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Activation of the immune system increases systemic adrenal-derived glucocorticoid (GC) levels which downregulate the immune response as part of a negative feedback loop. While CD4+ T cells are essential target cells affected by GC, it is not known whether these hormones exert their major effects on CD4+ helper T cells, CD4+Foxp3+ regulatory T cells (Treg cells), or both. Here, we generated mice with a specific deletion of the glucocorticoid receptor (GR) in Foxp3+ Treg cells. Remarkably, while basal Treg cell characteristics and in vitro suppression capacity were unchanged, Treg cells lacking the GR did not prevent the induction of inflammatory bowel disease in an in vivo mouse model. Under inflammatory conditions, GR-deficient Treg cells acquired Th1-like characteristics and expressed IFN-gamma, but not IL-17, and failed to inhibit pro-inflammatory CD4+ T cell expansion in situ. These findings reveal that the GR is critical for Foxp3+ Treg cell function and suggest that endogenous GC prevent Treg cell plasticity toward a Th1-like Treg cell phenotype in experimental colitis. When equally active in humans, a rationale is provided to develop GC-mimicking therapeutic strategies which specifically target Foxp3+ Treg cells for the treatment of inflammatory bowel disease.
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INTRODUCTION

Regulatory T cells (Treg cells) expressing the transcription factor Foxp3 maintain immune homeostasis by limiting antigen-specific immune responses and sustaining tolerance to self-antigens (1). Most Treg cells are generated in the thymus (tTreg cells) as a separate lineage at the CD4+ single-positive stage of thymocyte development. Peripheral Treg cells (pTreg cells) are induced from peripheral CD4+Foxp3− T cells in the presence of TGF-beta, however, the pool size and function of these pTreg cells is not fully characterized, mainly due to the lack of useful markers to discriminate tTreg from pTreg cells (2).

Treg cell function is not mediated by one single common pathway, as many different mechanisms have been described including downregulation of costimulatory molecules (CD80/CD86) on dendritic cells, secretion of inhibitory cytokines or metabolic disruption of target cells. Beyond that, Treg cells seem to have the capacity to adjust their suppressive mechanism(s) to a particular immune or inflammatory context, although the signals driving in vivo Treg cell adaptation are not well-understood (3).

The original view that tTreg cells are terminally differentiated and phenotypically stable has been recently questioned. Some Treg cells may lose Foxp3 expression in autoimmune disease (“ex-Foxp3” cells), others, while maintaining Foxp3 expression, acquire a certain degree of plasticity which is illustrated by secretion of pro-inflammatory cytokines and reduced suppressive function (4). The molecular mechanisms that drive Treg cell plasticity as well as the functional consequences for autoimmune diseases are largely unknown.

Glucocorticoids (GC) are best-known for their successful clinical usage as anti-inflammatory and immunosuppressive agents, despite their high potential for serious side effects. While the potency of (synthetic) GC as negative regulators of immune and inflammatory effector molecules at higher doses is well-documented, the effects of endogenous GC on the immune response and T cells in particular are much less clear. GC suppress T cell activation, both indirectly by inhibiting dendritic cell function and directly by inhibiting TCR signaling (5). T cell-specific deletion of the glucocorticoid receptor (GR) revealed T cells as critical targets for endogenous GC to both limit clinical disease in an animal model for multiple sclerosis (6) and prevent lethal immunopathology in an animal model for toxoplasma infection (7). As both studies utilized the lck promoter to drive expression of Cre recombinase for conditional deletion of the GR, CD8+ cytotoxic T cells, CD4+ T helper cells, and Foxp3+ Treg cells were GR-deficient. Treg cell development, steady-state homeostasis and function may be affected by GC, although reports are controversial. Administration of GC has been shown to increase both the proportion and number of murine CD4+CD25+Foxp3+ Treg cells in peripheral lymphoid organs (8). In line with this observation is the finding that Treg cells are relatively resistant to GC-induced apoptosis in vitro (9). In contrast, GC dose-dependently reduced both the proportion and total number of splenic Treg cells after repeated GC administration (10, 11). Likewise, therapeutic treatment of MOG-induced EAE with GC slightly reduced splenic Treg cell number and reduced Foxp3 expression levels (6). Human Treg cells accumulate relative to conventional T cells (Tcon) upon treatment of several autoimmune diseases with GC as reported for multiple sclerosis (12), systemic lupus erythematosus (13) and rheumatoid arthritis (14).

While effects of exogenous GC on Treg cells are obvious but controversial, it is not known whether endogenous GC regulate Treg cell homeostasis, both under steady state and inflammatory conditions. Lck-Cre GRfl/fl mice that lack the GR in all T cells, reportedly have reduced numbers of Treg cells in the thymus and periphery, but Treg cell function was not tested (15). Moreover, Treg cell homeostasis may be affected by GR-deficient conventional T cells that can give rise to pTreg cells.

We therefore generated mice with a specific deletion of the GR in Foxp3+ Treg cells by crossing GRfl/fl (16) with Foxp3-Cre mice (17). Remarkably, while Treg cell number, expression of Treg cell signature molecules, and in vitro suppression capacity of GR-deficient Treg cells was unchanged, GR-deficient Treg cells appeared defective in suppressing T cell-driven colitis in an in vivo mouse model for inflammatory bowel disease (IBD). This phenotype was associated with the acquisition of Th1 cell-like features in GR-deficient Treg cells. These data suggest that endogenous GC stabilize Treg cell fate and function under inflammatory conditions and provide a rationale for the development of GC therapy for IBD that specifically targets Treg cells and expectedly reduces the strong side-effects of these hormones.



RESULTS


Verification of Specific GR Deletion in Foxp3+ Treg Cells

Mice carrying a specific deletion for the GR in Foxp3+ Treg cells (Foxp3-YFP-iCre x GRfl/fl mice; dubbed here: Foxp3-Cre GRfl/fl mice) developed normal and did not show any signs of disease. Lack of GR in Foxp3+ Treg cells was confirmed at the protein level both in spleen (Figure 1A) and thymus (Figure S1A). Ectopic recombination by Cre-YFP expressed under the control of the FoxP3 promoter of some conditional alleles (Cd28), but not others (R26-RFP), has been reported (18). However, quantification of the GR in conventional CD4+CD25− Foxp3− T cells, CD8+ T cells and B cells revealed no differences between wild type (WT), Foxp3-Cre and Foxp3-Cre GRfl/fl mice (Figure S1B), ruling out promiscuous Foxp3-Cre expression in these lymphocyte subsets. Since endogenous GC have been shown to regulate T cell numbers (19, 20), we determined peripheral blood levels of corticosterone in our mouse strains to check for potential differences. However, this appeared not to be the case as no differences in corticosterone levels were found (Figure 1B). Expression levels of Nr3c1 (encoding the GR) by CD4+CD25− Tcon cells and CD4+Foxp3+ Treg cells were quantified by qPCR. Splenic Treg cells from heterozygous Foxp3-Cre GRwt/fl mice expressed Nr3c1 at approximately half of control Treg cells from Foxp3-Cre mice (Figure 1C). Finally, Treg cells derived from Foxp3-Cre GRfl/fl mice were resistant to in vitro corticosterone-induced cell death, confirming the absence of the GR at the functional level (Figure S1C). Thus, Foxp3-Cre GRfl/fl mice lack the GR specifically in Foxp3+ Treg cells with no signs of significant recombination in CD4+ Tcon cells or other lymphocyte subsets.
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FIGURE 1. Physical characterization of GR deletion in Foxp3+ Treg cells. (A) Immunoblotting shows GR protein expression in purified CD8+, CD4+CD25− Tcon, and CD4+Foxp3+ Treg cells from Foxp3-Cre GRfl/fl splenocytes. (B) Serum samples from Foxp3-Cre and Foxp3-Cre GRfl/fl mice were analyzed for corticosterone content by ELISA. (C) Real time qPCR analysis of Nr3c1 (GR) mRNA expression in CD4+CD25− Tcon and CD4+Foxp3+ Treg cells from Foxp3-Cre, Foxp3-Cre GRwt/fl and Foxp3-Cre GRfl/fl mice. Nr3c1 mRNA expression levels are referred to mRNA levels of CD4+ Tcon cells from Foxp3-Cre mice according to the ΔΔCt relative quantification method. Data are shown as mean ± SEM (n ≥ 3).





Basic Immune Characteristics of Mice Lacking the GR in Treg Cells

Foxp3-Cre GRfl/fl mice showed normal CD4+Foxp3+ Treg (Figure 2A, left panel) and CD4+ Tcon (Figure 2A, right panel) cell numbers in the thymus and spleen. Next, we examined steady state expression of Treg cell signature molecules such as Foxp3, CD25, GITR, and CTLA-4 by Treg cells of Foxp3-Cre and Foxp3-Cre GRfl/fl mice. In both thymus and spleen, expression levels of these markers were comparable between GR-expressing and GR-deficient Treg cells, except for thymic GITR that showed significantly higher expression in Treg cells from Foxp3-Cre GRfl/fl mice (Figure 2B, left panel). Since GITR expression levels are critical for Treg cell maturation (21), we further analyzed CD4+Foxp3+ thymocytes for GITRint and GITRhigh expressing subsets. A moderately enhanced frequency of Foxp3+GITRhigh and a reduction of Foxp3+GITRlow cells in Foxp3-Cre GRfl/fl mice was observed, as compared to control Foxp3-Cre mice (Figure 2C). The functional relevance of this observation is presently unclear, yet this suggests that basal GITR expression in splenic Treg cells is not dependent on a functional GR. Treg cells consist of both naïve CD44lowCD62Lhigh and CD44highCD62Llow “effector-like” subpopulations, the latter exerting suppressor activity (22). We therefore analyzed the fractions of both Treg cell subsets in the context of GR-deficiency and found equal amounts in both Foxp3-Cre and Foxp3-Cre GRfl/fl mice (Figure 2D). The transcription factor Helios has been proposed as a marker to discriminate tTreg from pTreg cells (3). Examination of both fractions and Helios expression levels, however, revealed no changes between Treg cells from Foxp3-Cre and Foxp3-Cre GRfl/fl mice (Figure S2A). Finally, activation of CD4+ Tcon and CD8+ T cells by anti-CD3/anti-CD28 antibodies was comparable in Foxp3-Cre and Foxp3-Cre GRfl/fl mice regarding induction of CD44 and production of IFN-gamma (Figure S2B). In summary, deletion of the GR in Treg cells does not modify their basal cell number, phenotype or activation competence.
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FIGURE 2. Immune characteristics of Foxp3-Cre GRfl/fl mice. (A) Thymi and spleens from Foxp3-Cre and Foxp3-Cre GRfl/fl mice were analyzed for cellularity of CD4+Foxp3+ Treg (left panel) and CD4+CD25− Tcon cells (right panel). (B) Treg cell signature marker expression by thymic (left panel) and splenic (right panel) CD4+Foxp3+ Treg cells. Data shown are median immunofluorescence intensity values from individual Foxp3-Cre or Foxp3-Cre GRfl/fl mice. (C) Thymic Treg cells were divided into subsets according to their GITR expression levels (GITRint or GITRhigh; left panel: gating; middle panel: frequency; right panel: MFI). (D) CD44 expression level of thymic (left panel) or splenic (right panel) CD4+Foxp3+ Treg cells from Foxp3-Cre and Foxp3-Cre GRfl/fl mice. Data are shown as mean ± SEM (n = 4).





In vivo Survival of Treg Cells Does Not Depend on GR Expression

To directly assess the impact of GR deletion in Treg cells on their survival in a competitive setting, we generated heterozygous female Foxp3-Cre/wt GRfl/fl mice. As Foxp3 is located on the X chromosome, random inactivation of one allele in these mice is predicted to produce 50% of Treg cells that use the WT allele (i.e., GR-sufficient) and 50% of Treg cells that use the Foxp3-Cre allele (i.e., GR-deficient). In spleen, but not in thymus, we observed a moderate competitive disadvantage of Treg cells expressing the Foxp3-Cre allele (Figure 3A), a finding previously reported by others (23). However, in both thymus and spleen, equal proportions of WT and GR-deficient Treg cells were generated and/or survived, suggesting that the GR does not influence survival of Treg cells in a physiologically normal setting (Figure 3A). The observation that the Foxp3-Cre allele may affect peripheral Treg cell survival, together with the finding that the Foxp3-Cre allele is mildly hypomorph as reported by others (18), prompted us to determine Foxp3 expression levels in WT and Foxp3-Cre-expressing mouse strains. In agreement with Franckaert et al. (18) we found a ~30% reduction of Foxp3 protein expression in mice expressing the Foxp3-Cre allele as compared to WT mice (Figure 3B, left panel), whereas all mouse strains expressing the Foxp3-Cre allele displayed equal amounts of Foxp3 (Figure 3B, right panel). Since we did not find deviations produced by the Foxp3-Cre allele other than those shown in Figure 3, mice expressing this allele were used as controls in our experiments (Foxp3-Cre mice). Finally, to test for potential epigenetic changes in critical regions of the Foxp3 locus we analyzed the methylation status as described previously (24). However, the degree of methylation of CpG islands within the Foxp3 locus appeared comparable in WT, Foxp3-Cre, and Foxp3-Cre GRfl/fl mice (Figure S3), supporting the finding that Foxp3 expression is unchanged in the absence of the GR (Figure 3B). Hence, in vivo survival of Treg cells and expression of their lineage specification factor Foxp3 is, at least under basal conditions, not dependent on expression of the GR by these cells.
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FIGURE 3. Treg cell survival does not depend on GR expression. (A) CD4+Foxp3+ Treg cells from heterozygous female Foxp3-Cre/wt and Foxp3-Cre/wt GRfl/fl mice were divided into YFP+ (Cre+) and YFP− (Cre−) cells according to the gating strategy shown in the upper panels. Lower panels show YFP+ vs. YFP− fractions in the thymus (left panel) or spleen (right panel). CD4+Foxp3+YFP+ Treg cells from heterozygous female Foxp3-Cre/wt GRfl/fl mice are GR-deficient whereas CD4+Foxp3+YFP− Treg cells are GR-sufficient. (B) Foxp3 expression levels of Treg cells from WT (Foxp3-GFP reporter) and Foxp3-YFP-Cre mice (left panel). Data are shown as mean ± SEM (n = 3). The right panel shows Foxp3 expression in Treg cells from Foxp3-Cre, Foxp3-Cre GRwt/fl and Foxp3-Cre GRfl/fl mice. Data are shown as mean ± SEM (n = 5).





