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The Major Immediate-Early Protein IE2 of Human Cytomegalovirus Is Sufficient to Induce Proteasomal Degradation of CD83 on Mature Dendritic Cells
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Human cytomegalovirus (HCMV) is the prototypic beta-herpesvirus and widespread throughout the human population. While infection is asymptomatic in healthy individuals, it can lead to high morbidity and mortality in immunocompromised persons. Importantly, HCMV evolved multiple strategies to interfere with immune cell function in order to establish latency in infected individuals. As mature DCs (mDCs) are antigen-presenting cells able to activate naïve T cells they play a crucial role during induction of effective antiviral immune responses. Interestingly, earlier studies demonstrated that the functionally important mDC surface molecule CD83 is down-regulated upon HCMV infection resulting in a reduced T cell stimulatory capacity of the infected cells. However, the viral effector protein and the precise mechanism of HCMV-mediated CD83 reduction remain to be discovered. Using flow cytometric analyses, we observed significant down-modulation of CD83 surface expression becoming significant already 12 h after HCMV infection. Moreover, Western bot analyses revealed that, in sharp contrast to previous studies, loss of CD83 is not restricted to the membrane-bound molecule, but also occurs intracellularly. Furthermore, inhibition of the proteasome almost completely restored CD83 surface expression during HCMV infection. Results of infection kinetics and cycloheximide-actinomycin D-chase experiments, strongly suggested that an HCMV immediate early gene product is responsible for the induction of CD83 down-modulation. Consequently, we were able to identify the major immediate early protein IE2 as the viral effector protein that induces proteasomal CD83 degradation.
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INTRODUCTION

Dendritic cells (DCs) are known as professional antigen presenting cells because of their ability to prime naïve T cells and thereby to induce effective antiviral immune responses. As immature DCs they lay in wait in almost all peripheral tissues until antigen is encountered and taken up. As a consequence DCs begin to mature and migrate along a chemokine gradient toward the draining lymph nodes for T cell activation. During maturation, expression of MHC class I and II as well as of co-stimulatory molecules, such as CD80, CD86 is upregulated (Banchereau and Steinman, 1998). Furthermore, expression of the surface molecule CD83, which is one of the best maturation marker for DCs, is strongly induced (Zhou and Tedder, 1996). In addition, CD83 is also expressed on subsets of activated T cells, B cells, as well as on neutrophils, thymus epithelial cells and on regulatory T cells (Kozlow et al., 1993; Fujimoto et al., 2002; Iking-Konert et al., 2002; Wolenski et al., 2003; Kreiser et al., 2015). Besides the above mentioned membrane bound CD83 molecule (mCD83) also a soluble form of CD83 (sCD83) has been described. This sCD83 is released from activated DCs as well as from B cells and is detectable at low levels in sera of healthy individuals (Hock et al., 2001) and at elevated levels in patients suffering from hematological malignancies (Hock et al., 2004). The immunosuppressive effect of sCD83 was shown in different animal models for autoimmune diseases as well as in transplantation models (Zinser et al., 2004; Ge et al., 2010; Lan et al., 2010; Bock et al., 2013; Eckhardt et al., 2014).

In contrast to sCD83, mCD83 expressed on mDCs has been suggested to have co-stimulatory properties, since knockdown experiments of mCD83 using an siRNA approach in DCs resulted in a significantly reduced T cell stimulatory capacity of these DCs (Aerts-Toegaert et al., 2007; Prechtel et al., 2007). Therefore, with respect to these studies showing the functional importance of CD83, it is not surprising that several viruses, especially herpesviruses, target CD83 upon infection of mDCs. Herpes simplex virus type 1 (HSV-1), varicella-zoster virus and also the human cytomegalovirus (HCMV) reduce the surface expression of CD83 significantly. This in turn results in an inhibited T cell proliferative capacity and therefore in a reduced antiviral immune response (Kruse et al., 2000; Morrow et al., 2003; Senechal et al., 2004).

Human cytomegalovirus is the most complex representative within the herpesviruses and belongs to the Betaherpesvirinae subfamily. Characteristic features of HCMV are the high species specificity, a prolonged replication cycle, formation of enlarged cells (cytomegaly) and the establishment of latent infections in CD14+ monocytes and their CD34+ myeloid progenitor cells (Whitley, 1996; Jackson et al., 2011; Rossetto et al., 2013). In healthy immunocompetent adults primary infection is usually asymptomatic. However, primary HCMV infection or reactivation from latency in immunocompromised individuals can lead to the development of life- and sight-threatening diseases including hepatitis, pneumonitis, retinitis, encephalitis, or gastroenteritis (Rubin, 1998; Landolfo et al., 2003). Moreover, HCMV is presently the leading cause of virus-associated birth defects including mental retardation, blindness, or hearing loss (Chavanas, 2016). HCMV infects a remarkably broad cell range including parenchymal cells and connective tissue cells of almost any organ as well as various hematopoietic cell types. Targets for viral replication are predominantly fibroblasts and smooth muscle cells as well as epithelial and endothelial cells (Sinzger, 2008; Revello and Gerna, 2010). Viral gene expression occurs in a temporally regulated cascade that is subdivided into three sequential phases termed immediate early (IE), early (E), and late (L; Wathen and Stinski, 1982).

Specifically, the tegument protein pp71, which is released into the host cell during viral entry, is capable to induce expression of IE genes, particularly UL122 (IE2) and UL123 (IE1), which are encoded by the major IE locus (Kalejta, 2008). Both, IE1 and IE2, cooperate in initiation of viral early and late gene expression and consequently play an important role in regulation of HCMV infection (Malone et al., 1990). While IE2 is absolutely essential for progression of the infectious cycle from IE to E phase, HCMV mutants defective in IE1 expression show a severe growth defect (Greaves and Mocarski, 1998). Therefore it is thought that IE2 plays a crucial role in triggering the lytic replication cycle of HCMV (Marchini et al., 2001). During reactivation the infection is under control of the immune system but the virus cannot be eliminated completely. However, besides the establishment of latency HCMV has developed additional strategies to escape the host’s immune response. Examples are the degradation of newly synthesized MHC class I heavy chains and the down-modulation of MHC class II molecules (Jones et al., 1995; Hegde et al., 2003). Down-regulation of MHC class I and II molecules restricts presentation of viral antigens and thus limits elimination of the virus by the human immune system (Noriega et al., 2012). An additional and different escape mechanism of HCMV has been reported by Senechal et al. (2004). This group postulated that HCMV infection of mDCs mediates shedding of the immunosuppressive soluble CD83 molecule into the supernatant which subsequently leads to a reduction of DC-mediated antiviral T cell stimulation (Senechal et al., 2004).

In contrast, in the present study we show that HCMV infection of mDCs leads to the degradation of CD83 in a proteasome dependent manner. Furthermore, we were able to show that the immediate early protein 2 (IE2) is sufficient to induce CD83 degradation even in the absence of any other viral factor.

