

[image: Co-Inhibition of the Immunoproteasome Subunits LMP2 and LMP7 Ameliorates Immune Thrombocytopenia]
Co-Inhibition of the Immunoproteasome Subunits LMP2 and LMP7 Ameliorates Immune Thrombocytopenia





ORIGINAL RESEARCH

published: 20 January 2021

doi: 10.3389/fimmu.2020.603278

[image: image2]


Co-Inhibition of the Immunoproteasome Subunits LMP2 and LMP7 Ameliorates Immune Thrombocytopenia


Sheng-hong Du 1,2†, Yu-jiao Xiang 1†, Lu Liu 1, Mu Nie 1,3, Yu Hou 1, Ling Wang 2, Ban-ban Li 1,2, Miao Xu 1, Qing-liang Teng 2, Jun Peng 1,4, Ming Hou 1,4,5,6 and Yan Shi 1*


1 Department of Hematology, Qilu Hospital, Cheeloo College of Medicine, Shandong University, Jinan, China, 2 Department of Hematology, Taian Central Hospital, Taian, China, 3 Division of Immunology and Allergy, Department of Medicine Solna, Karolinska Institutet, Karolinska University Hospital, Stockholm, Sweden, 4 Shandong Provincial Key Laboratory of Immunohematology, Qilu Hospital, Cheeloo College of Medicine, Shandong University, Jinan, China, 5 Shandong Provincial Clinical Research Center in Hematological Diseases, Jinan, China, 6 Leading Research Group of Scientific Innovation, Department of Science and Technology of Shandong Province, Qilu Hospital, Cheeloo College of Medicine, Shandong University, Jinan, China




Edited by: 
Antonio Serrano, Instituto de Investigación Hospital 12 de Octubre, Spain

Reviewed by: 
Marie Wehenkel, St. Jude Children’s Research Hospital, United States

Marcus Groettrup, University of Konstanz, Germany

*Correspondence: 
Yan Shi
 shiyansjj@163.com


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Autoimmune and Autoinflammatory Disorders, a section of the journal Frontiers in Immunology







Received: 06 September 2020

Accepted: 07 December 2020

Published: 20 January 2021

Citation:
Du S-h, Xiang Y-j, Liu L, Nie M, Hou Y, Wang L, Li B-b, Xu M, Teng Q-l, Peng J, Hou M and Shi Y (2021) Co-Inhibition of the Immunoproteasome Subunits LMP2 and LMP7 Ameliorates Immune Thrombocytopenia. Front. Immunol. 11:603278. doi: 10.3389/fimmu.2020.603278



The immunoproteasome, a special isoform of the 20S proteasome, is expressed when the cells receive an inflammatory signal. Immunoproteasome inhibition proved efficacy in the treatment of autoimmune diseases. However, the role of the immunoproteasome in the pathogenesis of immune thrombocytopenia (ITP) remains unknown. We found that the expression of the immunoproteasome catalytic subunit, large multifunctional protease 2 (LMP2), was significantly upregulated in peripheral blood mononuclear cells of active ITP patients compared to those of healthy controls. No significant differences in LMP7 expression were observed between patients and controls. ML604440, an specific LMP2 inhibitor, had no significant impact on the platelet count of ITP mice, while ONX-0914 (an inhibitor of both LMP2 and LMP7) increased the number of platelets. In vitro assays revealed that ONX-0914 decreased the expression of FcγRI in ITP mice and decreased that of FcγRIII in ITP patients, inhibited the activation of CD4+ T cells, and affected the differentiation of Th1 cells in patients with ITP. These results suggest that the inhibition of immunoproteasome is a potential therapeutic approach for ITP patients.
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Introduction

Immune thrombocytopenia (ITP) is an autoimmune bleeding disorder, characterized by persistent thrombocytopenia in which the destruction of autoantibody-opsonized platelets by phagocytic cells plays an important role. As an acquired autoimmune disease, the immune response underlying ITP pathogenesis involves a complex interaction between antigen-presenting cells (APCs), T cells, and B cells, in which the recognition of platelet antigens by autoreactive T helper (Th) cells, as well as Th cell activation, are critical events. In addition to activating B cells, which leads to the secretion of pathogenic autoantibodies, activated Th cells promote the production of cytokines. Recent investigations have substantiated a Th1 polarization of the immune response in ITP (1, 2).

The proteasome is a multi-subunit proteolytic complex that degrades the majority of non-lysosomal proteins in eukaryotic cells. The catalytic activity of proteasomes is exerted by three subunits, β1, β2, and β5, which are constitutively expressed in all cells (3). In cells treated with interferon (IFN)-γ and tumor necrosis factor (TNF)-α, or in hematopoietic cells, these subunits are replaced by the inducible subunits of low-molecular mass polypeptide (LMP)2 (β1i), multicatalytic endopeptidase complex-like (MECL)-1 (β2i), and LMP7 (β5i), forming an immunoproteasome (3, 4). The immunoproteasomes have higher chymotrypsin-like activity and a higher ability to process and present antigens, as compared to standard proteasomes (5).

Increasing evidence has indicated that the immunoproteasome is associated with the adaptive immune response and, recently, it has been shown to be involved in the pathogenesis of autoimmune diseases (6–11) and tumors (12–14). Immunoproteasome inhibition prevents chronic antibody-mediated allograft rejection in renal transplantation (15, 16), and promotes long-term cardiac allograft acceptance in mice. In another study, application of selective immunoproteasome-subunits inhibitors may allow for the targeted treatment of cells featuring high immunoproteasome expression levels as in (malignant) hematopoietic cells. Due to this, clinical application of immunoproteasome inhibitors could lower side effects of proteasome inhibition and improve future therapy options (6). In this study, increased LMP2 expression was observed in PBMCs from active ITP patients compared to healthy controls. However, inhibiting LMP2 alone failed to restore platelet counts, whereas the dual inhibition of LMP2 and LMP7 alleviated thrombocytopenia in passive murine models of ITP. Combined LMP2 and LMP7 inhibition not only attenuated macrophage phagocytosis of antibody-coated platelets by decreasing the expression of FcγRI and FcγRIII in ITP mice or patients, but also inhibited the activation of CD4+ T cells and the secretion of Th1 cytokines in patients with ITP. Our results suggest that the immunoproteasome may play a pathogenic role in ITP, and demonstrate that the co-inhibition of LMP2 and LMP7 is a novel potential therapeutic strategy for the treatment of ITP.