Antinuclear Antibody Prevalence Is Increased in Foxp3-Cre GRfl/fl Mice

Since both Treg cell number and function change with age, we analyzed 13 months old Foxp3-Cre and Foxp3-Cre GRfl/fl mice for splenic Treg cell number and found no major changes between these genotypes (Figure 4A; Figure S4). Scurfy mice, who are deficient for regulatory T cells, develop antinuclear antibodies (ANA) and lupus-like disease (25, 26). When sera of GR-deficient Treg cell mice were investigated for the presence of ANA, it appeared that higher fractions were positive as compared to Foxp3-Cre mice (Figures 4B,C). This observation appeared to be sex independent. Accordingly, Treg cell-intrinsic expression of the GR seems to prevent loss of tolerance to these autoantigens with age.
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FIGURE 4. Increased frequency of antinuclear antibodies (ANA) in Foxp3-Cre GRfl/fl mice. (A) Flow cytometry analysis of splenic total CD4+ and CD4+Foxp3+ Treg cells (expressed as a percentage of total CD4+ cells) from Foxp3-Cre and Foxp3-Cre GRfl/fl mice. (B) Example of ANA determination by immunofluorescence. Mouse sera were incubated with HEp-2 cells and the presence of ANA was determined by indirect immunofluorescence microscopy. The sample on the left is ANA negative, while the sample on the right is considered ANA positive. (C) Presence of ANA in sera from 8 to 13 months old Foxp3-Cre and Foxp3-Cre GRfl/fl mice. Data are shown as mean ± SEM (n ≥ 7).





Defective Function of GR-Deficient Treg Cells in vivo but not in vitro

The increased presence of ANA in our GR-deficient Treg cell mice prompted us to study the suppressive capacity of their Treg cells, first tested in an in vitro assay. Naïve CD4+ Tcon cells from Foxp3-Cre control mice were stimulated with anti-CD3 mAb in the presence of irradiated antigen presenting cells (APCs) and co-cultured with different Treg cell numbers derived from Foxp3-Cre or Foxp3-Cre GRfl/fl mice. Proliferation of Tcon cells, assessed after 3 days, was potently suppressed by Treg cells, however, Foxp3-Cre and Foxp3-Cre GRfl/fl Treg cells exhibited an equal inhibitory capacity (Figure 5A). Similar results were obtained when Treg cells from Foxp3-Cre or Foxp3-Cre GRfl/fl mice were compared for their ability to inhibit proliferation of CD4+CD44+CD62L− memory T cells (Figure S5A).


[image: image]

FIGURE 5. Suppression capacity of GR-deficient Treg cells is defective in vivo but not in vitro. (A) in vitro T cell suppression assay: WT CD4+Foxp3−CD25−CD45RBhigh Tcon cells were cultured either alone or co-cultured at different ratios with CD4+Foxp3+CD25+CD45RBlow Treg cells derived from Foxp3-Cre or Foxp3-Cre GRfl/fl mice. Data are shown as mean ± SEM (n = 5). (B) T cell transfer model of colitis in RAG1−/− mice. WT CD4+Foxp3−CD25−CD45RBhigh Tcon cells were either transferred alone (WT-Tcon only) or co-transferred with CD4+Foxp3+CD25+CD45RBlow Treg cells from Foxp3-Cre or Foxp3-Cre GRfl/fl mice. Body weight was assessed over time and animals were sacrificed either when weight loss exceeded 15% or 4 weeks after cell transfer (day 29) (C) Splenic CD4+CD25− Tcon and CD4+Foxp3+ Treg cells were enumerated (right panel) and the ratio between these subsets calculated (left panel). In vitro cytokine production of IFN-gamma (D) and IL-17 (E) by either splenic CD4+CD25− Tcon or CD4+Foxp3+ Treg cells obtained from RAG1−/− mice treated and sacrificed as described in (B). Representative gating strategy for IFN-gamma [(D), upper panels] and IL-17 [(E), upper panels] shows unstained samples (upper left panels) and cytokine-stained samples (upper right panels), derived from a mouse receiving WT-Tcon + GR-deficient Treg cells. (F) Treg cell signature marker expression by splenic Treg cells taken from mice described in (B). Data are shown as mean ± SEM (n ≥ 7).



Since many autoimmune-prone mouse strains carrying Treg cell specific mutations have normal Treg cell suppressor function in vitro (3), we set out for in vivo functional testing of GR-deficient Treg cells in a mouse model for inflammatory bowel disease, i.e., T cell transfer colitis in RAG1−/− mice (27). These mice produce no mature T cells or B cells and develop colitis upon transfer of Treg cell-depleted CD4+Foxp3−CD25−CD45RBhigh Tcon cells (WT-Tcon only; Figure 5B). Co-transfer of CD4+Foxp3+CD25+CD45RBlow Treg cells from Foxp3-Cre mice (WT-Tcon + Foxp3-Cre Treg) prevented, as expected, the development of disease. Strikingly, Treg cells derived from Foxp3-Cre GRfl/fl mice were largely ineffective under these experimental conditions (WT-Tcon + Foxp3-Cre GRfl/fl Treg; Figure 5B).

The failure of GR-deficient Treg cells to protect against colitis was also evident from histological assessment of intestinal inflammation (Figure S5B). Blinded grading of colonic inflammation revealed complete protection in mice treated with control Treg cells whereas suppression of intestinal inflammation in mice treated with GR-deficient Treg cells was incomplete.

Analysis of the Tcon:Treg cell ratio in spleens of RAG1−/− mice sacrificed after 4 weeks revealed a striking 8-fold higher ratio in mice receiving Treg cells from Foxp3-Cre GRfl/fl, as compared to Foxp3-Cre mice (Figure 5C, left panel), indicating strong relative expansion of Tcon cells in the presence of GR-deficient Treg cells (Figure 5C, right panel).

Since expansion of Tcon cells is consistent with a pro-inflammatory phenotype, we next studied pro-inflammatory cytokine expression by splenic Tcon and Treg cells. The fraction of Tcon cells producing IFN-gamma after 4 weeks was highest in mice with the strongest disease symptoms, i.e., those receiving either Tcon cells (WT-Tcon only) or those co-injected with Tcon cells plus Treg cells from GR-deficient Treg cell mice (WT-Tcon + Foxp3-Cre GRfl/fl Treg; Figure 5D). Remarkably, significantly more Treg cells producing IFN-gamma (Figure 5D), but not IL-17 (Figure 5E), were present in mice that were treated with GR-deficient Treg cells than in mice receiving control Treg cells. Treg cell signature marker expression levels were similar between control and GR-deficient Treg cells (Foxp3, GITR and CD25), with the exception of CTLA-4 which was significantly elevated on GR-deficient Treg cells (Figure 5F and Figure S5C). Analysis of IFN-gamma producing Treg cells for Foxp3 expression levels revealed no significant differences between GR-deficient and GR-proficient Treg cells (Figure S5D).

Further in depth analysis of Treg cell markers and subsets was performed on splenic Treg cells that were used in the transfer colitis experiments, i.e., CD4+Foxp3+CD45RBlow cells (for gating, see Figure S6A) derived from Foxp3-Cre and Foxp3-Cre GRfl/fl mice, revealing no differences regarding expression levels of Foxp3, CD25, Latency Associated Peptide (LAP), Lymphocyte-activation gene 3 (LAG-3), PD-1 and GITR (Figure S6A, right panel). Fractions of CD4+Foxp3+CD45RBlow cells expressing these markers were also similar in both mouse strains with the exception of a reduction in PD-1 expressing cells (Figure S6A, middle panel). We next analyzed the presence of two recently described Treg cell subsets, i.e., GITRhighPD-1highCD25high (Triplehigh) Treg cells, which reportedly control in vivo lymphocyte proliferation, and GITRlowPD-1lowCD25low (Triplelow) Treg cells, which have been shown to limit colitis (28). Interestingly, while the fraction of Triplehigh Treg cells appeared reduced in Foxp3-Cre GRfl/fl mice, Triplelow Treg cells were not significantly changed as compared to Foxp3-Cre mice (Figure S6B, lower left panel). In addition, mean expression levels of GITR, PD-1, and CD25 were similar between both mouse strains (Figure S6B, lower right panel).

A different Treg cell subset which may suppress colitis has the phenotype Foxp3lowCD25−GITR+, designated GITR single-positive cells (29). A comparison of this subset in spleens from Foxp3-Cre and Foxp3-Cre GRfl/fl mice revealed, however, no significant differences (Figure S6C).

Taken together, our findings during experimental intestinal inflammation indicate that GR-deficient Treg cells, while retaining expression of Treg cell markers, acquired an increased plasticity toward a Th1-like Treg cell phenotype that was accompanied by a reduction in the suppressive capacity of these cells.




DISCUSSION

Here, we show that GR-deficient Treg cells, while displaying no changes in function under basal conditions, are defective under inflammatory conditions and gain the ability to produce effector cytokines that are characteristic for Th1-like Treg cells. In line with their general inhibitory properties during inflammation, endogenous GC are apparently required to prevent Treg cell plasticity that is associated with reduced suppressive function.

The finding that GR-deficient Treg cell mice have normal numbers of Treg cells in both thymus and spleen differs from a report by Mittelstadt et al. (15) showing reduced Treg cell numbers in both organs in mice deficient for the GR in all T cells (Lck-Cre GRfl/fl mice). However, the lack of the GR in non-Treg T cells in Lck-Cre GRfl/fl mice may account for this difference. Supporting the view that GC, at least under basal conditions, do not influence Treg cell homeostasis are the results of the competitive experiments in heterozygous female Foxp3-Cre/wt GRfl/fl mice, clearly showing that in a physiologically normal environment no differences were observed in development and/or survival between WT and GR-deficient Treg cells.

GC may regulate T cell number in both thymus and peripheral lymphoid organs but data from previous studies are conflicting and Foxp3+Treg cells were not specifically analyzed. Thymocyte number and subset distribution in different mouse strains targeting exon 2 has been shown to be unchanged (30, 31). Studies conditionally targeting exon 3 of the GR revealed either no changes in thymocyte numbers (32) or a clear reduction (15) without a change in major subset composition. Similar results were found for peripheral T cell numbers in both mouse strains. It is currently unclear why both mouse models targeting exon 3 display substantial differences with respect to the size of their T cell pools. Conversely, transgenic mice overexpressing the GR 2-fold selectively in T cells showed a reduction in both thymocyte and peripheral T cell numbers (19). Moreover, transfer of bone marrow cells from mice expressing a gain of function GR knock-in into irradiated WT mice revealed a strong reduction of T-cell numbers analyzed ten weeks later, as compared to irradiated mice that received bone marrow from WT mice (33). Collectively, these findings suggest that endogenous GC regulate T cell homeostasis to some extent and such control may be more pronounced once peripheral GC concentrations are elevated which reportedly occurs upon activation of the immune system (34).