MATERIALS AND METHODS

Virus Strains, Virus Preparation, and Virus Titration

In these studies the HCMV TB40E/IE2-EYFP strain expressing IE2-EYFP fusion protein (Wagenknecht et al., 2015) and the HCMV TB40E/UL84Pr-luc expressing luciferase under the control of the UL84 promoter were used.

Virus stocks were prepared by infection of human foreskin fibroblasts (HFFs) with the respective viral strain. HFFs were cultured in Dulbecco’s minimal essential medium (DMEM; Lonza, Basel, Switzerland) supplemented with 10% FCS (PAA, Cölbe, Germany), 2 mM L-glutamine (Lonza), 100 U/ml penicillin (Lonza), and 100 U/ml streptomycin (Lonza) until a complete cytopathic effect was achieved. Cellular debris was removed by centrifugation and virus containing cell culture supernatant was stored -80°C.

Virus titers for HCMV strains were determined as described elsewhere (Andreoni et al., 1989; Wagenknecht et al., 2015).

Generation of Mature Dendritic Cells (mDCs)

Monocyte-derived DCs were generated as described previously (Heilingloh et al., 2014). In brief, peripheral blood mononuclear cells (PBMCs) were isolated from different healthy donors using a Lymphoprep gradient (Nycomed Pharma AS, Oslo, Norway) and afterward monocytes were separated using plastic adherence. By addition of 800 U/ml granulocyte macrophage-colony stimulating factor (GM-CSF; CellGenix, Freiburg, Germany) and 250 U/ml IL-4 (Milteny, Bergisch-Gladbach, Germany) monocytes differentiated to immature DCs. Maturation was induced by adding 10 ng/ml TNF-α (Beromun, Boehringer Ingelheim, Germany), 1 mg/ml prostin E2 (PGE2; Pfizer, NY, USA); 200 U/ml IL-1β (CellGenix), 40 U/ml GM-CSF, 1000 U/ml IL-6 (CellGenix), and 250 U/ml IL-4 to the medium. The maturation status was controlled by flow cytometry, and mDCs were used for further experiments.

Infection Procedure

For infection of mDC, 5 × 105 cells, as a maximum, were washed with PBS and resuspended directly in virus stock at a multiplicity of infection (MOI) of 2. For mock-infected samples, mDCs were resuspended in the equal volume of DMEM supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. Infection was performed in a microcentrifuge at 23 × g for 1 h at room temperature. Subsequently, cells were transferred into a 24 well plate and Roswell Park Memorial Institute medium (RPMI 1640, Lonza) supplemented with 1% autologous serum (Sigma Aldrich, Deisenhofen, Germany), 10 mM HEPES (Lonza), 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, 40 U/ml GM-CSF, and 250 U/ml IL-4 was added to a final volume of 0.5 ml.

Immunofluorescence Confocal Microscopy

Mock- or HCMV-infected mDCs were allowed to adhere on poly-L-lysin (Sigma Aldrich) coated glass cover slips, fixed with 4% paraformaldehyde and permeabilized using 0.2% Triton-X-100. Blocking was performed using 1% BSA in PBS. Antibodies used for Immunofluorescence staining: anit-CD83 (HB15a; Beckmann Coulter, Brea, USA); AlexaFluor647-conjugated secondary antibody (Invitrogen, Carlsbad, CA, USA). For mounting and additional nuclear staining Roti®-Mount FluorCare DAPI (Carl Roth) was used. Confocal microscopy was performed using a LSM780 microscope (Zeiss, Oberkochen, Germany).

Inhibitors

Proteasome inhibitors MG-132 (Enzo Life Sciences, Lörrach, Germany), Epoxomicin (Enzo Life Sciences), and Bortezomib (Santa Cruz Biotech. Inc, Heidelberg, Germany) were added 1 h post-infection (hpi) at a final concentration of 10, 5, and 2 μM, respectively.

Cycloheximide (CHX) and actinomycin D (ActD; Sigma Aldrich) were used at a final concentration of 100 and 5 μg/ml, respectively.

Flow Cytometric Analysis and Cell Sorting

Detection of YFP expression of HCMV and changes in expression of cell surface molecules were analyzed by flow cytometry using antibodies specific for CD83 (clone HB15e; BD Biosciences, Heidelberg, Germany), CD80 (clone L307.4; BD Biosciences), and HLA-DR (clone G46-6, BD Biosciences). To assure analysis of living cells, samples were additionally stained using LIVE/DEAD® Fixable Violet Dead Cell Stain Kit (Life Technologies, Carlsbad, CA, USA). Unstained cells were used as negative control.

Cells were sorted based on their YFP expression using a BD Aria FACS Sorter (BD Biosciences).

Western Blotting

Mature DCs (mDCs; 1 × 106) were harvested and resuspended in 50 μl lysis buffer (10% glycerol, 2 mM EDTA, pH 8, 137 mM NaCl, 10 mM sodium phosphate, pH 7.2, 1% NP-40, 2 mM phenylmethanesulfonyl fluoride, 20 mM sodium fluoride). After 20 min on ice, lysates were cleared by centrifugation at 4°C and full speed for 20 min. Protein samples were separated using SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred onto a nitrocellulose membrane. After blocking with 5% (w/v) dry milk or 1x RotiBlock (Carl Roth, Karlsruhe, Germany) the membrane was incubated with the primary antibody at 4°C overnight. After incubation with the appropriate secondary HRP-labeled antibody, detection was performed using Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare, Solingen, Germany). The following primary antibodies were used for Western blot analyses: anti-CD83 (clone F-5, Santa Cruz Biotech Inc., Heidelberg, Germany, 1:1000), anti-β-actin (clone AC-74, Sigma Aldrich; 1:2000), anti-GAPDH (clone 6C5, Millipore, Schwalbach, Germany), and anti-CMV pp86 (IE2, clone 12E2, Santa Cruz Biotech Inc; 1:1000).

ELISA for Detection of Soluble CD83 (sCD83)

Soluble CD83 levels were determined using a sandwich ELISA. Ninety-six-well plates (Maxisorp; Nunc, Thermo Scientific) were pre-coated for 1 h at 37°C with anti-CD83 (clone HB15a, Beckman Coulter, Brea, CA, USA), blocked with 10% goat serum (Life Technologies), and finally samples were added. After an overnight incubation at 4°C wells were incubated with 10 μg/ml rabbit-anti-CD83 (Sigma Aldrich) in diluent (5% goat serum, 5% mouse serum, and 1% non-fat dry milk in PBS) for 1 h at 37°C. Next, wells were incubated with goat-anti-rabbit-biotin (Dako, Eching, Germany, 1:5000) for 1 h at 37°C following a 1 h incubation at 37°C with streptavidin-HRP (Dako, 1:2000) in 0.5% BSA in PBS. Between each antibody incubation step, plates were thoroughly washed with 0.1% Tween 20 in PBS. Standard curves for the estimation of sCD83 concentration were generated using serial dilutions of recombinant sCD83 and the results were expressed as a protein concentration based on the protein standard. Plates were developed using BD OptEIA (BD Biosciences) and measured using a Tecan infinite® F500 plate reader.

