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Epstein Barr virus (EBV) is a gamma herpes virus associated with certain malignancies and autoimmune diseases. EBV maintains latency in B cells with occasional reactivation, in part by overcoming the host immune response with viral homologs of several human proteins. EBV interleukin 10 (vIL-10), a lytic phase protein, is a homolog of human IL-10 (hIL-10). The effect of vIL-10 on human monocytes, which are one of the first immune cells to respond to infection, is not known. To understand the role of vIL-10, monocytes from peripheral blood mononuclear cells were stimulated with hIL-10 or vIL-10. Human IL-10 stimulated STAT3 phosphorylation, which is required for suppression of inflammatory responses. However, vIL-10 induced significantly lower phosphorylation of STAT3 compared to hIL-10, and was less efficient in downregulating inflammatory genes. vIL-10 significantly reduced the expression of scavenger receptor CD163 on monocytes, suggesting inhibition of M2 polarization. Furthermore, uptake of apoptotic cells was reduced in vIL-10-stimulated monocytes compared to hIL-10-stimulated monocytes. A neutralizing antibody to IL-10R1 inhibited STAT3 phosphorylation induced by either hIL-10 or vIL-10, suggesting that vIL-10 signals through IL-10R1. Interestingly, vIL-10 suppressed hIL-10-induced STAT3 phosphorylation and inhibited upregulation of suppressors of inflammatory response by hIL-10. We further show that vIL-10 levels were significantly higher in plasma samples from systemic lupus erythematosus (SLE) patients compared to matched unaffected controls. vIL-10 levels did not correlate with hIL-10 levels, but were associated with levels of IgA antibodies to EBV viral capsid antigen, which is an indirect measure of viral reactivation. We propose that the suppression of hIL-10- induced anti-inflammatory genes by vIL-10, together with an increase in inflammatory gene expression, may overcome the anti-inflammatory effects of hIL-10 and exacerbate autoimmune responses in systemic autoimmune diseases.
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INTRODUCTION

Epstein Barr virus (EBV) is a highly prevalent gamma herpes virus with over 90% of the adult population being previously exposed to the virus. EBV has been associated with a broad spectrum of carcinomas and lymphoproliferative states, including nasopharyngeal carcinomas, Burkitt's lymphoma, and Hodgkin's lymphoma, as well as with autoimmune diseases such as systemic lupus erythematosus and multiple sclerosis (1–5). EBV maintains latency in B cells and demonstrates occasional reactivation, which can be measured indirectly by serology with increased levels of IgG and IgA responses toward EBV viral capsid antigen (VCA) and EBV early antigen (EA) (6).

EBV encodes homologs of cellular cytokines that allow the virus to escape or curtail host anti-viral responses and to establish latency. One such protein is viral interleukin 10 (vIL-10), a homolog of human interleukin 10 (hIL-10). vIL-10, a late lytic phase protein encoded by the BCRF-1 gene, shares ~80% homology with hIL-10 (7–9). hIL-10 is the founding member of the class II cytokine family, which also includes IL-19, IL-20, IL-22, IL-24, and IL-26 (10). IL-10 is a unique class II cytokine because it potently inhibits the production of pro-inflammatory cytokines such as IFNγ, TNFα, IL-1β, and IL-6, prevents dendritic cell (DC) maturation and inhibits the expression of MHC and co-stimulatory molecules on myeloid cells. hIL-10 is a potent growth and differentiation factor for B-cells, mast cells and thymocytes.

vIL-10 shares some of the suppressive and stimulatory functions of hIL-10. vIL-10 can inhibit inflammatory cytokine (i.e., IFNγ) production and can promote proliferation and differentiation of B cells, as well as immunoglobulin production (7, 8, 11). Functional differences between hIL-10 and vIL-10 have also been reported. vIL-10 cannot co-stimulate mouse thymocyte proliferation or mast cell proliferation and cannot up-regulate MHC class II on B cells (11–13). Innate immunity is the first line of defense against infections; however, the role of vIL-10 in monocyte function has not been determined.

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease characterized by autoantibody generation and immune dysfunction (14). In addition to roles for the adaptive immune system, innate immune cells, such as monocytes, also contribute to disease pathogenesis (15). SLE patients have higher frequencies of EBV infected cells, higher viral loads in blood mononuclear cells, and higher levels of EA IgG (16–18), suggesting more frequent viral reactivation.

In this study we examined whether vIL-10 has similar inhibitory effects on monocytes as hIL-10 and whether vIL-10 is associated with SLE.

MATERIALS AND METHODS

Patients

Buffy coats from healthy donors were obtained from the Oklahoma Blood Institute. Coded plasma samples from 20 female SLE patients and 19 matched unaffected controls were obtained from the Oklahoma Rheumatic Disease Research Cores Center. Patients and controls consented to rheumatic diseases research at the time of blood draw. The SLE disease activity index (SLEDAI) (19) ranged from 0-18 (median ± SD, 6 ± 5.65, Table 1, Supplementary Table 1). All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Institutional Review Board of the Oklahoma Medical Research Foundation.