Expression of Treg cell signature molecules by Treg cells were similar between Foxp3-cre and Foxp3-Cre GRfl/fl mice, with the exception of a small, but significant increase in frequency of GR-deficient thymic Foxp3+ cells expressing the TNF receptor superfamily member GITR at high levels. Since on the one hand GITR regulates Treg cell development and correlates with TCR signal strength (21, 35) and, on the other hand, GC reportedly induce GITR in T cell hybridoma cells (36), this observation seems counterintuitive at first sight. However, GC were shown to induce very limited upregulation of GITR in primary CD4+ T cells, whereas TCR signaling appears to be a much stronger inducer of GITR than GC (37). Moreover, TCR signaling in the presence of GC seems to reduce GITR expression in these cells as compared to TCR signaling alone (37). Our observation that GITR expression is increased in GR-deficient Treg cells suggests that endogenous GC may inhibit TCR-induced GITR in Foxp3+ Treg cells as well. According to the “mutual antagonism” hypothesis, crosstalk between GR signaling and TCR signaling leads to survival of conventional T cells bearing TCRs that build up a repertoire that is required for a robust adaptive immune response (15, 38). Whether GC also change the TCR repertoire of Treg cells and, by this means, affect their functional competence, remains to be established. Our finding that splenic GITRhighPD-1highCD25highFoxp3+CD45RBlow Treg cells were reduced in Foxp3cre GR/fl/fl mice does not point to an increased TCR affinity for self-antigens of these GR-deficient Treg cells, at least in the periphery.

While Treg cell signature molecule expression and the suppressive capacity of GR-deficient Treg cells on in vitro Tcon cell proliferation appeared unaffected, the increased presence of ANA in Foxp3-Cre GRfl/fl mice at older age provided the first indication for a potentiating role of the GR in Treg cell function. Since we did not observe significant changes in both the percentage and the absolute Treg cell number in our mouse strains, we assume that the functional competence of Treg cells decreases with age in the absence of cell-intrinsic GR expression. Alternatively, in the GR-deficient Treg cell population, we detected a reduced fraction of GITRhighPD-1highCD25high Treg cells, which reportedly inhibit in vivo lymphocyte proliferation (28). However, whether this observation contributes to the increased presence of ANA in Foxp3-Cre GRfl/fl mice at older age is currently not known. The second observation that the GR is required for full Treg cell function was made in the transfer colitis model. Our findings suggest that under inflammatory conditions Treg cells that lack the GR may become unstable regarding their suppressive regulatory T cell function. Moreover, it seems that GR-deficient Treg cells gained the ability to produce effector cytokines that are characteristic for Th1 cells. Such Th1-like Treg cells producing IFN-gamma (but maintaining Foxp3 expression) have been reported to be present at an increased frequency in both mouse models (39) and patients with autoimmune diseases such as type 1 diabetes (40) or multiple sclerosis (41). The physiological relevance of the plasticity and instability of helper T cell-like Treg cells (Th1-, Th2-, and Th17-like Tregs) and their role in the development of autoimmune diseases has yet to be clarified. Moreover, the molecular mechanisms and the environmental signals that trigger the development of helper T cell-like Treg cells in general and Th1-like Treg cells in particular are largely unknown (4). Our data suggest that endogenous GC act as an environmental signal to prevent Treg cell differentiation into Th1-like Treg cells and maintain Treg cell function in a T cell transfer model of colitis. The failure of GR-deficient Treg cells to respond to GC that are produced at increased levels during immune system activation (34), notably not only by the adrenals but also locally by the intestine itself (42), most likely leads to dysfunctional Treg cells in this disease model. Indeed, in another model of experimental colitis, dextran sodium sulfate (DSS)-induced colitis, endogenous circulating corticosterone levels were increased (43).

The proportion of functionally impaired GR-deficient Treg cells producing IFN-gamma more than doubled compared to control Treg cells but retained Foxp3, GITR and CD25 expression, whereas CTLA-4 was higher. IFN-gamma was shown by others to be involved in a functional defect of IFN-gamma+Foxp3+ Treg cells lacking Foxo1 (44). Foxo1-deficient Treg cells, which display a Th1-like phenotype, did not prevent disease in the T cell transfer colitis model. However, these Treg cells were partially protective when Ifng was deleted in addition to Foxo1. Phenotypically, Foxo1-deficient Treg cells expressed similar Foxp3, increased CD25 and marginally reduced CTLA-4 levels, compared to WT control Treg cells (44). In contrast, antigen (flagellin)-specific IFN-gamma+Foxp3+ Treg cells tested for suppression capacity in the same model of chronic colitis were found to maintain their regulatory function without reporting on Treg cell marker expression (45). Hence, it remains to be clarified on the one hand whether IFN-gamma+Foxp3+ Treg cells in general play a pathogenic or protective role in this setting and on the other hand which environmental signals and signaling pathways are responsible for driving the induction of IFN-gamma+Foxp3+ Treg cells. With respect to GR-deficient Treg cells, the generation of an animal model where IFN-gamma would be deleted together with the GR in Foxp3+ Treg cells (double-deficient Treg cells) would clarify whether Treg cell-derived IFN-gamma is causal for the dysfunction of GR-deficient Treg cells in experimental colitis.

The molecular mechanisms of how GR signaling prevents Treg cell plasticity and functional instability in transfer colitis are presently unknown. GC have been shown to upregulate Foxp3 mRNA in CD4+ T cells of asthmatic patients (46) and in murine splenic CD4+CD25high cells (11). Furthermore, the GR has been shown to interact with Foxp3 at the protein level as part of large multiprotein complexes (47). Conversely, Foxp3 binds the Nr3c1 locus (47) and increases Nr3c1 mRNA expression in thymic Treg cells (48), suggesting that both Foxp3 and GR are able to mutually regulate each other's expression levels and likely also their downstream targets. Supporting the view that the GR enhances Treg cell function is the observation that GC treatment of patients suffering from myasthenia gravis or multiple sclerosis not only improved clinical disease symptoms but also enhanced Treg cell function (12, 49) and inhibitory cytokine production (12), as compared to untreated patients.

Despite being defective under inflammatory conditions in vivo, the inhibitory potency of GR-deficient Treg cells in the in vitro suppression assays was not affected, irrespective of whether naïve Tcon or Tmem cells were used as target cells. The apparently contrasting results between in vitro and in vivo Treg cell functional assays have been previously reported in several other mouse models carrying a Treg cell specific deletion or mutation of a given gene (3). To explain this discrepancy, the current view is that Treg cells do not use one particular mechanism by which they exert their suppressor function, but rather use several pathways simultaneously, especially in vivo (3).

Collectively, our findings demonstrate that the GR is critical for Treg cell function under inflammatory conditions. Endogenous GC levels are typically increased in the course of immune and inflammatory responses and may, by GR signaling, counterregulate the acquisition of Th1 cell-like characteristics by Treg cells, such as the production of IFN-gamma, that would reduce their potency to suppress inflammation. Future studies will determine whether the loss of GR in Treg cells also accounts for increased Treg cell plasticity in other inflammatory and autoimmune disease models. If that would be the case, it may be justified to develop GC therapies for autoimmune and inflammatory disorders that specifically target Treg cells in order to reduce the strong side-effects of these hormones.



MATERIALS AND METHODS


Mice

GRfl/fl mice (16) were bred on a C57BL/6 background to mice expressing Foxp3-YFP/Cre as a knocked-in YFP/iCre-recombinase fusion protein from the Foxp3 locus (17) to generate mice with GR-deficient Treg cells (Foxp3-YFP-Cre GRfl/fl mice). Foxp3-YFP-Cre mice were used as littermate controls for Foxp3-YFP-Cre GRfl/fl mice. Animals were housed in the Central Laboratory Animal Facilities of the Medical University of Innsbruck under standard light cycles and temperatures, and food and tap water were available ad libitum. C57BL/6 Foxp3-GFP reporter mice (50) were purchased from Jackson Labs (Bar Harbor, ME, USA) and served as CD4+ Tcon cell donors for the T cell transfer colitis experiments. RAG1−/− mice were a kind gift from A. Moschen, Department of Internal Medicine II, Medical University Innsbruck. All animal experiments were performed in accordance with the Austrian “Tierversuchsgesetz” (BGBl. Nr. 501/1988 i.d.F. 162/2005) and have been granted by the Bundesministerium für Bildung, Wissenschaft und Kultur (bm:bwk).



Flow Cytometry

Cell suspensions were prepared in KDS-BSS buffer containing 10% FCS. Cells were stained with combinations of the following antibodies for 20 min at 4°C: anti-CD4-PerCP/Cy5.5 (clone RM4-5) and anti-PD-1-PE (anti-CD279, clone J43) (both from eBiosciences, CA, USA); anti-CD8-PECy7 or anti-CD8-AF647 (clone 53-6.7), anti-B220-APC/Cy7 (clone RA3-6B2), anti-CD25-PE (clone 3C7) or CD25-BV421 (clone PC61), GITR-PE/Cy7 (clone YGITR765), CD45Rb-AF647 (clone C363-16A), LAP-PE (clone TW7-16B4), and CD223(LAG-3)-BV421 (clone C9B7W) (all from Biolegend, CA, USA); CD62L-PE (clone MEL-14) and CD44-BV510 (clone IM-7) (both from BD Biosciences; San Jose, CA). DAPI and Annexin-V (eBiosciences, CA, USA) were used to quantify or gate out apoptotic or dead cells.

For Foxp3 intracellular staining Foxp3/Transcription Factor Buffer set and anti-Foxp3-eF660 (clone FJK-16s) (both from eBiosciences) were used according to the manufacturer's instructions. For GR intracellular staining we used BD Cytofix and BD Cytoperm reagents (BD Pharmingen, CA, USA) and stained with anti-GR (clone D6H2L) (Cell Signaling, MA, USA), followed by a secondary antibody (goat anti-rabbit IgG AF647 (Invitrogen, OR, USA)). The same buffer set was used for cytokine staining using anti-IFN-gamma-PE (clone XMG1.2), IL-17-AF647 (clone TC11-18H10.1), anti-CTLA-4-PE (clone UC10-4B9; all from BioLegend), anti-IL-10-PE (clone JESS-16E3) and anti-Helios-APC (clone 22F6; both from eBiosciences).



Cell Sorting

To obtain naïve conventional T cells (Tcon), CD4+Foxp3−(GFP−)CD25−CD45RBhigh cells were sorted from spleen and/or mesenteric lymph nodes from Foxp3-GFP reporter mice. Memory T (Tmem) cells (CD4+Foxp3−(YFP−)CD44+CD62L−CD45RBhigh) were sorted from splenocytes from Foxp3-YFP-Cre mice. CD4+Foxp3+(YFP+)CD25+CD45RBlow Treg cells were isolated from Foxp3-YFP-Cre and Foxp3-YFP-Cre GRfl/fl mice. Cell sorting was performed using a FACSAria III cell sorter (Becton Dickinson) and purity of isolated cell populations was routinely at least 98%.



Cell Culture

For the GC sensitivity test, single cell suspension of splenocytes (1 × 106cells/mL) was incubated in flat bottom 96-well plates with corticosterone (Sigma, MO, USA) at 125 or 625 nM for 48 h and then analyzed for cell death as decribed (51). For TCR activation experiments, T cells (enriched by MACS) were seeded in anti-CD3 coated (5 μg/mL) 96-well round bottom plates and treated with soluble anti-CD28 (1 μg/mL; both antibodies from Biolegend) in the presence of 100 U/ml IL-2 (PreproTech, USA) in RPMI medium (supplemented with 50 uM beta-Mercaptoethanol, 100 U/mL Penicillin/Streptomycin, 2 mM L-Glutamine, 1 mM Na-Pyruvate, and non-essential amino acids), cultured for 48 h and then analyzed for activation status and cytokine production. For the in vitro T cell suppression assay, single cell suspensions were prepared from spleens and mesenteric lymph nodes from Foxp3-YFP-Cre and Foxp3-YFP-Cre GRfl/fl mice. 2 × 105/mL Tcon cells or Tmem were stained with a cell proliferation dye (CPD-eF450) (eBioscience) and cultured together with irradiated (30 Gy) splenocytes (8 × 105 cells/mL) in RPMI complete medium in 96-well round bottom plates. To induce cell proliferation, anti-CD3 (Biolegend, CA, USA) 0.5 μg/mL was added to the medium. In the indicated cases, different Treg cell concentrations were added to obtain Treg:Tcon ratios of 1:1, 1:2, 1:5, and 1:10. Cells were incubated for 72 h at 37°C and 5% CO2 and then analyzed for cell proliferation by Flow cytometry. For cytokine staining experiments, splenocytes were stimulated with 50 ng/mL PMA (Fluka Biochemika) and 1 mg/mL Ionomycin (Sigma) for 4 h. During the last 3 h of cell culture Monensin (Biolegend) was added.



RNA Isolation and Quantitative RT-PCR (qPCR)

Total RNA was isolated from 1 × 105 sorted cells using Quick-RNA MicroPrep kit (Zymo Research, CA, USA) and cDNA was synthesized using iScript cDNA Synthesis Kit (BioRad, CA, USA), according to the manufacturer's instructions. Real time PCR was performed using the following TaqMan Gene Expression Assays: GR (Nr3c1; Mm00433833_mH) and Actin-beta (Actb; Mm00607939_s1) and Luminaris Color Probe Master Mix (all from Thermo Fischer Scientific, MA, USA). Quantitative RT-PCR was analyzed using the StepOnePlus system (Applied Biosystems, Thermo Fischer Scientific, MA, USA) according to the manufacturer's instructions. The results were normalized to Actb expression and evaluated using the ΔΔCt relative quantification method.



