medium. iDCs were generated in
RPMI 1640 medium supplemented with 1% autologous serum, 10 mM HEPES,
2 mM L-glutamine, 100 U/ml penicillin, 100 �g/ml streptomycin, 800 U/ml gran-
ulocyte-macrophage colony-stimulating factor (GMCSF; Wyeth), and 250 U/ml
interleukin-4 (IL-4; Strathmann, Hamburg, Germany). Nonadherent cells (i.e.,
iDCs) were collected after 4 days of cultivation, counted, and transferred into
new flasks. Maturation was induced by adding 10 ng/ml tumor necrosis factor
alpha (Strathmann), 1 �g/ml prostaglandin E2 (Sigma), 200 U/ml IL-1� (Strath-
mann), 40 U/ml GMCSF, 1,000 U/ml IL-6 (Strathmann), and 250 U/ml IL-4 to
the medium. Maturation was complete 2 days later.
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To ensure the purity of the mDCs obtained, the cell population was analyzed
by FACS for contamination with T cells (CD3 antibody; BD, Heidelberg, Ger-
many), B cells (CD19 antibody, clone S725-C1; Caltag, Hamburg, Germany), and
NK cells (CD56 antibody, clone MEM-188; Immunotools, Friesoythe, Germany)
together with the respective isotype controls immunoglobulin G1 (IgG1) and
IgG2a, clone G155-178 (BD, Heidelberg, Germany). Normally, mDCs showed a
purity of 85 to 90%.

Infection procedure. Cells (3 � 106) were infected with the respective virus
strain in a total volume of 300 �l of infection medium containing pure RPMI
medium and 20 mM HEPES (pH 7.5; Cambrex BioScience, Verviers, Belgium)
at an MOI of 1. The infection procedure was carried out for 1 h at 37°C in a
shaking heating block (Eppendorf, Hamburg, Germany) at 300 rpm. After this,
the cells were transferred to DC medium at a concentration of 0.5 � 106/ml until
they were harvested for further experiments (DC medium was RPMI 1640
medium containing 1% autologous serum, 10 mM HEPES [pH 7.5], 2 mM
L-glutamine, 100 U/ml penicillin, 100 �g/ml streptomycin, 40 U/ml GMCSF, and
250 U/ml IL-4).

FACS analysis. The cell surface phenotype was analyzed by FACS analysis.
The monoclonal antibodies (MAbs) used were anti-CD83 (clone HB15e), anti-
CD80 (clone L307.4), anti-CD86 (clone 2331 [FUN-1]), and anti-MHC class II
[clone G46-6(L243)], together with the respective isotype controls IgG1 (clone
MOPC-21), IgG2a (clone G155-178), and IgG2b (clone 27-35). All antibodies
were obtained from BD Biosciences, Heidelberg, Germany, and used according
to the manufacturer’s instructions. All antibodies were phycoerythrin (PE) la-
beled.

For calculation of relative CD83 surface expression (rseCD83), an infection
procedure was carried out as described above without adding virus. The number
of CD83-positive cells determined by FACS was set as 100%. rseCD83 shows
surface expression compared to that in the uninfected population.

CHX-ActD chase experiment. A cycloheximide (CHX)-actinomycin D (ActD)
chase experiment was performed essentially as described before (49). In brief,
cells were mock infected or infected with HSV-1 at an MOI of 1 in the presence
of 100 �g/ml CHX and incubated at 37°C and 300 rpm on a thermo-mixer for 1 h.
Afterwards, the cells were transferred into culture medium containing 100 �g/ml
CHX. After an additional 4 h, cells were washed twice in RPMI medium con-
taining either 5 �g/ml ActD or dimethyl sulfoxide (DMSO; 5 �l/ml) and then
transferred into culture medium with DMSO or ActD, respectively. Another 16 h
later, cells were harvested and analyzed for surface expression of CD80 and
CD83 by flow cytometry. The efficiency of the block of the early and late genes
was verified by reverse transcription (RT)-PCR for ICP27 (IE), UL39 (early),
and gG (late).

Immunofluorescence microscopy. The following antibodies and stain were
used for immunofluorescence microscopy: anti-ICP0 MAb 11060 (1:2,000), anti-
CD83 MAb HB15e (Immunotech/Beckman Coulter GmbH, Krefeld, Germany),
and 4�,6�-diamidino-2-phenylindole (DAPI; Molecular Probes/Invitrogen,
Karlsruhe, Germany). DCs were centrifuged onto polylysine-coated microslides
(Menzel-Glaeser, Mainz, Germany) for 30 s at 400 rpm with a Cytospin 3
centrifuge (Shandon, Pittsburgh, PA). The cells were then fixed with 2% para-
formaldehyde (Merck, Darmstadt, Germany) and subsequently permeabilized
with 0.1% Triton X-100 (Sigma, Schnelldorf, Germany) for 4 min and blocked
with 1% bovine serum albumin (Sigma) for 30 min. The cells were then stained
for 2 h at room temperature with the respective antibodies. Following extensive
washing steps in phosphate-buffered saline (PBS), cells were incubated for 2 h at
room temperature with appropriate secondary antibodies conjugated to Cy2- or
Cy3-conjugated fluorophores (Rockland, Gilbertsville, PA). Samples were
washed in PBS and mounted in Mowiol (Calbiochem, Bad Soden, Germany).

Samples were analyzed with a Leica DM IRB microscope (Leica, Bensheim,
Germany). Images were recorded with a cooled MicroMax charge-coupled de-
vice camera (Princeton Instruments) and processed with the OpenLab software
(Improvision, Tübingen, Germany) and Adobe Photoshop software.