Materials and Methods


Patients and Controls

Thirty-three patients (19 females and 14 males; age range 15–74 years, median 43 years; platelet count range 0–26 × 109/L, median 8 × 109/L) were enrolled in this study. None of the patients had received any ITP-specific therapy for at least one month (Table 1). All patients were diagnosed and selected according to the primary ITP criteria from the International Working Group consensus report, and other diseases causing thrombocytopenia were excluded (17). The healthy control group included thirty healthy adult volunteers (14 females and 16 males; age range 21–45 years, median 30 years; platelet count range 115–290 × 109/L, median 198 × 109/L). The enrolment took place between November 2017 and November 2019 at the Department of Hematology, Qilu Hospital, Shandong University and at the Department of Hematology, Jinan Central Hospital affiliated with Shandong University. This study was approved by the Medical Ethical Committee of Qilu Hospital, Shandong University, and by the Jinan Central Hospital affiliated with Shandong University. The study was conducted in accordance with the Declaration of Helsinki.


Table 1 | ITP patient characteristics.





Proteasome Inhibitors

For all in vitro experiments, ML604440 (Probechem, PC-60968), ONX -0914 (MCE, HY-13207) were dissolved at a concentration of 10 mM in DMSO and stored at −80°C. A final DMSO concentration of 0.3% was used. For proteasome inhibition in mice, ML604440 was diluted in PBS with 5% polyethylene glycol (PEG-400; Sangon Biotech) and 1% Tween-80 (Sangon Biotech) immediately before use. ONX 0914 was formulated in an aqueous solution of 10% (w/v) sulfobutylether-beta-cyclodextrin and 10 mM sodium citrate (pH 6) and administered to mice as a subcutaneous bolus dose of 10 mg/kg.



Primary Human Cell Preparation

Peripheral blood was collected into EDTA-anticoagulant vacutainer tubes. Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll Hypaque centrifugation (Amersham Biosciences, Piscataway, NJ, USA) and washed twice with 0.9% saline by centrifugation at 300 ×g for 10 min. To isolate circulating CD14+ monocytes or CD4+T cells, the PBMCs were resuspended in AutoMACS sample buffer (Miltenyi Biotec, Bergisch Gladbach, Germany). Anti-CD14-coated magnetic beads or anti- CD4-coated magnetic beads (10 μL per 107 cells, Miltenyi Biotec) were added with constant rotation (15 min, 4°C), washed, and purified by Miltenyi Biotec column separation. The purity of isolated cells was > 90%, as assessed by flow cytometry.



Analysis of LMP2 and LMP7 Expression by ELISA

PBMCs of ITP patients and healthy controls were resuspend in cell lysis buffer (Cell Signaling) at a concentration of 107 cells/mL. Phenylmethylsulfonyl fluoride (PMSF, Cell Signaling) was routinely added as a supplement to lysis buffers immediately before lysis. When necessary, the cells were subjected to ultrasonication until the solution was clarified. The cells were centrifuged at 1,500×g for 10 min at 2–8°C to remove cellular debris. LMP2 and LMP7 levels were measured using commercial Quantikine enzyme-linked immunosorbent assay (ELISA) kits (Biomatik, EKU05564, EKU09068, Human) according to the manufacturer’s instructions.



Analysis of LMP2 and LMP7 Expression by RT-PCR

RNAiso Plus (Takara, Japan) was used to isolate total RNA from the PBMCs of ITP patients and healthy controls. RNA was reversely transcribed into cDNA using the PrimeScript RT reagent kit (Perfect Real Time; Takara) according to the manufacturer’s instructions. Quantitative real-time PCR (q-PCR) was performed for LMP2, LMP7, and the endogenous control GAPDH on a LightCycler® 480 System (Roche Applied Science, Mannheim, Germany). Primers and conditions are reported in detail in Table 2. To calculate relative changes in gene expression, the target genes were compared to GAPDH using the comparative delta Ct (△△Ct) method.


Table 2 | Primers for q-PCR.





Passive ITP Model

To establish the passive ITP mouse model, male C57BL/6J mice (6-8-wks old, platelet count 1,020–1,880 × 109/L, median 1370 × 109/L) were intraperitoneally injected with anti-platelet monoclonal antibody (mAb, rat anti-mouse CD41, clone MWReg30; BD Biosciences) at an initial dose of 0.375 mg/kg body weight and follow-up doses of 0.125 mg/kg every 36 h. ML604440 (10 mg/kg) or ONX-0914 (10 mg/kg) were injected intraperitoneally every day to passive ITP mice simultaneously with the first intravenous injection of anti-platelet monoclonal antibody.

To analyze platelet counts, whole blood samples (5 μL) were collected from the vein of lower extremities and mixed with anticoagulant ACD solution (38 mM citric acid, 75 mM sodium citrate, 100 mM dextrose). Platelets were counted at 0, 24, 48, 72, 120, and 168 h after the first anti-CD41 injection with a hematology analyzer (KX-21N; Sysmex). The optimal mAb dosage was determined according to the platelet count. The time for platelet recovery in the passive ITP mice model was 5 to 8 days without treatment (18, 19). ITP mice were euthanized on day 7, and spleens, thymus and blood were gathered. Single cell suspensions were prepared. Cells were treated with hemolysis buffer to remove red blood cells. After washing in PBS, we counted cells and split them for flow cytometry staining.



Cell Surface Staining for Flow Cytometric Determination of FcγRs

For analysis of FcγR expression in macrophages, 1 × 106 cells from the spleen of ITP mice were stained with anti-mouse CD11b-FITC (Biolegend), anti-mouse CD16/32-PE (Biolegend), and anti-mouse CD64 (Biolegend) monoclonal antibodies for 30 min at 37°C in the dark. Purified human CD14+ cells were exposed (continuous treatment) to DMSO or ML604440 (300 nM) or ONX-0914 (30 nM) for 24 h. Cultured human monocytes/macrophages (1 × 106) were incubated (RT, 30 min in the dark) with a cocktail of anti-human CD14-APC (Biolegend), anti-human CD16-FITC (Invitrogen), and anti-human CD64-PE (Biolegend) antibodies. Data analysis was carried out using a FACS Calibur flow cytometer equipped with Kaluza Flow Cytometry Analysis Software (Beckman Coulter).



Preparation of Platelets

Platelet isolation and labelling with 5-chloromethylfluorescein diacetate (CMFDA, Invitrogen) for phagocytic assays were carried out as previously described (20–22). Briefly, trisodium citrate-anticoagulant venous peripheral blood from healthy volunteers was centrifuged (120 ×g, 10 min) to obtain platelet-rich plasma. The platelets were then isolated by centrifugation (800 ×g, 5 min), and adjusted to 109/mL with 5 μM prostaglandin E1 (Cayman Chemical). The platelets were incubated with CMFDA (final concentration, 10 μM; 30 min at 37°C in the dark), washed, and resuspended in PBS. For opsonization, CMFDA-labeled platelets were incubated with 10 μg/mL anti-human CD41 mAbs (eBioscience; 30 min, room temp) and washed once before the phagocytic assay.