Antinuclear Antibodies (ANA) Detection

For detection of ANA we used Kallestad HEp-2 cell line 12-well slides from Bio-Rad (Hercules, California). Serum samples were diluted 1:50 and 1:100 and incubated on the slides according to the manufacturer's instructions. Fluorescence-labeled antibody AF488 donkey anti-mouse (Jackson ImmunoResearch Inc., West Baltimore Pike, West Grove, PA, USA) was used as a secondary antibody and slides were analyzed using a fluorescence microscope. Serum samples from MRL/lpr mice were used as positive controls for ANA detection.



T Cell Transfer Model of Colitis

CD4+Foxp3−CD25−CD45RBhigh Tcon cells were sorted from congenic C57BL/6 Foxp3-GFP mice and injected i.p. into 6 to 15-weeks-old C57BL/6 RAG1−/− immunodeficient recipients (3 × 105 cells/mouse). 1.5 × 105 Foxp3-YFP-Cre or Foxp3-YFP-Cre GRfl/fl Treg cells (CD4+Foxp3+CD25+ CD45RBlow) were co-injected i.p. where indicated. Mice were monitored every second day for wasting disease. Mice were sacrificed either when having lost >15% of their initial body weight or 4 weeks after cell transfer.



Histology of Intestinal Inflammation

Samples of mid-colon were fixed in buffered 4% formalin solution. Three millimeter paraffin-embedded sections were cut and stained with hematoxylin and eosin. Tissues were evaluated semi-quantitatively and assigned a grade of 0 to 4 in a blinded fashion. Grade 0: no changes observed, grade 1: discrete increased inflammatory cells in the lamina propria with granulocytes in the lamina epithelialis, grade 2: as grade 1 with scattered erosions of the mucosa, grade 3: increased inflammatory cells in the lamina propria and scattered crypt abscesses, grade 4: all signs of grade 3 plus more than 3 crypt abscesses per colon circumference in the scanning magnification.



Western Blot

Cellular subsets (3.5 × 105 cells/subset) were resuspended in Laemmli sample buffer and heated in boiling water for 5 min. Total proteins were loaded on 10% Bis-Tris acryl-amide gels and blotted on AmershamTM HybondTM-ECL nitrocellulose membranes (GE Healthcare, Little Chalfont, UK). Rabbit anti-mouse GR (clone D6H2L) (Cell Signaling, MA, USA) and rabbit anti-mouse AKT (Cell signaling Technology, Danvers, MA) were used for protein detection. All primary antibodies were diluted in 5% BSA in PBST and blots were incubated overnight at 4°C.



ELISA for Serum Corticosterone

Serum samples from Foxp3-YFP-Cre and Foxp3-YFP-Cre GRfl/fl mice were collected between 9 and 10 a.m. and analyzed for corticosterone content by ELISA (Enzo Life Sciences, CH) according to the manufacturer's instructions.



DNA Methylation Analysis

Genomic DNA was isolated from sorted CD4+CD25−CD45RBhigh conventional T cells as well as CD4+Foxp3+CD25+ Treg cells sorted from WT Foxp3-GFP reporter, Foxp3-YFP-Cre mice and Foxp3-YFP-Cre GRfl/fl mice using the DNeasy blood and tissue kit (Qiagen, Hilden, Germany). Bisulfite modification was performed using the EZ DNA Methylation-Gold Kit (ZymoResearch). MethyLight PCR analysis and the calculation of the percentage of methylated reference (PMR) were done as described previously (52, 53). Two Foxp3 assays (one reaction for DNA methylation analysis and one for internal reference, with a mean distance of −2.226 base pairs, or −3.866 base pairs respectively, to the transcription start site) were determined with the assistance of the computer program Primer Express version 2.0.0 (Applied Biosystems, Foster City, CA, USA). Primers used have been described previously (53).



Statistics

Estimation of statistical differences between groups was carried out using the unpaired Student's t-test or two-way ANOVA test, where appropriate. A chi-square test was used to test for differences between groups regarding prevalence of ANA. P ≤ 0.05 were considered to indicate statistically significant differences. nsp ≥ 0.05; *p < 0.05; **p ≤ 0.01; ***p < 0.001; and ****p < 0.0001.
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Objective: The type I interferon (IFN) response in rheumatoid arthritis (RA) has been extensively studied in relation to therapy with biological DMARDs (bDMARDs). However, the effect of conventional synthetic (cs)DMARDs and glucocorticoids (GCs) on IFN response gene (IRG) expression remains largely unknown, even though csDMARDS are used throughout all disease phases, including simultaneously with biologic therapy. This study was aimed to determine the dynamics of IFN response upon immunosuppressive treatment.

Methods: Whole blood was collected in PAXgene tubes from 35 RA patients who received either COBRA therapy (combination of prednisone, initially 60 mg, methotrexate and sulfasalazine) (n = 14) or COBRA-light therapy (prednisone, initially 30 mg, and methotrexate) (n = 21). Expression of 10 IRGs was determined by real-time PCR at baseline (T0), after 4 weeks (T4), and 13 weeks (T13) of treatment. IRG selection was based on the differential presence of transcription factor binding sites (TFBS), in order to study the therapy effect on different pathway components involved in IFN signaling.

Results: Seven of the 10 IRGs displayed significant changes during treatment (p ≤ 0.016). These 7 IRGs all displayed a particularly pronounced decrease between T0 and T4 (≥1.6-fold, p ≤ 0.0059). The differences between IRG sensitivity to the treatment appeared related to the presence of TFBS for STAT1 and IRF proteins within the genes. The extent of the decreases between T0 and T4 was similar for the COBRA- and COBRA-light-treated group, despite the differences in drug combination and doses in those groups. Between T4 and T13, however, IRG expression in the COBRA-light-treated group displayed a significant increase, whereas it remained stable or decreased even further in most COBRA-treated patients (comparison of mean fold changes, p = 0.011). A significant association between IRG dynamics and clinical response to therapy was not detected.

Conclusions: Immunosuppressive treatment with csDMARDs, in this case a combination of prednisolone, methotrexate and sulfasalazine, substantially downregulates the IFN response in RA patients. The dynamics of this downregulation were partly dependent on the presence of TFBS within the IRGs and the combination and dosages of agents, but they were irrespective of the clinical response to therapy.

Keywords: rheumatoid arthritis, interferon, interferon response, biomarker, immunosuppression


INTRODUCTION

Early treatment of rheumatoid arthritis (RA) has proven effective in decreasing disease activity and limiting joint damage (1, 2). One treatment strategy which has shown effectiveness in early RA is COBRA (Dutch acronym for COmbinatietherapy Bij Reumatoïde Arthritis), which is a step-down strategy consisting of initial high dose prednisolone (60 mg per day), methotrexate (MTX) and sulfasalazine (SSZ). Due to rheumatologists' concerns with respect to the high initial prednisolone dose and the complexity of the drug schedule, COBRA-light strategy was introduced, which consists of a lower initial prednisolone dose (30 mg/day), combined with increasing doses of MTX (10–25 mg in 9 weeks) and no SSZ. The two strategies have shown to be similarly effective (3–5).

The use of glucocorticoids (GCs) such as prednisolone and conventional synthetic disease-modifying anti-rheumatic drugs (csDMARDs) such as MTX and SSZ is not restricted to early disease. In fact, these therapies are used throughout all phases of the disease, either as monotherapy or in combination, including simultaneously with biologic therapy (6).

With regard to biologic therapy, we have previously demonstrated that the predictive performance of the type I interferon (IFN) response gene set for non-response to rituximab was impaired when patients were using prednisolone at the moment of blood collection (7). Besides rituximab, IFN response gene (IRG) expression has also been described as a predictor for other bDMARDS such as anti-TNF agents and tocilizumab, and RA onset (8–11).

However, studies on the potential influence of csDMARD and GC (co-)medication yet remain scarce. Insight into the effect of these therapies on the IFN response, as well as the potential relation between IRG expression and the clinical response to csDMARD and GC therapy, are highly relevant in order to further understand the role of the IFN response in RA.

In vitro studies have shown that GC signaling could inhibit type I IFN signaling by competition for the same intracellular signaling components, i.e., the IFN regulatory factors (IRFs) (12, 13) and by inhibition of the transcription factor STAT1 (14). Accordingly, we have observed that RA patients who were treated with the GC prednisolone indeed displayed lower IRG expression compared to patients who had not received this treatment (7, 15). Although this decrease was not observed with methotrexate (MTX) use and appeared dependent on prednisolone dose, a causal relation could not be established due to the cross-sectional nature of the study. Moreover, since the study was performed in patients who were about to start on biologic therapy, hence who no longer benefitted from the csDMARD and GC therapies, an analysis in relation to clinical response to these therapies could not be made. The present study was focused on exploration of the IFN response during COBRA and COBRA-LIGHT therapy in RA. The sample collection within the COBRA and COBRA-light cohorts enabled us to investigate this in a longitudinal manner and additionally examine the potential relation with clinical response.



METHODS


Patients and Treatment

All patients in the current study participated in the COBRA-light study, a randomized, open, multicenter trial comparing two treatment schedules for the treatment of early RA (http://www.controlled-trials.com; ISRCTN55552928). Details of that study have been reported previously (3). In short, DMARD-naïve Dutch patients with recent-onset RA according to the 1987 revised American College of Rheumatology criteria (16) were included and randomized to the COBRA-light or COBRA strategy. Whereas, COBRA therapy consists of initially high-dose prednisolone (60 mg/day) combined with sulfasalazine (SSZ) and low-dose methotrexate (MTX) (7.5 mg/week), COBRA-light consists of a lower initial prednisolone dose (30 mg/day) but a higher starting dose of MTX (10 mg/week) and no SSZ.

For this study, 36 patients were selected based on availability of PAXgene tubes at baseline (T0), after 4 weeks (T4) and 13 weeks (T13) at the Amsterdam Rheumatology and Immunology Center, location Reade, Amsterdam, The Netherlands. Fifteen patients received COBRA therapy and 21 patients received COBRA-light therapy. Therapy response was defined as a Disease Activity Score in 44 joints (DAS) ≤ 2.4 after 26 weeks of treatment. Additionally, the change in DAS (ΔDAS) after 13 weeks and 26 weeks was also assessed.

This study was approved by the medical ethics committee of VU University Medical Center and Reade, Amsterdam, The Netherlands, and informed consent was obtained from all donors.



RNA Isolation and cDNA Synthesis

From each donor, blood was collected into a PAXgene tube (PreAnalytiX GmbH) at baseline and after 4 weeks and 13 weeks of treatment. The PAXgene tubes were stored at −20°C until further processing. After overnight thawing at room temperature, total RNA was isolated using the PAXgene Blood RNA kit (PreAnalytiX GmbH) according to the manufacturer's instructions. Total RNA concentration was measured using the Nanodrop spectrophotometer (ThermoFisher Scientific Inc.). From each sample, 250 ng RNA was reverse-transcribed into cDNA using a Revertaid H-minus cDNA synthesis kit (ThermoFisher Scientific Inc.).



Interferon Response Gene Selection and Real-Time PCR

Because GCs have been demonstrated to inhibit the IFN response in vitro via interaction with specific signaling components such as IFN regulatory factors (IRFs) (12, 13) and STAT1 protein (14), three IFN response genes (IRGs) were selected for the presence of specific transcription factor binding sites (TFBS). Thereto, all 45 IRGs that were previously described to be part of the IFN signature in RA (17), were submitted to the Transfac algorithm available from Interferome (http://interferome.its.monash.edu.au), an online database of IRGs (18). As shown in Table 1, IL1RN only contained a binding site for the transcription factors STAT3, IFITM1 only for NFκB and IFI6 only for IRF-proteins, such as IRF7, IRF8, and IRF9, which binds the IFN responsive element (ISRE). In addition, RSAD2, MX1, and IFI44L were taken along as positive controls because of their known well-detectability (9, 15). To confirm our initial observations, four additional genes were included based on the presence of certain TFBS (see Table 1). Real-time PCR was performed using Taqman gene expression assays and ABI Prism 7500 HT Sequence Detection System (Thermo Fisher Scientific Inc.), according to the manufacturer's protocols. Gene expression values were calculated relative to a standard curve and normalized to the average expression of two housekeeping genes: 18S rRNA and HPRT.



Table 1. IFN response gene selection.
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Statistical Analysis

One patient was not included in the analyses as the RNA yield of its T4 sample was not sufficient for further measurements. Statistical analyses were performed using IBM SPSS Statistics 22. Data normality was checked according to Shapiro-Wilk test, with a normal distribution if p > 0.05. Because most data were not normally distributed, non-parametric tests were used for most comparisons. Longitudinal changes in IRG expression during treatment were tested using Friedman tests, followed by Wilcoxon signed ranks test. The comparisons of COBRA and COBRA-light therapy and responders and non-responders were performed using Mann-Whitney U test. Correlations between IRG expression and ΔDAS were assessed using Spearman correlation and correlations between IRG expression and 2log-transformed CRP and ESR ratios were assessed using Pearson correlation. P < 0.05 were considered statistically significant.