ELISA for sCD83. The levels of sCD83 were determined with a sandwich
enzyme-linked immunosorbent assay (ELISA) essentially as described before
(31), with MAbs HB15a (CD83, IgG2b) and TP1.55.3 (CD69, IgG2b) (Coulter
Immunotech, Marseilles, France). The ELISA was measured in a Multiskan Plus
microplate reader (Labsystems).

RNA isolation and RT. Cells were harvested and washed with PBS. Total
RNA was isolated with the RNeasy Mini Kit and QIAshredder spin columns
(QIAGEN, Hilden, Germany). Traces of genomic DNA were removed by DNase
digestion with the RNase-free DNase set (QIAGEN). Subsequently, 1 �g of each
RNA was reverse transcribed into a single-stranded cDNA with avian myelo-
blastosis virus reverse transcriptase as specified by the manufacturer, together
with oligo(dT) primers as supplied by the manufacturer (Promega, Heidelberg,
Germany).

RT-PCR. The following PCR primers were used for RT-PCR: CD83 sense (5�-
GTTATTGGAGGGTGGTGAAGAGAGG) and antisense (5�-GTGAGGAGTC
ACTAGCCCTAAATGC), ICP0 sense (5�-ACTCTGAGGCGGAGACCGAA)
and antisense (5�-TTGCACAGCGGGCAGGTGTT), ICP4 sense (5�-CGACACG
GATCCACGACCC) and antisense (5�-GATCCCCCTCCCGCGCTTCG), ICP22
sense (5�-GCTCACGAGCTCTCCCGATC) and antisense (5�-AACAAGGAAGC
TTGCACACG), ICP27 sense (5�-CGAGACCAGACGGGTCTCCTGG) and an-
tisense (5�-GCAGACACGACTCGAACACTCCTG), ICP47 sense (5�-ACTCTGA
GGCGGAGACCGAA) and antisense (5�-GAAATGGCGGACACCTTCCT),
UL39 sense (5�-GACAGCCATATCCTGAGC) and antisense (5�-ACTCACAGA
TCGTTGACGACCG), glycoprotein G (gG) sense (5�-CATGCCAAGTATTGGA
CTGGAGGAG) and antisense (5�-CACAGGTGTGTCGCCATCGCAC), and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) sense (5�-CACCACCATG
GAGAAGGCTGG) and antisense (5�-GAAGTCAGAGGAGACCACCTG). The
following PCR cycling profile (30 cycles) was used: 94°C for 60 s, 60°C for 60 s, and
72°C for 2 min. The reaction products were visualized by ethidium bromide staining
on 2% agarose gels.

Transfection of 293T cells. 293T cells were transfected with the following
plasmids in various combinations: 0.02 �g of pcDNA3-CD83; 1.0 �g of pCI-
FXE; 0.75 �g of pcDNA3; and 0.5, 0.75, or 1.0 �g of pCI-110 and the pCI-
110GFP plasmid. Transfection was accomplished by the DEAE-dextran method
in accordance with a previously published protocol (11). Cells were harvested at
24 h posttransfection, lysed, and subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE).

Western blotting. The following primary antibodies were used for Western
blot analysis: anti-CD83 MAb (clone 1G11 [33], 1:500), anti-CD86 MAb (clone
2331 [FUN-1]), anti-�-actin MAb (clone AC-74 [Sigma-Aldrich], 1:1,000), and
anti-ICP0 MAb (clone 11060 [17], 1:2,000). Lysates were separated by SDS-
PAGE, transferred to a nitrocellulose membrane, and incubated with the pri-
mary antibody for 1 h at room temperature to overnight at 4°C, depending on the
antibody used. After incubation with the appropriate horseradish peroxidase-
labeled secondary antibody, detection was performed with ECL Western blotting
substrate (Pierce, Rockford, IL).

Statistical methods. If not otherwise stated, results are shown as means �
standard deviations (SD). To determine the significance of variance in the ex-
perimental results obtained, data were analyzed with the Student t test. Signifi-
cance was accepted if P was �0.05.

RESULTS

CD83 is downregulated from the surface of infected mDCs
with fast kinetics and in a vhs-independent manner. mDCs
were infected at an MOI of 1 with an HSV-1 strain expressing
EGFP under the control of a CMV promoter (HSV-1 WT
EGFP). This allowed easy determination of infection efficiency
by FACS analysis. To additionally confirm the data reported by
Kruse and coworkers (32) and to provide more detailed infor-
mation regarding the efficiency and kinetics of HSV-1-medi-
ated CD83 downregulation, the surface expression of this mol-
ecule was determined together with the respective EGFP
expression at various time points. Figure 1A shows the CD83
expression profile of infected mDCs (rseCD83). As early as 6 h
after the first contact of viral particles with the cells, a clear and
strong loss of CD83 from the cell surface was detected: only
approximately 50% of the cells were still CD83 positive com-
pared with uninfected cells. This effect increased over time,
resulting in populations with only 20% CD83 expression after
16 and 24 h. It is noteworthy that CD83 downregulation goes
hand in hand with increasing EGFP expression, indicating on-
going transcription from the viral genome, and that this rapid
downmodulation was observed only for CD83 and not other
cell surface markers. As previously reported, the expression of
CD80, CD86, and MHC class II was not influenced by HSV-1
(Fig. 1D). Finally, it should be noted that infection of mDCs
with HSV-1 does not lead to rapid induction of apoptosis; thus,
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the observed effects are not a consequence of cell death
(32, 55).