Phagocytosis Assay

CMFDA-labelled platelets were phagocytosed by monocytes/macrophages according to previously reported methods with mild modifications (20–22). Monocytes/macrophages (1 × 106/well) were treated with DMSO (control), or ML604440 (300 nM) or ONX-0914 (30 nM) for 24 h, incubated with 50 ng/mL phorbol 12-myristate 13-acetate (PMA; Multisciences, Hangzhou, China) for 1 h, and washed twice with PBS. Opsonized platelets were then incubated with monocytes/macrophages (50:1; 1 h, 37°C or 4°C as a control), and washed with PBS to remove unbound platelets. The adherent macrophages were removed with a scraper and stained with anti-CD61-APC (Invitrogen). The fluorescence intensity was determined by flow cytometry. The mean fluorescence intensity (MFI) of CD61-APC-negative and CMFDA-positive cells represented platelet engulfment by macrophages. The phagocytic index was calculated by the formula: MFI obtained at 37°C)/MFI obtained at 4°C.



Effects of Immunoproteasome Inhibitors on T Activation and Cell Differentiation

To investigate T cell activation, PBMCs (1 × 106 cells/ml) were preincubated with DMSO or ML604440 (300 nM) or ONX-0914 (30 nM) for 2h and were seeded in 96-well microplates coated with anti-CD3/CD28 antibodies. After treated for 10h, the cells were harvested and incubated with CD69-PE(Biolegend), CD4-APC (Biolegend). In parallel, the cells were harvested after 72h to measure the expression of CD25 by incubating with CD25-APC (Biolegend)and CD4-FITC (Biolegend) in the dark at Room temperature(RT) for 30 min, washed with cold PBS, and analyzed by flow cytometry within 1 h.

Magnetically purified CD4+ T cells (MACS; Miltenyi Biotec) were exposed (continuous treatment) to DMSO, ML604440 (300 nm) or ONX-0914 (30 nM) for 2 h before stimulation with plate-bound antibodies against CD3 and CD28 (Biolegend) for 3 days. The intracellular expression of IL-17A and IFN-γ in CD3+CD8- cells (CD3-PE/cy7, clone SK3; CD8-APC-eFluor780, clone RPA-78, eBioscience) was measured by using the appropriate antibodies (clone eBio64Cap17 and clone 4SB3; eBioscience) 4 h after exposure to 50 ng/ml PMA (Sigma) and 500 ng/mL ionomycin (Sigma) in the presence of 10 µg/mL brefeldin A (Sigma) by flow cytometry (Accuri C6; BD Biosciences).



Western Blot

PBMCs (2 × 107 cells/sample) were lysed in radio-immunoprecipitation assay (RIPA) buffer (Bestbio, Shanghai, China). Immunoblots were performed using polyclonal rabbit anti-human/mouse LMP2 (ab242061, Abcam), LMP7 (ab180606, Abcam), LMP10 (ab183506, Abcam), β-actin (ab179467, Abcam), GAPDH (ab181602, Abcam), p-STAT1 (Cell Signaling), STAT1 (Cell Signaling), p-STAT3 (Cell Signaling), and STAT3 (Cell Signaling) antibodies. Semi-quantitative evaluation of protein levels was performed by comparing band intensity between the protein of interest and the housekeeping controls, GAPDH or β-actin. The level of phosphorylated proteins was measured based on the ratio of phosphorylated protein to total protein.



Statistical Analysis

All data were analyzed by SPSS software and are presented as mean ± SD. Two data sets were analyzed using t-test or paired t-test for matched observations. Multiple groups were compared using ANOVA. All data are presented as mean ± standard error of the mean (SEM). P < 0.05 were considered statistically significant.




Results


LMP2 and LMP7 in Active ITP Patients

To investigate whether the immunoproteasome plays a role in human ITP, we compared the levels of LMP2 and LMP7 in the PBMCs of ITP patients (Table 1) and healthy individuals. ELISA and RT-PCR analysis showed that LMP2 protein expression and gene transcription were both significantly upregulated in ITP patients compared to healthy controls (Figures 1A, B). However, no differences in LMP7 expression were found in the PBMCs of patients and healthy controls (Figures 1C, D). These results suggested that LMP2 was upregulated in the PBMCs of ITP patients and could play a role in the pathogenesis of ITP.




Figure 1 | LMP2 protein and mRNA expression are upregulated in ITP patients. (A) Immunosubunit LMP2 protein expression in ITP patients (n=33) and healthy controls (n=29) were assayed by ELISA. (B) LMP2 mRNA expression in ITP patients (n=20) and healthy controls (n=27) were determined by qPCR. (C) Immunosubunit LMP7 protein expression in ITP patients (n=23) and healthy controls (n=24) were assayed by ELISA. (D) LMP7 mRNA expression in ITP patients (n=16) and healthy controls (n=21) were determined by qPCR. Differences between patients and controls were compared by a Student-Newman-Keuls test. Bars represent SD; **P < 0.01.





Co-Inhibition of the Immunoproteasome Subunits LMP2 and LMP7 Alleviate Thrombocytopenia in ITP Mice

To determine the role of LMP2 in ITP, we used the passive murine ITP model. The passive murine ITP model was elicited by intraperitoneally injected with anti-platelet monoclonal antibody (mAb, rat anti-mouse CD41) at an initial dose of 0.375 mg/kg body weight and follow up doses of 0.125 mg/kg every 36 hours. Mice were treated daily with 10mg/kg ML604440, a dose which inhibits LMP2 in vivo (Supplementary Figure 2A). No significant changes in platelet counts were observed in mice treated with ML604440 (10mg/kg) compared to vehicle-treated mice (Figure 2A). ONX-0914 was previously described as a selective LMP7 inhibitor. Our data and a previous study demonstrated that prolonged exposure of cells to ONX 0914 leads to inhibition of both LMP7 and LMP2. ONX-0914 was frequently used at a concentration of 300 nM in cells (23). Our research confirmed that 300 nmol/L ONX-0914 for 3 days induced cell apoptosis in human cells (Supplementary Figure 1B). Hence, we reduced the concentration of ONX-0914 to 30nM, which can well inhibit LMP2 and LMP7 and had no cytotoxicity to cells (Figure 2B, Supplementary Figure 1B). The treatment of passive ITP mice with 10mg/kg ONX-0914 increased the platelet count at 24, 72, and 120 h after immunization (Figure 2C), suggesting that ONX-0914 had therapeutic effects on ITP.




Figure 2 | ONX-0914 but not ML604440 reversed thrombocytopenia in ITP mice. (A) ML604440 (10 mg/kg) everyday did not significantly improve platelet counts in mice immunized by monoclonal rat anti-mouse CD41 platelet antibody. (B) Altered electrophoretic mobility of IP subunits by covalent modification with ONX 0914. Shown are representative Western blots out of three independent experiments with similar outcome. (C) ONX-0914 (10 mg/kg) everyday improved platelet counts in mice at 24 hours, 72 hours and 120 hours after immunization. **P < 0.01.