RESULTS


Patient Characteristics

Demographic and clinical data are shown in Table 2. No significant differences were observed in clinical characteristics between the COBRA and the COBRA-light group. After 26 weeks, the COBRA-light group displayed a higher DAS value and a lower percentage of patients with DAS values below 2.4. However, these differences did not reach significance, neither at later time points (data not shown, p ≥ 0.45), which is in line with previously demonstrated non-inferiority of COBRA-light versus COBRA therapy (3–5).



Table 2. Cohort characteristics of the COBRA and COBRA-light groups.
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Dynamics of the IFN Response During Immunosuppressive Therapy

In order to gain insight into the dynamics of the IFN response during COBRA and COBRA-light therapy, we first analyzed the expression of 6 IRGs at baseline (T0) and after 4 weeks (T4) and 13 weeks (T13) of treatment in the complete group of COBRA and COBRA-light combined.

As shown Figure 1 and Supplementary Table 1, expression of all measured IRGs except IFITM1 and IL1RN displayed significant changes over all time points (Friedman test, p ≤ 0.016, vs. p ≥ 0.057 for IFITM1 and IL1RN). These changes were most pronounced at T4, with median fold changes ranging from only 1.1-fold and 1.3-fold for IFITM1 and IL1RN, respectively, up to 2.5-fold for RSAD2 (Supplementary Figure 1A). In the significant genes, i.e., IFI6, IFI44L, MX1, and RSAD2, 69–77% of patients displayed a more than 1.2-fold decrease, whereas only 46 and 57% of the patients showed a more than 1.2-fold decrease in IFITM1 and IL1RN, respectively (Supplementary Table 1). As displayed in Supplementary Figure 2, the extent of the fold change of T4 and T0 was partly dependent on the gene expression levels at baseline, i.e., higher baseline expression generally led to higher fold decreases. However, several patients displayed relatively low baseline expression and relatively high fold changes and vice versa, indicating that the extent of the fold change could not be fully explained by the baseline expression values.


[image: image]

FIGURE 1. Expression dynamics of individual IRGs during COBRA and COBRA-light therapy. Both cohorts were merged for initial analysis.



Between T4 and T13, changes in IRG expression were either non-significant or displayed a moderate increase at the group level (1.0 to 1.4–fold increase, p = 0.012–0.29), indicating stabilization or even reversal of the IRG decrease that occurred after 4 weeks of treatment. Of note, overall dynamics were largely variable between patients (see Supplementary Figure 1B). Individual dynamics over time are displayed in Supplementary Figure 3.



Relation Between Transcription Factor Binding Sites and Sensitivity to Immunosuppressive Downregulation

Remarkably, the two genes that appeared least affected by the COBRA and COBRA-light therapy, IFITM1 and IL1RN, both lacked binding sites for IRF-transcription factors and STAT1 (see Table 1). This implies that the therapy-related IRG reduction might be IRF-dependent and/or STAT1-dependent. In order to test this hypothesis, an additional selection of IRGs was made, based on the presence of binding sites for either IRF or STAT1 (see Table 1). As shown in Figure 2 and Supplementary Table 2, the additional IRG that lacked a TFBS for IRF proteins or STAT1, i.e., IFITM2 displayed only moderate changes upon treatment, similar to IL1RN and IFITM1 (p = 0.49). Accordingly, the additional genes with a TFBS for IRF proteins and/or STAT1 showed a considerable downregulation at the group level (p ≤ 0.012). This further suggests that the therapy-related IRG reduction is largely IRF- and STAT1-dependent.
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FIGURE 2. Expression dynamics of individual IRGs during COBRA and COBRA-light therapy. IRGs were categorized based on the presence or absence of transcription factor binding sites (TFBS) for IRF proteins and/or STAT1. FC, fold change expressed in 2log values. P-values are indicated for longitudinal analysis by Friedman test.





Differences in Dynamics of IFN Response Between COBRA and COBRA-Light Therapy

Since the main difference between COBRA and COBRA-light therapy is the dose of prednisolone and the use of SSZ, and previous studies have shown a potential suppressing effect of those two agents on IRG expression (7, 13, 15), we next analyzed the two therapy groups separately. The 7 IRGs with most distinct dynamics over time (HERC5, IFI6, IFI44L, LY6E, MX1, RSAD2, and SERPING1) were highly correlating (Spearman r ≥ 0.53, p < 0.001), hence expression levels of these genes were averaged into a 7-IRG score for visualization purposes.

As shown in Figure 3, both the COBRA and the COBRA-light group displayed a similar median decrease in IRG expression between T0 and T4, despite the difference in prednisolone dose and SSZ use (Comparison of fold changes, p ≥ 0.19). However, IRG dynamics between T4 and T13 appeared strikingly different; whereas in the COBRA-treated group IRG expression displayed only minor changes (median 1.1-fold, maximum 1.6-fold increase), the majority of the patients in the COBRA-light-treated group displayed an increase in expression (median 1.8-fold, up to maximum 9.9-fold.Comparison of fold changes in 7-IRG score p = 0.029). Significantly more COBRA-light-treated patients displayed an increase of at least 1.2-fold (chi-square p = 0.019). Similar results were found for the individual IRGs (Supplementary Figure 4). There was no significant correlation between T13/T4 ratio and baseline IRG expression in these groups (p ≥ 0.12, data not shown), indicating that these dynamics are dependent on the treatment rather than on the baseline expression levels.
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FIGURE 3. Comparison of longitudinal changes in 7-IRG score between COBRA (C) and COBRA-light(CL)-treated RA patients. *p < 0.05.





Dynamics of IFN Response in Relation to Clinical Response to Therapy

Despite the significant changes in the IFN response observed at the group level, we also observed substantial variation in IRG expression between individuals. For example, some patients did not display downregulation in any of the IRGs between T0 and T4, or only in a part of them (data not shown). Therefore, we also investigated whether these inter-individual variations could be related to the clinical response to COBRA and COBRA-light therapy.

Non-response was defined as DAS > 2.4 at T26. As such, the merged cohort consisted of 7 non-responders and 28 responders. Due to low numbers, the two cohorts could not be analyzed separately. In line with previous reports, no correlation was observed between baseline DAS and IRG expression (15, 17) (data not shown). As shown in Table 3 and Supplementary Table 3, no significant differences in the 7-IRG score or any of the treatment-sensitive IRGs were observed between responders and non-responders, at baseline nor in the expression and dynamics after 4 and 13 weeks (p ≥ 0.059). Furthermore, no significant correlation was observed between IRG expression and dynamics and the change in DAS after 13 and 26 weeks (unadjusted p-values ≥ 0.045).



Table 3. Assessment of 7-IRG score values and dynamics in relation to clinical response to COBRA and COBRA-light therapy.
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At T4, where the maximum IRG decline was observed, DAS was not determined. Instead, we investigated CRP and ESR at T4 and later time points as indicators of inflammation. Interestingly, a significant positive correlation was observed between the change in IRG expression and change in both CRP and ESR between T0 and T4 (p ≤ 0.051, Pearson r ≥ 0.42 for 7-IRG score, see Table 3 and see Supplementary Tables 4, 5 for the individual IRGs). However, this correlation was diminished at later time points, suggesting that there is no relation with the eventual clinical response to COBRA and COBRA-light therapy. Separate analysis of the COBRA and COBRA-light group revealed similar results (data not shown).




DISCUSSION

In previous studies using cross-sectional data from RA patients, we observed lower IRG expression in patients using GCs, SSZ and hydroxychloroquine, but not in patients using MTX (7, 15). The unique and virtually complete longitudinal collection of PAXgene blood enabled us to investigate the influence of immunosuppressive therapy on the IFN response in a longitudinal setting. To our knowledge, the present study is the first to do so.

Using blood collected at baseline and after 4 and 13 weeks of COBRA or COBRA-light treatment, we observed a substantial downregulation of the IFN response within 4 weeks of therapy. This reduction was irrespective of the therapy group, but was not equally strong for each IRG. Between 4 and 13 weeks, however, IRG expression changes were highly variable between patients, which appeared partly dependent on the treatment.

The extent of the downregulation after 4 weeks of treatment was similar between COBRA and COBRA-light-treated patients. Most probably, this decline is due to the prednisolone treatment, as its dose is relatively high in both groups, and it acts more rapidly than MTX and SSZ. The absence of differences between COBRA and COBRA-light treatment at this time point suggests that prednisolone dose of 30 mg/day prednisolone already causes maximum downregulation. The expression dynamics seemed to be restricted to IRGs that contained one or more binding sites for IRF transcription factors and/or STAT1. Conversely, three genes that lacked such binding sites, displayed considerably less downregulation during treatment. Previous in vitro studies have shown that the GC signaling pathway, which is activated by prednisolone, is able to compete with the IFN signaling pathway for certain IRF proteins (12, 13) and to inhibit STAT1 activation (14), which could explain our observations.

Between T4 and T13, the IRG dynamics were more variable and differed between the two patient groups. Whereas normalization of IRG expression toward baseline levels was observed in the COBRA-light-treated group, IRG expression remained rather stable in the COBRA-treated group. This is particularly remarkable, as the prednisolone dose is equal between both groups at after 12 weeks (7.5 mg/day), and the only difference is the MTX dose (7.5 mg/week in COBRA and 25 mg/week in COBRA-light) and the addition of 2 g SSZ in the COBRA-treated groups. The total received dose of prednisolone, however, is 1.5-fold higher in the COBRA-treated group at this point. Possibly, the combination of SSZ and higher total prednisolone dose causes a more prolonged downregulation of the IFN response in the COBRA group. However, due to the combination of agents, it is not possible to strongly conclude which agent is responsible for the observed differences in dynamics.

Unfortunately, no untreated control-group with longitudinal follow-up was available, hence it cannot be fully excluded that the IRG dynamics we observed were a consequence of natural fluctuation. However, the correspondence with previously published in vitro data (12, 13) as well as our previous in vivo data (7, 15) and the observed differences between COBRA and COBRA-light strongly suggest that the observed changes in IRG expression are not spontaneous but truly mediated by the treatment.

The observation that not all IRGs appeared equally sensitive to the immunosuppressive agents of COBRA and COBRA-light therapies, and the putative influence of total prednisolone dose, could particularly be important when using the IFN response as a biomarker, which has been described for several biologics, including TNF inhibitors, rituximab, and tocilizumab (8, 10, 11, 19, 20). For example, we have demonstrated that the predictive performance of the 8-IRG geneset for non-response to rituximab is reduced when patients use prednisolone at the moment of blood collection, presumably because of a prednisolone-mediated reduction in IRG expression (7). Correspondingly, for 5 of the 8 genes in this geneset we have now shown that they indeed are sensitive to immunosuppressive treatment, including prednisolone.

Remarkably, the observation that the IRG downregulation attenuated in COBRA-light-treated patients implies that the IFN response could normalize upon reduction of the prednisolone dose. Hence, the 8-IRG geneset might still be applicable as a predictor for rituximab in patients who are tapering their prednisolone.

Moreover, it would be particularly interesting to investigate whether the IRGs that were less affected by COBRA and COBRA-light treatment could serve as alternative predictors for the response to biologics, since they do reflect IFN activity in RA (17), hence they might still play a role in the response to biologics. Interestingly, the gene IFITM1, which appeared less sensitive to prednisolone interference, has already been described as a predictor of rituximab nonresponse in a transcriptomics study (21). Alternatively, one study demonstrated an association between IFN-related gene variants and the response to rituximab (22). Although the predictive value was rather low, the concept of using IFN-related gene variants, which are naturally insensitive to therapy interference, would be interesting to study in further detail and with more IFN-related SNPs (23).

Besides the differential sensitivities of individual IRGs to the treatments, we also observed high heterogeneity in the IRG dynamics between patients. As described before, IRG expression in RA patients is generally highly heterogeneous, which we observed both at baseline and upon therapy. Although we observed a linear relation between baseline IRG expression and the extent of the downregulation after 4 weeks, the variation in IRG dynamics could not be fully explained by the baseline variation in IRG expression. This indicates that besides the type of treatment and the administered doses of treatment, there are also other factors that could influence the IFN response in RA. It has been well-discussed that the IRG response in RA patients is the result of several factors combined, such as extracellular stimuli (24), receptor expression (25) and genetic variation in signaling proteins (22, 23, 26). Considering the putative mechanism of IRG downregulation by prednisolone as described above, particularly the variation in signaling proteins could also contribute to a patient's sensitivity to the observed IRG downregulation. In addition, many other factors, independent of baseline IRG expression, such as therapy adherence and the patient's sensitivity to glucocorticoids (27) could hypothetically affect the extent of the IRG downregulation.

Despite this heterogeneity in the IFN response between patients, we did not observe an association between the IRG expression or dynamics and the response to COBRA and COBRA-light therapy. Considering the differences in IRG dynamics between COBRA and COBRA-light, the potential relation between IRG expression and clinical response should ideally be analyzed for both treatment groups separately. Since methotrexate has no proven interference with IRG expression, while prednisolone and sulfasalazine have, the use of IRG-interfering agents is considerably higher with COBRA-treatment compared to COBRA-light treatment. Moreover, as all agents have different modes of action (28–30), hence clinical response for each agent is probably achieved via different mechanisms. Consequently, it is possible that the relation between IRG expression and clinical response is different between COBRA and COBRA-light. Unfortunately, the current cohorts were too small to study this in detail.

