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The endothelin-A receptor antagonist BQ123 is an effective treatment agent for hypertension and obese cardiomyopathy. However, the role of BQ123 in controlling acute inflammatory diseases and its underlying mechanisms are not well understood. Here, we showed that BQ123 activated polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) in mice and that the IL13/STAT6/Arg1 signaling pathway is involved in this process. Importantly, both treatment with BQ123 and the transfer of BQ123-induced PMN-MDSCs (BQ123-MDSCs) were effective in relieving inflammation, including dextran sulfate sodium (DSS)-induced colitis, papain-induced pneumonia, and concanavalin A (ConA)-induced hepatitis, in mice. The treatment effects were mediated by the attenuation of the inflammation associated with the accumulation of PMN-MDSCs in the colon, lung, and liver. However, concurrent injection of Gr1 agonistic antibody with BQ123 induced PMN-MDSC aggravated the observed acute inflammation. Interestingly, no remission of inflammation was observed in Rag2 knockout mice administered BQ123-MDSCs, but co-injection with CD3+ T cells significantly relieved acute inflammation. In summary, BQ123-induced PMN-MDSCs attenuated acute inflammation in a T cell-dependent manner, providing a novel potential strategy to prevent the occurrence of acute inflammation.
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Introduction

Endothelin-1 (ET1) and the endothelin-A receptor (ETAR) system play important roles in the pathophysiological progression of cardiovascular diseases (1–3). Endothelin-A receptor antagonists (ETRAs) are critical for the clinical treatment of cardiovascular and vascular diseases such as hypertension, chronic heart failure, pulmonary hypertension, atherosclerosis, and obesity cardiomyopathy (2, 4, 5). Recently, BQ123, a broadly used selective ETRA, has been reported to reduce infarction following focal cerebral ischemia and to relieve pulmonary vascular resistance in congenital heart disease by regulating the ET1/ETAR system (6, 7). Evidence also suggests that the ET1/ETAR system is involved in the pathogenesis of severe inflammation and septic shock (8). The ET1/ETAR system blocking with BQ123 may have clinical applications in the treatment of septic shock (9). It has also been reported that BQ123 can reduce the expression of proinflammatory cytokines, including reactive oxygen species (ROS), tumor necrosis factor (TNF)-α, interleukin (IL)-1, and IL-6, by regulating the ET1/ETAR system (10–12). BQ123 may also play a role in alleviating chronic airway inflammatory obstructive asthma by reducing fibrocyte differentiation and progression (13). Another ETAR antagonist, atrasentan, has been shown to control colitis through its effects on the ET1-ETAR system (14). However, the role of BQ123 in the direct regulation of acute immune-mediated inflammatory diseases and the underlying mechanisms remain largely unclear.

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of pathologically activated immature myeloid cells and an abnormal accumulation of myeloid progenitor cells. There are two subsets of MDSCs: polymorphonuclear MDSCs (PMN-MDSCs), which have a CD11b+Ly6G+Ly6CLow/−phenotype; and monocytic MDSCs (M-MDSCs), which have a CD11b+Ly6G−Ly6CHigh phenotype (15, 16). Compared with monocytes and neutrophils, these subgroups share the same origin, morphology, and phenotypic characteristics. However, they exhibit relatively immature phenotypes and morphology, and have powerful immunosuppressive functions. These are targeted toward various immune cells, in particular T-cells, and some specific target genes such as intracellular ROS, arginase (Arg1), prostaglandin E2 (PGE2), S100A8/9, and a series of inflammatory cytokines (17–20). Initial research focused on the role of MDSCs in the negative regulation of the immune response, in the context of pathological conditions such as cancer, autoimmunity, inflammatory conditions, trauma, and infection (21–23). The discovery of MDSCs represents a new avenue for the clinical treatment of tumors (19–21). Furthermore, recent research has demonstrated that PMN-MDSCs occur in pregnancy and newborns (24–27). In addition, many studies have shown that MDSCs can be used to relieve rheumatoid arthritis, asthma, and multiple sclerosis (28–31). However, the regulatory activities of MDSCs in the context of treating inflammatory diseases have not been fully investigated.

Inflammation is a beneficial automatic defense response that protects the body from potential harm caused by infection, injury, or autoimmune damage (32). However, inflammation can also have negative consequences; over-reactive leukocyte infiltration and severe inflammatory cytokine reactions can result in whole-body tissue damage (33–36). In many systems, without effective intervention, persistent inflammation promotes inflammation-driven carcinogenesis, which is the most common cause of death worldwide (37–39). Existing research sheds light on the treatment of inflammation, including the roles of nonsteroidal anti-inflammatory drugs (NSAIDs), glucocorticoids, IL-1β neutralization, and cellular immunotherapy. However, many anti-inflammatory drugs have severe side effects (40–42). Therefore, the use of cellular immunotherapy for the treatment of inflammation is promising. It has been reported that freshly cultured allogeneic bone-marrow derived mesenchymal stem cells are safe to administer to patients with septic shock (43). Several studies have also shown that MDSCs can be used to control necrotizing enterocolitis (NEC) (24, 44). However, the effect of BQ123 on immune mechanisms in the context of treating inflammatory diseases requires further study.

This study revealed that treatment with BQ123 promoted PMN-MDSC activation in mice, and that the IL13/STAT6/Arg1 signaling pathway was involved in this process. Moreover, treatment with BQ123 and the transfer of BQ123-induced PMN-MDSCs (BQ123-MDSCs) were effectively alleviated inflammation, including acute colitis, acute pneumonia, and acute hepatitis. However, injection of Gr1 agonistic antibody aggravated the observed acute inflammation. Moreover, BQ123-induced PMN-MDSCs attenuated acute inflammation in a T cell-dependent manner. Collectively, BQ123 and BQ123-MDSCs may serve as a potential therapeutic agent for acute immune-mediated inflammation.



Materials and Methods


Mice

BALB/c and C57BL/6J mice were purchased from the Laboratory Animal Center of the Southern Medical University. Rag2 KO mice (B6.129-Rag2tm1) were purchased from the Cavens Biogel (Suzhou) Model Animal Research Co. Ltd. All mice were housed in pathogen-free facilities under the following conditions: temperature 23 ± 2°C, humidity, 55 ± 5%, 12 h light/dark cycle. All mice had free access to standard rodent pellet food and tap water according to the Southern Medical University guidelines. All experimental procedures in this study were approved by the Institutional Animal Care and Use Committee of the Southern Medical University Experimental Animal Ethics Committee (STAMP) (Approval number: L2019130).



Reagents and Antibodies

The reagents and antibodies used in this study are listed in Supplementary Tables 1 and 2 respectively.



Cell Isolation


Isolation of Mouse Bone Marrow (BM) Cells

Bone marrow cells were obtained by flushing femurs and tibias with a 20mL syringe containing RPMI-1640 medium followed by lysing of red blood cells with Ammonium-Chloride-Potassium (ACK) buffer.



Isolation of Lamina Propria Mononuclear Cells (LPMCs)

Following the removal of feces, the colon was cut into 1 cm pieces using scissors, and incubated in 5 mL of pre-digestion HBSS buffer (1 mM DTT, 5 mM EDTA, and 20 mM HEPES) for 20 min at 37°C under slow rotation in a shaker, to remove intestinal epithelial cells. Subsequently, the colon was digested in 0.5 mg/mL collagenase I and 5 U/mL DNase for 60 min to isolate the LPMCs. Leukocytes from the lamina propria were enriched using a 40%/80% Percoll gradient (GE Healthcare).