Table 1. Study participants.
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Monocyte Cultures and Stimulation

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats obtained from healthy donors (Oklahoma Blood Institute). Monocytes were enriched from PBMCs using magnetic bead separation (Miltenyi Biotech). Purity was >90% by flow cytometry and viability was >99% by trypan blue exclusion post enrichment. Monocytes were stimulated with 10 ng/ml recombinant hIL-10 (Peprotech) or recombinant vIL-10 (R&D systems) for indicated times. STAT3 phosphorylation was detected by flow cytometry using antibodies directed against phospho-STAT3 Y705 (BD Biosciences). To inhibit signaling through IL-10R, monocytes were stimulated with hIL-10 or vIL-10 in the presence or absence of a neutralizing antibody to IL-10R1 (Clone: 37607, R&D systems), and STAT phosphorylation was measured as above. To differentiate monocytes into macrophages, cells were cultured with 50 ng/ml M-CSF (R&D systems). On day 6 cells were additionally stimulated with IFNγ (20 ng/ml, Peprotech), IL4 (20 ng/ml, Peprotech), hIL-10 (10 ng/ml), or vIL-10 (10 ng/ml) for 24 h. Surface markers were stained using following antibodies: CD14 Clone M5E2, CD163 Clone GHI/61, CD32 Clone FLI8.26 (BD Biosciences), CD16 Clone 3G8, CD64 Clone 10.1, HLA-DR Clone LN3, CD86 Clone IT2.2 (BioLegend). Cells were acquired on BD LSR II or BD Celesta (BD Biosciences) and data were analyzed using FlowJo (TreeStar, v10).

Western Blot Analysis

Whole cell lysates were prepared from monocytes stimulated with hIL-10 or vIL-10 as above. Protein concentration was determined by Bicinchoninic Acid protein assay (Pierce BCA protein assay, Thermo Fisher Scientific). Thirty micrograms of proteins were loaded on a 10% polyacrylamide gel and the separated proteins were transferred to nitrocellulose membrane. pSTAT3 Y705 was detected using rabbit anti pSTAT3 (Y705) polyclonal antibody (Cell Signaling Technologies) and horseradish peroxide conjugated goat anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories). Total STAT3 was visualized using mouse monoclonal antibody directed toward total STAT3 (Clone:124H6, Cell Signaling Technologies) and horseradish peroxide conjugated goat anti-mouse secondary antibody (Jackson ImmunoResearch Laboratories). Band intensities for pSTAT3 and total STAT3 were determined using “Gels” analysis tool of ImageJ as per the standard instructions (https://imagej.nih.gov/ij/docs/menus/analyze.html#gels). STAT3 phosphorylation was determined as ratio of pSTAT3 to total STAT3.

Gene Expression Analysis

Monocytes were stimulated with hIL-10 or vIL-10 for 2 h or 6 h. Total RNA was extracted using Qiagen RNeasy kit. RNA integrity was tested on Agilent Bioanalyzer 2100 using Agilent RNA 6000 Pico kit. RNA was reverse transcribed to cDNA using Fluidigm® Reverse Transcription Master Mix and pre-amplified using Fluidigm Preamp master mix. Gene expression of genes involved in cell survival and cell death, inflammatory and anti-inflammatory immune responses, including transcription factors, cytokines, chemokines and receptors was determined using Delta Gene Assays on Biomark HD (Fluidigm). GAPDH was used as an internal/housekeeping control to normalize Ct values. Genes with detectable signal in less than 95% of samples were excluded. Data are represented as 2−ddCt when compared to unstimulated cells. Primers for genes tested are listed in Supplementary Table 2.

Apoptotic Cell Uptake Assay

Monocytes were stimulated with hIL-10 or vIL-10. Jurkat cells were labeled with tetramethylrhodamine (TAMRA, Invitrogen technologies/Thermo Fisher Scientific) and apoptosis was induced using UV irradiation (10 mJ/mm2). Apoptosis was confirmed by flow cytometry using Annexin V. This method yielded at least 50% apoptotic cells. Apoptotic Jurkat cells were added to stimulated or unstimulated monocytes at 4:1 (Jurkat:monocyte) ratio and incubated at 37°C for 120 min. Monocytes were washed with PBS to remove free apoptotic cells and were stained for CD14, CD3 (clone UCHT1, BioLegend), CD16, and CD163. Phagocytic monocytes were defined as CD14+CD3-TAMRA+ cells. Samples were acquired using BD Celesta (BD Biosciences) and analyzed using FlowJo (TreeStar, V10).

Determination of vIL-10 Levels

Plasma samples (450 μl) were concentrated using Amicon-Ultra centrifugation filters-3,000 daltons (Millipore), as per the manufacturer's instructions, following removal of high molecular weight proteins by a 100 kD filter. Proteins from equal volumes of concentrated plasma were separated on a 12% SDS polyacrylamide gel and transferred on to a nitrocellulose membrane. The membranes were blocked with 5% non-fat milk for 1 h at room temperature and incubated with mouse monoclonal antibody directed against vIL-10 (R&D systems) overnight at 4°C. Levels of vIL-10 were detected by a horseradish peroxide conjugated goat anti-mouse secondary antibody (Jackson ImmunoResearch Laboratories). The tiff images of western blots were converted to 8-bit image in ImageJ. Bands were quantified using “Gels” analysis tool of ImageJ (https://imagej.nih.gov/ij/docs/menus/analyze.html#gels). Equal volume of concentrated pooled sera from infectious mononucleosis patients (Discovery Life Sciences) was loaded on each gel as a standard to account for gel-to-gel variation. The band intensity for vIL-10 in SLE or control samples was normalized to the standard on each gel. Rabbit anti-human IL-10 monoclonal antibody (D13A11 Cell Signaling Technologies), horseradish peroxide conjugated goat anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories), and recombinant human IL-10 (Peprotech) were used to test the specificity of the vIL-10 antibody. hIL-10 levels were measured by xMAP Luminex assay (Procarta xMAP Platinum IL-10, Affymetrix).

Autoantibody Testing

Autoantibody testing was performed by the CAP-certified/CLIA-approved OMRF Clinical Immunology Laboratory as described previously (20, 21). Anti-nuclear antibodies (ANA) and anti-double stranded DNA (dsDNA) antibodies were determined by indirect immunofluorescence using Hep2 cells or Crithidia luciliae, respectively (INOVA Diagnostics, San Diego, CA). Positivity was defined as ANA detection at a titer of ≥ 1:120 and anti-dsDNA detection at ≥ 1:30. Antibodies against extractable nuclear antigens (Ro, La, Sm, nRNP, and ribosomal P) were detected by immunodiffusion. Anti-cardiolipin (aCL) antibodies were measured by enzyme-linked immunosorbent assay (ELISA). Positivity was defined as >20 IgG units.