Since DAS information was not available at T4, a direct comparison of DAS dynamics and IRG dynamics could not be made. Instead, we additionally investigated CRP and ESR as indicators of changes in inflammation in relation to IRG dynamics. Interestingly, a significant correlation was observed between IRG decline and CRP and ESR decline at T4, but not at later time points. At this early time point, clinical effects are mostly attributed to the prednisolone treatment, whereas at later time points more influence is anticipated from MTX and SSZ. As a consequence, the IRG dynamics at T4 could reflect the initial clinical response to prednisolone, but it does not predict the eventual clinical response as this is the result of the combination of agents. It would be interesting to study the potential relation between IRG dynamics and clinical response in patients using prednisone as monotherapy compared to patients using MTX and/or SSZ monotherapy.

In summary, we have demonstrated that both COBRA and COBRA-light therapy are able to downregulate the IFN response in RA. The dynamics of this downregulation were partly dependent on the presence of TFBS within the IRGs and the combination and dosages of agents, but they were irrespective of the clinical response to therapy. Altogether, these results shed a new light on the behavior of the IFN response in RA.
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Multiple Sclerosis (MS) is an autoimmune disease of the central nervous system (CNS), characterized by the infiltration of mononuclear cells into the CNS and a subsequent inflammation of the brain. Monocytes are implicated in disease pathogenesis not only in their function as potential antigen-presenting cells involved in the local reactivation of encephalitogenic T cells but also by independent effector functions contributing to structural damage and disease progression. However, monocytes also have beneficial effects as they can exert anti-inflammatory activity and promote tissue repair. Glucocorticoids (GCs) are widely used to treat acute relapses in MS patients. They act on a variety of cell types but their exact mechanisms of action including their modulation of monocyte function are not fully understood. Here we investigated effects of the therapeutically relevant GC methylprednisolone (MP) on monocytes from healthy individuals and MS patients in vitro and in vivo. The monocyte composition in the blood was different in MS patients compared to healthy individuals, but it was only marginally affected by MP treatment. In contrast, application of MP caused a marked shift toward an anti-inflammatory monocyte phenotype in vitro and in vivo as revealed by an altered gene expression profile. Chemotaxis of monocytes toward CCL2, CCL5, and CX3CL1 was increased in MS patients compared to healthy individuals and further enhanced by MP pulse therapy. Both of these migration-promoting effects were more pronounced in MS patients with an acute relapse than in those with a progressive disease. Interestingly, the pro-migratory GC effect was independent of chemokine receptor levels as exemplified by results obtained for CCR2. Collectively, our findings suggest that GCs polarize monocytes toward an anti-inflammatory phenotype and enhance their migration into the inflamed CNS, endowing them with the capacity to suppress the pathogenic immune response.
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INTRODUCTION

Multiple Sclerosis (MS) is an inflammatory autoimmune disease of the central nervous system (CNS) involving different types of immune cells including T cells, B cells, and monocytes. The most common disease course is characterized by acute relapses with complete or incomplete remission. This relapsing-remitting phenotype (RRMS) is observed in the majority of the MS patients, with young adults being most affected. RRMS can convert into a secondary-progressive form (SPMS) later in life, which is characterized by progressive worsening of the disease with or without additional relapses. The hallmark of the third form of MS, termed primary-progressive (PPMS), is a continuous worsening of the symptoms without intermittent improvements (1). Although numerous new drugs have been developed within the last decade, the most widely used treatment of acute relapses is still high-dose methylprednisolone (MP) pulse therapy to which most patients respond well, resulting in an amelioration of symptoms within a few days (2). Patients suffering from SPMS and PPMS are also treated with MP pulse therapy in the case that the disease is not stable. Mechanistically, various activities of glucocorticoids (GCs) affecting immune cells but also non-hematopoietic cell types are discussed (3, 4). Furthermore, the GC response was recently reported to be highly cell type-specific, both in magnitude and even direction of transcriptional regulation (5). In the context of MS therapy it is believed that patients profit most from direct or indirect dampening effects on T cells. It has been reported that GCs down-regulate expression levels of pro-inflammatory cytokines and adhesion molecules required to pass the blood-brain barrier (BBB). They also promote apoptosis induction in immune cells, inhibit T cell activation, and additionally exert inhibitory effects on inflammatory mediators such as nitric oxide (NO) (6). Our own preclinical studies using the animal model experimental autoimmune encephalomyelitis (EAE) further revealed that T cells are the major target cells of free administered GCs (7, 8). However, effects on myeloid cells were also shown to be crucial if GC were encapsulated in liposomes (9) or nanoparticles (10). In addition, we found that altered T cell migration along chemokine gradients was a mechanism accounting for the therapeutic activity of GCs in the treatment of neuroinflammation, whereas apoptosis induction in T cells unexpectedly turned out to be of minor importance (11).

T cells are the target of most current immunotherapies for MS patients, highlighting the importance of this cell population for the pathogenesis of MS. Nevertheless, myeloid cells including monocytes play important roles for innate immune responses and indirectly also influence adaptive immune responses by serving as antigen-presenting cells, and with both functions they also play a crucial role in MS and EAE (12). They are found in CNS lesions in EAE and MS and often outnumber infiltrating T cells. In animal models it has been shown that monocytic infiltration contributes to disease progression (13), and monocyte-derived macrophages are key players in the reactivation of infiltrating T cells (14). Consequently, elimination of macrophages (15–17) or selective depletion of CCR2+ Ly-6Chi monocytes (18) reduced CNS inflammation. Alterations in the composition of monocyte subpopulations in the peripheral blood and cerebrospinal fluid (CSF) of MS patients have been reported as well, thus further highlighting their substantial role in human neuroinflammation (19).

In humans, monocytes are a heterogeneous cell population, constituting ~10% of total leukocytes in the blood. They have a short life span and evolve in three different subsets: the most prevalent being CD14++CD16− classical (or inflammatory) monocytes, CD14++CD16+ intermediate state monocytes, and CD14+CD16++ non-classical monocytes (20). They can give rise to macrophages that encompass a dynamic spectrum of phenotypes with classical or M1 macrophages (producing IL-12, IL-1β, NO and reactive oxygen species, and acting in a pro-inflammatory fashion) and alternatively activated or M2 macrophages (expressing CD163, CD206, Arg1, and acting in an anti-inflammatory fashion) being the extreme ends of this spectrum (21). M2 myeloid cells were found to contribute to an improvement of autoimmune diseases such as MS and EAE (22–25). Similarly, skewed proportions of the different monocyte subsets have been reported for many human inflammatory and autoimmune diseases. For instance, in rheumatoid arthritis, systemic lupus erythematodes, sepsis, uveitis and sarcoidosis, intermediate-state monocytes were expanded (26–31). In contrast, data for MS patients concerning monocyte subsets are less consistent (19, 32, 33). Classical pro-inflammatory CD14++CD16− monocytes are recruited to the CNS in response to CCL2. Non-classical CD14+CD16++ monocytes, however, are not necessarily beneficial in the context of MS. Namely, it has been shown that the latter cells can adhere to the endothelium and help T cells to extravasate at the site of inflammation and thereby contribute to MS pathology. Accordingly, they are found in active and demyelinating lesions and the CSF (33). Beyond their disease-promoting activity, however, monocytes are also able to dampen inflammation depending on their subtype and status.

The influence of different drugs used in the long-term treatment of MS such as glatiramer acetate (23), dimethyl fumarate (34), or fingolimod (35) on myeloid cell function has been intensively investigated. In contrast, effects of GCs on myeloid cells in the context of MS are less clear. Treatment of monocytes with GCs in vitro induces a stable anti-inflammatory gene expression profile (36). Consequently, such monocytes interfere with T-cell-mediated inflammation in vivo, where they were shown to directly suppress the secretion of IL-17 and IFNγ without inducing a direct Th2 shift. Additionally, treatment with GCs enables monocytes to induce regulatory T cells (Treg) at the site of inflammation (37, 38).

Here we investigate the influence of MP—it being the most widely applied GC in MS therapy—on human monocytes from healthy individuals and MS patients in vitro and ex vivo. We found evidence that monocyte polarization becomes skewed toward the M2 phenotype by MP treatment and that the migration of monocytes along chemokine gradients is increased without any significant changes in the level of their respective receptors. These findings suggest that GCs also exert their beneficial effects on MS bouts by tuning monocyte function and not necessarily solely by suppressing T cells.



MATERIALS AND METHODS


Patients

Thirty patients with established diagnosis of MS according to the McDonald Criteria revised in 2017 were included in the current study (14 RRMS, 8 SPMS, 8 PPMS). All patients received high-dose MP (1,000 mg) intravenously on three consecutive days according to medical indication (due either to MS relapse or progressive worsening of neurologic symptoms in patients with progressive MS). Peripheral blood was drawn in Li-Heparin monovettes (Sarstedt, Nürnbrecht, Germany) before and 24 h after the first injection of MP. Due to the small volume of blood that could be obtained from each patient and due to the sometimes limited recovery of blood after MP therapy, not all types of analyses were performed for every patient. The number of patients included in each experiment is therefore indicated in the figure legends.

Information about MS patients included in this study (disease subtype, age, gender, severity of clinical symptoms as assessed by the Expanded Disability Score Scale (EDSS), acute relapse, disease duration, treatment) are summarized in Table 1. SPMS patients that were treated with MP due to an acute relapse (Table 1) were combined with the RRMS group and collectively referred to as “MS patients with acute relapse.” In contrast, SPMS patients without an acute relapse (Table 1) were combined with the PPMS group and referred to as “MS patients with progressive disease.” In addition, 24 healthy donors (age and gender summarized in Table 1) were included. The investigations were conducted according to the Declaration of Helsinki and national and international guidelines. The study was approved by the local ethics committee of the University Medical Center Göttingen. Informed written consent was obtained from each subject prior to the collection of blood.



Table 1. Summary of the characteristics of patients and healthy individuals included in the study.
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Purification and Short-Term Culture of Human Monocytes

Peripheral blood lymphocytes were enriched using a lymphoprep gradient (Axis Shield, Oslo, Norway) as described (11), and monocytes were purified with magnetic beads (Stemcell Technologies, Köln, Germany). Purity was assessed on the basis of CD14/CD16 staining by flow cytometry using a FACSCanto II device (BD Biosciences, Heidelberg, Germany), and routinely >95% (Figure 1). Monocytes were analyzed directly or cultured for 3 h in RPMI 1640 medium supplemented with 0.5% fatty acid-free BSA under serum-starved conditions in the presence or absence of 10−6 M MP. One portion of the cells was used for RNA isolation and surface marker analyses and the other portion served to assess the migratory capacity.
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FIGURE 1. Representative FACS analysis illustrating the applied gating strategy. Monocytes were isolated from an MS patient and stained for CD14 and CD16 surface expression using fluorochrome-conjugated monoclonal antibodies. The left plot depicts the gating for living cells based on forward scatter (FSC) and side scatter (SSC). The right plot shows gating for classical CD14++CD16− monocytes, intermediate state CD14++CD16+ monocytes, and non-classical CD14+CD16++ monocytes. The borders of the gates and the percentages of cells therein are indicated in each plot.





Flow Cytometry

Flow cytometric analysis of monocytes was performed as previously described (11). To this end, cells were stained with the following monoclonal antibodies (BioLegend, Uithoorn, The Netherlands) in PBS supplemented with 0.1% BSA and 0.01% NaN3: anti-human CD14-PE/Cy7 (clone: HCD14), anti-human CD16-APC/Cy7 (clone: 3G8), anti-human CD163-PE (clone GHI/61), anti-human CD192 (CCR2)-PerCP/Cy5.5 (clone: K036C2), and anti-human CX3CR1-FITC (clone: 2A9-1). Data were acquired on a FACS Canto II device (BD Bioscience) and analyzed using FlowJo® software (Tree Star, Ashland, OR).



Boyden Camber Assay

After 3 h in vitro cultivation with or without MP (see above), 5 × 105 monocytes per well were subjected to a transwell assay using a pore size of 5 μm (Corning Life Sciences, NY, USA) as previously described (11). Cells were allowed to migrate along a gradient of 10 ng/ml CCL2, 10 ng/ml CCL5, or 1 ng/ml CX3CL1 (ImmunoTools, Friesoythe, Germany) for 1 h. The medium in the lower chamber was harvested and the transmigrated monocytes attached to the plate were incubated with 2 mM EDTA in PBS for 20 min at 37°C. Detached cells were scratched off the well bottom and pooled with the harvested medium for analysis. Finally, cells were quantified by flow cytometric analysis using Calibrite Beads (BD Bioscience).