Isolation of Mononuclear Cells From Lung Tissue

To isolate cells from the lung tissue, we flushed the lungs with 1 mL of cold PB twice, using a thin tube inserted into a cut made in the trachea, using methods previously described by Monticelli et al. (45). The lungs were then perfused with 20 mL cold phosphate-buffered saline (PBS) through the right ventricle of the heart before removal. Lung lobes were cut into small pieces using scissors and were digested with 0.5 mg/mL collagenase type I (Invitrogen) in RPMI-1640 medium with 10% FBS (Biological Industries) and 1% penicillin-streptomycin (Gibco) for 1 h at 37°C, and were subjected to continuous agitation in a shaker. Leukocytes were obtained using a 40/80% Percoll gradient (GE Healthcare).



Isolation of Mononuclear Cells From Liver

Leukocyte cells were obtained from the liver using mechanical disruption and 70 µm cell strainers. Hepatic mononuclear cells were isolated using a 30%/70% Percoll gradient (GE Healthcare).

For all samples, the middle layer was gently taken out using a Pasteur pipette and washed with PBS twice after density gradient centrifugation at 400 ×g and 25°C for 25 min. Red blood cells were lysed in ACK buffer, and cell suspensions were filtered through 70 μm cell strainers before subsequent analysis.




Flow Cytometric Analysis

Cells were first stained with fluorescein-conjugated Ghost Dye Violet 780 to exclude dead cells. Then, surface markers were then stained for 30 min at 4°C. For staining of transcription factors, cells were fixed and permeabilized according to the manufacturer’s instructions, after staining with surface antibodies. To measure intracellular cytokine expression, cells were isolated and stimulated in complete RPMI-640 medium + 10% FBS with 50 ng/mL PMA, 1 µg/mL ionomycin, and 1 µg/mL brefeldin A for 4 h. Cells were subsequently surface-stained, fixed, and permeabilized using a CytoFix/Perm solution, and stained with the indicated cytokines. All the cells were protected from light during the dyeing process. An LSR Fortessa flow cytometer (BD Bioscience) was used for all flow cytometry data acquisition, and data were analyzed using FlowJo V10.0.7. Flow cytometry was supported by the Department of Immunology at the School of Basic Medical Sciences, Southern Medical University. The gating strategy for mouse MDSCs was CD11b+Ly6G+Ly6CLow/- for PMN-MDSCs and CD11b+ Ly6G–Ly6CHigh for M-MDSCs. Examples of MDSC gating strategies are provided in Supplementary Figure 1.



Cell Sorting

For Ly6G+ cells isolation, the cells were labeled with anti-mouse biotin Ly6G antibodies (catalog no. 127604, BioLegend). For CD3+ cells isolation, the cells were labeled with anti-mouse biotin CD3 antibodies (catalog no. 100304, eBioscience). The cell–antibody complex suspension was mixed with streptavidin microbeads (catalog no. 130-048-1012, Miltenyi) at 4°C for 30 min. All cells were sorted to a purity of ≥ 95%. Purified immature innate lymphoid cells (iILC2) from BM, cells were initially depleted of T, B, myeloid and erythroid lineages by labeling with biotin-conjugated anti-CD3, anti- B220, anti-CD11b, anti-Ly6G, anti-CD11c, anti-NK1.1, anti-CD4, anti-CD5, anti-CD8a, anti-TCRβ chain, anti- TCR γ/δ, and anti-erythroid marker (TER-119), followed by streptavidin-paramagnetic particles (BD Biosciences) according to the manufacturer’s instructions. The remaining cells were stained with the specific fluorochrome-conjugated antibodies: Lin-CD45+ Sca1+CD25+CD127+and sorted with Aria III (BD Biosciences).



T-Cell Proliferation Assay

To evaluate PMN-MDSC suppressive activity, neutrophils and PMN-MDSCs were extracted from the spleen of mice treated with PBS or BQ123, and co-cultured with CD3+ T-cells isolated from the spleens of BALB/c mice, labeled with CFSE at 37°C for 15 min. Cells were plated in 96-well plates in RPMI-1640 with 10% FBS at different ratios (T/MDSC 1:0, 2:1, 4:1, and 8:1) and stimulated with concanavalin A (ConA) (5 μg/mL). Unstimulated T-cells were used as a negative control. To block the molecular effector of MDSCs, either the arginase inhibitor Nω-Hydroxy-nor-L-arginine monoacetate (NOHA, 100 μM), the EP2 inhibitor AH6809 (5 μM), the EP4 inhibitor L-161982 (5 μM), or the ROS inhibitor N-acetylcysteine (NAC, 1 mM) were added to T/MDSC 2:1 of each group separately. After 72 h, cells were stained with anti–CD4-PB and anti–CD8a-PE, and T-cell proliferation was assessed based on the intensity of CFSE fluorescence using an LSRFortessa flow cytometer. Examples of gating for T-cell proliferation are provided in Supplementary Figure 1.



PMN-MDSC Induction In Vivo

Four-week-old C57BL/6 mice were injected intraperitoneally with BQ123 (5 mg/kg/day in a volume of 200ul 1‰ DMSO/PBS), or ET1 (5 mg/kg/day in a volume of 200ul 1‰ DMSO/PBS) for eight consecutive days. Control mice received the vehicle (1‰ DMSO/PBS) via the same route. The mice were euthanized 24 h after receiving the last dose. For the STAT6 inhibitor experiment, the mice were divided into four groups. One group received a PBS injection, the second group received a BQ123 injection, the third group received a combination of BQ123 and AS1517499, and the fourth group received only an AS1517499 injection. AS1517499 was injected intraperitoneally at a dose of 10 mg/kg (dissolved in 1‰ DMSO/PBS) for eight consecutive days, and subsequent experiments were performed on day 9.



Co-Culture BQ123 With iILC2s

The iILC2s sorted from borrow marrow were cultured (about 1×105 cells in 200 ul RPMI-1640 medium containing 10% fetal bovine serum) in 96-well plates in the presence of IL-2 (20 ng/ml) and IL-7 (20 ng/ml), IL-33 (100 ng/ml) with or without BQ123 (100uM, dissolved in 1‰ DMSO/PBS). Media were half changed on day 3 and the amounts of cytokines of ILC2 in cells (IL-5+ IL-13+) were analyzed by flow cytometry on day 6. The levels of IL-5 and IL-13 in culture supernatants were also measured by enzyme-linked immunosorbent assay (ELISA).



Enzyme-Linked Immunosorbent Assay

Cell lysates of PMN-MDSCs and control cells were collected to evaluate PGE2 concentrations (catalog no. E-EL-0034c, Elabscience) and the protein levels of S100A9 (catalog no. DY2065, R&D, USA). The levels of IL-5 and IL-13 in bronchoalveolar lavage fluid (BALF) of mice with acute lung inflammation or culture supernatants from BQ123 co-cultured with iILC2, and those of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in the serum of mice with acute hepatitis were measured (catalog no. C010-2-1/C009-2-1, njjcbio, China). Thermo Scientific Multiskan FC systems were used to detect levels of PGE2, S100A9, IL-5, IL-13, AST, and ALT; all procedures were performed according to the manufacturer’s instructions.



ROS Production Assay

Intracellular ROS production was measured by fluorescence microscopy, using 2’,7- dichlorodihydrofluorescein diacetate (DCFHDA) (catalog no. D399, Invitrogen) at a dilution of 1:1,000, according to the manufacturer’s instructions. The cells were kept at 37°C and were not exposed to light. The cells were then stained with antibodies (Supplementary Table 2).