To provide evidence that the mechanism depends on active
viral gene expression and was not simply a result of inserting an
EGFP-expressing cassette into the viral genome, we performed

the following control experiment. Viral particles were inacti-
vated with UV radiation, and mDCs were infected according to
our standard infection procedure. As shown in Fig. 1B, column
2, UV-inactivated virus was no longer able to downmodulate
CD83. In contrast to the inactivated virions, a WT laboratory

FIG. 1. CD83 is downregulated from the infected mDC surface with fast kinetics by a vhs-independent mechanism, independently of other
costimulatory molecules. (A) rseCD83 on HSV-1 WT EGFP-infected mDCs (compared to uninfected cells). With the increase in viral gene
expression (indicated by increasing EGFP expression; thin black line), CD83 was downregulated. A significant loss of CD83 expression from the
surface was detected as early as 6 hpi (only 	20% of the cells were still positive for CD83). The EGFP graph shows the mean infection efficiency
profile of at least three different DC isolations from different donors � the SD. (B) rseCD83 at 16 hpi with different viruses. Column 2 shows the
rseCD83 of mDCs infected with UV-inactivated HSV-1 WT EGFP. Column 3 shows infection with a WT laboratory strain carrying no EGFP
insertion. Column 4 shows infection with a �vhs mutant virus. The columns represent surface expression on infected DCs from three independent
experiments with cells from different donors (i.e., mean rseCD83 � SD). Significant changes compared with uninfected DCs are marked with
asterisks (P � 0.05). (C) RT-PCR analysis of CD83 mRNA levels. The lower part demonstrates CD83 expression in the case of HSV-1 WT EGFP
infection over time, while the upper part shows CD83 mRNA levels of uninfected cells. This panel is representative of three independent
experiments with cells from different donors. (D) Histograms demonstrating the effect of HSV-1 infection on the surface expression of the
costimulatory molecules CD80 (first lane), CD86 (third lane), and MHC class II (fourth lane) at 4 (column 2), 8 (column 3), and 24 (column 4)
hpi. While the surface expression of these markers is not influenced, CD83 (second lane) is dramatically reduced over time. EGFP expression (fifth
lane) demonstrates the efficiency of cell infection. This panel is representative of three independent experiments with cells from different donors.

6329



HSV-1 strain and the EGFP-expressing virus strain were
equally able to induce CD83 downregulation (Fig. 1B, columns
1 and 3).

The vhs protein has been discussed as one possible mediator
of immune escape mechanisms induced by HSV-1. It functions
as a viral RNase and is able to degrade both viral and cellular
mRNAs (23, 52, 64). To exclude the possibility that degrada-
tion of host mRNAs was the reason for CD83 downmodula-
tion, we infected mDCs with an HSV-1 mutant carrying a
deletion of vhs (�vhs) at an MOI of 1 and determined the
CD83 surface expression at 16 h postinfection (hpi). As shown
in Fig. 1B, column 4, the �vhs virus induced CD83 downregu-
lation to an extent comparable to that of the WT strain. To
further strengthen these results, we isolated RNA from in-
fected and uninfected cells at different time points. The RNA
was reverse transcribed, and a PCR for the CD83-encoding
cDNA was carried out. Figure 1C demonstrates that the ob-
served CD83 protein downregulation is not due to a reduction
of the cognate mRNA. Although HSV-1 infection caused a
slight reduction in CD83 mRNA levels at later time points
(Fig. 1C, bottom), the loss of cell surface expression of CD83
occurred at a much faster rate (Fig. 1B, column 1).

Finally, we provide additional information on the surface
expression of other costimulatory molecules. Therefore, mDCs
were infected with the EGFP-expressing WT virus and at 0, 4,
8, and 24 h after infection cells were analyzed by FACS for
surface expression of CD80, CD83, CD86, and MHC class II.
Figure 1D shows the histogram plots of CD80 (first lane),
CD83 (second lane), CD86 (third lane), and MHC class II
(fourth lane) at 4 h (column 2), 8 h (column 3), and 24 h
(column 4) after infection. While the surface expression of
these molecules is not influenced, CD83 expression is dramat-
ically reduced over time. EGFP expression (fifth lane) demon-
strates efficiency of cell infection.

CD83 is not shed in a soluble form after infection with
HSV-1 and is also not trapped inside the cell. Sénéchal and
coworkers reported that infection of monocyte-derived mDCs
with HCMV increased the amount of the soluble isoform of
CD83 in the culture medium by a factor of 3 by 1 day after
infection. Thus, in the case of HCMV, mCD83 is converted
into a soluble form by an undefined virus-induced shedding
mechanism (63).

In order to investigate whether a similar mechanism was in
operation during HSV-1 infection, mDCs were either left un-
infected or infected with HCMV strain AD169 (Fig. 2A) or an
HSV-1 WT EGFP strain (Fig. 2B). At the indicated time
points, aliquots of the cell culture medium were collected and
the concentration of sCD83 was determined. Figure 2A essen-
tially confirms the data reported by the Sénéchal group; at 24
hpi with HCMV (black bars), an approximate threefold in-
crease in sCD83 could be detected, compared with uninfected
cells (white bars). However, infection with HSV-1 (Fig. 2B,
infected cells, gray bars) did not lead to increased levels of
sCD83 in the culture supernatant. Even at 24 hpi with HSV-1,
no increased sCD83 levels were observed (Fig. 2B, column 3).
These results demonstrate that, rather than shedding, another
mechanism must be responsible for the observed HSV-1-me-
diated CD83 downmodulation.