CHX-ActD Chase Experiment

Mature DCs were mock-infected or infected with HCMV TB40E/IE2-EYFP at an MOI of 2 in presence of 100 μg/ml CHX. Cells were cultured in RPMI 1640 supplemented with 1% autologous serum, 10 mM HEPES, 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, 40 U/ml GM-CSF, 250 U/ml IL-4, and 100 μg/ml CHX. After a 6 h incubation at 37°C, mDCs were washed twice in RPMI 1640 supplemented with either 5 μg/ml ActD or the equal volume of DMSO and cultured for additional 16 h as described above in the presence of ActD or DMSO, respectively. Finally, cells were harvested and surface expression of CD83 was analyzed by flow cytometry. The efficiency of blocking early gene expression was controlled by infection of mDCs with HCMV TB40E/UL84Pr-luc treated in parallel as described above, using a luciferase reporter assay.

Luciferase Reporter Assay

Luciferase activity of HCMV TB40E/UL84Pr-luc infected mDCs was performed in triplicates using the Dual-Luciferase Reporter Assay System (Promega, Mannheim, Germany) according to the manufacturer’s recommendations. The relative luminescence units (RLU) were determined using the Tecan infinite® F500 plate reader.

Electroporation of mDC with DNA

Mature DC (3 × 106) were electroporated with 3 μg of the IE2-expression vector pHM134 (Lang et al., 1995) using P3 Primary Cell 4D-Nucleofector® X Kit (Pulse: EH-100) and the 4D-Nucleofector Device (Lonza) according to the manufacturer’s instructions. After electroporation, the nucleovette was immediately flushed with 500 μl warm RPMI 1640 (Lonza) and cells were transferred to a 24-well tissue culture plate. RPMI 1640 supplemented with 1% autologous serum, 10 mM HEPES, 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, 40 U/ml GM-CSF, and 250 U/ml IL-4 were added at a final concentration of 0.5 × 106 cells/ml and mDCs were incubated for 18–20 h.

Statistical Analyses

Results are displayed as means ± standard deviation (SD). For multiple comparisons, data were analyzed using One-Way ANOVA and Bonferroni’s Multiple Comparison post hoc test. For comparison of two data sets p-values were determined using the student’s t-test. Significance was accepted if p was <0.05.

Approvals and Legal Requirements

For the generation of monocyte-derived DCs from leukapheresis products of healthy donors, a positive vote from the local ethics committee has been obtained (reference number 4556). This study was carried out in accordance with the recommendations of the ethics committee of the “Friedrich-Alexander-Universität Erlangen-Nürnberg” with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki.

RESULTS

Senechal et al. (2004) reported that infection of mDCs with HCMV leads to a loss of CD83 cell surface expression which finally results in a blocked T cell activation. As a mechanism they suggested that a soluble form of CD83 is shed from the cell surface and that this soluble form, which has immunosuppressive properties (Lechmann et al., 2001), is released into the supernatant, however, the precise mode of action was not known (Senechal et al., 2004). Therefore, the aim of this study was to further investigate the mechanisms underlying the down-modulation of CD83 after HCMV infection of mDCs.

For the following experiments the recombinant HCMV TB40E/IE2-YFP expressing an IE2-EYFP fusion protein was used (Wagenknecht et al., 2015). This virus strain allows direct analyses of HCMV positive mDCs despite a relatively low infection efficiency of about 15% (Figure 1A). In order to analyze whether the loss of CD83 from the cell surface of mDCs after HCMV infection is a CD83 specific effect or due to a general down-regulation of mDC surface proteins, mDCs were either HCMV-infected or were left uninfected. After 16 h of incubation cells were harvested and HCMV positive mDCs were screened for CD83, CD80, and HLA-DR surface expression (Figure 1B, white bars) in comparison to mock infected mDCs (Figure 1B, black bars) using flow cytometry. While CD83 surface expression was significantly reduced (p < 0.001), CD80 and HLA-DR were not influenced by HCMV infection. These data confirmed that CD83 is specifically down-modulated upon infection of mDCs with HCMV.
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FIGURE 1. Human cytomegalovirus infection induces specific CD83 reduction. Mature DCs (mDCs) were mock- or HCMV-infected. After 16 h, cells were harvested and HCMV-infected as well as mock-infected mDCs were analyzed for their CD83 expression by flow cytometry. (A) Gating strategy for flow cytometric analyses. HCMV positive cells were directly analyzed by gating for their IE2-YFP expression. (B) Summary of three independent experiments performed with cells of different healthy donors. Cells were stained for their surface expression of CD83, CD80 and HLA-DR (MHC class II). Significant changes are indicated by asterisks (∗∗∗p < 0.001). (C) mDCs were mock- or HCMV-infected. After 16 h of infection cells were harvested and HCMV-positive cells (YFP+) were separated from HCMV negative mDCs (YFP-) by sorting, based on YFP expression. Subsequently, cells were lysed and analyzed by Western blot for their CD83 expression using a CD83-specific antibody. An IE2-specific antibody was used to verify the purity of the sorted samples and a β-actin antibody was used to assure equal loading. The experiment was performed at least three times and representative data are shown. (D) mDCs were mock- or HCMV-infected and after 16 h cells were analyzed for their CD83 expression levels via immunofluorescence. HCMV positive cells were identified based on their IE2-YFP expression. Dapi was used for visualization of the nucleus. One representative experiment out of four is shown.



Senechal et al. (2004) reported that CD83 is lost from the cell surface but intracellular CD83 levels are not influenced. To verify these observations mDCs were mock- or HCMV-infected, and after 16 h of incubation, cells were sorted for HCMV-positive (YFP+) and HCMV-negative (YFP-) cells. Samples were subjected to Western blot analyses for detection of CD83 expression (Figure 1C, top panel). IE2-expression was also analyzed to verify the purity of the sorting process (Figure 1C, middle panel) and β-actin was used as loading control (Figure 1C, bottom panel). Compared to mock as well as HCMV-negative mDCs (YFP-) which show a clear signal for CD83, HCMV-positive cells (YFP+) lost CD83 nearly completely. Additionally, immunofluorescence analyses of mock- or HCMV-infected mDCs 16 hpi also showed an overall reduction of CD83 expression levels upon infection (Figure 1D). These data indicate that CD83 is not only shed from the cell surface but also lost inside the cell, suggesting an additional mechanism for CD83 down-modulation.