Arginase Activity Assay

The arginase reaction was performed according to the manufacturer’s instructions. Briefly, approximately 1×106 PMN-MDSCs and neutrophils were collected in a 1.5 ml centrifuge tube, to which 100 μL radioimmunoprecipitation assay lysis buffer (pH 7.4) (Beyotime, China) was added to obtain the cell lysate. Cell lysates were incubated at 37°C for 2 h after the addition of L-arginine and MnCl2. Urea (1 mM) was used as the standard sample, and water was used as the blank. After incubation was complete, the absorbance was measured at 450 nm using a spectrophotometer, and the arginase activity was calculated using the formula given in the manufacturer’s instructions.



Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from cells using TRIzol reagent (catalog no. 15596, Invitrogen). Reverse transcription PCR (RT-PCR) was performed using a ProFlex PCR system (ThermoFisher Scientific) with a StarScript II First-strand cDNA synthesis kit (catalog no. A212-05, GenStar). Real-time quantitative PCR was performed using a QuantStudio 6 Flex system (Thermo Fisher Scientific) and a RealStar Green Power Mixture kit (catalog no. A314-10, GenStar). The mRNA levels of specific genes were determined using the relative standard curve method and used β-Actin for normalization, and the lowest expression level sample in control group was artificially set to 1. qPCR analyses were performed in triplicate, and experiments were repeated at least twice. The primer sequences used are listed in Supplementary Table 3.



Western Blotting

The experimental protocol for western blotting was described previously by He et al. (46). All protein sample was sorted from spleen of mice treated with PBS or BQ123. Cells were lysed with radioimmunoprecipitation assay lysis buffer (Beyotime, China). Protein concentrations were measured using a bicinchoninic acid protein assay kit. The target proteins were separated using SDS-PAGE and transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA,USA). After blocking for 1 h, the membranes were incubated with the corresponding primary antibodies at 4°C for 16 h, followed by incubation with HRP-conjugated secondary antibodies at room temperature for 1 h. Protein bands were visualized using a western blotting detection kit (catalog no. WBKLS0500, MILLIPORE), the chemiluminescent signal was detected using ChemiDocTM XRS+, and the band intensity was assessed using Image LabTM Software (Bio-Rad). Tubulin and total STAT6 were used as loading controls. The antibodies used in this study are listed in Supplemental Table 2.



DSS-Induced Colitis Model

Murine acute colitis was induced as previously described by Wirtz et al. (47), with the slightly modifications. Briefly, six-week-old C57BL/6 male mice was induced by giving 3% DSS (MW36 000–50 000; MP Biomedicals) dissolved in drinking water for seven consecutive days, and were euthanized by cervical dislocation under isoflurane anesthesia on day 8. To evaluate the severity of colitis, animals were monitored daily for loss of body weight, stool consistency and hematochezia. Individuals were also given a clinical score for the disease activity index (DAI), which ranged from 0 to 4. The entire colon was removed, gently flushed with saline and blotted on filter paper, cleaned of fat and mesentery, and longitudinally opened so as to exhaustively eliminate faucal residues. Each specimen was weighed and its length was measured under a constant load. A fraction of colon tissue was used for histological examination and scored, and remaining colon tissue were measured the expression level of inflammation factors, as well as the population of MDSC and Th subsets in lamina propria. Bacterial loading in the colon was tested as described previously (48–50). DNA samples were amplified using both 16S rRNA universal primers and 16S rRNA gene group-specific primers (UniF340 and UniR514). The primer sequences are presented in Supplementary Table 3.



Papain-Induced Acute Pneumonia Model

For induction of papain-induced pneumonia mouse model (45), mice were anesthetized, followed by intranasal administration with papain (20 µg papain in 40 µL PBS, daily) for five consecutive days. Control mice were treated with an equal volume of PBS only. Twenty-four hours after the final treatment; the mice were euthanized by cervical dislocation under isoflurane anesthesia. Then BAL fluid was collected for analysis the frequency of eosinophils (EOS) and level of IL-5/IL-13. The left lobe of lung was fixed in 4% buffered formalin for histological examination, and remaining lung tissue were measured the expression level of IL5 and IL13.



ConA-Induced Murine Hepatitis Model

Murine hepatitis was induced using the methodology described by Arshad et al. (51), with slightly modifications. Briefly, mice were administered a single intravenous tail vein injection (i.v.) of ConA (Sigma-Aldrich) at a dose of 13 mg/kg body weight on day 0 and euthanized after 24 h, and the control mice were injected with PBS. Serum was collected from the blood of the eyeball, and the serum levels of AST and ALT in serum were measured by ELISA according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). And the liver lobule were fixed in 4% buffered formalin for histological examination, and remaining liver tissue were measured the expression level of inflammation factors, as well as the population the level of MDSC and Th1 cells.



Adoptive Transfer of BQ123-Induced PMN-MDSC

Adoptive transfer of PMN-MDSCs was carried out as described previously by He et al. (24). PMN-MDSCs and neutrophils were purified from the donor mice, which were intraperitoneally administered with BQ123 or PBS for eight consecutive days. Approximately 2×106 PMN-MDSCs or neutrophils were intravenously injected into recipient mice on different days. For the DSS-induced colitis model transfer, 2 × 106 enriched BQ123-induced PMN-MDSCs were injected into recipient mice on days 2 and 5. For the papain-induced lung inflammation mouse model, 2 × 106 enriched BQ123-induced PMN-MDSCs were injected into recipient mice on days 0 and 3; and for the acute hepatitis model, 2 × 106 BQ123-induced PMN-MDSCs were intravenously injected into recipient mice 1 h before receiving the ConA injection on day 0. PBS-treated neutrophils were used as the control. For T cell transfer in Rag2 KO, about 4×106 CD3+T cells from donor mice were injected into Rag2 KO recipient mice during inducing different inflammation models in the same cycle. Donor CD3+T cells were isolated from the spleen of C57BL/6 WT mice.



BQ123-Induced PMN-MDSC Depletion

In the BQ123-induced PMN-MDSC depletion experiment, 10 µg/g of anti-Gr1 (BioXcell, West Lebanon, New Hampshire, and USA) was administered intraperitoneally to WT mice. C57BL/6 mice were administered BQ123 or PBS via the same route as mentioned above before model induction. For the colitis mouse model, Gr1ab was injected into recipient mice on days 2 and 5 of the model. For the lung inflammation mouse model, Gr1ab was injected into recipient mice on days 0 and 3, for the acute hepatitis model, Gr1ab was injected into recipient mice 1 h before receiving the ConA injection on day 0. The rat IgG isotype was used as a control.



Statistical Analysis

All experimental data were analyzed using GraphPad Prism version 8.0a (GraphPad Software Inc., San Diego, CA, USA). For most experiments, differences between the two groups were assessed using two-tailed unpaired Student’s t-tests and one-way analysis of variance. Non-parametric Mann-Whitney tests were used to compare the differences between more than two groups when the variances were significantly different. * indicates p-values, and ns denotes non-significance. If a p-value was <0.05, the difference was considered statistically significant. *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001; ****P-value < 0.0005.