To provide further evidence for virally induced degradation
of CD83, we performed Western blot experiments. Thus,

FIG. 2. CD83 is not shed from the cell surface after HSV-1 infection
and is also not trapped inside the cell. (A) Release of sCD83 after HCMV
infection. mDCs were infected with HCMV AD169 at an MOI of 1, and
after 4 h (column 1), 8 h (column 2), and 24 h (column 3), aliquots of the
medium were analyzed. Infected cells are represented by black bars, and
uninfected cells are represented by white bars. (B) Infection of mDCs with
HSV-1 did not promote the release of sCD83 into the culture medium.
This experiment was performed essentially as described for panel A,
except that the cells were infected with WT HSV-1 (gray bars). While in
HCMV-infected cells release of sCD83 into the medium could be de-
tected, no increase in sCD83 levels was observed after HSV-1 infection.
(C) Western blot analysis of HSV-1-infected or mock-infected cells. After
16 h, cells were harvested and equal amounts were separated by 12% PAGE.
The upper part of the panel shows the total cellular amount of the highly
glycosylated CD83 molecule in mock-infected (right column) and HSV-1 WT
EGFP-infected (left column) cells. The lower part of the panel shows rep-
robing of the membrane with a CD86 antibody, indicating no effect on CD86
cellular levels and serving as a loading control. These results are representa-
tive of three independent experiments with cells derived from different do-
nors. Significant changes (P � 0.05) are indicated by asterisks.
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mDCs were either mock infected or infected with HSV-1 WT
EGFP and 16 h after the infection, the cells were harvested
and the lysate was resolved by 12% PAGE. After transfer, the
membrane was stained for CD83 (Fig. 2C, top) and reprobed
for CD86 (Fig. 2C, bottom). While mock-infected cells showed
high levels of glycosylated CD83 (33) (Fig. 2C, top, lane 1),
HSV-1-infected cells had strongly reduced levels of CD83 (Fig.
2C, top, lane 2). In strong contrast, CD86 levels (Fig. 2C,
bottom) were not affected by HSV-1 infection. These data
confirm that CD83 is not retained inside the cell after infection
with HSV-1 but is degraded independently from other co-
stimulatory molecules.

Inhibition of the cellular proteasome in HSV-1-infected
mDCs strongly reduces CD83 downregulation from the cell
surface. Proteasome-mediated degradation is the eventual fate
of the majority of proteins inside a eukaryotic cell. Usually, the
process of selective degradation by this nanomachine is divided
into three main steps, (i) finding the target protein for degra-
dation, (ii) marking the target protein by the attachment of
ubiquitin moieties in a polyubiquitin chain (ubiquitination),
and (iii) degradation inside the proteasome with recycling of
the ubiquitin (for detailed information about the proteasome
and ubiquitination, see references 2, 8, and 67).

For this reason, we investigated whether manipulation of the
cellular degradation machinery influences the virus-induced
degradation of CD83. The peptide aldehyde MG-132 is a spe-
cific and reversible inhibitor of the proteasome (35, 53) that
blocks the 26S subunit of the proteasome without influencing
its ATPase or isopeptidase activity (35). Furthermore, MG-132
does not generally affect cell viability for up to 20 h (59).

First, we tested the effect of MG-132 on CD83 downregu-
lation by comparing levels of FACS-detectable surface CD83
in HSV-1-infected and uninfected mDCs in the presence or
absence of MG-132 at 16 hpi. Figure 3A demonstrates that
MG-132 inhibited the loss of CD83 surface expression from
infected mDCs. Without addition of the proteasome inhibitor,
only 15% of the cells were CD83 positive (Fig. 3A, column 2),
whereas in the presence of 10 �M MG-132, CD83 surface
expression was retained in 80% of the cells (Fig. 3A, column
3). To exclude the possibility that a toxic effect of MG-132 was
responsible for our observations, we repeated the experiment
but this time stained with propidium iodide and gated on
propidium iodide-negative cells (see Fig. S1 in the supplemen-
tal material). In order to provide evidence for the specificity of
our observations, we next infected mDCs with HSV-1 and
transferred the cells 2 h later to medium containing different
concentrations of MG-132. Figure 3B shows the relative sur-
face expression of CD83 at 16 hpi. When only a 1 �M concen-
tration of the drug was added, the number of cells that retained
CD83 surface expression increased from 15% in the absence of
the drug (Fig. 3B, column 2) to 50% (Fig. 3B, column 3). With
higher concentrations of MG-132 (Fig. 3B, column 4, 5 �M
MG-132, and column 5, 10 �M MG-132), retention of CD83
surface expression increased to a level of 80% of the cells.
These data confirm that the proteasome plays a crucial role in
CD83 degradation and that MG-132 inhibits the virus-induced
loss of CD83 expression in a concentration-dependent manner.

To investigate whether specific HSV-1 proteins, particularly
of the IE class, were involved in CD83 degradation, we next
performed kinetic experiments. mDCs were infected with WT

HSV-1, and MG-132 was added 1, 2, 3, or 4 hpi. Figure 3C
shows that the observed effect of blocking CD83 downmodu-
lation was strictly dependent on the time point of addition of
MG-132 to the infected cells. When the proteasome inhibitor
was added at 1 hpi, CD83 expression was retained in approx-
imately 80% of the cells at 16 hpi, whereas only 40% of the
cells remained CD83 positive when MG-132 was added later,
at 4 hpi. Thus, the effect of MG-132 is time and concentration
dependent. Furthermore, a delay of about 2 h until the drug
unfolds its full action could be observed (see Fig. S2 in the
supplemental material). These results imply that a viral protein
expressed during the first 4 h of infection is directly or indi-
rectly responsible.

Zhu and coworkers reported that ubiquitin-mediated pro-
teolytic processing is involved in transcriptional activation by
the viral VP16 transactivation domain. They provided further
evidence that a subunit of the proteasome (SUG-1) is recruited
for transcription activation, as well as for degradation of this
transactivator, indicating a role for the proteasome during
HSV-1 IE transcription (74). To ensure that application of
MG-132 did not simply prevent the transcription of viral IE
genes, we performed RT-PCR for all five IE mRNAs at 6 hpi.
Figure 3D shows the mRNA levels for uninfected (column 1)
and infected (column 2) cells that had been incubated with
MG-132 at different time points (columns 3 to 6). We observed
that addition of MG-132 to the infected cells did not lead to a
reduction of IE mRNA expression, indicating that the ob-
served effect on CD83 is not due to a variation of IE gene
transcription caused by MG-132. The cellular GAPDH mRNA
served as a loading control in these experiments.