Effect of ONX-0914 Treatment on the Expression of FcγRs in the Monocytes of ITP Mice and Patients

To investigate the impact of ONX-0914 on FcγRs regulation, the surface expression of FcγRs in the monocytes of spleen from ITP mice was determined. In spleen monocytes/macrophages of ITP mice, the level of FcγRI (CD64) decreased dramatically after ONX-0914 administration (n = 7, P<0.01). On the other hand, FcγRIII/II (CD16/32) expression was not substantially affected under these conditions (Figure 3A).




Figure 3 | ONX-0914 decreased activating FcγRs of monocytes in ITP mice and patients, inhibited the phagocytosis of macrophages in vitro. (A) Flow cytometry analysis of FcγRI (CD64) or FcγRIII/FcγRII (CD16/32) expression on monocytes of passive ITP mice spleen. (B) Flow cytometry analysis of FcγRI (CD64) or FcγRIII (CD16) expression on monocyte-derived macrophage of patients. (C) Phagocytic capacity of macrophages from ITP patients after exposure to ML604440 (300 nM) or ONX-0914 (30 Nm) or vehicle. *P < 0.05, **P < 0.01.



To study the effect of ONX-0914 on patient monocytes, purified human CD14+ cells were incubated with DMSO, ML604440 (300 nM) or ONX-0914 (30 nM) for 24 h. In the monocytes of ITP patients treated with ONX-0914, FcγRIII (CD16) expression was found to be significantly decreased compared to DMSO-treated controls (P<0.01), while these treatments had no significant impact on FcγRI (CD64) expression (Figure 3B).

To evaluate whether the shift in the FcγR status of monocytes was associated with functional changes, isolated monocytes were treated with DMSO, ML604440 (300 nM) or ONX-0914 (30 nM) before incubation with opsonized CMFDA-labelled platelets for phagocytosis assays. As expected, monocytes treated with ONX-0914 exhibited significantly lower phagocytic capacity compared to controls (P<0.05; Figure 3C).



ONX-0914 Inhibited T Cell Activation

To investigate whether ONX-0914 interferes with T cell activation events, expression of the T cell activation markers CD69 and CD25 in ITP patients T cells was assessed after co-stimulation with anti-CD3/CD28 antibodies. CD69 is an earlier and more sensitive marker of T cell activation (24–26). CD25 is a component of the IL-2 receptor and is involved in late-stage T cell proliferation and differentiation (27). After treated for 10 h, CD69 was assayed. Intriguingly, while the MFI (median fluorescent intensity) value of CD69 was decreased after ONX-0914 treatment, the percentage of CD69-positive cells was not altered under the same conditions(Figure 4A). CD25 was detected on 72h after stimulated. In CD4+ T cells of ITP patients, treatment with ONX-0914 for 72 h caused a significant decrease in CD25 expression, as compared to controls (p<0.0001, Figure 4B), while ML604440 had no significant effects. ONX-0914 also reduced CD4+CD25+ T cells in PBMCs and thymus of passive ITP mice (Supplementary Figure 3). This indicates that LMP2 and LMP7 controlled the activation of CD4+ T cells.




Figure 4 | ONX-0914 decreased activation level of T cells from immune thrombocytopenia (ITP) patients. (A) Expression of CD69 in CD4+T cells was analyzed by flow cytometry. The PBMC cells in the presence/absence of ML604440 or ONX-0914 were co-stimulated with anti-CD3/CD28 antibodies for 10 h. Shown are the MFI (left) and %(right) of CD69. ONX-0914 (30 nM) reduced the MFI of CD16 cells in CD4+ T cells without influence of % CD4+CD16+ T cells. (B) Expression of CD25 in CD4+T cells was analyzed by flow cytometry. The PBMC cells in the presence/absence of ML604440 or ONX-0914 were co-stimulated with anti-CD3/CD28 antibodies for 72 h. ONX-0914 (30 nM) reduced the percentage and number of CD4+CD25+ cells in ITP patients than ML604440 (300 nM) and DMSO. ***P < 0.001.





ONX-0914 Suppressed Th1 Cell Differentiation

To examine the potential role of ONX-0914 in Th cell regulation, CD4+ T cells from ITP patients were magnetically sorted and cultured in vitro in the presence of DMSO, 300 nM ML604440 or 30 nM ONX 0914, and then stimulated with anti-CD3/CD28. After 3 days in culture, the number of Th1 cells was determined by intracellular IFN-γ staining of CD3+CD8- T cells and the number of Th17 cells was determined by intracellular IL-17A staining of CD3+CD8- T cells (Figure 5A). In the presence of ONX-0914, the percentage of IFN-γ-producing CD4+ T cells was lower compared to cells treated with DMSO. Notably, CD4+ T cells simultaneously exposed to a specific LMP2 inhibitor (ML604440) had no influence on Th1 polarization (Figure 5B). No significant inhibition of Th17 differentiation was observed after treatment with either ML604440 or ONX-0914 (Figure 5C).




Figure 5 | ONX-0914 suppress differentiation of Th1. (A–C) Differentiation was measured in 3 day cultures of CD4+ T cells isolated from ITP patients that were exposed to continuous DMSO, ML604440 (300 nM), or ONX 0914 (30 nM), and that were stimulated with platelet-bound antibodies to CD3/CD28. IFN-γ and IL-17 expression were detected by intracellular cytokine staining after 4 hours of restimulation with PMA/ionomycin/BFA. Values reflect percentage of CD4+ cells that were IFN-γ+ or IL-17A+. All data were statistically compared to DMSO-treated group. ***P < 0.001. One-way ANOVA. (D) Western blot of purified CD4+ T cells that were cultured for 3 days with anti-CD3/CD28 in the presence or absence of ML604440 (300 nM) or ONX 0914 (30 nM). Data are representative of at least three independent experiments. *P < 0.05 vs DMSO.



We then explored whether ONX-0914 affected the phosphorylation of STAT1 in CD4+ T cells. PBMCs pulsed with ONX-0914 exhibited a lower level of STAT1 phosphorylation compared to the untreated control or ML604440. However, ONX-0914 or ML604440 had no significant effects on phosphorylation of STAT3 and STAT3 (Figure 5D).