Results


BQ123 Promoted PMN-MDSC Activation in Mice

BQ123 has been studied extensively with regard to its effects on endothelins (6, 7), but its effects on immune cells involved in regulating inflammation, such as MDSCs, is unclear. To explore whether BQ123 influences MDSC cell expansion in mice, we first determined the cell phenotype of MDSCs in WT mice treated with or without BQ123 injection (Supplementary Figure 2A) using flow cytometry. Following treatment with BQ123, the frequency of CD11b+Ly6G+Ly6CLow/- cells was substantially higher in the spleen, PBMCs, and liver, but not in the bone marrow (Figures 1A, B). However, the frequency of CD11b+Ly6G-Ly6CHigh cells was not affected by BQ123 (Figures 1A, B). This finding suggests that treatment with BQ123 increased the population of CD11b+Ly6G+Ly6CLow/-, but not of CD11b+Ly6G-Ly6CHigh. Considering BQ123-specific effects on PMN-MDSC expansion, the populations of other immune cells, including DCs, macrophages, and T and B cells, were also evaluated under BQ123 treatment. The data showed no change in the population of the above investigated cells (Supplementary Figure 2B). Hence, BQ123 revealed specific effects on PMN-MDSC expansion. Hence, BQ123 revealed specific effects on PMN-MDSC expansion.




Figure 1 | BQ123 promoted PMN-MDSCs activation in mice. (A, B) C57BL/6 mice (four-weeks of age) were injected intraperitoneally with BQ123. Control mice received PBS via the same route. Mice were euthanized after 8 days and tissues were obtained. The proportions of MDSC subsets (CD11b+Ly6G+Ly6CLow/- for PMN-MDSCs and CD11b+ Ly6G–Ly6CHigh for M-MDSCs) in the spleen, peripheral blood mononuclear cells (PBMCs), liver, and bone marrow (BM) were measured using flow cytometry analysis. A typical example of flow cytometry (A) and statistical results from multiple experiments (B) are shown (n=9). (C, D) The suppressive activity of BQ123 induced CD11b+Ly6G+Ly6CLow/- cells were determined. CD11b+Ly6G+Ly6CLow/- cells and neutrophils were sorted from the spleen of mice treated with BQ123 or PBS, and co-cultured with CD3-T cells isolated from the spleens of BALB/c mice labeled with CFSE at 37°C for 15 min. Cells were plated in a 96-well plate in RMPI-1640 with 10% FBS at different ratios (T/MDSC 1:0, 2:1, 4:1,8:1) and stimulated with ConA (5 μg/mL); unstimulated T-cells were used as a negative control. T-cell proliferation was evaluated using CFSE staining. Representative flow cytometry data (C) and statistical results (D) are shown (n=4). Neutrophils and PMN-MDSCs were extracted from the spleen of the mice treated with PBS or BQ123, and following experiments were performed. (E) mRNA expression level of MDSC targets, β- actin was used for normalization, and the lowest expression level sample in neutrophils group was artificially set to 1. Typical results from three experiments are shown (n=4). (F) Protein expression level of S100A9, Arg1, and COX2. Typical results from three experiments are shown. (G, H) The amount of S100A9 (G, n=9) and Arginase1 (H, n=6) in cell lysates. (I) To block the molecular effector of PMN-MDSCs, arginase inhibitor (NOHA, 100 μM), EP2 inhibitor AH6809 (5 μM), EP4 inhibitor L161982 (5 μM), or ROS inhibitor N-Acetylcysteine (NAC, 1 mM) was added to T/MDSC 2:1 of each group separately. Statistical results (I) of the frequency are shown (n=3). Data represent the mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0005, and ns, not significant, based on the Mann-Whitney test (B, H) or the two-tailed unpaired Student’s t test (D, E, G, I).



It has been established that CD11b+Ly6G+Ly6CLow/- cells in WT mice are neutrophils that do not suppress T-cell suppression (15, 16). To determine whether CD11b+Ly6G+Ly6CLow/- cells stimulated by BQ123 have different biological roles in neutrophils, a T-cell proliferation assay was performed. Notably, CD11b+Ly6G+Ly6CLow/- cells stimulated by BQ123 were immunosuppressive in a concentration-dependent manner (Figures 1C, D). However, there were no differences when compared with the control cells from mice injected with PBS (Figures 1C, D). It has been established that PMN-MDSCs express higher levels of S100A8 and S100A9 and lower levels of IRF8 than neutrophils (15, 16, 18). To verify the molecular biological characteristics of CD11b+Ly6G+Ly6CLow/- cells stimulated by BQ123, mRNA levels of MDSC-related target genes in PMN-MDSC-like cells stimulated by BQ123 were tested. The results revealed that S100A8 and S100A9 mRNA levels were remarkably higher, IRF8 mRNA levels were significantly lower, and arg1 expression increased significantly in cells from mice treated with BQ123 when compared with those from control mice (Figure 1E). However, there were no differences in the mRNA levels of cyclooxygenase 2 (COX2), nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2), and inducible nitric oxide synthase (iNOS) following BQ123 treatment (Figure 1E). The protein levels of Arg1 and S100A9 visibly increased following BS123 treatment. This was consistent with the mRNA levels of the BQ123 treated group, as determined by western blotting and enzyme-linked immunosorbent assay (Figures 1F–H). However, there were no significant differences in ROS levels, COX2 protein levels, or the production of PGE2 (Supplementary Figures 2B, C). Additionally, CD115 (macrophage colony-stimulating factor receptor) and CD244 were used to distinguish PMN-MDSCs from neutrophils in this study (Supplementary Figure 2E). Hence, these data indicated that the PMN-MDSC-like cells induced by BQ123 were PMN-MDSCs, with immunosuppressive activities, evoked by MDSC-related effectors. The results also suggest that Arg1 may be mechanistically involved in the immunosuppressive effects of BQ123-induced PMN-MDSCs. To investigate whether Arg1 was required for BQ123 to regulate the activation of PMN-MDSCs, T-cell proliferation assays were performed using inhibitors of MDSC effector molecules such as NOHA (an inhibitor of arginase), NAC (an inhibitor of ROS), AH6809 (an EP2 inhibitor), and L161982 (an EP4 inhibitor). The arginase inhibitor NOHA dramatically abrogated the immunosuppressive activity of BQ123-induced PMN-MDSCs, but NAC, AH6809, and L161982 did not affect CD4+ T cells and CD8+ T cell proliferation (Figure 1I, Supplementary Figure 2D). Taken together, these results indicate that BQ123 can activate PMN-MDSCs but not M-MDSCs in mice, and that Arg1 is involved in BQ123-induced PMN-MDSC-mediated immunosuppression. Previous studies have reported that the effect of BQ123 on various diseases depends on the ET1-ETAR system (10–12, 14). To better understand the nature of the BQ123-derived PMN-MDSC, we performed additional experiments. The resultant data revealed that ETAR is expressed at high levels in PMN-MDSCs when compared with neutrophils, but the results from the ETBR were in contrast (Supplementary Figure 2G). Subsequent experiments revealed no obvious expansion of PMN-MDSCs after ET1 treatment (Supplementary Figure 2H). This suggests that BQ123, an ETAR antagonist, directly acts on MDSCs in vivo.



BQ123 Activated PMN-MDSCs Through the IL13/STAT6/ARG1 Signaling Pathway

Several previous studies have shown that activation of STAT or NF-κB is linked to the suppressive activity of MDSCs (16, 18–20). Therefore, we investigated whether the transcription factors STAT1, STAT3, STAT5, STAT6, and NF-κB regulated BQ123-induced PMN-MDSC-mediated immunosuppression. To explore this question, we examined the expression of the transcription factors listed above and found that the phosphorylation level of STAT6 (pSTAT6) was significantly higher in the PMN-MDSCs from the mice that received BQ123 treatment than in those from the control group (Figures 2A, B). However, there were no differences in the phosphorylation levels of STAT1, STAT3, STAT5, or NF-κB (Supplementary Figures 3A–E). To confirm whether STAT6 is involved in BQ123 activation of PMN-MDSCs, the STAT6 inhibitor AS1517499 was used (Supplementary Figure 4A). As noted above, BQ123 significantly increased PMN-MDSC expansion (Figures 2C, D) and activated PMN-MDSC suppression (Supplementary Figure 4B, Figure 2E), leading to higher of S100A8, S100A9, and Arg1 mRNA and protein levels (Figures 2F–H) than those in the control group.