An IE gene product is responsible for the downmodulation
of CD83. Next, we wanted to confirm our observations de-
scribed above that an IE gene product is responsible for down-
modulation of CD83 from the surface. Therefore, we per-
formed a classical CHX-ActD block chase experiment
essentially as described before (49). In brief, mDCs were in-
fected with HSV-1 in the presence of CHX (100 �g/ml) in
order to prevent viral protein translation but allow transcrip-
tion of the viral IE genes. After 4 h, the CHX was washed out
and the cells were cultured for a further 16 h in the presence
of DMSO (5 �l/ml) or 5 �g/ml ActD, allowing the translation
of mRNAs already present but preventing the transcription of
new mRNAs. Afterward, cells were harvested and analyzed by
FACS for CD80 and CD83 surface expression or total cellular
RNA was isolated. To confirm a complete block of the expres-
sion of early and late gene products, we first performed RT-
PCR experiments with the isolated total cellular mRNAs. Fig-
ure 4A demonstrates that the IE gene product ICP27 could be
detected efficiently in both DMSO- and ActD-treated cells. In
contrast, the UL39 mRNA (representing an early gene prod-
uct) and the gG mRNA (representing a late gene product)
could not be detected. This confirms a complete block of viral
early and late gene expression.

Next, we analyzed the cells for surface expression of CD80
and CD83. Figure 4B demonstrates the relative surface expres-
sion (�DMSO mock infected set as 100%) of cells that were
mock infected or HSV-1 infected and either treated with ActD
(columns 2 and 4) or left untreated (columns 1 and 3). While
CD80 was again not affected by the HSV-1 treatment, cells that
were blocked by ActD for the production of early and late gene
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products (column 4) also showed significantly reduced surface
levels of CD83. This additionally supports our data that an IE
protein directly or indirectly catalyzes CD83 downmodulation.

An ICP0 deletion mutant of HSV-1 shows diminished CD83
downmodulation. HSV-1 infection has been reported to result
in the proteasome-mediated degradation of several cellular
proteins. One of its IE proteins, ICP0, is a ubiquitin E3 ligase
that stimulates the formation of polyubiquitin chains, and this

activity either directly or indirectly leads to the degradation of
a number of cellular proteins (3, 4, 7, 18, 19).

To investigate whether ICP0 was involved in virus-mediated
CD83 degradation, mDCs were infected at equal MOIs with
the WT and the �vhs and �ICP0 mutant strains of HSV-1. To
exclude the possibility that the effects observed could be due to
delayed expression of viral genes in the absence of ICP0, we
performed RT-PCR experiments as a control (see Fig. S3 in

FIG. 3. Inhibition of the cellular proteasome by MG-132 prevents CD83 degradation after infection of mDCs with HSV-1 in a time- and concen-
tration-dependent manner. (A) MG-132 prevents downregulation of CD83 after infection with HSV-1. mDCs were infected with WT HSV-1 at an MOI
of 1 (middle and right columns) or left untreated (left column). At 2 hpi, 10 �M MG-132 was added to the culture medium (left column), and at 16 hpi,
cells were analyzed for CD83 surface expression by FACS. The uninfected DCs were set as 100%, and compared to infected DCs, only approximately
15% of the cells were positive for CD83. However, blocking the cellular proteasome at 2 hpi restored CD83 surface expression significantly (80% positive
cells). (B) Prevention of CD83 degradation by MG-132 is concentration dependent. MG-132 was added to HSV-1-infected cells at 2 hpi in different
concentrations (column 3, 1 �M; column 4, 5 �M; column 5, 10 �M). With 1 �M, 50% of the cells were CD83 positive; with 5 �M, 70% of the cells
were CD83 positive; and with 10 �M, 
80% of the cells were CD83 positive. (C) Prevention of CD83 degradation depends on the time point of MG-132
addition. Addition of 10 �M MG-132 at 1 hpi (column 3) restored rseCD83 up to 80% when analyzed at 16 hpi. The later MG-132 was added to the
DC medium, the less prominent was the effect (column 4, 2 hpi, 75%; column 5, 3 hpi, 60%; column 6, 4 hpi, 40%), strongly indicating that an IE protein
is most likely responsible for or involved in the mediation of CD83 degradation. (D) Addition of MG-132 did not influence the expression of HSV-1 IE
genes. mDCs were infected with WT HSV-1 or left untreated (column 1). At different time points postinfection, 10 �M MG-132 was added to the culture
medium (columns 3 to 6) and RT-PCR analyses of IE mRNAs were performed. GAPDH served as an internal loading control. The graphs represent
the CD83 expression of infected DCs from three independent experiments with cells from different donors (i.e., mean relative surface expression
compared to uninfected cells � SD). Significant changes (P � 0.05) are indicated.

6332 KUMMER ET AL. J. VIROL.



the supplemental material). As shown in Fig. 5, in WT-infected
(column 2) and �vhs-infected (column 3) cells, similar levels of
CD83 degradation were observed. In contrast, the ICP0 dele-
tion mutant-infected cells showed significantly higher CD83
surface expression compared with WT and �vhs virus-infected
cells (from 15 to 60%). These data suggest that ICP0 plays a
role in the observed degradation of CD83. However, some loss
of CD83 surface expression occurred in �ICP0-infected cells,
indicating that the loss of CD83 is not dependent on ICP0
exclusively and that other (cellular and/or viral) factors may
also be involved. Nevertheless, the effect of deletion of ICP0
was indeed evident.