Anti-Viral Antibody Testing

Antibodies against Epstein Barr virus viral capsid antigen (VCA, IgG), Epstein Barr virus early antigen (EA, IgG), (Alere-Wampole), and VCA IgA (Calbiotech) were measured using commercial ELISAs according to manufacturer's instructions. Optical density was measured using EMax® Plus Microplate reader (Molecular Devices). Standard calibrators used in each assay were used to calculate index values/optical density (OD) ratios, which serve as semi-quantitative measure of antibody levels. All assays met pre-determined quality control measures based upon positive, negative, and blank controls.

Statistical Analyses

Differences between groups were determined by Wilcoxon test or Mann-Whitney test as appropriate. ANOVA was used when more than two groups were compared, and differences between groups were determined by Tukey post hoc test. Sample size (n) for all experiments represents number of independent donors. Each experiment was performed at least twice with different numbers of donors in each experiment to confirm reproducibility. Statistical significance was defined as p < 0.05. All analyses were performed using Prism 7 version 7.0b (Graphpad Software, Inc).

RESULTS

Compared to hIL-10, vIL-10 Stimulates Lower Levels of STAT3 Phosphorylation in Monocytes

To determine whether vIL-10 has inhibitory effects on monocytes similar to hIL-10, we examined downstream STAT phosphorylation in human monocytes stimulated in vitro with human or viral IL-10. IL-10 signals by activating IL-10 receptor-associated Janus kinase 1, and tyrosine kinase 2 protein tyrosine kinases, and downstream STATs. The inhibitory effects of IL-10 in myeloid cells are predominantly mediated by STAT3, and STAT3 is required for the downregulation of inflammatory genes, and up-regulation of anti-inflammatory genes by IL-10 (22). Therefore, monocytes enriched from healthy PBMCs were stimulated with human or viral IL-10 and phosphorylated STAT3 (pSTAT3) was determined by flow cytometry. Figures 1A,B show that vIL-10 induced significantly lower pSTAT3 compared to hIL-10. We confirmed our data using western blot analyses of whole cell lysates from monocytes stimulated with hIL-10 or vIL-10 for pSTAT3 and total STAT3. Figures 1C,D show that hIL-10 stimulated significantly higher phosphorylation of STAT3 and a higher ratio of pSTAT3 to total STAT3 (Figure 1D). These data suggest differences in regulation of gene expression by vIL10.
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FIGURE 1. vIL-10 induces limited STAT3 phosphorylation in monocytes. Monocytes were enriched from PBMCs using magnetic beads and stimulated with 10 ng/ml hIL-10 or vIL-10 for 30 min. pSTAT3 (pY705) was measured by flow cytometry. (A) Representative histogram for pSTAT3. (B) Mean fluorescence intensities for pSTAT3 are shown as fold increase over unstimulated. Data are presented as mean ± SD, n = 13, ***p < 0.001 by Wilcoxon test. (C) Western blot analysis shows increased STAT3 phosphorylation in cells stimulated with hIL-10 compared to those stimulated with vIL-10. Cells from three independent donors were used. Upper panel: phosphorylated-STAT3, lower panel: total STAT3. (D) pSTAT3 presented as ratio of band intensity of pSTAT3 and STAT3 from (C) for each donor. *p < 0.05, **p < 0.01 by ANOVA.



vIL-10 is Inefficient in Down-Regulating Pro-Inflammatory Gene Expression

Activation of STAT3 regulates the gene expression induced by IL-10. Since reduced phosphorylation of STAT3 was observed after vIL-10 stimulation, we determined the gene expression profiles induced by hIL-10 or vIL-10 in monocytes. As expected, hIL-10 induced prominent suppression of inflammatory genes (Figure 2). Stimulation with hIL-10 increased expression of the anti-inflammatory interleukin 1 receptor antagonist gene (IL1RN), while vIL-10 stimulated a smaller increase in IL1RN gene expression (Figure 2A). IL18 gene expression was downregulated by hIL-10, while vIL-10 was less efficient (Figure 2B). Both hIL-10 and vIL-10 downregulated TNFA expression (Figure 2C).
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FIGURE 2. vIL-10 induces a distinct pattern of gene expression in monocytes. Monocytes were stimulated with 10 ng/ml hIL-10 or vIL-10 for 2 h (A–C) or 6 h (D,E). Gene expression was determined by quantitative PCR (Biomark HD, Fluidigm). vIL-10 showed (A) lower induction of IL1 receptor antagonist gene IL1RN and (B) lower downregulation of IL18. (C) Both hIL-10 and vIL-10 downregulated TNFA. (D) hIL-10 downregulated IL-10 receptor 1 (IL-10R1), whereas vIL-10 did not. (E) vIL-10 induced higher gene expression of S100A8 proteins, transcription factors, and receptors implicated in inflammatory response. Data are presented as fold change over basal unstimulated cells, such that values >1 indicate an increase and values < 1 indicate a decrease in expression. n = 4–8, *p < 0.05, **p < 0.01, ***p < 0.001 when comparing level of expression between hIL-10 and vIL-10 stimulated monocytes.