Figure 2 | BQ123 Activated PMN-MDSCs through the IL13/STAT6/ARG1 signaling pathway. (A) The mean fluorescence intensity (MFI) ratio of STAT6 phosphorylation level (n=6) and (B) western blot of STAT6 phosphorylation level. For western blot, the typical results from three experiments are shown. Tubulin and total STAT6 were used as loading controls. For the STAT6 inhibitor experiment, mice were split into four groups. One group received PBS injections, the second group received BQ123 injections, the third group received a combination of BQ123 and AS1517499, and the fourth group received only AS1517499 injections. Ly6G+cells were sorted among four groups and used to complete the experiment C-F. Typical example of flow cytometry (C) and statistical results (D) from multiple experiments of the cell phenotype in spleen are shown (n=6). (E) A T-cell proliferation function assay was used to evaluate MDSC suppressive activity in the STAT6 inhibitor experiment. Statistical results of the frequency are shown (n=3). (F) mRNA expression level of the target gene including Arg1, S100A9, S100A8, and IRF8 (n=4). (G, H) The amount of S100A9 (G) and Arginase-1 (H) in cell lysates (n=6). (I) mRNA expression level of IL-13 was tested in Ly6G+ cells from BQ123 or PBS treated mice. β- actin was used for normalization, and the lowest expression level sample in PBS group was artificially set to 1 (n=4). (J) Representative flow cytometry results (left) and statistical analysis (right) of the mean fluorescence intensity (MFI) levels of IL-13 were tested in CD11b+Ly6G+Ly6CLow/- cells from BQ123 or PBS treated mice (n=6). Data represent the mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0005, and ns, not significant, based on the Mann-Whitney test (F, I) or two-tailed unpaired Student’s t test (A, D, E, G, H, J).



Treatment with BQ123 combined with AS1517499 significantly reduced BQ123 induced PMN-MDSC expansion (Figures 2C, D). Furthermore, treatment with BQ123 combined with AS1517499 dramatically abrogated immunosuppressive activity and recovered T-cell proliferation when compared with that in the BQ123 group (Supplementary Figure 4B, Figure 2E). Treatment with BQ123 combined with AS1517499 also led to decreased S100A8, S100A9, and Arg1 mRNA levels and increased IRF8 mRNA levels compared with those in the BQ123 group (Figure 2F). Finally, we tested the protein levels of MDSC molecular effectors. Treatment with BQ123 combined with AS1517499 resulted in lower levels of S100A9 and Arg1, when compared to the BQ123 group (Figures 2G, H). This indicated that AS1517499 reversed the effect of BQ123 on MDSC-related target genes. However, AS1517499 had no effect on the proportion of PMN-MDSCs (Figures 2C, D), proliferation of T-cells (Supplementary Figure 4B, Figure 2E), or the expression of MDSC molecular effectors (Figures 2F–H) when compared with that in the PBS control group. Thus, we propose that the inhibition of STAT6 reduced BQ123-induced PMN-MDSC-mediated immunosuppression and downregulated BQ123 induced Arg1 expression in PMN-MDSCs. Overall, BQ123 appeared to regulate PMN-MDSC immunosuppressive functions and expansion through the STAT6/Arg1 signaling pathway.

To investigate the mechanism by which BQ123-derived PMN-MDSCs induce STAT6 phosphorylation, we focused on major mechanisms previously reporting that STAT6 is usually phosphorylated by IL-4 or IL-13 (52–54). As expected, IL13 was significantly upregulated in BQ123-derived PMN-MDSCs, at both the mRNA and protein levels (Figures 2I, J); however, IL4 and IL5 failed to display any effects (Supplementary Figure 4C). These findings indicate that the activation of PMN-MDSCs triggered by BQ123 sequentially caused the upregulation of IL13, and then phosphorylated STAT6, resulting in increased Arg1 production. To determine whether BQ123 affects the production of IL13 by other cells, we performed in vitro ILC differentiation assays and measured the production of IL-5 and IL-13 after 5 days of treatment with BQ123. Data showed both concentrations of IL-5 and IL-13 in the supernatants and the proportion of IL5+ IL13+ ILC2s, as well as concentrations of IL-5 and IL-13 in the supernatants, was dramatically increased after BQ123 treatment, compared with the control (Supplementary Figures 4F, 4G), but IL5+IL13+ILC2 cells were significantly decreased. These results indicate that BQ123 potentially affected the cytokine production of ILC2.



Both BQ123 and BQ123-Induced PMN-MDSCs Attenuated DSS-Induced Acute Colitis

As described above, BQ123 increased the suppressive activity acquisition of PMN-MDSCs via the STAT6/Arg1 signaling pathway. The ETAR antagonist atrasentan has been reported to control colitis via the ET1-ETAR system (14). To test whether BQ123 prevents the progression of acute colitis, we performed a DSS-induced acute colitis experiment (Figure 3A). In mice treated with BQ123, the colon inflammation and CMDI score (Figure 3B), shortening of colon length (Figure 3C), bacterial loading (Figure 3D), and DAI (Figure 3E) were significantly lower than those in the PBS group. Mice in the BQ123 group also lost slightly less body weight compared with those in the PBS group (Figure 3F). Moreover, PMN-MDSCs accumulated in the spleen (Supplementary Figure 5A) and colon (Supplementary Figure 5B) in the BQ123 group mice. These data suggest that BQ123 attenuates acute colitis through PMN-MDSC expansion.




Figure 3 | Both BQ123 and BQ123-induced PMN-MDSCs attenuate DSS-induced acute colitis. C57BL/6 male mice (six-weeks old) were divided into four groups: PBS group (DSS+PBS), BQ123 group (DSS+BQ123), BQ123-MDSC group (DSS+ BQ123-derived PMN-MDSCs), and PBS-Neu group (DSS+PBS-derived neutrophils), and fed with 3% DSS freely for seven consecutive days in the same cage. The BQ123 group was injected with 5 mg/kg for eight consecutive days, and the same route was used for the PBS group. Transfer group, about 2 × 106 enriched BQ123-MDSCs (BQ123-derived PMN-MDSCs) or PBS-Neu (PBS-derived neutrophils) were injected into recipient mice on days 2 and 5. (A) Experimental schema. (B) Representative H&E staining and inflammation scores (n=6). (C–F) Mice were euthanized on day 8 for evaluation of colitis severity, based on: (C) colon length (n=6), (D) Bacterial loading (n=6), (E) Disease activity index (DAI) (n=6), and (F) Body weight (n=6). (G, H) T-cell subsets present in colon lamina propria mononuclear cells (LPMCs). A typical example of staining (G) and statistical results of the frequency of T-cells (H) (n=6) and (I) mRNA expression levels of inflammatory factors are shown. β-actin was used for normalization, and the lowest expression level sample in BQ123-MDSC group was artificially set to 1 (n=5). Data represent the mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0005, and ns, not significant, based on the Mann-Whitney test (D, F, H) or two-tailed unpaired Student’s t-test (B, C, E, I).