Discussion

The proteasome is part of the ubiquitin-proteasome system (UPS), which is responsible for degrading damaged or misfolded proteins tagged with ubiquitin. The immunoproteasome is an alternative form of the constitutive proteasome, which comprises three subunits, namely, LMP2 (β1i), LMP7 (β5i), and LMP10 (β2i) (28). Recent studies have demonstrated that the immunoproteasome participates in several experimentally induced inflammatory and autoimmune diseases (6–11). We and other groups demonstrated that IFN-ɣ is significantly increased in ITP patients (29, 30). Cells exposure to IFN-ɣ resulted in the expression of immunosubunits, which may explain the upregulation of LMP2 protein and mRNA in patients with active ITP compared to healthy controls. Targeting the immunoproteasome was reported to protect mice from DSS-induced colitis (10) and to attenuate experimental autoimmune encephalomyelitis (EAE) (8). In the present study, passive murine ITP models were treated with ML604440, a highly selective inhibitor of LMP2. ML604440 has not been used in vivo. To further characterize the selectivity of ML604440, fluorescent irreversible subunit specific active site probes (Me4BodipyFL-Ahx3Leu3VS) was used according to a previously described method (31) (Supplementary Figure 2B). ML604440 failed to revert the thrombocytopenia of model mice. It has been shown that LMP2 inhibition alone does not affect MHC-I cell surface expression, cytokine release, Th17 differentiation, or DSS-induced colitis (32). However, the co-inhibition of LMP2 and LMP7 was previously found to affect these processes and strongly ameliorates disease in experimental colitis and EAE (28). ONX-0914 is a selective LMP7 inhibitor. Basler and colleagues reported that prolonged exposure of cells to ONX 0914 leads to the inhibition of both LMP7 and LMP2 (28). Previous studies have shown that the level of LMP2 is reduced up to approximately 75% in the blood and kidney of arthritis mouse model at 1 h post-intravenous injection of 10 mg/kg ONX-0914 (9). In line with an earlier report, our western blotting results showed that ONX 0914 treatment caused the appearance of LMP7 and LMP2 bands with higher apparent molecular weights.

To investigate the impact of combined LMP2 and LMP7 inhibition on ITP, the effects of ONX-0914 were tested in mice. To our surprise, this inhibitor alleviated thrombocytopenia in passive murine models of ITP. Basler and colleagues reported that the structure, rather than the proteolytic activity, of an immunoproteasome subunit are required for generation of specific epitopes (33). They concluded that inhibition of the catalytic activity of LMP2 by ML604440, which does not affect structural alterations caused by LMP2, has no influence on UTY246–254 presentation. However, experiments using an LMP7-selective inhibitor demonstrated that the catalytic activity of LMP7 was crucial for the production of the UTY epitope (9). Additionally, LMP7 influences the structural features of 20S proteasomes, which thereby enhancing the activity of the LMP2 and MECL-1 catalytic sites (34). Thereby, a single immunosubunit could alter the specificity of the other subunits irrespective of its own hydrolytic activity. Our results indicate that targeting LMP7 and LMP2 with ONX-0914 can alleviated thrombocytopenia in the passive ITP models. Whether blocking of LMP7 or LMP7 and MECL-1 or LMP2 and MECL-1 would have similar effects as observed with LMP7 and LMP2 co-inhibition remains to be determined.

The main mechanism of action in the passive ITP model is antibody-mediated platelet phagocytosis by macrophages (35–37). Functions of macrophages such as phagocytosis and antigen presentation are controlled by the balance between the levels of activating FcγRs (FcgRI, IIa, and III) and that of the inhibitory receptor, FcγRIIb (38). Liu and colleagues reported an increase in CD64 expression, as well in the CD32a/CD32b ratio, in circulating monocytes in ITP patients. HD-DXM or Thrombopoietin receptor agonists (TPO-RAs) therapy shift the FcγR balance towards inhibitory FcγRIIb in the monocytes of patients with ITP (18, 19). However, these authors did not report statistically significant changes in monocyte FcγRIII levels, either in responders or non-responders, after TPO-RA treatment. On the other hand, Zhong and colleagues found that the monocytes of ITP patients exhibit increased expression of CD16 compared to those of healthy controls. Anti-CD16 treatment was previously shown to attenuate thrombocytopenia in ITP patients (39). In this study, we found that ONX-0914 treatment down-regulate FcγRI (CD64) expression in the monocytes of a murine model of passive ITP, and decreased the levels of FcγRIII (CD16) in the monocytes of ITP patients. In addition, ONX-0914 reduced the phagocytosis of antibody-coated platelets by monocyte-derived macrophages of ITP patients in vitro. We speculate that the latter event was due to the downregulation of activating FcγRs.

The non-cytotoxic effects of the immunoproteasome inhibition warranted for investigation into the regulatory mechanism. ML604440(300nM) and ONX-0914(30nM) used in our experiments showed no significant cytotoxicity on primary human T cells. Activation markers such as CD69 (early activation marker) and CD25 (late activation marker) are normally expressed when T-lymphocytes are stimulated by antigen binding of T cell receptors (40). A recent study by Chen Y. et al. showed that pediatric ITP patients have particularly higher proportions of CD4+CD25+ T cells than healthy controls (41). Moreover, a previous study from our group showed that CD25 expression is significantly increased in CD4+ T cells and CD8+ T cells of ITP patients compared to controls, indicating that T cells have a higher activation state in ITP patients than in healthy individuals (42). We showed that ONX-0914 decreased activation level of T cells from ITP patients. A study indicated that ONX-0914 impairs T and B cell activation by restraining ERK signaling and proteostais (43). Whether this pathway is affected in ITP by ONX-0914 remains to be determined.

Furthermore, Th cells recognizing platelet antigens and then becoming activated play a crucial role in ITP. An alteration of the CD4+ Th subset has been described in patients with ITP, including increased number of circulating Th1, Th17, and Th22 cells, as well as reduced function of CD4+CD25+FoxP3+ regulatory T cells (Tregs) (44, 45). Among them, Th1 polarization is crucial for the pathogenesis of autoimmune ITP (46, 47), and IFN-γ, which is secreted by Th1, is also important (48). The JAK-STAT pathway plays an important role in IFN-γ-mediated signaling. Phosphorylated STAT1 is an important signal mediator that translocates to the nucleus and activates the transcription of target genes, including IFN-γ. A specific single-nucleotide polymorphism in STAT1, rs1467199, plays a potential role in IFN-γ dependent autoimmunity in pediatric ITP (49, 50). Recently, several studies have shown that ONX-0914 blocked production of T cell–mediated IFN-γ production in human PBMCs and in Hashimoto’s model (9, 51). A lower phosphorylation of STAT1 upon ONX-0914 even after 1 h of Th1-polarizing conditions, thus pointing toward a direct role of ONX-0914 in driving Th1 differentiation (52). Our studies demonstrated that ML604440 does not affect the activation or differentiation of Th cells. In addition to suppressing the activation of CD4+ T cells, the co-inhibition of LMP2 and LMP7 by ONX-0914 blocked Th1 differentiation and inhibited STAT1 phosphorylation. We agree with a hypothesis that immunoproteasome inhibition might be stabilizing a phosphatase, which is specifically degraded by the immunoproteasome subunit and in turn leading to the effects of reduced phosphorylation on Stats. Further studies are necessary to identify these putative phosphatases, which are influencing different Th cell differentiation pathways (52).