In mDCs, ICP0 localizes predominantly to the cytoplasm
and its expression is accompanied by CD83 downmodulation.
Upon infection, newly synthesized ICP0 predominantly accu-
mulates within cellular nuclear substructures known as ND10
or PML nuclear bodies during the early stages of infection of

fibroblast cells. The main component of these structures is the
PML protein. The ubiquitin ligase activity of ICP0 leads to
degradation of the PML protein and disruption of ND10, a
process that correlates with the efficiency of progression of the
infection to the stage of DNA replication and the formation of
replication compartments. Once replication compartments
form in these types of cultured cells, ICP0 begins to accumu-
late in the cytoplasm (reviewed in references 14 and 28). Since
proteasome-mediated degradation of CD83 takes place in the
cytoplasm of the infected cell, we next investigated whether
ICP0 localizes mainly to the nucleus or to the cytoplasm in
HSV-1-infected DCs. If the latter, it would present the possi-
bility that ICP0 is involved in the degradation of CD83.

Therefore, mDCs were infected with the WT HSV-1 strain
and at 2, 4, 6, or 8 hpi the cells were fixed and stained for both
ICP0 and DAPI. Figure 6A demonstrates that in infected
mDCs ICP0 is predominantly located in the cytoplasm right
from the beginning of the infection and does not preferentially
enter the nucleus (Fig. 6A, parts E to H). A predominantly
cytoplasmic localization of ICP0 has also been described for
certain other cell types (43). As shown in Fig. 6B, parts A to D,
CD83 is located, as expected, in the cytoplasm of uninfected, as
well HSV-1-infected, cells (Fig. 6B, parts A to D).

To determine the localization of both CD83 and ICP0 dur-
ing the course of infection, costaining experiments for both
proteins were performed (Fig. 6C). Noteworthy was the obser-
vation that, at 8 hpi, the higher the intensity of the ICP0
staining, the lower the intensity of that of CD83. These data
are consistent with our earlier data demonstrating that a large
proportion of CD83 is degraded by 8 hpi of DC with HSV-1
(Fig. 1A). At 4 hpi, CD83 and ICP0 could be observed in

FIG. 4. An IE gene product is responsible for initiation of CD83
downmodulation. A CHX-ActD block chase experiment demonstrates
that an IE gene product is involved in downmodulation of CD83 from
the cell surface. (A) An RT-PCR was performed to analyze the ex-
pression of viral genes from each of the three phases of replication of
HSV-1. The gene for IE ICP27 was expressed in HSV-1-infected
mDCs after addition of DMSO and ActD (5 �g/ml). The mRNAs for
the early gene for UL39 and the late gene for gG, however, were only
present in the DMSO-treated samples. This experiment demonstrates
that the block of early and late gene transcription was efficient.
(B) Surface expression of CD83 and CD80 on mock-infected or HSV-
1-infected mDCs was analyzed by FACS. Mock-infected and DMSO-
treated cells were set to 100%, and relative surface expression is
shown. In CHX- and DMSO-treated cells, infection with HSV-1 re-
sulted in a significant reduction of CD83 levels. The same is true for
CHX- and ActD-treated mDCs, indicating a major role for an IE gene
product in this process. Surface expression of CD80 was not signifi-
cantly influenced under any condition.

FIG. 5. Infection of mDCs with a �ICP0 mutant virus results in
reduced CD83 degradation. Column 2 shows CD83 surface expression
on WT HSV-1-infected cells compared to uninfected mDCs (column
1), mDCs infected with a �vhs mutant strain (column 3), and cells
infected with a �ICP0 mutant strain (column 4). To compare DCs
from different donors, the surface expression of uninfected cells at the
indicated time point was set as 100%; the columns represent the
expression on infected DCs from three independent experiments with
cells from different donors (i.e., mean relative surface expression com-
pared to uninfected cells � SD). Significant changes compared with
WT HSV-1-infected DCs are marked with asterisks (P � 0.05).
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similar cellular compartments, underlining the potential role of
ICP0 in CD83 degradation.

The presence of ICP0 strongly reduces levels of CD83 in
transfected 293T cells. To provide further evidence of a direct
influence of ICP0 on CD83 degradation, additional transfec-
tion experiments were performed with 293T cells. A plasmid
expressing CD83 was transfected together with plasmids en-
coding WT or mutant ICP0 (all under the control of the CMV
promoter). The mutant ICP0 bears a deletion inside the RING
finger domain and is thus no longer able to function as an E3
ubiquitin ligase and therefore cannot polyubiquitinate proteins
and thus mark them for degradation (5). At 24 h after trans-
fection, cells were lysed and analyzed by SDS-PAGE. Specific
antibodies were used to detect CD83, ICP0, or �-actin as a
loading control.

Transfection of CD83 together with the pcDNA3 plasmid
(Fig. 7A, lane 2) resulted in large amounts of detectable CD83.
By cotransfecting increasing amounts of pCI-110, which en-
codes WT ICP0, a clear reduction in the accumulation of
CD83 was observed, in a manner that was proportional to the
amount of the ICP0 expression plasmid used (Fig. 7A, lanes 3
to 5). To test whether the levels of ICP0 correspond to the
amount of transfected pCI-110 plasmid, we also probed the
membranes for ICP0, and indeed, ICP0 levels increased with
rising amounts of plasmid. Furthermore, equal loading was
verified by reprobing the membranes with an anti-�-actin
MAb.