Our previous study indicated that MDSC play a valuable role in controlling necrotizing enterocolitis (NEC), the most common acute gastrointestinal inflammatory emergency in preterm infants (24, 44). To investigate whether BQ123-induced PMN-MDSCs attenuate acute colitis, BQ123-induced PMN-MDSCs (BQ123-MDSC group) or neutrophils from PBS-treated mice (PBS-Neu group) were injected into WT mice through adoptive transfer using intravenous injections during DSS drinking (Figure 3A). After two transfers with BQ123-MDSCs, a significant remission in colon inflammation severity (Figure 3B), a remarkable attenuation in colon length (Figure 3C), less bacterial loading (Figure 3D), lower DAI scores (Figure 3E), and a noticeable alleviation of body weight loss (Figure 3F), were observed when compared with the PBS-Neu group. The mice in the BQ123-MDSC group appeared to be healthier than those in the BQ123 group (Figures 3B, C, E, F). However, the two treatments had similar effects on the bacterial loading (Figure 3D).

The mRNA levels of inflammatory factors in pathological colon tissues were also tested. Following treatment, a dramatic decrease in IL17, IFNγ, TNFα, and IL1β was observed in the BQ123-MDSC group but not in the PBS-Neu group (Figure 3G). Treatment with BQ123 appeared to slightly reduce the mRNA levels of the inflammatory factors described above, but not significantly (Figure 3G). Furthermore, significant reductions in IL17 and IFNγ mRNA levels were observed in the BQ123-MDSCs group, compared with the BQ123 group. Finally, T-cell subsets in the colon and spleen were measured using flow cytometry. The proportion of Th17 cells in the colon of mice from both the BQ123 and BQ123-MDSC groups was lower than that of their counterparts. Meanwhile, the proportion of Th2 cells in the colon of mice in the BQ123 and BQ123-MDSC groups was higher than that in their counterparts (Figures 3H, I). BQ123-MDSC transfer reduced the Th1 population and increased the Treg population compared with the PBS-Neu treatment. However, the same relationship was not observed when BQ123 was injected (Figures 3H, I). These results indicate that both BQ123 and BQ123-MDSC attenuated DSS-induced acute colitis. However, treatment with BQ123-induced PMN-MDSCs was more effective at relieving colitis inflammation in WT mice than treatment with BQ123 intraperitoneal injection.



Both BQ123 and BQ123-Induced PMN-MDSCs Attenuated Papain-Induced Acute Pneumonia

BQ123 has been reported to reduce fibrocyte differentiation and progression in chronic obstructive asthma, a type of persistent airway inflammation (13). We investigated whether BQ123-and BQ123-induced PMN-MDSCs have a similar effect on acute pneumonia inflammation. To explore this question, acute pneumonia was induced using papain through intranasal instillation. Pneumonia mice were divided into four groups: PBS, BQ123, BQ123- MDSC, and PBS-Neu, as shown in Figure 4A. Histological evidence showed that lung inflammation was lower in mice that received a BQ123 injection than in those that had received PBS (Figure 4B). We also found that the total BALF number, as well as the influx and frequency of eosinophils (EOS) in the BALF (Figures 4C–E) were significantly lower in the BQ123 group than in the PBS group. As expected, lower levels of IL5 and IL13 were produced in the BALF of the BQ123 group than in the PBS group (Figure 4F). Furthermore, the mRNA levels of IL5 and IL13 in the lung tissue of the BQ123 group were slightly lower than those in the PBS group (Figure 4G). PMN-MDSCs were also accumulated in the spleen (Supplementary Figure 6A) and lungs (Supplementary Figure 6B) of the mice in the BQ123 group. These results suggest that BQ123 attenuates acute pneumonia with PMN-MDSC expansion.




Figure 4 | Both BQ123 and BQ123-induced PMN-MDSCs attenuate papain-induced acute pneumonia. C57BL/6 female mice (six-weeks old) were divided into four groups as shown in Figure 3: PBS group (papain+ PBS), BQ123 group (papain+ BQ123), BQ123-MDSC group (papain+ BQ123-derived PMN-MDSCs), and PBS-Neu group (papain+ PBS-derived neutrophils), and intranasal papain (20 µg papain in 40 µL PBS, daily) for five consecutive days in the same cage. The BQ123 group was injected with 5 mg/kg for eight consecutive days, and PBS was used as control. Transfer group, about 2 × 106 enriched BQ123-MDSCs (BQ123-derived PMN-MDSCs) or PBS-Neu (PBS-derived neutrophils) were injected into recipient mice on days 0 and 3. (A) Experimental design. (B) Representative H&E staining of lung sections. (C) Absolute number of BALF (n=6). (D) Typical example of flow cytometry and (E) statistical results both population and the absolute number of EOS in the BALF (n=6). (F) The level of IL-5 and IL-13 in the BALF samples (n=6). (G) The mRNA expression levels of inflammatory factors, we used β- actin for normalization, and the lowest expression level sample in BQ123-MDSC group was artificially set to 1 (n=4). Data represent the mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0005, and ns, not significant, based on the Mann-Whitney test (E, G) or two-tailed unpaired Student’s t test (C, F).



Inflammation was remarkably lower in the lungs of mice that received a transfer of two PMN-MDSCs than in the lungs of mice in the PBS-Neu group (Figures 4B, E). The total number of cells (Figure 4C) and influx of eosinophils in the BALF of the BQ123-MDSC group was significantly lower than that in the PBS-Neu group (Figures 4D, E). Furthermore, IL5 and IL13 production was lower (Figure 4F) in the BALF of the BQ123-MDSC group than in the PBS-Neu group. Finally, the levels of IL5 and IL13 mRNA in the lungs of the BQ123 and BQ123-MDSC groups were significantly lower than those in the BALF of the PBS-Neu group (Figure 4G). These data suggest that BQ123-induced PMN-MDSCs also attenuate acute pneumonia.

Interestingly, the severity of fibrosis and inflammatory hyperplasia in the alveolus was reduced to a greater extent in the BQ123-MDSC group than in the BQ123 group (Figures 4B–E). More importantly, the influx and frequency of eosinophils in the BALF were significantly lower in mice treated with BQ123-induced PMN-MDSCs than in those treated with BQ123 (Figures 4D, E). However, there were no significant differences in the levels of inflammatory cytokines in the BALF (Figure 4F). Furthermore, the mRNA level of IL13 in the BQ123-MDSC group was remarkably lower than that in the BQ123 group (Figure 4G). Together with inflammation remission, BQ123-MDSC of the spleen and lung accumulation (Supplementary Figures 6A, B) were observed in the BQ123 group. These observations indicate that both BQ123 and BQ123-induced PMN-MDSCs attenuated acute lung inflammation, and that treatment with BQ123 relieved pneumonia with PMN-MDSC expansion. BQ123-induced PMN-MDSC transfer was more effective in attenuating acute pneumonia, suggesting a promising future for cellular immunotherapy.