We saw an increase in CD163 gene expression with hIL-10, whereas vIL-10 induced significantly lower upregulation of CD163 (Figure 2E). Suppressor of cytokine secretion-1 (SOCS1), a key mediator of IL-10-regulated anti-inflammatory gene expression, was induced by hIL-10, but not by vIL-10 (Figure 2E). vIL-10 did induce higher gene expression of S100A8, FASLG, transcription factors such as IRF4, and receptors implicated in inflammatory responses (Figure 2E). hIL-10 down-regulated IL-10 receptor 1 (IL10R1), whereas vIL-10 did not (Figure 2D). These data support the hypothesis that vIL-10 induces inflammatory gene expression in monocytes and suggest differences are present in signaling pathways regulated by hIL-10 and vIL-10.

vIL-10 Induces a Weaker Anti-Inflammatory Monocyte Phenotype than hIL-10

Human IL-10 enhances expression of CD163 and Fc gamma receptor 1 (CD64) and down-regulates class II MHC expression, thereby reducing the antigen presentation capability of monocytes (23, 24). As expected, hIL-10 increased levels of CD163, and Fc gamma receptors (FcγR) CD64, CD32, and CD16 expression on monocytes (Figures 3A–D). The numbers of CD14+ cells expressing high levels of CD163, CD64. CD32 and CD16 were also higher (Supplementary Figure 1). As shown previously, hIL-10 down-regulated HLA-DR expression (Figure 3E). In comparison, monocytes stimulated with vIL-10 showed weaker induction of CD163, CD64, CD32, and CD16, and fewer cells expressed high levels of these markers (Figures 3A–D, Supplementary Figure 1). Interestingly, vIL-10 was less efficient in down-regulating HLA-DR, when compared to hIL-10 (Figure 3E). No significant differences were observed between the levels of CD86 on monocytes stimulated with hIL-10 or vIL-10 (Figure 3F).
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FIGURE 3. Surface marker expression on monocytes stimulated with hIL10 or vIL10. Monocytes were stimulated with 10 ng/ml hIL-10 or vIL-10 for 18 h, and surface marker expression was determined by flow cytometry with antibodies for (A) CD163, (B) CD64, (C) CD32, (D) CD16, (E) HLA-DR, and (F) CD86. Monocytes stimulated with vIL-10 had smaller increases in CD163, CD64, CD32, and CD16 surface expression (A–D) and smaller decreases in HLA-DR surface expression (E) when compared to hIL-10. No differences in CD86 were observed between monocytes stimulated with hIL-10 or vIL-10. (F) Data are presented as fold change in fluorescence intensity of the marker compared to basal unstimulated cells, such that values >1 indicate an increase and values < 1 indicate a decrease in expression. Each dot represents an independent donor. n = 5–8, *p < 0.05, **p < 0.01.



Monocyte derived macrophages can be polarized into inflammatory and anti-inflammatory phenotypes (25). Interferon gamma (IFNγ) polarizes macrophages into the pro-inflammatory M1 (classically activated) phenotype, which is characterized by increased expression of co-stimulatory molecules. IL-4 polarizes into the anti-inflammatory M2a phenotype, and IL-10 polarizes into the anti-inflammatory M2c phenotype, which is characterized by reduced expression of co-stimulatory molecules and increased CD163 expression. To determine whether polarization of macrophages induced by hIL-10 and vIL-10 differs, monocytes were differentiated into macrophages using M-CSF. Differentiated macrophages were polarized into M1, M2a, or M2c by stimulating with the appropriate cytokines for 24 h. Figures 4A–D show that we reproduce M1, M2a, and M2c phenotypes with IFNγ, IL4, and hIL-10 stimulation respectively, and the phenotype induced by vIL10 was similar to that induced by hIL-10. These data show that vIL-10 does not skew the polarization of macrophages into the inflammatory M1 phenotype.
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FIGURE 4. vIL-10 does not redirect macrophage polarization. Monocytes from healthy donors were differentiated into macrophages with M-CSF for 6 days. Macrophages were treated with IFNγ (M1 polarization), IL4 (M2a polarization), hIL-10 (M2c polarization), or vIL-10 for 24 h. Surface expression of (A) HLA-DR, (B) CD86, (C) CD163, and (D) CD16 was measured by flow cytometry. Data are presented as fold change over basal, such that values >1 indicate an increase and values < 1 indicate a decrease in expression. n = 3, *p < 0.05, **p < 0.01.



vIL10 Stimulated Monocytes Have Reduced Ability to Uptake Apoptotic Cells

Human IL-10 induces an anti-inflammatory phenotype in monocytes with increased phagocytosis (26, 27). To determine whether vIL-10 stimulates similar capacity to uptake apoptotic cells as hIL-10, monocytes treated with hIL-10 or vIL-10 were fed fluorescently labeled apoptotic Jurkat cells (Figure 5A), and internalized fluorescent dye was measured by flow cytometry. Compared to hIL-10-stimulated monocytes, fewer vIL-10-stimulated monocytes internalized apoptotic cells (Figures 5B,D). Decreased uptake can possibly be explained by reduced phagocytosis by CD163 and CD16 expressing cells, as vIL-10 stimulation produced fewer phagocytic CD16hi monocytes compared to hIL-10 stimulation (Figures 5C,E). These data further support a suppressed anti-inflammatory phenotype with vIL-10 stimulation.
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FIGURE 5. vIL-10 reduces uptake of apoptotic cells by monocytes compared to hIL-10. Apoptosis was induced in Jurkat cells by UV irradiation. (A) Representative histogram showing percent of apoptotic cells following UV irradiation. Monocytes were stimulated with hIL-10 or vIL-10 for 18 h, incubated with fluorescently labeled apoptotic Jurkat cells, and assessed for uptake of apoptotic cells by flow cytometry. (B,C) Representative gating strategy used to determine number of CD14+ and CD14+CD16+ phagocytic cells. Jurkat cell uptake was lower after vIL-10 stimulation compared to hIL-10 stimulation in (D) total monocytes (CD14+) as per gating strategy in (B), and (E) CD16hi CD14+ monocytes, as per gating strategy in (C). The data are represented as percent of CD14+CD3- cells. Each dot represents independent donor. n = 3, *p < 0.05, **p < 0.01.