Quantitative RT-PCR

Quantitative RT-PCR was performed as previously described (11). To this end, total RNA was isolated using the Quick-RNA MiniPrep Kit (Zymo, Irvine, CA) and cDNA was prepared with the iScript Kit (Bio-Rad, Munich, Germany). Quantitative RT-PCR was performed on an ABI 7500 instrument (Applied Biosystems, Darmstadt, Germany) using the SYBR mastermix from the same company. Results were normalized to the mRNA expression of HPRT and evaluated using the ΔΔCt method. Primer sequences are depicted in Table 2.



Table 2. Primer sequences used for quantitative RT-PCR analysis.
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Statistical Analysis

Data sets were initially subjected to the Shapiro-Wilk normality test to analyze Gaussian distribution. Depending on the results, either a parametric or a non-parametric test was employed, and in the case of matched data, a paired test was used. Accordingly, the experimental groups were compared with a t-test, Mann Whitney test, Wilcox matched-pairs signed rank test, or a One-way ANOVA followed by Newman-Keuls Multiple Comparison test as outlined in the figure legends. Analyses were performed with GraphPad Prism software (San Diego, CA). Data are depicted as box-and-whiskers plots showing the minimum, maximum and median, or as the mean ± SEM in all other types of graphs. Levels of significance are as follows: n.s. p ≥ 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.




RESULTS


The Abundance of Classical CD14++CD16− Monocytes Is Increased in MS Patients Independently of Disease Activity

Monocytes were purified from the peripheral blood of healthy individuals and MS patients and analyzed for the distribution of cellular subsets by flow cytometry (Figure 1). Classical CD14++CD16− monocytes were significantly more abundant in MS patients than in healthy control subjects whereas non-classical CD14+CD16++ monocytes were less frequent in MS patients (Figure 2). In contrast, the percentage of intermediate state CD14++CD16+ monocytes was unaltered. Noteworthy, these findings are in line with previous reports (19). Furthermore, we did not observe any differences concerning the abundance of monocyte subtypes between MS patients with progressive disease and those undergoing an acute relapse (Figure 2).
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FIGURE 2. Distribution of monocyte subsets in the peripheral blood of healthy subjects and MS patients with progressive disease or an acute relapse. Monocytes were isolated from the peripheral blood and the percentages of CD14++CD16− inflammatory monocytes (A), CD14++CD16+ intermediate state monocytes (B), and CD14+CD16++ non-classical monocytes (C) were determined by flow cytometry. MS patients were divided into two groups according to their disease activity (progressive, relapse). Data are presented as box-and-whiskers plots showing the minimum, maximum and median; n = 20 (healthy subjects), n = 8 (MS progressive), n = 12 (MS relapse). Statistical analysis was performed using a One-way ANOVA and Newman-Keuls Multiple Comparison test. Levels of significance: n.s. p ≥ 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.





GCs Have Only a Minor Impact on Monocyte Subset Distribution

Monocytes were isolated from MS patients with progressive disease or an acute relapse before they received a bolus injection of MP. To study short term effects of GCs, the ex vivo retrieved cells were incubated for 3 h in vitro in the absence (control) or presence of 10−6 M MP. In addition, monocytes were isolated from the same MS patients again 24 h after MP pulse therapy to determine long term effects of GC treatment in vivo. In the case of patients with an acute relapse, monocyte subset distribution remained unaltered by MP treatment with regard to both short and long term effects (Figure 3). In contrast, we observed an increased frequency of classical CD14++CD16− monocytes in patients with progressive disease after long term MP pulse therapy, and a concomitant but non-significant reduction of non-classical CD14+CD16++ monocytes (Figure 3).
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FIGURE 3. Impact of GC treatment on monocyte subset distribution in MS patients with progressive disease or an acute relapse. Monocytes were isolated from MS patients before MP pulse therapy and incubated for 3 h without (control) or with 10−6 M MP in vitro. A second blood sample was obtained from the same MS patients 24 h after MP pulse therapy in vivo. The percentages of CD14++CD16− inflammatory monocytes (A), CD14++CD16+ intermediate state monocytes (B), and CD14+CD16++ non-classical monocytes (C) were determined by flow cytometry. MS patients were divided into two groups according to their disease activity (progressive, relapse). Data are presented as the mean ± SEM; n = 8 (MS progressive), n = 12 (MS relapse). Statistical analysis was performed using a One-way ANOVA and Newman-Keuls Multiple Comparison test. Levels of significance: n.s. p ≥ 0.05; **p < 0.01 (control vs. 24 h); #p < 0.05 (3 vs. 24 h).





GCs Induce Monocyte Polarization Toward an Anti-inflammatory M2 Phenotype

In addition to the classification of monocytes on the basis of cell surface receptors, their phenotype can be characterized by determining their gene expression profile. To this end, we performed an mRNA expression analysis of genes that have been linked to either an M1 or M2 polarization. Monocytes were isolated from healthy subjects and MS patients, incubated with or without 10−6 M MP in vitro for 3 h and analyzed by quantitative RT-qPCR. In addition, long term GC effects were investigated 24 h after MP pulse therapy in vivo (only patients). Initially, we analyzed mRNA levels of NR3C1, the gene encoding the GC receptor (GR). NR3C1 expression did not significantly differ between healthy subjects and MS patients and was reduced by MP treatment as expected (39, 40). However, the latter effect reached statistical significance only in the case of the in vivo therapy (Figure 4A). Expression analysis further revealed that mRNA levels of IL1B, a pro-inflammatory cytokine that is typical for an M1 polarization of monocytes, were reduced by MP treatment in healthy subjects and MS patients both in vitro and in vivo (Figure 4B). Concomitantly, the M2 marker genes ARG1, CD163, and CD206 as well as the gene encoding the anti-inflammatory cytokine IL10 were all increased in monocytes of healthy subjects and MS patients following MP treatment, although the differences were not always statistically significant (Figures 4C–F). It is noteworthy that in general, GC effects were more pronounced after high-dose MP pulse therapy than following in vitro culture (Figure 4). Gene expression levels for CD163 and IL10 were found to be elevated in MS patients compared to healthy individuals in the steady state (Figure 4). To confirm our results at the protein level, we analyzed surface expression of CD163 as an example by flow cytometry. There were no differences in CD163 levels after short term MP treatment in vitro, either for healthy subjects or MS patients (Figure 5A and data not shown). However, 24 h after MP pulse therapy in vivo, CD163 surface levels were strongly elevated in a subgroup of MS patients (Figure 5). Interestingly, 6 out of 7 patients in whom CD163 surface expression on monocytes was upregulated were suffering from an acute relapse. Collectively, MP induces a shift toward the anti-inflammatory M2 monocyte phenotype, which is most evident in MS patients receiving high-dose MP pulse therapy.
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FIGURE 4. Modulation of the phenotype of monocytes from healthy subjects and MS patients by GCs. Monocytes were isolated from the peripheral blood and cultured without (control) or with 10−6 M MP for 3 h in vitro. A second blood sample was obtained from the same MS patients 24 h after MP pulse therapy in vivo. Thereafter, RNA was prepared and analyzed by quantitative RT-PCR for mRNA levels of NR3C1 (A), IL1B (B), CD163 (C), CD206 (D), IL10 (E), and ARG1 (F). Gene expression was evaluated using the ΔΔCt method and normalized to HPRT. Data are presented as the mean ± SEM; n = 6 (healthy individuals), n = 9 (MS patients). Statistical analysis was performed using a paired t-test (IL1B, CD206) or a Wilcox matched-pairs signed rank test (NR3C1, CD163, IL10, ARG1). Levels of significance: n.s. p ≥ 0.05; *p < 0.05; **p < 0.01.
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FIGURE 5. Analysis of monocyte CD163 surface levels in MS patients. Monocytes were isolated from MS patients before MP pulse therapy and cultured without (control) or with 10−6 M MP for 3 h in vitro. A second blood sample was obtained from the same MS patients 24 h after MP pulse therapy in vivo. CD163 surface expression was analyzed by flow cytometry on all cells independently of the CD14/CD16 status. (A) Representative stacked histograms are depicted for an MS patient in which CD163 surface levels were upregulated after MP pulse therapy. (B) Percentages of CD163+ monocytes before (control) and 24 h after MP pulse therapy in vivo. The corresponding values for each patient are connected by a line. n = 15. Statistical analysis was performed using a Mann Whitney test. Levels of significance: *p < 0.05.





GCs Enhance the Migratory Capacity of Monocytes Along Chemokine Gradients

Transmigration of monocytes across the BBB and infiltration into the meninges and parenchyma is a hallmark of MS and guided by a set of pro-inflammatory chemokines (41). It is against this background that we determined the migratory capacity of monocytes from healthy subjects and MS patients after GC treatment in vitro and in vivo. The spontaneous basal migration rate of monocytes in the absence of a chemokine gradient was low and independent of disease status and MP treatment (Figure 6A). Expectedly, monocytes migrated toward the chemokines CCL2, CCL5, and CX3CL1, with a higher migratory activity observed for monocytes from MS patients compared to healthy individuals (Figures 6B–D). Short term in vitro culture slightly increased the migratory capacity of monocytes retrieved from healthy subjects and MS patients, although significance was missed in most cases (Figures 6B–D). In contrast, in vivo MP pulse therapy of MS patients strongly and significantly enhanced the migratory capacity of monocytes in response to all three chemokines (Figures 6B–D). In addition, we further dissected the migratory capacity of monocytes toward CCL2, the chemokine that caused the largest effects, for MS patients according to their individual disease activity. It turned out that the basal migration was the same in both groups, whereas MS patients with progressive disease had a lower CCL2-directed migration than MS patients with an acute relapse (Figure 7). Importantly, the results for monocyte migration toward CCL2 were comparable for both groups with regard to short and long term MP effects (Figure 7B). Furthermore, the same tendency was observed for patients from different MS subtypes (RRMS, SPMS, PPMS), although statistical significance was not reached here due to limited numbers of patients (data not shown). In summary, our data indicate that high-dose MP pulse therapy of MS patients enhances monocyte chemotaxis.
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FIGURE 6. Monocyte migration along chemokine gradients in healthy subjects and MS patients under the influence of GCs. Monocytes were isolated from healthy subjects and MS patients before and after (24 h in vivo) MP pulse therapy. Cells were cultured in the absence (control) or presence of 10−6 M MP for 3 h in vitro and then transferred into the upper part of a Boyden chamber. Basal monocyte migration without a chemokine gradient (A) and migration toward a gradient of CCL2 (B), CCL5 (C), or CX3CL1 (D) into the lower part of the Boyden chamber were analyzed by flow cytometry and results are depicted as the percentage of transmigrated cells (mean ± SEM). n = 19/19/11/9 (healthy subjects), n = 13/15/12/17 (MS patients). For statistical analysis, untreated samples were compared to each other using a t-test, comparison of untreated vs. MP-treated samples from healthy subjects was performed using a paired t-test, and comparison of samples from MS patients to each other was performed using a One-way ANOVA and Newman-Keuls Multiple Comparison test. Levels of significance: n.s. p ≥ 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 7. Monocyte migration along a CCL2-gradient in MS patients with progressive disease or an acute relapse under the influence of GCs. The data are the same as in the experiment presented in Figure 4, but the MS patients are now divided into two groups according to their disease activity. Basal monocyte migration without a chemokine gradient (A) and migration toward a gradient of CCL2 (B) into the lower part of the Boyden chamber were analyzed by flow cytometry and are depicted as the percentage of transmigrated cells (mean ± SEM); n = 4/6 (progressive), n = 9/9 (relapse). For statistical analysis, untreated samples were compared using a t-test and comparison of samples from MS patients to each other was performed using a One-way ANOVA and Newman-Keuls Multiple Comparison test. Levels of significance: n.s. p ≥ 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.





The Frequency of CCR2+ Monocytes and Their CCR2 Surface Expression Levels Are Unaffected by GC Treatment

Monocyte migration along chemokine gradients depends on the surface expression of the respective receptors as well as intracellular signaling pathways and cytoskeletal rearrangements. To distinguish between these mechanisms, we tested alterations in chemokine receptor expression levels exemplified for CCR2, the receptor of CCL2 which is the chemokine that induced the most robust migration and alteration by GC treatment (Figures 6, 7). The percentage of CCR2+ monocytes in MS patients was significantly higher than in healthy subjects (Figure 8A), which is in agreement with their higher percentage of classical inflammatory CD14++CD16− monocytes (Figure 2). In contrast, the surface density of this receptor was not significantly changed (Figure 8B). Importantly, MP pulse therapy of MS patients neither altered the abundance of CCR2+ monocytes nor the surface expression levels of the receptor (Figures 8A,B), indicating that the increased migration of monocytes toward CCL2 after MP treatment was unrelated to GC effects on the chemokine receptor itself. Notably, CX3CR1+ monocytes in MS patients were less abundant than in healthy subjects and unaffected by MP pulse therapy (data not shown), which is also in line with the lower abundance of non-classical CD14+CD16++ monocytes in MS patients regardless of their treatment (Figure 2).