CD83 Is Degraded via a Proteasome-Dependent Mechanism

It has previously been reported that HSV-1-induced CD83 degradation after infection of mDCs can be prevented by inhibition of the proteasome (Kummer et al., 2007). To investigate whether a similar mechanism is responsible for HCMV-induced CD83 down-modulation, infection experiments using proteasome inhibitors were performed. First, mDCs were mock-infected or HCMV-infected and 1 hpi, cells were treated with different proteasome inhibitors (10 μM MG-132, 2 μM Bortezomib, or 5 μM Epoxomicin) or DMSO as control. After 16 h, mDCs were analyzed for their CD83 surface expression by flow cytometry (Figures 2A,B). Figure 2A shows the results of one representative experiment while Figure 2B illustrates the results of three independent experiments performed with cells of different healthy donors. Mock-samples (Figure 2A, gray histograms and Figure 2B, black bars) show no CD83 reduction whereas in the HCMV positive sample without any inhibitor a significant CD83 reduction (p < 0.001) was observed. In contrast, treatment with proteasome inhibitors MG-132, Bortezomib or Epoxomicin prevented CD83 down-modulation, demonstrating that CD83 is degraded via the proteasome (Figure 2A, gray filled histograms and Figure 2B, white bars).
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FIGURE 2. CD83 down-modulation can be prevented by inhibition of the proteasome. mDCs were mock- or HCMV-infected. One hour post-infection (hpi) cells were treated either with DMSO or with 10 μM MG-132, 2 μM Bortezomib, or 5 μM Epoxomicin. After additional 16 h of incubation cells were harvested and analyzed for their CD83 surface expression using flow cytometry. (A) Results of flow cytometric analyses. Overlays of mock sample (dark gray histogram), HCMV-infected sample (filled gray histogram) and unstained condition (black histogram), as negative control, are shown. The experiment was performed three times and representative data are shown. (B) Summary of three independent experiments performed as described above. Mock-infected cells (black bars) were used as controls and treated in the same way as HCMV-infected samples (white bars). Significant changes (∗∗∗p < 0.001) are indicated by asterisks. (C) Detection of soluble CD83 by ELISA in the supernatant of mock- or HCMV-infected mDCs. mDCs were infected as described above and treated with or without 10 μM MG-132 1 hpi. After additional 16 h the supernatant was harvested and analyzed for their soluble CD83 content using ELISA. Mock- and HCMV-infected samples are depicted as black and white bars, respectively.



In a next step, we were wondering if the observed proteasomal degradation of CD83 takes place in parallel to the proposed shedding of a soluble form of CD83 (sCD83) from the cell surface. Therefore, we determined the levels of sCD83 in the supernatant of the HCMV-infected mDC cell culture. In sharp contrast to the data reported by Senechal et al. (2004), we observed no difference regarding the sCD83 levels in HCMV-infected samples compared to mock samples. Treatment with MG-132 led to an overall and therefore unspecific increase of sCD83 levels in the supernatant of mock- as well as HCMV-infected cells (Figure 2C).

These data indicate that CD83 is not shed from the cell surface of HCMV-infected mDCs but rather degraded via the cellular proteasome.

An Immediate Early Gene Product Is Responsible for HCMV-Mediated CD83 Degradation

To further elucidate the mechanism leading to CD83 reduction after HCMV infection of mDCs, we aimed to identify the effector protein/s inducing CD83 down-modulation. To narrow down the phase of the viral replication cycle in which CD83 loss occurs, an infection time course experiment was performed. Therefore, mDCs were mock- or HCMV-infected and analyzed for CD83 expression at different time points post-infection using flow cytometry (Figure 3A). HCMV infection efficacy was determined in parallel by measuring YFP-expression (Figure 3B). Figure 3A illustrates CD83 reduction in HCMV-infected mDCs (white bars) in comparison to the mock control (black bar). After 12 h a significant loss of CD83 (p < 0.001) could be observed. At this time point only 50% of the infected cell population showed CD83 expression. CD83 reduction increased over time and after 24 h only 15% of mDCs expressed CD83. This CD83 down-modulation was paralleled by the increase of YFP expression, reflecting expression of IE2 (Figure 3B).
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FIGURE 3. Significant CD83 down-modulation occurs already 12 h after HCMV infection. mDCs were mock- or HCMV-infected, harvested at indicated time points and analyzed by flow cytometry. (A) DCs were stained for CD83 surface expression. Mock-controls were set to 100% (black bar) and relative CD83 surface expression of HCMV-infected mDCs (white bars) is shown. Significant changes (∗∗∗p < 0.001) are indicated by asterisks and non-significant changes (p > 0.05) are labeled as “ns.” (B) At indicated time points cells were analyzed for YFP expression and percentages of HCMV positive mDCs are shown. Experiments were performed three times with cells from different healthy donors.



Taken together these observations clearly suggest a correlation between IE gene expression and CD83 down-modulation, leading to the hypothesis that the viral effector might be expressed in the IE or early phase of the HCMV replication cycle.

Knowing that a gene product of the IE or early phase is most likely responsible for the down-modulation of CD83, we further wanted to differentiate a possible IE effect from an early effect. The replication cycle of HCMV, as for all herpes viruses, is a strictly regulated cascade of three phases. First, IE gene products are expressed and these IE proteins are required to initiate expression of early (E) genes. The proteins of the E phase are then needed to initiate the expression of late genes. This feature can be used to discriminate between IE and E gene effects performing a cycloheximide-ActD-chase experiment. In brief, mDCs were mock- or HCMV-infected in the presence of DMSO as control or 100 μg/ml cycloheximide (CHX). This CHX treatment prevents protein translation of viral genes but allows gene transcription. After 6 h of incubation, CHX was washed out and cells were incubated in DC-medium, containing either 5 μg/ml ActD or DMSO (as a control) for additional 16 h. ActD allows translation of already existing mRNAs, but prevents the synthesis of new mRNAs. At the end of incubation, cells were harvested and stained for their CD83 surface expression.

In Figure 4A the results of the CHX-ActD-chase experiment are illustrated. Mock controls are depicted in black, HCMV-infected samples in white. CD83 was reduced significantly in CHX-DMSO-treated HCMV positive cells as well as in DMSO-treated cells. In these settings, gene products of all phases are present. In CHX-ActD-treated samples an overall reduction of CD83 surface expression is already observed in mock-infected cells. Nevertheless, there is a significant reduction of CD83 (p < 0.05) in HCMV positive CHX-ActD-treated mDCs compared to the mock control indicating that IE gene products are involved in the loss of CD83.
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FIGURE 4. An immediate early gene product is responsible for the induction of CD83 degradation. (A) mDCs were mock- or HCMV-infected in presence of Cycloheximide (CHX) to inhibit translation or DMSO serving as negative control. Six hpi, CHX was replaced by ActD, inhibiting transcription, or DMSO as control. After an additional 16-h incubation, cells were harvested and analyzed for their CD83 surface expression by flow cytometry. Significant changes are indicated by asterisks (∗p < 0.05; ∗∗∗p < 0.001), non-significant changes (p > 0.05) as “ns.” Mock controls are depicted as black bars and HCMV-infected samples are shown in white. (B) mDCs were infected with HCMV TB40E/UL84Pr-luc to verify the inhibition of early genes during the CHX-ActD-chase experiment. Cells were treated as described above. After 16 h of incubation, cells were harvested and a luciferase assay was performed. The luminescence intensities of mock-samples (black bars) and HCMV-infected samples (white bars) are shown. The experiment was performed three times with cells from different donors and significant changes (∗∗∗p < 0.001) are indicated by asterisks. Non-significant changes (p > 0.05) are depicted as “ns.”