In conclusion, our findings revealed that the mmunoproteasome may play a pathogenic role in ITP. Co-inhibition of LMP2 and LMP7 inhibited macrophage phagocytosis, downregulated FcγI in ITP mice, decreased FcγIII in ITP patients, inhibited T cell activation and Th1 differentiation, and alleviated thrombocytopenia in the passive ITP models. In conclusion, the combined inhibition of LMP2 and LMP7 has the potential to become a novel therapeutic strategy for ITP patients.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Ethics Statement

The studies involving human participants were reviewed and approved by Medical Ethical Committee of Qilu Hospital. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Medical Ethical Committee of Qilu Hospital.



Author Contributions

YS designed and funded the research. S-HD and Y-JX performed the research and contributed equally to this study. LL, MN, and YH assisted the research. LW and B-BL analyzed the data. S-HD wrote the paper. YS, MH, JP, Q-LT, and MX edited the paper. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the National Natural Science Foundation of China (81170475, 81470285, 81770114, 81770133, 81470284), Major Research Plan of National Natural Science Foundation of China (91442204), Natural Science Foundation of Shandong Province (ZR2017PH022, ZR2017PH041) and Major Research Plan of Natural Science Foundation of Shandong Province (ZR2016QZ008).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.603278/full#supplementary-material



References

1. Zufferey, A, Kapur, R, and Semple, JW. Pathogenesis and Therapeutic Mechanisms in Immune Thrombocytopenia (ITP). J Clin Med (2017) 6(2):16. doi: 10.3390/jcm6020016

2. Semple, JW, and Provan, D. The immunopathogenesis of immune thrombocytopenia: T cells still take center-stage. Curr Opin Hematol (2012) 19(5):357–62. doi: 10.1097/MOH.0b013e3283567541

3. Borissenko, L, and Groll, M. 20S proteasome and its inhibitors: crystallographic knowledge for drug development. Chem Rev (2007) 107(3):687–717. doi: 10.1021/cr0502504

4. Kim, MS, Pinto, SM, Getnet, D, Nirujogi, RS, Manda, SS, Chaerkady, R, et al. A draft map of the human proteome. Nature (7502) 2014) 509:575–81. doi: 10.1038/nature13302

5. Ferrington, DA, and Gregerson, DS. Immunoproteasomes: structure, function, and antigen presentation. Prog Mol Biol Transl Sci (2012) 109:75–112. doi: 10.1016/B978-012-397863-9.00003-1

6. Basler, M, Mundt, S, Bitzer, A, Schmidt, C, and Groettrup, M. The immunoproteasome: a novel drug target for autoimmune diseases. Clin Exp Rheumatol (2015) 33(4 Suppl 92):S74–79.


7. Liu, H, Wan, C, Ding, Y, Han, RR, He, YT, Xiao, JT, et al. PR-957, a selective inhibitor of immunoproteasome subunit low-MW polypeptide 7, attenuates experimental autoimmune neuritis by suppressing Th17-cell differentiation and regulating cytokine production. FASEB J (2017) 31(4):1756–66. doi: 10.1096/fj.201601147R

8. Basler, M, Mundt, S, Muchamuel, T, Moll, C, Jiang, J, Groettrup, M, et al. Inhibition of the immunoproteasome ameliorates experimental autoimmune encephalomyelitis. EMBO Mol Med (2014) 6(2):226–38. doi: 10.1002/emmm.201303543

9. Muchamuel, T, Basler, M, Aujay, MA, Suzuki, E, Kalim, KW, Lauer, C, et al. A selective inhibitor of the immunoproteasome subunit LMP7 blocks cytokine production and attenuates progression of experimental arthritis. Nat Med (2009) 15(7):781–7. doi: 10.1038/nm.1978

10. Basler, M, Dajee, M, Moll, C, Groettrup, M, and Kirk, CJ. Prevention of experimental colitis by a selective inhibitor of the immunoproteasome. J Immunol (2010) 185(1):634–41. doi: 10.4049/jimmunol.0903182

11. Schmidt, N, Gonzalez, E, Visekruna, A, Kühl, AA, Loddenkemper, C, and Mollenkopf, H. et al. Targeting the proteasome: partial inhibition of the proteasome by bortezomib or deletion of the immunosubunit LMP7 attenuates experimental colitis. Gut (2010) 59(7):896–906. doi: 10.1136/gut.2009.203554

12. Koerner, J, Brunner, T, and Groettrup, M. Inhibition and deficiency of the immunoproteasome subunit LMP7 suppress the development and progression of colorectal carcinoma in mice. Oncotarget (2017) 8(31):50873–88. doi: 10.18632/oncotarget.15141

13. Vachharajani, N, Joeris, T, Luu, M, Hartmann, S, Pautz, S, and Jenike, E. et al. Prevention of colitis-associated cancer by selective targeting of immunoproteasome subunit LMP7. Oncotarget (2017) 8(31):50447–59. doi: 10.18632/oncotarget.14579

14. Wehenkel, M, Ban, JO, Ho, YK, Carmony, KC, Hong, JT, and Kim, KB. A selective inhibitor of the immunoproteasome subunit LMP2 induces apoptosis in PC-3 cells and suppresses tumour growth in nude mice. Br J Cancer (2012) 107(1):53–62. doi: 10.1038/bjc.2012.243

15. Li, J, Basler, M, Alvarez, G, Brunner, T, Kirk, CJ, and Groettrup, M. Immunoproteasome inhibition prevents chronic antibody-mediated allograft rejection in renal transplantation. Kidney Int (2018) 93(3):670–80. doi: 10.1016/j.kint.2017.09.023

16. Sula Karreci, E, Fan, H, Uehara, M, Mihali, AB, Singh, PK, Kurdi, AT, et al. Brief treatment with a highly selective immunoproteasome inhibitor promotes long-term cardiac allograft acceptance in mice. Proc Natl Acad Sci U S A (2016) 113(52):E8425–32. doi: 10.1073/pnas.1618548114

17. Rodeghiero, F, Stasi, R, Gernsheimer, T, Michel, M, Provan, D, Arnold, DM, et al. Standardization of terminology, definitions and outcome criteria in immune thrombocytopenic purpura of adults and children: report from an international working group. Blood (2009) 113(11):2386–93. doi: 10.1182/blood-2008-07-162503

18. Podolanczuk, A, Lazarus, AH, Crow, AR, Grossbard, E, and Bussel, JB. Of mice and men: an open-label pilot study for treatment of immune thrombocytopenic purpura by an inhibitor of Syk. Blood (2009) 113(14):3154–60. doi: 10.1182/blood-2008-07-166439

19. Webster, ML, Sayeh, E, Crow, M, Chen, PG, Nieswandt, B, Freedman, J, et al. Relative efficacy of intravenous immunoglobulin G in ameliorating thrombocytopenia induced by antiplatelet GPIIbIIIa versus GPIbalpha antibodies. Blood (2006) 108(3):943–6. doi: 10.1182/blood-2005-06-009761

20. Liu, XG, Ma, SH, Sun, JZ, Ren, J, Shi, Y, Sun, L, et al. High-dose dexamethasone shifts the balance of stimulatory and inhibitory Fcγ receptors on monocytes in patients with primary immune thrombocytopenia. Blood (2011) 117(6):2061–9. doi: 10.1182/blood-2010-07-295477