Both BQ123 and BQ123-Induced PMN-MDSCs Attenuated ConA-Induced Acute Hepatitis

We induced acute hepatitis using ConA (Figure 5A) to determine whether BQ123- and BQ123-induced PMN-MDSCs attenuated acute inflammation. Hematoxylin and eosin (H&E) staining revealed that mice treated with BQ123 experienced less bleeding and fewer caseous necrotic lesions than those in the PBS group, suggesting that BQ123 was more effective at alleviating liver inflammation (Figure 5B). The overall appearance of the liver tissue also returned to ruddy after BQ123 administration (Figure 5B). Of note, the levels of ALT were dramatically lower, and AST levels were slightly lower in mice treated with BQ123 than in mice administered PBS (Figures 5C, D). Moreover, the mRNA levels of inflammatory factors, including IFNγ, TNFα, and IL6, were also slightly lower in the BQ123 group than in the PBS group (Figure 5E). In addition, the levels of Th1 cells infiltrating the spleen and liver were noticeably lower in the BQ123 group than in the PBS group (Figures 5F, G). Similar to the effects observed for colitis and pneumonia, PMN-MDSCs accumulated in the spleen and liver following treatment with BQ123 (Supplementary Figures 7A, B). These results suggest that BQ123 attenuated acute hepatitis with PMN-MDSC expansion. H&E staining indicated that treatment with BQ123-MDSC alleviated liver inflammation. Furthermore, there were still many obvious caseous necrotic lesions in the PBS-Neu group (Figure 5B). Levels of AST and ALT in the serum were substantially lower in mice in the BQ123-MDSC transfer group than in those in the PBS-Neu transfer group (Figures 5C, D). Moreover, a dramatic decrease in IFNγ, TNFα, and IL6 expression was observed following BQ123-MDSC adoptive transfer when compared with the PBS-Neu treatment (Figure 5E). Additionally, the level of Th1 cells infiltrating the spleen and liver noticeably decreased following treatment with BQ123-MDSC, compared with the PBS-Neu treatment (Figures 5F, G). These results indicated that BQ123-induced PMN-MDSCs also attenuated acute hepatitis.




Figure 5 | Both BQ123 and BQ123-induced PMN-MDSCs attenuate ConA-induced acute hepatitis. C57BL/6 male mice (six-weeks of age) were divided into four groups as shown in Figure 3: PBS group (ConA+ PBS), BQ123 group (ConA+ BQ123), BQ123-MDSC group (ConA+ BQ123-derived PMN-MDSCs), and PBS-Neu group (ConA+ PBS-derived neutrophils), and were given a single tail intravenous injection of ConA (Sigma-Aldrich) at a dose of 13 mg/kg body weight for 24 hours in the same cage. The BQ123 group was injected with 5 mg/kg for eight consecutive days, and the same route was used for the PBS group. Transfer group, about 2× 106 enriched BQ123-MDSCs (BQ123-derived PMN-MDSCs) or PBS-Neu (PBS-derived neutrophils) were injected into recipient mice 1 h before receiving the ConA injection on day 0. (A) Experimental design. (B) Representative H&E staining and gross pathological appearance. (C, D) Levels of AST and ALT in serum (n=6). (E) The mRNA expression levels of inflammatory factors, β- actin was used for normalization, and the lowest expression level sample in BQ123-MDSC group was artificially set to 1 (n=4). (F, G) Th1 cells in the mouse SP and liver. Typical examples of flow cytometry (F) and statistical results of multiple experiments (G) are shown (n=6). Data represent mean ± SEM; *P < 0.05; **P < 0.01, and ns, not significant, based on the Mann-Whitney test (E, G) or two-tailed unpaired Student’s t test (C, D).



There were no obvious differences in the pathological alleviation between the BQ123 and BQ123-MDSC groups (Figure 5B). However, the reduction in AST level was more pronounced in the BQ123-MDSC group than in the BQ123 group (Figure 5C). Mice in the BQ123-MDSC transfer group had significantly lower levels of TNFα compared to those in the BQ123 group (Figure 5E). However, the Th1 population in the spleen and liver did not differ between the BQ123 and BQ123-MDSC groups (Figures 5F, G). These results confirmed that BQ123- and BQ123-induced PMN-MDSCs contributed to the remission of acute hepatitis inflammation. BQ123 administration relieved hepatitis with PMN-MDSC expansion, and BQ123-induced PMN-MDSC transfer was more effective in attenuating acute hepatitis.



Depletion of PMN-MDSC Induced by BQ123 Aggravated Acute Inflammation

In mice, targeting Gr1 by employing an agonistic antibody depleted PMN-MDSCs (55, 56). Agonistic Gr1 antibody depletion experiments were performed to determine the effect of BQ123-derived PMN-MDSC depletion on three acute inflammation cases (Figures 6A, I, O). After depleting PMN-MDSCs by injection with an anti-Gr1 antibody, the population of Gr1+CD11b+ MDSCs in the lamina propria, lung, or liver was significantly reduced when compared with the IgG control (Supplementary Figures 8A–C). Along with the decrease in Gr1+CD11b+ MDSCs, Gr1ab significantly aggravated colon inflammation severity (Figures 6A–H), as manifested by decreased body weight loss and increased colon inflammation score, DAI scores, intestinal permeability, bacterial loading, and inflammatory factor mRNA levels. Both Th1 and Th17 population in the colon from Gr1 ab groups were increased when compared with IgG control. Meanwhile, the proportion of Th2 and Treg cells in the colon were decreased when compared with IgG control (Figure 6F, Supplementary Figure 8D). Similar to the effects observed during colitis, increased inflammation was observed in the pneumonia model (Figures 6I–N), including increased lung inflammation, eosinophil frequency, total BALF cell number, absolute eosinophil number, IL5 and IL13 production in BALF, and mRNA levels of IL5 and IL13 in lung tissues. In the hepatitis model, as expected, the degree to which inflammation was aggravated was similar to that observed in the above two models (Figures 6O–S), including increased liver inflammatory injury, serum AST and ALT levels, and the mRNA levels of inflammatory cytokines in the tissues. Furthermore, the level of Th1 cells infiltrating the liver was noticeably higher following Gr1ab injection when compared with the isotype control (Figure 6R, and Supplementary Figure 8E). Our results showed that BQ123-induced PMN-MDSCs mediated the reduction in acute inflammation.




Figure 6 | Depletion of PMN-MDSC induced by BQ123 aggravated acute inflammation. Depletion of MDSC was performed using anti-Gr1. The mice (six-weeks old) were injected with BQ123 as shown in Figure 1 before induction model. And mice were divided into two groups: anti-lgG group (BQ123+ lgG), anti-Gr1 group (BQ123+Gr1ab). In depletion experiment, Gr1ab or IgG (10 mg/kg) was administered intraperitoneally to C57BL/6 WT mice. (A–H) Depletion experiment of DSS-induced acute colitis. (A) Experimental design, Gr1ab was injected into recipient mice on days 2 and 5. (B) Representative H&E staining and CMDI score (n=6), (C) Colon Length (n=6), (D) Body weight (n=6), (E) clinical symptom score (DAI) (n=6), (F) T-cell subsets present in colon lamina propria mononuclear cells (LPMCs) are shown. A typical example of staining (left) and statistical results (right) of the frequency of T-cells are analysis (n=6). (G) Bacterial loading (n = 5), and (H) the mRNA expression levels of inflammatory factors (n=5) are presented, β- actin was used for normalization, and the lowest expression level sample in BQ123+ lgG group was artificially set to 1. (I-N) Depletion experiment of papain-induced acute pneumonia. (I) Experimental design, Gr1ab was injected into recipient mice at days 0 and 3. (J) Representative H&E staining, (K) IL-5 and IL-13 levels in BALF (n=6) and (L) the absolute number of EOS in the BALF are presented (n=6), (M) Typical example of flow cytometry and statistical results both population and the absolute number of EOS in the BALF (n=6), and (N) the mRNA expression levels of inflammatory factors (n=5) are shown, β- actin was used for normalization, and the lowest expression level sample in BQ123+ lgG group was artificially set to 1. (O–S) Depletion experiment of ConA-induced acute hepatitis. (O) Experimental design, Gr1ab was injected into recipient mice 1 h before receiving the ConA injection on day 0. (P) Representative H&E staining and gross pathological appearance, (Q) levels of AST and ALT in the serum (n=6) and (R) Th1 cells in the mouse liver are presented. Typical examples of flow cytometry and statistical results of multiple experiments (n=6), and (S) the mRNA expression levels of inflammatory factors are shown, β- actin was used for normalization, and the lowest expression level sample in BQ123+ lgG group was artificially set to 1 (n=5). Data represent the mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0005, and ns, not significant, based on the Mann-Whitney test (H, K, M, N, Q, R) or two-tailed unpaired Student’s t test (B–G, L, S).