To verify inhibition of the expression of early and late genes by the afore described experiment, cells were infected in parallel with virus strain HCMV TB40E/UL84Pr-luc encoding a luciferase gene under the control of the promoter of the early gene UL84, and treated as described above. At the end of the incubation period a luciferase assay was performed (Figure 4B). Mock-infected mDCs served as negative control (Figure 4B, black bars). DMSO as well as CHX-DMSO-treated samples show high luciferase activity whereas CHX-ActD-treated mDCs show a luminescence intensity similar to mock-infected cells, confirming that expression of E genes and in turn L genes is inhibited.

IE2 Is Sufficient to Induce CD83 Down-Modulation

Since our data suggested that an IE gene product is responsible for the induction of CD83-degradation, and the knowledge that levels of the IE protein IE2 increased in parallel to the loss of CD83, we next checked whether IE2 is able to induce CD83-degradation. For this purpose mDCs were electroporated with an IE2 expression plasmid and treated with or without MG-132. As mock control, cells were pulsed but without addition of any DNA (EP only). After 20 h, cells were harvested and analyzed via flow cytometry and Western blotting (Figure 5). Figure 5A illustrates the analysis of CD83 surface expression. IE2 positive cells showed a highly significant (p < 0.0001) down-regulation of CD83 surface expression (Figure 5A, white bar) which could be prevented by the addition of the proteasome inhibitor MG-132 (Figure 5A, gray bar). CD80 and HLA-DR were used as control and were not affected in the presence of IE2. Western blot analysis confirmed the results of flow cytometry analysis and verified expression of IE2 (Figure 5B, top and middle panel, respectively). GAPDH was used as loading control (Figure 5B, bottom panel).
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FIGURE 5. IE2 is sufficient to induce CD83 degradation in mDCs. mDCs (3 × 106) were electroporated with 3 μg DNA of an IE2 expressing plasmid (white bars) or were pulsed without addition of DNA as negative control (EP only; black bars). Directly after electroporation mDCs were treated with or without MG-132 and incubated for 16 h. (A) Cells were analyzed for their surface expression of CD83, CD80, and HLA-DR using flow cytometry. The experiment was performed at least five times with cells from different healthy donors. Significant changes are indicated by asterisks (∗∗∗p < 0.001; ∗∗∗∗p < 0.00001). (B) Western Blot analysis for CD83 and IE2 expression. GAPDH was used as internal loading control. The experiment was conducted three times with cells from different donors and representative data are shown. (C) mDCs were mock- or HCMV-infected, treated with or without MG-132 and analyzed for their CD83 expression levels using immunofluorescence 16 hpi. The IE2-YFP fusion protein allows direct visualization of IE2 expression as well as localization in HCMV positive cells. The nucleus was visualized using Dapi. The experiment was performed four times and representative data are shown.



In order to investigate whether IE2 co-localizes with CD83 in HCMV-infected mDCs, which would suggest that IE2 induces CD83-degradation via a direct interaction, we performed immunofluorescence analyses (Figure 5C). Therefore, mDCs were mock- or HCMV-infected, treated with or without MG-132 and analyzed for their CD83 as well as IE2 expression. The treatment of HCMV-infected mDCs with MG-132 restored CD83 expression reaching levels of the respective mock-condition. However, no co-localization of IE2 and CD83 was observed in the context of an HCMV-infection hinting toward an indirect mechanism for IE2-induced CD83-degradation.

Taken together these data clearly demonstrate that HCMV infection of mDCs does not lead to a shedding of a soluble form of CD83 from the cell surface but to proteasomal degradation of CD83. Furthermore, we were able to show that the major IE protein IE2 is sufficient to induce this degradation even in the absence of any additional viral factor.

DISCUSSION

In the present study, we report that upon HCMV infection of mDCs CD83 surface expression is reduced with fast kinetics, becoming significant already 12 h after infection and reaching its maximum 16 hpi. Interestingly, other mDC surface markers such as CD80 and MHC class II were not affected during the observation period. This is in line with results obtained from HSV-1-infected mDCs in which CD83 is also rapidly down-modulated while the expression of co-stimulatory molecules such as CD80 and CD86 are not influenced (Kruse et al., 2000; Kummer et al., 2007). In addition, it has been described that infection of mDCs with HCMV results in down-regulation of MHC class I as well as MHC class II molecules. This reduction, however, is not detectable until 72 hpi (Benz et al., 2001; Sinzger et al., 2006). CD83 degradation specifically occurs very early after infection supporting the hypothesis that CD83 is involved in mechanisms important for the initiation of antiviral immune responses especially for T cell activation (Kruse et al., 2000; Scholler et al., 2002; Hirano et al., 2006). The fact that several viruses, especially herpesviruses, directly target CD83 points to the importance of this molecule in the establishment of antiviral immunity (Kruse et al., 2000; Morrow et al., 2003; Senechal et al., 2004).

Here, we clearly demonstrated that CD83 is not lost from the cell surface of mDCs upon HCMV infection but that it is rapidly degraded via a proteasome-dependent mechanism. This observation is in sharp contrast to the result of Senechal et al. (2004). They suggested that infection of mDCs leads to a reduction of merely CD83 surface expression most probably caused by shedding of a soluble form of CD83 which in turn might be responsible for the diminished T cell stimulatory capacity (Senechal et al., 2004). However, using several proteasome inhibitors we observed that CD83 levels can be restored nearly completely, demonstrating that CD83 is degraded in a proteasome-dependent manner, as previously described for HSV-1-infected mDCs (Kummer et al., 2007). We additionally analyzed the supernatants of HCMV infected mDCs for sCD83 levels to address the question whether shedding occurs in parallel with degradation of CD83 as a combined mechanism to rapidly down-modulate CD83 from the cell surface. However, we were not able to detect any differences in sCD83 levels released from HCMV infected mDCs compared to mock-treated cells. As several reports demonstrated that inhibition of the proteasome using MG-132 can activate as well as further induce shedding of proteins, e.g., shown for TNF-α receptors (Levine et al., 2005; Peiretti et al., 2005; Ortiz-Lazareno et al., 2008), we analyzed supernatants from HCMV-infected mDCs treated with MG-132 as well. We observed an increased release of CD83 in the supernatant, but again no differences between mock and HCMV-infected mDCs could be detected confirming our conclusion that CD83 is degraded and not shed from the cell surface. The observed discrepancy concerning sCD83 release between the present study and the work performed by Senechal et al. (2004) might be due to the use of different HCMV strains or the analysis at different time points post-infection.