To investigate what property of multifunctional ICP0 is in-
volved in the reduction of CD83, we repeated the experiment
by including the RING finger mutant mentioned above. Again,

FIG. 6. Immunofluorescent staining of WT HSV-1-infected mDCs. (A) Directly from the start of infection, ICP0 is localized mainly in the
cytoplasm. At 2, 4, 6, or 8 hpi, cells (uninfected, parts A to D; WT HSV-1 infected, parts E to H) were fixed and stained for intracellular ICP0;
the nucleus was stained with DAPI. (B) At 4 or 8 hpi, cells (uninfected, parts A and B; WT HSV-1 infected, parts C and D) were fixed and stained
for CD83. Additionally, the nuclei of the cells were identified with DAPI. (C) ICP0 expression correlates with loss of CD83. At the 4-hpi time point,
CD83 and ICP0 accumulate in similar compartments (parts A to C). At 8 hpi, CD83 is already strongly degraded and mainly ICP0 staining is still
present (parts D to F).
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a reduction in CD83 levels in the presence of WT ICP0 was
observed (Fig. 7B, lanes 3 and 4). The mutant form of ICP0,
however, did not have any impact on detectable CD83 (Fig. 7B,
lane 5). A transfection experiment without the CD83-express-
ing plasmid served as a control and demonstrated the specific-
ity of the antibody used (Fig. 7A and B, lane 1). These results
strengthen the hypothesis that ICP0 is mechanistically involved
in HSV-1-mediated CD83 degradation and that the E3 ligase
activity of ICP0 is necessary for this effect.

DISCUSSION

Viruses are highly successful in terms of escaping the host’s
immune response. In this respect, DCs often come into focus
as several viruses influence the function and immunostimula-
tory capacity of this particular cell type. Examples can be found
within all virus families (for an overview, see reference 58).
Human immunodeficiency virus type 1, for example, exploits
DCs as transport vehicles to reach T-cell-rich areas (36). Fur-
thermore, some human immunodeficiency virus type 1 proteins
influence specific functions of DCs. Vpr prevents expression of
the costimulatory molecules CD80, CD83, and CD86 at the
transcriptional level without altering normal cellular transcrip-
tion (40); glycoprotein gp120 induces an impaired ability to
secrete cytokines or chemokines, and as a consequence, T-cell
stimulation is reduced (24).

Varicella-zoster virus (VZV), a member of the Herpesviridae
family, is able to infect both iDCs and mDCs. Infection of iDCs
does not significantly change DC function but leads to trans-
mission of the virus to T lymphocytes. However, infection of
mDCs leads to the downmodulation of several surface mark-
ers, including MHC class I, CD80, CD83, and CD86 (44). In

contrast, in the case of HSV-1, the downregulation of CD83 in
mDCs occurs with much faster kinetics and is specific for CD83
since costimulatory molecules such as CD80 or CD86 are not
affected (32). We demonstrate here that, as early as 6 hpi, a
significant loss of CD83 from the cell surface can be detected
(Fig. 1), whereas with VZV a significant loss of CD83 could be
detected only after 96 hpi (44). Another major difference be-
tween HSV-1 and VZV is the mode of CD83 downregulation.
While VZV-mediated reduction of CD83 surface expression
was a consequence of retention of the protein in cytoplasmic
vesicles (44), we have demonstrated by Western blotting (Fig.
2C) and immunofluorescence (Fig. 5B, C, and D) that in the
case of HSV-1, CD83 is completely degraded.

For another member of the Herpesviridae family, HCMV, an
additional and yet new mechanism to influence DC function by
modulating the CD83 molecule has been reported (63). Infec-
tion of mDCs with HCMV leads to the disappearance of CD83
from the cell surface. Again, as in the case of VZV, this process
is much slower than the very fast CD83 degradation induced by
HSV-1. At 1 day postinfection, HCMV-infected mDCs show
only very low surface expression of CD83 but the molecule is
still expressed intracellularly (63). By Western blotting, we
have shown that by 16 hpi only very low levels of CD83 are left
in the whole-cell lysate (Fig. 2C). However, the most interest-
ing difference between HSV-1 and HCMV is the mode of
action. Sénéchal and coworkers reported that HCMV induces
shedding of CD83, whereby mCD83 is converted into a soluble
form (63). sCD83 can now function as an immunosuppressive
agent (12, 34, 62) which inhibits stimulation of T-cell prolifer-
ation (63). In contrast, with an ELISA for sCD83, we found
that HSV-1 infection of mDCs does not lead to shedding of

FIG. 7. The presence of ICP0, but not ICP0 FXE, strongly reduces CD83 levels in transfected 293T cells. (A) 293T cells were transfected
with plasmids expressing CD83 (pcDNA3-CD83, 0.02 �g) and WT ICP0 (pCI-110; ICP0 WT, 0.5, 0.75, and 1.0 �g). Transfection of 0.75 �g
of pcDNA3, either alone or together with pcDNA3-CD83, was used as a control. At 24 h after transfection, cells were harvested and lysates
were screened for the presence of CD83. In the absence of ICP0, high levels of CD83 could be detected (lane 2, upper row). Cotransfection
of rising amounts of WT ICP0 resulted in a dose-dependent reduction of detectable CD83 levels (lanes 3 to 5, upper row). Equal loading
was verified by comparing �-actin levels (lower row). Levels of WT ICP0 are shown in the middle row. (B) A 0.02-�g sample of the CD83
expression construct was cotransfected with either 1.0 �g of pCI-110 (ICP0 wt), 1.0 �g of pEG110 (ICP0 GFP), or 1.0 �g of pCI-FXE (ICP0
FXE). For WT ICP0, as well as for ICP0 GFP, once more a reduction of CD83 levels was observed (lanes 3 and 4, upper row). The mutant
form, however, did not influence CD83 levels (lane 5, upper row). Transfection of pcDNA3 once again served as a control. Equal loading
of the gel was again verified by reprobing with an anti-�-actin antibody (lower row). Each of the transfection experiments was conducted
at least three times, and representative data are shown.
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sCD83 (Fig. 2A and B). These data were confirmed by immu-
nofluorescence, which demonstrated that CD83 disappears
from inside the cell, as well as from the cell surface (Fig. 6B).