[image: image]

FIGURE 8. Analysis of CCR2 surface expression levels in monocytes from healthy subjects and MS patients before and after GC treatment in vivo. Monocytes were isolated from healthy subjects as well as MS patients before and 24 h after MP pulse therapy in vivo. CCR2 surface expression was analyzed by flow cytometry and subsequently the percentage of CCR2+ monocytes (A) and the surface level of CCR2 based on the mean fluorescence intensity (MFI) were determined (B). Data are presented as box-and-whiskers plots showing the minimum, maximum and median; n = 13/22/17. Statistical analysis was performed using a One-way ANOVA and Newman-Keuls Multiple Comparison test. Levels of significance: n.s. p ≥ 0.05; ***p < 0.001.
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7-IRG score at 2|og-ratios in 7-IRG
time point score

TO T4 T3 T4/TO T13/T4

Rvs. NR 017 028 056 086 053
(DAS <2.4 or >2.4 a1 T26)

ADASat T18 (correlation) 018 021 072 043 029
ADAS at T26 (correlation) 070 032 056 058 093
2logratio CRP (T4/T0) 031 034 081 00104 022
2 og-ratio CRP (T13/T0) 0087 068 054 0066 025
2l og-ratio CRP (T26/T0) 042 047 030 061 090
2 og-ratio ESR (T4/T0) 023 049 068 0013+ 084
2logratio ESR(T18/T0) 0083 085 055 0038(4) 036
2L og-ratio ESR (T26/T0) ~ 0.063 036 063  0.16 075

Table indicates p values. Details of the statistical analyses are described in the methods
section. The direction of the significant correlations is indicated between brackets.
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Genes Transcription factor binding sites Reason for

selection
IRF proteins ~ STAT1 STAT3 NFxB
INITIAL GENE SELECTION
IF44L IRF7, IRF8 X X - Technical control
IFi6 IRF7, IRF8, ISRE - - - IRF-specific
IFITMT - - - X NF«B-specific
ILTRN - - X - STAT-specific
MX1 IRF7, ISRE X X - Technical control
RSAD2 IRF7 - X - Technical control
ADDITIONAL SELECTION
HERC5 IRF7, ISRE - - - IRF-specific
IFITM2 - - X X IRF-and
STAT1-lacking
LY6E - X X X IRF-lacking
SERPINGT - X X X IRF-lacking

IRGs that contained a binding site for only one type of transcription factor were selected.
Additionally, three other genes were included as technical controls.

“X" indicates that the gene contains a binding site for that transcription factor, whereas
“" indlicates absence of the TFBS in that gene. ISRE; IFN stimulated response element,
binding site of the ISGF3 complex which consists of STAT1, STAT2, and IRF9. Binding is
IRF9-dependent, hence this is considered an IRF-specific binding site.
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All patients COBRA group

N 35 14
Age, years, median (IQR) 54 (45-60) 56 (44-61)
Female gender, n (%) 25(71) 9(64)

DAS at baseline, median (IQR) 4.0 (3.3-4.6) 4.0 (3.7-4.6)
DAS at T26, median (QR) 1.7 (0.8-2.1) 1.2 (0.4-2.0)
DAS at T26 < 2.4, (%) 28(80) 12 (86)

IQR, interquartile range.

‘COBRA-light
group

21
54 (45-59)
16 (76)
4.0 (3.3-4.5)
1.8(1.0-2.4)
16 (76)
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Induction

INFLAMMATORY RHEUMATIC DISEASES

Giant cell arteritis

Rheumatoid arthritis

Systemic lupus
erythematosus

ATOPY
Atopic dermatitis

Allergic rhinitis

Asthma

Anaphylactic shock

LEUKEMIA

Chronic lymphoblastic
leukeria®**

Chronic myeloid leukemia
Acute myeloid leukemia

Acute lymphobiastic
leukemia

- Immediate treatment with
40-60 mg/day" for induction of
remission in active GCA™ (33)

- When initiating/changing
csDMARDs short-term GG
therapy should be considered
(39)

- Therapy depends on disease
manifestations and
severity (36)

- In acute, organ-threatening
disease high-dose intravenous
puise therapy (usually
250-1,000 mg/day* for 3 days)
is often used (36)

Tapering

- Tapering is recommended
when the disease is under
control to achieve a target
dose of 15-20 mg/day* within
210 3 months

- After 1 year target dose should
be <5 mg/day* (33)

- GG tapering should start as
soon as clinically feasible (35)

- GG should be tapered or at
least minimized as rapidly as
clinically feasible

Maintenance

If long-term therapy is required
adose of 5 mg/day” or less
should be used

GC therapy should ideally be
tapered to zero as early as
clinically feasibly (18)

If long-term therapy is required
adose of 5 mg/day” or less
should be used

GC therapy should ideally be
tapered to zero as early as
clinically feasibly (18)
Long-term aim is to minimize
daiy dose to <7.5 mg/day" or
to discontinue GG therapy (36)

- Stepwise approach: adjust treatment based on disease severity assessed by SCORAD (37)
- Mid disease: class Il topical glucocorticoids (e.g., flumethasone 0.02%) (38)

— Moderate disease: class Il/Ill topical glucocorticoids (e.g., mometasone 0.1%) (39)

- Severe disease: short-term oral glucocorticoids may be considered in adults (38)

- Moderate to severe rhinitis: nasal glucocorticoids, e.g., fluticasone, mometasone, beclametasone (40, 41)
- Oral glucocorticoids should only be used in severe persisting disease (40, 41)
- stepped-care approach according to disease severity (42)

- Most patients initally receive
low dose ICS (e.g., 200-400
119/d budesonide) (43)

- Frequent troublesome
symptoms justify medium
(400-800 pg/d) to high dose
1S (>800 pg/d) (44)

- Low dose oral corticosteroids
(7.5 mg/day *) should only be
considered in adults with
severe asthma or poor
symptom control (45)

- ICS should not be stopped
completely, cessation is
‘associated with a higher risk of
exacerbations (46)

- In stable disease ICS doses
can be reduced by 26-50%
every 3 months (47)

- ICS are recommended as.
controller treatment in all
asthma patients either
as-needed or daily depending
on disease severity (43)

- Dose adjustment according to
astepwise approach™™*
ranging from 200-400 to >800
1g/d budesonide or
comparable doses of other
formulations in adults, reduced
doses are used in the
treatment of children <12
years (48)

Relapse

- Increase to pre-relapse dose or by
up to 5-10 mg/day*

- Taper within 4-8 weeks
pre-relapse dose

- Repeat induction therapy for
ischemic complications (34)

to

- Usually doses between 10 and 20
mg/day* are sufficient to treat
flares in this disease

- The characteristic of flare therapy
depends on disease, as has been
similarly stated for the induction
therapy

- Worsening symptoms: adjustment
of the treatment (ncrease
reliever/controller  use,  step
up to higher dose) according to a
written asthma action plan***

- Severe exacerbation: — adluts:
40-50 m/d prechisolone —
Children: 1-2 mg/kg/d, max. 40
mg/d predhnisolone to be
continued for 5-7 days (49, 50)

- Glucocorticoids are used to prevent protracted anaphylactic symptoms, while their efficacy in the acute phase is limited

due to slow onset of action (51,

52)

- 250-1,000mg i.v. prednisolone (weight-adjusted dosing in children) (53)

- Patients with diagnosed limited-stage Hodgkin's lymphoma (HL) and a positive interim positron-emission tomography
after two cycles of ABVD (adriamycin, bleomycin, vinblastine, and dacarbazine) should be treated with two cycles of
bleomycin/etoposide/doxorubicin/yclophospharmide/vincristine/procarbazine/prednisone in escalated dose before ISRT

- Patients with refractory or relapsed HL dexamethasone can be given in combination with high-dose cytarabine/cisplatin
(DHAP) before high-ciose chemotherapy followed by autologous stem cell therapy

- Patients diagnosed for nodular lymphocyte predorminant Hodgkin lymphorma benefit from the combination of
rituximab/cyclophosphamide/doxorubicinAvincristine/prednisone (R-CHOP)

- CLL patients with transformation into a diffuse large B-cell lymphoma benefit from therapies used in DLBCL such as
tituximab plus CHOP (cyclophospharmide, vincristine, doxorubicin, and dexamethasone) (54-56)

NA
NA

- Glucocorticoids are given as a so-called pre-phase therapy (usualy predhisone 20-60 mg/day or dexamethasone 6-16
mg/day, both i.v. or p.0.) alone, or in combination with another drug (e.g., vincristine, cyclophosphamide), but often given
together with allopurinol and hydration for ~5-7 days. The response to pre-phase therapy defines the chemosensitivty of
the disease, and is included in Some stues for risk assessment, since good responders to prednisone may have a better

outcome.

- Regimens of induction therapy are centered on vincristine, glucocorticoids, and anthracycline (daunorubicin, doxorubicin,
rubidazone, idarubicin), with or without cyciophosphamide or cytarabine. Dexamethasone is often preferred to
predisone, since it penetrates the blood-brain barrier and also acts on resting leukemic blast cells (LBCs).

- Inadult ALL glucocorticoids are often used in the hyper-GVAD (cyclophosphamide, vincristine, doxorubicin,

dexamethasone) protocol, preferentially used in the United States, but also in other parts of the world

- Maintenance therapy usually consists of daily 6-mercaptopurine and weekly methotrexate. In some treatment regimens,
repeated cycles of vincristine, dexamethasone or other drugs in monthly or longer intervals are given (57)

“Doses are given as predhisone-equivalent. In patients with GCA suffering from acute visuel loss or amaurosis fugex, the use of very high GC dosages, namely 0.25-1g iv.
methylpredhisolone daily for up to 3 days should be considered. " Details are provided by the Global Iniiative for Asthma. Global Strategy for Asthma Management and Prevention,
2019. Available from: www.ginasthma.org N/A: glucocorticoids are not used as standard therapy in these diiseases. " The transformation into a diffuse large B-cell lymphoma (DLBCL)
or Hodgkin's lymphoma occurs in 2%—15% of CLL patients during the course of their disease.
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Germany Gancer (total)
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Rate

336.7
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Female
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354
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436.5
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Male
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Rate and absolute numbers of cases of total cancer (without other tumors of the skin) and leukemic (including mortaity) in Germany and Austria in the year 2014, Rate is given per
100,000 individuals per year (new disease) according to the German and Austrian cancer registry (www.gekid.de; www.statistik.at).
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« EMSA, electrophoretic mobilty shift assay
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« FCS, fluorescence correlation spectroscopy (only method aiso done in intact live cells
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GRIM = human GRAYSST, mouse GRASST, and rat GRATT.
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Progesterone receptor

NR3C3

PRA and PRB isoforms

Progesterone: 100%

(14-16) other progestogens:

1-46% (16)
Corticosterone: 2.6% (16)
Dexamethasone: 0.2% (15)
Limited to specific cell
lineages (9, 20, 21)
++4+(23)

Dimers act as transcriptions
factors by binding
progesterone response
elements

Monomers activate MAPK
pathways through
Src-kinase (28)

* Compared to the respective ligand with higher affinity.

Glucocorticoid receptor

NR3C1

Multiple isoforms, including
variants of GRa, GRS, GRy,
GRA, GRB and GRP (13)

Progesterone and other
progestogens: 1-6% (14) or
40% (15)

Corticosterone: 85% (16)
Dexamethasone: 100% (16)
+++(9,20)

++ (23, 24)
Gene transactivation or
transrepression through
DNA and/or transcription
factor binding (27)

Binding to membrane
receptors (27) and signaling
through cytoplasmic
ligand-bound GR and
chaperone proteins (8)

Membrane progestin
receptors (mPR)

PAQR 5-9 (progestin and
adipoQ receptor)

mPRo (PAQRT), mPR
(PAQRS), mPRy (PAQRS),
mPRS (PAQRE) and mPRs
(PAQRY)

progesterone: 100% (17)

glucocorticoids: 0-26%
(17,18)

++ (20, 22) or
undetermined
++(22,25)

Still controversial. Pathways
may involve G-proteins and
modulation of adenyly!
cyclase activity (4, 18, 29)

Progesterone receptor
membrane components
(PGRMC)

PGRMC1 and PGRMC2

PGRMC1 and PGRMC2

progesterone: 100%

glucocorticoids: low affinity
19

“++ (22) or undetermined

+++(26)

Multiple intracellular
signaling pathways, €.g.,
interacts with EGFR, ERK1,
casein kinase 2, and PDK
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Forward primer

AAG AGC AGT GGA AGG ACAGC
AAC AGG CTG CTC TGG GAT TG
GGC TTG CAG TTT CCT CAA GA
CGA TCC GAC CCT TCC TTG ACT
AAG ACC CAG ACA TCA AGG CG
GGA GTC ATC TGG GTG GAT GC
CCT GGC GTC GTG ATT AGT GA

Reverse primer

CCA GGT TCA TTC CAG CCT GA
AGT AT CCT CAT TGC CAC TGT
AGC TGA CTC ATG GGAATT TTC TG
AGT ATG TCT CCG CTT CAT GCC
AAT CGA TGA CAG CGC CGT AG
GGC ACA TCG GGA ATC TTT CCT
CGA GCA AGA CGT TCA GTC CT
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