21. Liu, XG, Liu, S, Feng, Q, Liu, XN, Li, GS, Sheng, Z, et al. Thrombopoietin receptor agonists shift the balance of Fcgamma receptors toward inhibitory receptor IIb on monocytes in ITP. Blood (2016) 128(6):852–61. doi: 10.1182/blood-2016-01-690727

22. Zhao, Y, Ni, X, Xu, P, Liu, Q, Sun, T, Liu, X, et al. Interleukin-37 reduces inflammation and impairs phagocytosis of platelets in immune thrombocytopenia (ITP). Cytokine (2020) 125:154853. doi: 10.1016/j.cyto.2019.154853

23. Basler, M, Lindstrom, MM, LaStant, JJ, Bradshaw, JM, Owens, TD, Schmidt, C, et al. Co-inhibition of immunoproteasome subunits LMP2 and LMP7 is required to block autoimmunity. EMBO Rep (2018) 19(12):e46512. doi: 10.15252/embr.201846512

24. Radulovic, K, Rossini, V, Manta, C, Holzmann, K, Kestler, HA, and Niess, JH. The Early Activation Marker CD69 Regulates the Expression of Chemokines and CD4 T Cell Accumulation in Intestine. PLoS One (2013) 8(6):e65413. doi: 10.1371/journal.pone.0065413

25. Clausen, J, Vergeiner, B, Enk, M, Petzer, AL, Gastl, G, and Gunsilius, E. Functional Significance of the Activation-Associated Receptors CD25 and CD69 on Human NK-Cells and NK-Like T-Cells. Immunobiology (2003) 207(2):85–93. doi: 10.1078/0171-2985-00219

26. Mackay, LK, Braun, A, Macleod, BL, Collins, N, Tebartz, C, Bedoui, S, et al. Cutting Edge: CD69 Interference Withgosine-1-Phosphate Receptor Function Regulates Peripheral T Cell Retention. J Immunol (2015) 194(5):2059–63. doi: 10.4049/jimmunol.1402256

27. D’Souza, WN, and Lefrançois, L. IL-2 Is Not Required for the Initiation of CD8 T Cell Cycling But Sustains Expansion. J Immunol (2003) 171:5727–35. doi: 10.4049/jimmunol.171.11.5727

28. Ettari, R, Zappala, M, Grasso, S, Musolino, C, Innao, V, and Allegra, A. Immunoproteasome-selective and non-selective inhibitors: A promising approach for the treatment of multiple myeloma. Pharmacol Ther (2018) 182:176–92. doi: 10.1016/j.pharmthera.2017.09.001

29. Zhang, J, Ma, D, Zhu, X, Qu, X, Ji, C, and Hou, M. Elevated profile of Th17, Th1 and Tc1 cells in patients with immune thrombocytopenic purpura. Haematologica (2009) 94(9):1326–9. doi: 10.3324/haematol.2009.007823

30. Panitsas, FP, Theodoropoulou, M, Kouraklis, A, Karakantza, M, Theodorou, GL, and Zoumbos, NC. et al. Adult chronic idiopathic thrombocytopenic purpura (ITP) is the manifestation of a type-1 polarized immune response. Blood (2004) 103(7):2645–7. doi: 10.1182/blood-2003-07-2268

31. Annemieke, DJ, Schuurman, KG, Rodenko, B, Ovaa, H, and Berkers, CR. I. Methods Mol Biol (2012) 803:183–204. doi: 10.1007/978-1-61779-364-6_13)

32. Basler, M, Maurits, E, de Bruin, G, Koerner, J, Overkleeft, HS, and Groettrup, M. Amelioration of autoimmunity with an inhibitor selectively targeting all active centres of the immunoproteasome. Br J Pharmacol (2018) 175(1):38–52. doi: 10.1111/bph.14069

33. Basler, M, Lauer, C, Moebius, J, Weber, R, Przybylski, M, and Kisselev, AF. et al. Why the structure but not the activity of the immunoproteasome subunit low molecular mass polypeptide 2 rescues antigen presentation. J Immunol (2012) 189(4):1868–77. doi: 10.4049/jimmunol.1103592

34. Sijts, AJ, Ruppert, T, Rehermann, B, Schmidt, M, Koszinowski, U, and Kloetzel, PM. Efficient generation of a hepatitis B virus cytotoxic T lymphocyte epitope requires the structural features of immunoproteasomes. J Exp Med (2000) 191(3):503–14. doi: 10.1084/jem.191.3.503

35. Yan, R, Chen, M, Ma, N, Zhao, L, Cao, L, Zhang, Y, et al. Glycoprotein Ibalpha clustering induces macrophage-mediated platelet clearance in the liver. Thromb Haemost (2015) 113(1):107–17. doi: 10.1160/TH14-03-0217

36. Yong, K, Salooja, N, Donahue, RE, Hegde, U, and Linch, DC. Human macrophage colony-stimulating factor levels are elevated in pregnancy and in immune thrombocytopenia. Blood (1992) 80(11):2897–902.


37. Zeigler, ZR, Rosenfeld, CS, Nemunaitis, JJ, Besa, EC, and Shadduck, RK. Increased macrophage colony-stimulating factor levels in immune thrombocytopenic purpura. Blood (1993) 81(5):1251–4.


38. Dhodapkar, KM, Banerjee, D, Connolly, J, Kukreja, A, Matayeva, E, Veri, MC, et al. Selective blockade of the inhibitory Fcγ receptor (FcγRIIB) in human dendritic cells and monocytes induces a type I interferon response program. J Exp Med (2007) 204(10):2489–9. doi: 10.1084/jem.20062545

39. Zhong, H, Bao, W, Li, X, Miller, A, Seery, C, Haq, N, et al. CD16+ monocytes control T-cell subset development in immune thrombocytopenia. Blood (2012) 120(16):3326–35. doi: 10.1182/blood-2012-06-434605

40. Bajnok, A, Ivanova, M, Rigo, J Jr., and Toldi, G. The Distribution of Activation Markers and Selectins on Peripheral T Lymphocytes in Preeclampsia. Mediators Inflamm (2017) 2017:8045161. doi: 10.1155/2017/8045161

41. Chen, Y, Zhou, Y, Chen, P, Zhang, P, Jia, M, and Tang, Y. Excessive expressions of T cell activation markers in pediatric immune thrombocytopenia. Thromb Res (2019) 180:1–9. doi: 10.1016/j.thromres.2019.05.010

42. Nie, M, Liu, Y, Li, XX, Min, YN, Yang, DD, Li, Q, et al. PD-1/PD-L Pathway Potentially Involved in ITP Immunopathogenesis. Thromb Haemost (2019) 119(5):758–65. doi: 10.1016/j.thromres.2019.05.010