vIL-10 Can Inhibit Effects of hIL-10 on Monocytes

We saw an inability of vIL-10 to downregulate IL-10R1. To understand whether vIL-10 signals through IL-10R1 or uses an alternate receptor, we stimulated monocytes with hIL-10 or vIL-10 in the presence or absence of a neutralizing antibody to IL-10R1. Although vIL-10 induced significantly lower pSTAT3 compared to hIL-10, the IL-10R1 neutralizing antibody was able to reduce STAT3 phosphorylation induced by vIL-10 (Figure 6A). The percent inhibition of STAT3 phosphorylation by neutralizing IL-10R1 antibody was not different between hIL-10 and vIL-10 stimulated monocytes (Figure 6B). These data show that vIL-10 uses IL-10R1 similar to hIL-10. To further understand whether vIL-10 competes with hIL-10 for the receptor, we stimulated monocytes with hIL-10 in the presence of increasing concentrations of vIL-10. Interestingly, vIL-10 reduced hIL-10 induced STAT3 phosphorylation to levels similar to cells stimulated with vIL-10 alone (Figure 7A). Furthermore, vIL-10 inhibited hIL-10-stimulated SOCS1 and SOCS3 gene expression (Figures 7B,C). Together, these results suggest that vIL-10 can block hIL-10-induced anti-inflammatory responses in monocytes through competitive inhibition.
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FIGURE 6. vIL-10 signals through IL-10R1 in human monocytes. Monocytes were stimulated with 10 ng/ml hIL-10 or vIL-10 for 30 min in the presence or absence of 1 μg/ml anti-IL-10R1 antibody. pSTAT3 (pY705) was measured by flow cytometry. (A) Data are represented as fold increase over unstimulated, (B) Inhibition of pSTAT3 was calculated as the percent reduction of pSTAT3 levels in the presence of neutralizing antibody compared to cells not treated with neutralizing antibody. n = 5, *p < 0.05.
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FIGURE 7. vIL-10 inhibits hIL-10 signaling in monocyte. (A) Monocytes were stimulated with either hIL-10 (10 ng/ml) alone, hIL-10 (10 ng/ml) in the presence of increasing concentrations of vIL-10 (1, 5, 10 ng/ml), or vIL-10 alone (10 ng/ml) for 30 min. pSTAT3 was measured by flow cytometry. n = 4. (B,C) Monocytes were stimulated with 10 ng/ml hIL-10, vIL-10, or hIL-10+vIL-10 for 6 h. Gene expression was determined by quantitative PCR (Biomark HD, Fluidigm). Data show that vIL-10 inhibits the effects of hIL-10 in monocytes. n = 4, *p < 0.05, **p < 0.01 when compared to monocytes stimulated with hIL10 alone.



SLE Patients Have Increased Levels of Plasma vIL-10

SLE patients have aberrant responses to EBV infection and evidence of increased EBV reactivation (16–18). vIL-10 is a late lytic phase protein and is expected to be higher during viral reactivation. However, whether the levels of vIL-10 are higher in SLE patients has not yet been determined. We therefore measured circulating vIL-10 levels in SLE patients and unaffected controls.

SLE patients had significantly higher levels of vIL-10 compared to unaffected controls (Figure 8A). The antibody used to detect vIL-10 was unable to detect hIL-10 (Figure 8B). SLE patients also showed higher levels of hIL-10 (Figure 8C), but levels of vIL-10 did not directly correlate with hIL-10 levels (Figure 8D). However, vIL-10 levels did associate with IgA responses to viral capsid antigen (VCA), a measure of active infection or viral reactivation (Figure 8E).
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FIGURE 8. SLE plasma samples show increased levels of vIL-10. (A) Plasma from SLE patients and controls were concentrated and vIL-10 measured by Western blot. (B) The specificity of anti-vIL-10 antibody was tested by western blots of recombinant hIL-10 and vIL-10. A representative blot is shown. Antibody against hIL-10 detected both human and viral IL-10, however anti-vIL-10 antibody only detected vIL-10 and not hIL-10. (C) hIL-10 levels were measured by xMAP Luminex assay (Procarta xMAP Platinum IL-10, Affymetrix). (D) No correlation was observed between vIL-10 and hIL-10, measured as in (A,C), respectively, in either SLE or control samples. (E) Levels of anti-VCA IgA, measured by ELISA, correlated with vIL10. (F,G) Anti-VCA IgG was measured by ELISA as a marker of previous exposure to EBV in SLE and control samples. (H,I) SLE patients had higher anti-EA IgG positivity (H) and higher levels of anti-EA IgG (I) by ELISA, suggesting increased viral reactivation in SLE patients. *p < 0.05, **p < 0.01, ****p < 0.0001 by Mann Whitney.



Infection with EBV leads to IgG responses to VCA, which persist for a lifetime, albeit at a lower concentration than seen in acute infection or reactivation. To determine whether SLE patients and controls had previous EBV exposure, we measured VCA IgG in plasma. The VCA IgG seropositivity, indicative of prior exposure to EBV, was similar between SLE patients and controls (Figure 8F), although SLE patients did have higher VCA IgG levels (Figure 8G). SLE patients have previously been shown to have higher levels of IgG antibodies to EBV early antigen (EA), which are detectable during active infection or recent reactivation (6, 16, 28). In our cohort, as reported previously, SLE patients showed significantly higher EA IgG seropositivity (Figure 8H), and significantly higher EA IgG levels compared to controls (Figure 8I) (29), indicative of more frequent reactivation of EBV in SLE patients. These data suggest that frequent reactivation of EBV in SLE patients may lead to increased vIL-10 levels in circulation.