In order to identify a possible viral effector inducing CD83 down-modulation, we first determined the replication phase in which this candidate protein is expressed. A time course experiment performed with HCMV-infected mDCs indicated a viral gene product that is present already at a very early time point after infection. We confirmed this hypothesis using a CHX-ActD-chase experiment in which only IE gene products were expressed. Results obtained from this experiment supported the hypothesis that CD83 reduction occurs during the IE replication phase and that the viral effector inducing CD83 down-modulation is expressed in this phase. Supported by the fact that levels of the IE protein IE2 increased in parallel to the loss of CD83 we analyzed the effect of this protein on CD83 in more detail. By directly expressing IE2 in mDCs we were able to provide evidence, that this IE protein of HCMV is sufficient to induce CD83 degradation in a proteasome dependent manner in absence of any other viral factor.

Regarding the ability of IE2 to induce a degradation mechanism very little is known so far. One study suggests that IE2 directly binds its substrate Mdm2 (Mouse double minute 2 homolog) and thereby facilitates its degradation in a proteasome-independent manner (Zhang et al., 2006). This mechanism can be precluded for CD83 as this protein is degraded via the proteasome. Beyond that, Khan et al. (2014) demonstrated that IE2 is clearly involved in the induction of the proteasomal degradation of connexin43. In addition, our localization studies of CD83 and IE2 (Figure 5C) support the hypothesis that IE2 may induce CD83 degradation in an indirect way by upregulating one or more cellular proteins which subsequently target CD83 to the proteasome.

CONCLUSION

The results of the present study demonstrate for the first time that IE2 induces the down-modulation of CD83 very early after HCMV infection of mDCs. In contrast to previous studies, we observed an intracellular loss of CD83 which can be prevented by the use of proteasome inhibitors indicating that reduction of CD83 protein levels is mediated by proteasomal degradation.

AUTHOR CONTRIBUTIONS

CH, MK, TS, and AS designed the study and the experiments. CH, LG, PM-Z, LK, and ML performed experiments and analyzed and interpreted the data. CH wrote the paper. MK, TS, AS, LG, PM-Z, and ML critically revised the manuscript. All authors approved the final version of the manuscript.

FUNDING

This work was supported by the Deutsche Forschungsgemeinschaft (DFG) via the SFB796 (projects B2 and B3). GL was supported by the ELAN fonds Erlangen (15-12-22-1-Heilingloh).

ACKNOWLEDGMENTS

We thank the Core Unit “Cell Sorting and Immunomonitoring” Erlangen for cell sorting. We thank Kerstin Prechtel for proofreading of the manuscript.

REFERENCES

Aerts-Toegaert, C., Heirman, C., Tuyaerts, S., Corthals, J., Aerts, J. L., Bonehill, A., et al. (2007). CD83 expression on dendritic cells and T cells: correlation with effective immune responses. Eur. J. Immunol. 37, 686–695. doi: 10.1002/eji.200636535

Andreoni, M., Faircloth, M., Vugler, L., and Britt, W. J. (1989). A rapid microneutralization assay for the measurement of neutralizing antibody reactive with human cytomegalovirus. J. Virol. Methods 23, 157–167. doi: 10.1016/0166-0934(89)90129-8

Banchereau, J., and Steinman, R. M. (1998). Dendritic cells and the control of immunity. Nature 392, 245–252. doi: 10.1038/32588

Benz, C., Reusch, U., Muranyi, W., Brune, W., Atalay, R., and Hengel, H. (2001). Efficient downregulation of major histocompatibility complex class I molecules in human epithelial cells infected with cytomegalovirus. J. Gen. Virol. 82, 2061–2070. doi: 10.1099/0022-1317-82-9-2061

Bock, F., Rossner, S., Onderka, J., Lechmann, M., Pallotta, M. T., Fallarino, F., et al. (2013). Topical application of soluble CD83 induces IDO-mediated immune modulation, increases Foxp3+ T cells, and prolongs allogeneic corneal graft survival. J. Immunol. 191, 1965–1975. doi: 10.4049/jimmunol.1201531

Chavanas, S. (2016). New insights about congenital infection by human cytomegalovirus: unveiling the role of PPARy. J. Infect. Dis. Ther. 4:288. doi: 10.4172/2332-0877.1000288

Eckhardt, J., Kreiser, S., Dobbeler, M., Nicolette, C., Debenedette, M. A., Tcherepanova, I. Y., et al. (2014). Soluble CD83 ameliorates experimental colitis in mice. Mucosal Immunol. 7, 1006–1018. doi: 10.1038/mi.2013.119

Fujimoto, Y., Tu, L., Miller, A. S., Bock, C., Fujimoto, M., Doyle, C., et al. (2002). CD83 expression influences CD4+ T cell development in the thymus. Cell 108, 755–767. doi: 10.1016/S0092-8674(02)00673-6

Ge, W., Arp, J., Lian, D., Liu, W., Baroja, M. L., Jiang, J., et al. (2010). Immunosuppression involving soluble CD83 induces tolerogenic dendritic cells that prevent cardiac allograft rejection. Transplantation 90, 1145–1156. doi: 10.1097/TP.0b013e3181f95718

Greaves, R. F., and Mocarski, E. S. (1998). Defective growth correlates with reduced accumulation of a viral DNA replication protein after low-multiplicity infection by a human cytomegalovirus ie1 mutant. J. Virol. 72, 366–379.

Hegde, N. R., Chevalier, M. S., and Johnson, D. C. (2003). Viral inhibition of MHC class II antigen presentation. Trends Immunol. 24, 278–285. doi: 10.1016/S1471-4906(03)00099-1

Heilingloh, C. S., Muhl-Zurbes, P., Steinkasserer, A., and Kummer, M. (2014). Herpes simplex virus type 1 ICP0 induces CD83 degradation in mature dendritic cells independent of its E3 ubiquitin ligase function. J. Gen. Virol. 95, 1366–1375. doi: 10.1099/vir.0.062810-0

Hirano, N., Butler, M. O., Xia, Z., Ansen, S., von Bergwelt-Baildon, M. S., Neuberg, D., et al. (2006). Engagement of CD83 ligand induces prolonged expansion of CD8+ T cells and preferential enrichment for antigen specificity. Blood 107, 1528–1536. doi: 10.1182/blood-2005-05-2073

Hock, B. D., Haring, L. F., Steinkasserer, A., Taylor, K. G., Patton, W. N., and McKenzie, J. L. (2004). The soluble form of CD83 is present at elevated levels in a number of hematological malignancies. Leuk. Res. 28, 237–241. doi: 10.1016/S0145-2126(03)00255-8