These observations raise the question of how HSV-1 medi-
ates CD83 degradation. Several HSV-1 proteins have been
suggested to be mediators of immune escape mechanisms, for
example, the viral RNase vhs protein (64). Accordingly, we
tested whether CD83 mRNA levels are influenced by the virus.
Although a slight effect of HSV-1 on the CD83 mRNA level
could be detected, this occurs slowly and thus cannot be re-
sponsible for the loss of surface-bound CD83 from mDCs (Fig.
1C). On the other hand, Samady et al. reported a role for the
HSV-1 vhs protein during the HSV-1-induced inhibition of DC
maturation. In these experiments, DCs were induced to mature
by treatment with lipopolysaccharide (LPS) at the time of
infection. In this situation, while LPS-stimulated DCs infected
with a WT virus were not able to mature and upregulate CD83,
LPS-stimulated DCs infected with a vhs deletion mutant re-
tained the ability to upregulate surface CD83 to a high level
(61). In strong contrast with these results, we detected down-
regulation of CD83 by the �vhs mutant to an extent similar to
that seen with WT HSV-1 (Fig. 1B, columns 1, 3, and 4). Thus,
although vhs is important for the block of LPS-induced matu-
ration of iDCs, it seems not to be of importance for CD83
degradation in mDCs.

Controlled degradation of intracellular proteins is of vital
importance during a broad range of cellular processes, such as
the cell cycle, cell division, and transcription. The fundamental
discovery that proteolysis is mainly regulated not by lysosomal
degradation but by a complex interplay of a degradation ma-
chinery called the proteasome and degradation signals such as
ubiquitination was finally honored in 2004 with the Nobel Prize
in chemistry (reviewed in reference 9). Several low-molecular-
weight inhibitors have been shown to block certain functions of
the proteasome (50). By the use of MG-132, we were able to
show that blocking the proteasome leads to significantly re-
duced CD83 downregulation after HSV-1 infection (Fig. 3), in
a strictly time- and concentration-dependent manner. Re-
cently, Nencioni and coworkers reported that treatment of
DCs with proteasome inhibitors promotes apoptosis. However,
this was only observed when inhibitors were added to differ-
entiating monocytes for longer than 24 h (51), which was never
the case in our experimental setting, in which the maximum
contact with the inhibitor was 16 h. Additionally, we were able
to exclude an influence of MG-132 on viral IE gene transcrip-
tion by RT-PCR experiments (Fig. 3D). In order to exploit the
proteasome for its own purposes, the virus must either have an
opportunity to manipulate the specific components of the pro-
teasome or have the ability to label proteins for proteasomal
degradation (e.g., by the addition of polyubiquitin chains [67]).

Ubiquitination (i.e., the covalent attachment of ubiquitin to
specific lysine residues in target proteins) is a stepwise proce-
dure catalyzed by specialized enzymes: activation of ubiquitin
(E1), conjugation of ubiquitin (E2), and substrate-specific li-
gation of ubiquitin to target proteins (E3). One class of E3
ligases, which are responsible for substrate recognition, con-
tains a common zinc-binding RING finger motif (9).

Considering the kinetics of the CD83 degradation experi-
ment, as well as the CHX-ActD block chase experiment, there
is clear evidence that an IE gene product is involved in this

process. Viral IE protein ICP0, itself a RING finger protein,
has been identified as a mediator of the proteasome-depen-
dent degradation of several cellular proteins, consistent with its
ability to induce the accumulation of colocalizing conjugated
ubiquitin in vivo (5, 22). To investigate the involvement of
ICP0 in virus-induced CD83 degradation, we infected mDCs at
the same MOI with both a WT and a �ICP0 strain (Fig. 5).
With this ICP0 mutant, CD83 downmodulation was signifi-
cantly reduced. However, an additional unknown mechanism
might still be involved since CD83 expression was not com-
pletely restored.

Newly synthesized ICP0 is usually located in the nucleus
during the early stages of infection of fibroblasts and other
common cultured cell types. Once viral replication compart-
ments begin to form, ICP0 accumulates in increasing amounts
in the cytoplasm (28). Thus, in order to interact at the observed
early stages with CD83, both expressed on the cell surface and
located inside the cytoplasm, ICP0 would have to be present in
the cytoplasm of DCs during the early stages of infection.
Indeed, we found that in mDCs, ICP0 is present in the cyto-
plasm even at the earliest stages of infection (Fig. 6A) and
therefore, in principle, it has the potential to mediate effects on
CD83.

In 293T cotransfection experiments, levels of detectable
CD83 were strongly reduced in the presence of a WT ICP0-
expressing plasmid. This reduction occurred in a dose-depen-
dent fashion, suggesting a major role for ICP0 in this process
(Fig. 7A). This effect was completely abolished when a mutant
form of ICP0 defective in ubiquitin E3 ligase activity was used
(Fig. 7B). The fact that ICP0 is indeed able to induce the
degradation of molecules from the cell surface has been re-
ported by Liang and coworkers for the epidermal growth factor
receptor (37).

Taken together, our data suggest an important role for ICP0
in the degradation of CD83. The mechanism seems to be
controlled, to a large extent, by ICP0 and requires its E3 ligase
activity, as well as a functional cellular proteasome.
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