DISCUSSION

Our data show that, unlike hIL-10, vIL-10 is inefficient in up-regulation of anti-inflammatory genes such as IL-1RN and SOCS1. On the other hand, vIL-10 induces expression of transcription factors such as IRF4, STAT5, AP1, which is not observed with hIL-10. Monocytes stimulated with vIL-10 have reduced CD163 and FcγR expression compared to hIL-10 stimulated cells and are defective in clearance of apoptotic cells. Further, vIL-10 directly inhibits induction of anti-inflammatory gene expression induced by hIL-10. Thus, in contrast with hIL-10, vIL-10 stimulates monocytes to cells that are more pro-inflammatory with reduced ability to phagocytose dying cells.

The mechanisms by which vIL-10 induces differential activation of monocytes is not clear. vIL-10 has ~1,000-fold lower affinity for the IL10R than hIL-10 (7). The differences we saw with some genes (S100A8, CCL3/MIP1A) were mostly in the magnitude as would be expected with reduced affinity to the receptor. However, compared to unstimulated cells, vIL-10 upregulated gene expression of several proteins such as IRF4, STAT4, and TNFRSF14, FASLG whereas hIL-10 downregulated these genes. These changes in gene expression suggest differences in downstream signaling cascades, and possibly receptor engagement. Interestingly, the soluble form of IL-10 receptor (sIL-10R) can reverse the inhibitory effects of hIL-10, but not vIL-10, suggesting that vIL-10 may engage different receptor subunits for signaling (7). However, our data with neutralizing antibodies to IL-10R1 suggest that vIL-10 signals through IL-10R1, and furthermore can compete with and inhibit hIL-10 signaling through the receptor.

Our data suggest that a lytic phase protein can alter the functions of innate immune cells, which could potentially contribute to EBV persistence. We show that vIL-10, which is expressed during lytic replication of EBV, reduces the ability of monocytes to clear apoptotic cells. Accumulation of apoptotic cells can lead to increased secondary necrosis. Uptake of necrotic cells by dendritic cells (DCs) results in better antigen processing and presentation, which initiates the adaptive arm and possibly allows the virus to establish latency.

Although vIL-10 induces a relatively inflammatory phenotype in monocytes, it does not polarize macrophages into inflammatory M1 macrophages, based on surface marker expression. However, whether the macrophages polarized by vIL-10 are less efficient anti-inflammatory macrophages compared to hIL-10 or whether vIL-10 polarizes macrophages to a phenotype that has not been characterized yet, is not clear and needs further assessment into the function of these macrophages.

EBV has been consistently associated with SLE, but the precise role of EBV or vIL-10 in SLE pathogenesis is not clear. The frequent EBV reactivation reported in SLE patients and the increase in vIL-10 seen in this small cohort suggest that vIL-10 may have implications in SLE pathogenesis. The ability of vIL-10 to inhibit hIL-10 signaling suggests that increased vIL-10 in SLE patients may be able to overcome the inhibitory effects of hIL-10 on immune responses, thereby exacerbating autoimmune responses. Plasma vIL-10 levels did not correlate with SELDAI scores (Supplementary Figure 2). This may require studies of patients with broader ranges of disease activity and different organ manifestations to form conclusions. Analysis of longitudinal samples from SLE patients may be necessary to evaluate the role of vIL-10 in SLE disease progression.

The deficiency of receptors involved in clearance of dying cells such as TAM receptors, TIM-4, and MFGE8 receptor is associated with the development of lupus like symptoms in mice (30–33). Furthermore, macrophages from SLE patients show impaired uptake of dying cells (34). Although the exact mechanisms are not completely understood, ineffective clearance results in accumulation of cell debris due to rupture of apoptotic cells that may lead to increased inflammation and antigen presentation by dendritic cells (DCs) (35). Our data show that vIL-10 induces genes that are implicated in dendritic cell differentiation (IRF4, STAT4, STAT5) (36). Monocytes cultured with vIL-10 also showed lower CD163 and FcγRI expression and inefficient down-regulation of HLA-DR compared to hIL-10. These data suggest that vIL-10 may differentiate monocytes into cells with increased antigen presentation capability, but reduced clearance ability.

We propose that the inflammatory environment induced by vIL-10 and self-antigen presentation in the context of genetic predisposition to autoimmunity may lead to loss of tolerance and amplification of autoimmune responses in SLE patients.

AUTHOR CONTRIBUTIONS

All authors contributed to drafting or revising article critically for intellectual content, and approved the final version of the article to be published. NJ and JJ: Substantial contributions to study conception and design; NJ, EC, JG, and JJ: Substantial contributions to acquisition of data; NJ and JJ: Substantial contributions to analysis and interpretation of data.

FUNDING

This study was supported by the National Institute of Arthritis, Musculoskeletal and Skin Diseases (P30AR053482), the National Institute of Allergy, and Infectious Diseases (U19AI082714, U01AI101934), and an Institutional Development Award from the National Institute of General Medical Sciences (U54GM104938). The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health or the US Government.

ACKNOWLEDGMENTS

The authors thank Lauren Guthridge, Emma Thurmond, Rebecca Wood, Carla Guthridge, Ph.D., for technical assistance and Rebecka Bourn, Ph.D. for editorial assistance. The authors also thank Oklahoma Rheumatic Disease Research Cores Center clinic and biorepository personnel, as well as the participants who provided samples for this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2018.02198/full#supplementary-material

REFERENCES

 1. Rochford R, Moormann AM. Burkitt's Lymphoma. Curr Top Microbiol Immunol. (2015) 390:267–85. doi: 10.1007/978-3-319-22822-8_11

 2. Carbone A. Epstein Barr Virus-associated hodgkin lymphoma. Cancers (2018) 10:6. doi: 10.3390/cancers10060163.

 3. Tsao SW, Tsang CM, To KF, Lo KW. The role of Epstein-Barr virus in epithelial malignancies. J Pathol. (2015) 235:323–33. doi: 10.1002/path.4448