Hock, B. D., Kato, M., McKenzie, J. L., and Hart, D. N. (2001). A soluble form of CD83 is released from activated dendritic cells and B lymphocytes, and is detectable in normal human sera. Int. Immunol. 13, 959–967. doi: 10.1093/intimm/13.7.959

Iking-Konert, C., Wagner, C., Denefleh, B., Hug, F., Schneider, M., Andrassy, K., et al. (2002). Up-regulation of the dendritic cell marker CD83 on polymorphonuclear neutrophils (PMN): divergent expression in acute bacterial infections and chronic inflammatory disease. Clin. Exp. Immunol. 130, 501–508. doi: 10.1046/j.1365-2249.2002.02008.x

Jackson, S. E., Mason, G. M., and Wills, M. R. (2011). Human cytomegalovirus immunity and immune evasion. Virus Res. 157, 151–160. doi: 10.1016/j.virusres.2010.10.031

Jones, T. R., Hanson, L. K., Sun, L., Slater, J. S., Stenberg, R. M., and Campbell, A. E. (1995). Multiple independent loci within the human cytomegalovirus unique short region down-regulate expression of major histocompatibility complex class I heavy chains. J. Virol. 69, 4830–4841.

Kalejta, R. F. (2008). Functions of human cytomegalovirus tegument proteins prior to immediate early gene expression. Curr. Top. Microbiol. Immunol. 325, 101–115.

Khan, Z., Yaiw, K. C., Wilhelmi, V., Lam, H., Rahbar, A., Stragliotto, G., et al. (2014). Human cytomegalovirus immediate early proteins promote degradation of connexin 43 and disrupt gap junction communication: implications for a role in gliomagenesis. Carcinogenesis 35, 145–154. doi: 10.1093/carcin/bgt292

Kozlow, E. J., Wilson, G. L., Fox, C. H., and Kehrl, J. H. (1993). Subtractive cDNA cloning of a novel member of the Ig gene superfamily expressed at high levels in activated B lymphocytes. Blood 81, 454–461.

Kreiser, S., Eckhardt, J., Kuhnt, C., Stein, M., Krzyzak, L., Seitz, C., et al. (2015). Murine CD83-positive T cells mediate suppressor functions in vitro and in vivo. Immunobiology 220, 270–279. doi: 10.1016/j.imbio.2014.08.005

Kruse, M., Rosorius, O., Kratzer, F., Stelz, G., Kuhnt, C., Schuler, G., et al. (2000). Mature dendritic cells infected with herpes simplex virus type 1 exhibit inhibited T-cell stimulatory capacity. J. Virol. 74, 7127–7136. doi: 10.1128/JVI.74.15.7127-7136.2000

Kummer, M., Turza, N. M., Muhl-Zurbes, P., Lechmann, M., Boutell, C., Coffin, R. S., et al. (2007). Herpes simplex virus type 1 induces CD83 degradation in mature dendritic cells with immediate-early kinetics via the cellular proteasome. J. Virol. 81, 6326–6338. doi: 10.1128/JVI.02327-06

Lan, Z., Lian, D., Liu, W., Arp, J., Charlton, B., Ge, W., et al. (2010). Prevention of chronic renal allograft rejection by soluble CD83. Transplantation 90, 1278–1285. doi: 10.1097/TP.0b013e318200005c

Landolfo, S., Gariglio, M., Gribaudo, G., and Lembo, D. (2003). The human cytomegalovirus. Pharmacol. Ther. 98, 269–297. doi: 10.1016/S0163-7258(03)00034-2

Lang, D., Gebert, S., Arlt, H., and Stamminger, T. (1995). Functional interaction between the human cytomegalovirus 86-kilodalton IE2 protein and the cellular transcription factor CREB. J. Virol. 69, 6030–6037.

Lechmann, M., Krooshoop, D. J., Dudziak, D., Kremmer, E., Kuhnt, C., Figdor, C. G., et al. (2001). The extracellular domain of CD83 inhibits dendritic cell-mediated T cell stimulation and binds to a ligand on dendritic cells. J. Exp. Med. 194, 1813–1821. doi: 10.1084/jem.194.12.1813

Levine, S. J., Adamik, B., Hawari, F. I., Islam, A., Yu, Z. X., Liao, D. W., et al. (2005). Proteasome inhibition induces TNFR1 shedding from human airway epithelial (NCI-H292) cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 289, L233–L243. doi: 10.1152/ajplung.00469.2004

Malone, C. L., Vesole, D. H., and Stinski, M. F. (1990). Transactivation of a human cytomegalovirus early promoter by gene products from the immediate-early gene IE2 and augmentation by IE1: mutational analysis of the viral proteins. J. Virol. 64, 1498–1506.

Marchini, A., Liu, H., and Zhu, H. (2001). Human cytomegalovirus with IE-2 (UL122) deleted fails to express early lytic genes. J. Virol. 75, 1870–1878. doi: 10.1128/JVI.75.4.1870-1878.2001

Morrow, G., Slobedman, B., Cunningham, A. L., and Abendroth, A. (2003). Varicella-zoster virus productively infects mature dendritic cells and alters their immune function. J. Virol. 77, 4950–4959. doi: 10.1128/JVI.77.8.4950-4959.2003

Noriega, V., Redmann, V., Gardner, T., and Tortorella, D. (2012). Diverse immune evasion strategies by human cytomegalovirus. Immunol. Res. 54, 140–151. doi: 10.1007/s12026-012-8304-8

Ortiz-Lazareno, P. C., Hernandez-Flores, G., Dominguez-Rodriguez, J. R., Lerma-Diaz, J. M., Jave-Suarez, L. F., Aguilar-Lemarroy, A., et al. (2008). MG132 proteasome inhibitor modulates proinflammatory cytokines production and expression of their receptors in U937 cells: involvement of nuclear factor-kappaB and activator protein-1. Immunology 124, 534–541. doi: 10.1111/j.1365-2567.2008.02806.x

Peiretti, F., Canault, M., Bernot, D., Bonardo, B., Deprez-Beauclair, P., Juhan-Vague, I., et al. (2005). Proteasome inhibition activates the transport and the ectodomain shedding of TNF-alpha receptors in human endothelial cells. J. Cell Sci. 118, 1061–1070. doi: 10.1242/jcs.01696

Prechtel, A. T., Turza, N. M., Theodoridis, A. A., and Steinkasserer, A. (2007). CD83 knockdown in monocyte-derived dendritic cells by small interfering RNA leads to a diminished T cell stimulation. J. Immunol. 178, 5454–5464. doi: 10.4049/jimmunol.178.9.5454

Revello, M. G., and Gerna, G. (2010). Human cytomegalovirus tropism for endothelial/epithelial cells: scientific background and clinical implications. Rev. Med. Virol. 20, 136–155. doi: 10.1002/rmv.645

Rossetto, C. C., Tarrant-Elorza, M., and Pari, G. S. (2013). Cis and trans acting factors involved in human cytomegalovirus experimental and natural latent infection of CD14 (+) monocytes and CD34 (+) cells. PLoS Pathog. 9:e1003366. doi: 10.1371/journal.ppat.1003366