43. Schmidt, C, Berger, T, Groettrup, M, and Basler, M. Immunoproteasome inhibition impairs T and B cell activation by restraining ERK signaling and proteostasis. Front Immunol (2018) 9:2386. doi: 10.3389/fimmu.2018.02386

44. Hu, Y, Li, H, Zhang, L, Shan, B, Xu, X, Li, H, et al. Elevated profiles of Th22 cells and correlations with Th17 cells in patients with immune thrombocytopenia. Hum Immunol (2012) 73(6):629–35. doi: 10.1016/j.humimm.2012.04.015

45. Zahran, AM, and Elsayh, KI. CD4+ CD25+High Foxp3+ regulatory T cells, B lymphocytes, and T lymphocytes in patients with acute ITP in Assiut Children Hospital. Clin Appl Thromb Hemost (2014) 20(1):61–7. doi: 10.1177/1076029612454937

46. Talaat, RM, Elmaghraby, AM, Barakat, SS, and El-Shahat, M. Alterations in immune cell subsets and their cytokine secretion profile in childhood idiopathic thrombocytopenic purpura (ITP). Clin Exp Immunol (2014) 176(2):291–300. doi: 10.1111/cei.12279

47. Wang, T, Zhao, H, Ren, H, Guo, J, Xu, M, Yang, R, et al. Type 1 and type 2 T-cell profiles in idiopathic thrombocytopenic purpura. Haematologica (2005) 90(7):914–23.


48. Mouzaki, A, Theodoropoulou, M, Gianakopoulos, I, Vlaha, V, Kyrtsonis, MC, and Maniatis, A. Expression patterns of Th1 and Th2 cytokine genes in childhood idiopathic thrombocytopenic purpura (ITP) at presentation and their modulation by intravenous immunoglobulin G (IVIg) treatment: their role in prognosis. Blood (2002) 100(5):1774–9.


49. Horvath, CM. The Jak-STAT pathway stimulated by interferon gamma. Sci STKE (2004) 2004(260):tr8. doi: 10.1126/stke.2602004tr8

50. Chen, Z, Guo, Z, Ma, J, Liu, F, Gao, C, Liu, S, et al. STAT1 single nucleotide polymorphisms and susceptibility to immune thrombocytopenia. Autoimmunity (2015) 48(5):305–12. doi: 10.3109/08916934.2015.1016218

51. Nagayama, Y, Nakahara, M, Shimamura, M, Horie, I, Arima, K, and Abiru, N. Prophylactic and therapeutic efficacies of a selective inhibitor of the immunoproteasome for Hashimoto’s thyroiditis, but not for Graves’ hyperthyroidism, in mice. Clin Exp Immuno (2012) 168(3):268–73. doi: 10.1111/j.1365-2249.2012.04578.x

52. Kalim, KW, Basler, M, Kirk, CJ, and Groettrup, M. Immunoproteasome Subunit LMP7 Deficiency and Inhibition Suppresses Th1 and Th17 but Enhances Regulatory T Cell Differentiation. J Immunol (2012) 189(8):4182–93. doi: 10.4049/jimmunol.1201183



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

Copyright © 2021 Du, Xiang, Liu, Nie, Hou, Wang, Li, Xu, Teng, Peng, Hou and Shi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Co-Inhibition of the Immunoproteasome Subunits LMP2 and LMP7 Ameliorates Immune Thrombocytopenia

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Patients and Controls

          



          		

            Proteasome Inhibitors

          



          		

            Primary Human Cell Preparation

          



          		

            Analysis of LMP2 and LMP7 Expression by ELISA

          



          		

            Analysis of LMP2 and LMP7 Expression by RT-PCR

          



          		

            Passive ITP Model

          



          		

            Cell Surface Staining for Flow Cytometric Determination of FcγRs

          



          		

            Preparation of Platelets

          



          		

            Phagocytosis Assay

          



          		

            Effects of Immunoproteasome Inhibitors on T Activation and Cell Differentiation

          



          		

            Western Blot

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            LMP2 and LMP7 in Active ITP Patients

          



          		

            Co-Inhibition of the Immunoproteasome Subunits LMP2 and LMP7 Alleviate Thrombocytopenia in ITP Mice

          



          		

            Effect of ONX-0914 Treatment on the Expression of FcγRs in the Monocytes of ITP Mice and Patients

          



          		

            ONX-0914 Inhibited T Cell Activation

          



          		

            ONX-0914 Suppressed Th1 Cell Differentiation

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-11-603278-g004.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Forward Reverso

Homo-LMP2  TGCTGACTCGACAGCCTTTT  GCCCAAGATGACTCGATGGT
PSMBY)
Homo-LMP7  CTACGGGGTCATGGACAGTG GCATAAGCAATAGOCCTGCG
PSMBS)





OEBPS/Images/fimmu-11-603278-g002.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu.2020.603278_cover.jpg
’ frontiers
in Immunology

Co-Inhibition of the
Immunoproteasome Subunits LMP2
and LMP7 Ameliorates Immune
Thrombocytopenia





OEBPS/Images/fimmu-11-603278-g005.jpg





OEBPS/Images/fimmu-11-603278-g003.jpg





OEBPS/Images/table1.jpg
Patient# Agelyrs) Sex Platelot count(10%) Major previous drugs

1 9 F 1 Dex, DAC
2 2 F 8 Dex, TPO, DAC
3 8 M 2 Dex

4 2 F 3 Dex, DAC

5 o F 19 Dex, RTX, TPO
3 2 M 1 Dex, RTX, TPO
7 2 M 5 Dex

8 7 M 0 Dex, Vig, TPO, DAC
0 31 F 2 Dex, RTX, PO
10 6 M 20 Dex, TPO

1" %5 F 2 Dex, TPO, DAC
12 s F 10 Dex, RTX, TPO
18 9 F 2 Dex, RTX, TPO
14 8 M 16 Dex, TPO

15 w9 F 7 Pred, TPO

16 o F 19 Dex, Vig, RTX
1 ® F 4 Dex, TPO

8 2 F 7 Dex, hTPO

19 s F 1 Pred, TPO

20 29 F 21 Pred, CTX, RTX, TPO
21 2 M 1" Dex, Vig, TPO
22 8 M 21 Dex, TPO

28 25 F 2 Dex, TPO, DAC
24 2 M 5 Dex

25 % F 4 Dex, RTX

26 oM 9 Dex, RTX

21 © F 1 Dex, RTX, DAC
28 2 M 2 oAC

29 0 F 16 Dex, Vig, RTX
50 %M 1 oAC

a1 7 F 2 Dex

w2 0 M 4 Dex

33 2 M 4 Pred, Mg, TPO

T, cytoan; DAC, Docitabie; Dox, dexamethasone; VI, intravenous Gamma giobutn
Pred, prednisone: RTX, rituwximab; TPO, thrombopoietin,





OEBPS/Images/fimmu-11-603278-g001.jpg