 4. James JA, Kaufman KM, Farris AD, Taylor-Albert E, Lehman TJ, Harley JB. An increased prevalence of Epstein-Barr virus infection in young patients suggests a possible etiology for systemic lupus erythematosus. J Clin Invest. (1997) 100:3019–26. doi: 10.1172/JCI119856

 5. Pender MP, Burrows SR. Epstein-Barr virus and multiple sclerosis,: potential opportunities for immunotherapy. Clin Transl Immunol. (2014) 3:e27. doi: 10.1038/cti.2014.25

 6. Gulley ML. Molecular diagnosis of Epstein-Barr virus-related diseases. J Mol Diagn. (2001) 3:1–10. doi: 10.1016/S1525-1578(10)60642-3

 7. Liu Y, de Waal Malefyt R, Briere F, Parham C, Bridon JM, Banchereau J, et al. The EBV IL-10 homologue is a selective agonist with impaired binding to the IL-10 receptor. J Immunol. (1997) 158:604–13.

 8. Hsu DH, de Waal Malefyt R, Fiorentino DF, Dang MN, Vieira P, de Vries J, et al. Expression of interleukin-10 activity by Epstein-Barr virus protein BCRF1. Science (1990) 250:830–2. doi: 10.1126/science.2173142

 9. Moore KW, Vieira P, Fiorentino DF, Trounstine ML, Khan TA, Mosmann TR. Homology of cytokine synthesis inhibitory factor (IL-10) to the Epstein-Barr virus gene BCRF. Science (1990) 248:1230–4.

 10. Mosser DM, Zhang X. Interleukin-10: new perspectives on an old cytokine. Immunol Rev. (2008) 226:205–18. doi: 10.1111/j.1600-065X.2008.00706.x

 11. Go NF, Castle BE, Barrett R, Kastelein R, Dang W, Mosmann TR, et al. Interleukin 10, a novel B cell stimulatory factor,: unresponsiveness of X chromosome-linked immunodeficiency B cells. J Exp Med. (1990) 172:1625–31. doi: 10.1084/jem.172.6.1625

 12. MacNeil IA, Suda T, Moore KW, Mosmann TR, Zlotnik A. IL-10, a novel growth cofactor for mature and immature T cells. J Immunol. (1990) 145:4167–73.

 13. Vieira P, de Waal-Malefyt R, Dang MN, Johnson KE, Kastelein R, Fiorentino D F, et al. Isolation and expression of human cytokine synthesis inhibitory factor cDNA clones,: homology to Epstein-Barr virus open reading frame BCRFI. Proc Natl Acad Sci USA. (1991) 88:1172–6. doi: 10.1073/pnas.88.4.1172

 14. Mok CC, Lau CS. Pathogenesis of systemic lupus erythematosus. J Clin Pathol. (2003) 56:481–90. doi: 10.1136/jcp.56.7.481

 15. Li Y, Lee PY, Reeves WH. Monocyte and macrophage abnormalities in systemic lupus erythematosus. Arch Immunol Ther Exp. (2010) 58:355–64. doi: 10.1007/s00005-010-0093-y

 16. Huggins ML, Todd I, Powell RJ. Reactivation of Epstein-Barr virus in patients with systemic lupus erythematosus. Rheumatol Int. (2005) 25:183–7. doi: 10.1007/s00296-003-0420-2

 17. Kang I, Quan T, Nolasco H, Park SH, Hong MS, Crouch J, et al. Defective control of latent Epstein-Barr virus infection in systemic lupus erythematosus. J Immunol. (2004) 172:1287–94. doi: 10.4049/jimmunol.172.2.1287

 18. Gross AJ, Hochberg D, Rand WM, Thorley- Lawson DA. EBV and systemic lupus erythematosus,: a new perspective. J Immunol. (2005) 174:6599–607. doi: 10.4049/jimmunol.174.11.6599

 19. Petri M, Kim MY, Kalunian KC, Grossman J, Hahn BH, Sammaritano LR, et al. Combined oral contraceptives in women with systemic lupus erythematosus. N Engl J Med. (2005) 353:2550–8. doi: 10.1056/NEJMoa051135

 20. Bruner BF, Guthridge JM, Lu R, Vidal G, Kelly JA, Robertson JM, et al. Comparison of autoantibody specificities between traditional and bead-based assays in a large, diverse collection of patients with systemic lupus erythematosus and family members. Arthritis Rheum. (2012) 64:3677–86. doi: 10.1002/art.34651

 21. Munroe ME, Young KA, Kamen DL, Guthridge JM, Niewold TB, Costenbader KH, et al. Discerning risk of disease transition in relatives of systemic lupus erythematosus patients utilizing soluble mediators and clinical features. Arthritis Rheumatol. (2017) 69:630–42. doi: 10.1002/art.40004

 22. Williams L, Bradley L, Smith A. Signal transducer and activator of transcription 3 is the dominant mediator of the anti-inflammatory effects of IL-10 in human macrophages. J Immunol. (2004) 172:567–76. doi: 10.4049/jimmunol.172.1.567

 23. Sulahian TH, Hogger P, Wahner AE, Wardwell K, Goulding NJ, Sorg C, et al. Human monocytes express CD163, which is upregulated by IL-10 and identical to p155. Cytokine (2000) 12:1312–21. doi: 10.1006/cyto.2000.0720

 24. te Velde A, de Waal Malefijt AR, Huijbens RJ, de Vries JE, Figdor C G. IL-10 stimulates monocyte Fc gamma R surface expression and cytotoxic activity. Distinct regulation of antibody-dependent cellular cytotoxicity by IFN-gamma, IL-4, and IL-10. J Immunol. (1992) 149:4048–52.