Rubin, R. H. (1998). Cytomegalovirus disease and allograft loss after organ transplantation. Clin. Infect. Dis. 26, 871–873. doi: 10.1086/513948

Scholler, N., Hayden-Ledbetter, M., Dahlin, A., Hellstrom, I., Hellstrom, K. E., and Ledbetter, J. A. (2002). Cutting edge: CD83 regulates the development of cellular immunity. J. Immunol. 168, 2599–2602. doi: 10.4049/jimmunol.168.6.2599

Senechal, B., Boruchov, A. M., Reagan, J. L., Hart, D. N., and Young, J. W. (2004). Infection of mature monocyte-derived dendritic cells with human cytomegalovirus inhibits stimulation of T-cell proliferation via the release of soluble CD83. Blood 103, 4207–4215. doi: 10.1182/blood-2003-12-4350

Sinzger, C. (2008). Entry route of HCMV into endothelial cells. J. Clin. Virol. 41, 174–179. doi: 10.1016/j.jcv.2007.12.002

Sinzger, C., Eberhardt, K., Cavignac, Y., Weinstock, C., Kessler, T., Jahn, G., et al. (2006). Macrophage cultures are susceptible to lytic productive infection by endothelial-cell-propagated human cytomegalovirus strains and present viral IE1 protein to CD4+ T cells despite late downregulation of MHC class II molecules. J. Gen. Virol. 87, 1853–1862. doi: 10.1099/vir.0.81595-0

Wagenknecht, N., Reuter, N., Scherer, M., Reichel, A., Muller, R., and Stamminger, T. (2015). Contribution of the major ND10 proteins PML, hDaxx and Sp100 to the regulation of human cytomegalovirus latency and lytic replication in the monocytic cell line THP-1. Viruses 7, 2884–2907. doi: 10.3390/v7062751

Wathen, M. W., and Stinski, M. F. (1982). Temporal patterns of human cytomegalovirus transcription: mapping the viral RNAs synthesized at immediate early, early, and late times after infection. J. Virol. 41, 462–477.

Whitley, R. J. (1996). “Herpesviruses,” in Medical Microbiology, 4th Edn, ed. S. Baron (Galveston, TX: University of Texas Medical Branch at Galveston).

Wolenski, M., Cramer, S. O., Ehrlich, S., Steeg, C., Fleischer, B., and von, B. A. (2003). Enhanced activation of CD83-positive T cells. Scand. J. Immunol. 58, 306–311. doi: 10.1046/j.1365-3083.2003.01303.x

Zhang, Z., Evers, D. L., McCarville, J. F., Dantonel, J. C., Huong, S. M., and Huang, E. S. (2006). Evidence that the human cytomegalovirus IE2-86 protein binds mdm2 and facilitates mdm2 degradation. J. Virol. 80, 3833–3843. doi: 10.1128/JVI.80.8.3833-3843.2006

Zhou, L. J., and Tedder, T. F. (1996). CD14+ blood monocytes can differentiate into functionally mature CD83+ dendritic cells. Proc. Natl. Acad. Sci. U.S.A. 93, 2588–2592. doi: 10.1073/pnas.93.6.2588

Zinser, E., Lechmann, M., Golka, A., Lutz, M. B., and Steinkasserer, A. (2004). Prevention and treatment of experimental autoimmune encephalomyelitis by soluble CD83. J. Exp. Med. 200, 345–351. doi: 10.1084/jem.20030973

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Heilingloh, Grosche, Kummer, Mühl-Zürbes, Kamm, Scherer, Latzko, Stamminger and Steinkasserer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg


OPS/images/fmicb-08-00119-g001.jpg
IE2-YFP

mock

HCMV

unstained mock

4 4

R 0,10% 0 95,00% 0,07%
10°3 10°4

10° 3 10° 4
10" 3 10" 4

; bo 0,40% . .08 93,85%
10 10

10° 10" 10°  10° 10 10° 10 10° 10° 10

HCMV HCMV

4 4
0 F17,04% 4,99% 0°%38,45% 31,65%
10° 3 10°4
] 15,25% 1P
10" 3

,Joo 72,98% , P.00% 0,00%
10 1 = 10 T Ao T

10 10" 10°  10° 10 10° 10 10°  10° 10

CD83
DAPI IE2 CD83 Merge

positive cells [%]

120
100 I
80
60
40
dekk

20

0 | e I g ol

CD83 CD80 HLA-DR
&R L
CD83

130 kDa| |

oy IE2-YFP

55kDa|

40 kDa

- == e» (-Actin

@ mock
O HCMV





OPS/images/fmicb-08-00119-g005.jpg
A @8 EP only B
O IE2
150+ 3 IE2 MG-132
= Fedek
[T
£ : \
< kel 70 kDa
'g 100+ E3 55 kDa
g + 40 kDa
Q.
3 35kDa
[«}]
& 504 _l_
=
2 100 kDa
7]
=¥ 70 kDa
(V]
= 0 40 kDa
cD83 CD80 HLA-DR 35kDa

mock

HCMV

mock
MG-132

HCMV
MG-132

u’ T CD83
b~ -

— B‘IEZ






OPS/images/cross.jpg
3,

i





OPS/images/fmicb-08-00119-g004.jpg
CD83 positive [%]

RLU

1004

801

604

40

204

500001
400004
300001
200001
100001

1001
80+
601
401
201

r | — |
kkk *kk . mock
0 HCMV
| — ]
*
1
1
DMSO CHXDMSO  CHX ActD
*%% * k%
_ —F B mock
0O HCMV
| E— |
ns
CHXDMSO  CHX ActD





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-08-00119-g003.jpg
>

CD83 positive [%]

HCMV positive [%]

100+

80+

601

40+

20+

20+

15+

104

0- v
mock Oh

ns

L] L]
ns *kk

_I_

1
* k%

1
*k%

1
*kk

|

8h 12h

16h 24h 48h

Oh

8h

12h

16h

24h

48h

B mock
O HCMV





OPS/images/fmicb-08-00119-g002.jpg
count

wio MG-132
80+ 80+
|
60 WL‘ 60 A
[
| . | |
40 40
{ ‘.\ ‘
l ¥ \
20 \ 20 { l,
\ / \
\ / \
/
SN AR
10° 10 107 10° 10* 10° 10’ 10 10 10
Bortezomib Epoxomicin
80+ 80+
0.95%
95.94% 92.53%
60 * [192.88% 604 ) [192.19%
% |
I (o I | ) |
40 {; \ 40 H
; i
20 20 : \
/ \
A, L N—
10° o' 10 10 10* 10° 10’ 10° 10° 10

CD83 positive [%]

sCD83 [pg/ml]

—I

I i
w/o

@ mock
O HCmV

MG-132

§

MG-132

Bortezomib Epoxomicin

@ mock
O HCmV