 25. Mantovani A, Sica A. Macrophage polarization comes of age. Immunity (2005) 23:344–6. doi: 10.1016/j.immuni.2005.10.001

 26. Capsoni F, Minonzio F, Ongari AM, Carbonelli V, Galli A. IL-10 up-regulates human monocyte phagocytosis in the presence of IL-4 and IFN-gamma. J Leukoc Biol. (1995) 58:351–8. doi: 10.1002/jlb.58.3.351

 27. Lingnau M, Hoflich C, Volk HD, Sabat R, Docke WD. Interleukin-10 enhances the CD14-dependent phagocytosis of bacteria and apoptotic cells by human monocytes. Hum Immunol. (2007) 68:730–8. doi: 10.1016/j.humimm.2007.06.004

 28. Tselis A. Epstein-Barr Virus and cytomegalovirus infections. In: Jackon AC editor. Viral Infections of the Human Nervous System. Basel: Springer (2013).

 29. Hanlon P, Avenell A, Aucott L, Vickers MA. Systematic review and meta-analysis of the sero-epidemiological association between Epstein-Barr virus and systemic lupus erythematosus. Arthritis Res Ther. (2014) 16:R3. doi: 10.1186/ar4429

 30. Cohen PL, Caricchio R, Abraham V, Camenisch TD, Jennette JC, Roubey RA, et al. Delayed apoptotic cell clearance and lupus-like autoimmunity in mice lacking the c-mer membrane tyrosine kinase. J Exp Med. (2002) 196:135–40. doi: 10.1084/jem.20012094

 31. Hanayama R, Tanaka M, Miyasaka K, Aozasa K, Koike M, Uchiyama Y, Nagata S. Autoimmune disease and impaired uptake of apoptotic cells in MFG-E8-deficient mice. Science (2004) 304:1147–50. doi: 10.1126/science.1094359

 32. Lu Q. Homeostatic regulation of the immune ystem by receptor tyrosine kinases of the Tyro 3 family. Science (2001) 293:306–11. doi: 10.1126/science.1061663

 33. Rodriguez-Manzanet R, Sanjuan MA, Wu HY, Quintana FJ, Xiao S, et al. T and B cell hyperactivity and autoimmunity associated with niche-specific defects in apoptotic body clearance in TIM-4-deficient mice. Proc Natl Acad Sci USA. (2010) 107:8706–11. doi: 10.1073/pnas.0910359107

 34. Ren Y, Tang J, Mok MY, Chan AW, Wu A, Lau CS. ncreased apoptotic neutrophils and macrophages and impaired macrophage phagocytic clearance of apoptotic neutrophils in systemic lupus erythematosus. Arthritis Rheum. (2003) 48:2888–97. doi: 10.1002/art.11237

 35. Munoz LE, Gaipl US, Franz S, Sheriff A, Voll RE, Kalden JR, et al. SLE–a disease of clearance deficiency? Rheumatology (2005) 44:1101–7. doi: 10.1093/rheumatology/keh693

 36. Lehtonen A, Veckman V, Nikula T, Lahesmaa R, Kinnunen L, Matikainen S, et al. Differential expression of IFN regulatory factor 4 gene in human monocyte-derived dendritic cells and macrophages. J Immunol. (2005) 175:6570–9. doi: 10.4049/jimmunol.175.10.6570

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 © 2018 Jog, Chakravarty, Guthridge and James. 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) and the copyright owner(s) 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/fimmu-09-02198-g005.gif





OPS/images/fimmu-09-02198-g006.gif
fol L

£ o

! N I
R o

RIS





OPS/images/fimmu-09-02198-g003.gif





OPS/images/fimmu-09-02198-g004.gif
A HLA-DR MFI ® €086 MFI
T T ——
i, e
H S -
g PR T
H oy
- Zoo

T R R0 R
. cots el o cotsmet
30
e T
Suolx
fos [-
£ oo

N, 1 T it Wi, A hILT0 VIL10





OPS/images/fimmu-09-02198-t001.jpg
Age, Mean 5D

Sex, n (%)

Race, n (%)

European American

African American

SLEDAI, Median  SD (Range)
Complement C3 levels, Median mg/dL, (SD)
Complement C4 levels, Median mg/dL, (SD)
CHS50

Autoantibody positivity, n (%)
Anti-disDNA

Anti-Ro/SSA

Anti-La/SSB

Anti-Sm

Anti-nRNP

aCL

ACR® organ manifestations, n (%)
Renal

Arthritis

Mucocutaneous?

Hematologic

Serositis

Medications, n (% usage)
Corticosteroids®

Hydroxychloroquine
Immunosuppressants’

N.A.: not applicable.
BN.D.: not determined
<American College of Rheumatology.

SLE patients
(n=20)

38.25 + 11,62
20(100)

10(50)
10(50)

6 5.65(0-18)
115 (44.46)
23(14.38)
26 (18.94)

8(40)
5(25)
1)
16)
5(25)
9(45)

6(30)
19.(95)
18(90)
16 (80)
9(45)

10(50)
13(65)
9(45)

IMealar rash, discoid rash, photosensitivity, oral ulcers.

°Prednisone, methylprednisolone, depomedol.

1 Azathioprine, mycophenolate mofetil, cyclophosphamide.

Controls
(=19

37.05 + 12.27
19 (100)

10 (52.69)
9(47.7)
NA2
NDP

N.D.

N.D.

N.D.





OPS/images/fimmu-09-02198-g007.gif





OPS/images/fimmu-09-02198-g008.gif
wiown

LI T——






OPS/images/fimmu-09-02198-g001.gif
o ES






OPS/images/fimmu-09-02198-g002.gif





OPS/images/cover.jpg
, frontiers
in Immunology

Epstein Barr Virus Interleukin 10
Suppresses Anti-inflammatory
Phenotype in Human Monocytes









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