BQ123-Induced PMN-MDSCs Controlled Acute Inflammation in T-Cell-Dependent Manner

Several studies have demonstrated that PMN-MDSCs inhibit inflammation by suppressing over-activated T-cells (24, 44, and 52). We explored whether BQ123-induced PMN-MDSCs required T-cells to attenuate acute inflammation. Here, we utilized recombination-activating gene 2 deficient mice (Rag2 KO) with impaired T- and B-cell development to induce acute inflammation. The mice were divided into four groups: one group received neutrophils from PBS-treated mice (PBS-Neu), the second group received BQ123-induced PMN-MDSCs (BQ123-MDSC), the third group received a combination of PBS-Neu and CD3+T cells, and the fourth group received a combination of BQ123-MDSC and CD3+T cells. In the colitis model (Figure 7A), following adoptive transfers, no apparent differences were observed between BQ123-MDSC and PBS-Neu treatment groups in terms of colon inflammation severity (Figures 7B–E), including colon length, body weight loss, DAI scores, and bacterial loading. Moreover, no significant differences were detected in the mRNA levels of inflammatory factors between the two groups (Figure 7F); however, the transfer of PBS-Neu and CD3+T cells increased the inflammation index (Figures 7B–F). Administration of BQ123-MDSCs and CD3+T cells abrogated these effects (Figures 7B–F). In the pneumonia model using Rag2 KO mice (Figure 7G), the degree to which inflammation was alleviated was similar in the BQ123-MDSC and PBS-Neu groups (Figures 7H–M), as indicated by the severity of histological inflammation, eosinophil frequency, total BALF cell number, absolute eosinophil number, and IL5 and IL13 production in BALF, as well as the mRNA levels of IL5 and IL13. Similar to the colitis model, PBS-Neu and CD3+T cell transfer increased the inflammation index (Figures 7H–M). Administration of BQ123-MDSC and CD3+T cells abrogated these effects (Figures 7H–M). After adoptive transfer in Rag2 KO mice presenting the hepatitis model (Figure 7N), as expected, no obvious differences in inflammatory index were observed between the BQ123-MDSC and PBS-Neu groups (Figures 7O–Q), including inflammatory injury, serum AST and ALT levels, and the mRNA levels of inflammatory cytokines in liver tissues. Consistent with the above two models, the inflammation index values were increased following the co-transfer of PBS-Neu and CD3+T cells (Figures 7O–Q) and administration of BQ123-MDSC and CD3+T cells abrogated these effects (Figures 7O–Q). Our results revealed that T-cell deficiency resulted in the loss of PMN-MDSC targets for the alleviation of inflammation. BQ123-induced PMN-MDSCs reduced acute immune-mediated inflammation in a T cell-dependent manner.




Figure 7 | BQ123-derived PMN-MDSCs control acute inflammation in T-cell-dependent manner. Rag2 KO mice were divided in four groups, one group received neutrophils from PBS-treated mice (PBS-Neu), second group received BQ123-induced PMN-MDSCs (BQ123-MDSC), and third group is a combination of CD3+ T and PBS-Neu cells (T+PBS-Neu), fourth group are a combination of CD3+ T and BQ123-MDSC cells (T+ BQ123-MDSC). The three mouse models, as shown in Figures 3–5, respectively, were performed. About 2×106 BQ123-PMN-MDSCs or PBS-Neu were intravenously injected into recipient mice on different days among four groups, for third and fourth group, about 4 × 106 CD3+T cells from donor mice was also injected into Rag2 KO recipient mice in the same cycle. (A–F) DSS-induced acute colitis. (A) Experimental design, (B) Representative H&E staining, and CMDI score, (C) clinical symptom score (DAI) and Body weight, (D) Gross pathological appearance and Colon Length, (E) bacterial loading, and (F) The mRNA expression levels of inflammatory factors are shown, β- actin was used for normalization, and the lowest expression level sample in BQ123-MDSC group was artificially set to 1(n=4). (PBS-Neu group and BQ123-MDSCs group, n=6, T+PBS-Neu group, T+ BQ123-MDSC group, n=4). (G-M) Papain-induced acute pneumonia. (G) Experimental design, (H) Representative H&E staining, (I) Absolute number of BALF (n=6), (J) A typical example of flow cytometry and statistical results from both population and the absolute number of EOS in the BALF (All group n=6), (K) IL-5 and (L) IL-13 levels in BALF (n=6), and (M) The mRNA expression levels of inflammatory factors are presented, β- actin was used for normalization, and the lowest expression level sample in BQ123-MDSC group was artificially set to 1(n=5). (N–Q) ConA-induced acute hepatitis. (N) Experimental design, (O) Levels of AST and ALT in the serum (n=6), (P) Representative H&E staining and gross pathological appearance, and (Q) The mRNA expression levels of inflammatory factors are shown, β- actin was used for normalization, and the lowest expression level sample in BQ123-MDSC group was artificially set to 1 (n=4). Data represent the mean ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0005, and ns, not significant, based on the Mann-Whitney test (E, F, K) or two-tailed unpaired Student’s t test (B–D, I, J, L, M, O, Q).






Discussion

Previous studies have reported that BQ123, a selective endothelin-A receptor (ETAR) antagonist, is widely used to test the physiological and pathophysiological roles of endothelins. It is also used to treat cardiovascular diseases such as hypertension and obesity cardiomyopathy because of the regulatory effect of endothelin on the ET1-ETAR system (4, 5, 14, 57). A few studies have reported that BQ123 suppresses the ET1-ETAR system-mediated inflammatory cytokine TNFα, preventing inflammation-induced airway smooth muscle hyperplasia and diabetic retinopathy (10, 12). BQ123 has also been found to reduce ROS production and TNF-α and IL-6 levels through its effects on the ET1-ETAR system, resulting in enhanced antioxidant defense under high glucose conditions (9). Another ETAR inhibitor, atrasentan, has also been reported to have a therapeutic role in controlling DSS-induced colitis (14). However, to the best of our knowledge, whether BQ123 can alleviate acute inflammatory disease directly, and the mechanisms by which BQ123 affects inflammation are poorly understood and require further research. In this study, we revealed that BQ123directly attenuated acute inflammatory diseases such as DSS-induced colitis, papain-induced pneumonia, and ConA-induced hepatitis. Together with pathological alleviation, the infiltrated proinflammatory cells in the tissue were decreased in mice treated with BQ123. Interestingly, inflammatory cytokines in tissue pathologies were slightly alleviated. These results suggest a new therapeutic use and novel understanding of BQ123 for ameliorating immune-mediated inflammatory diseases.

The presence of MDSCs in newborns has been reported to control the inflammatory response during early life and could be used to treat infants with NEC (24). Moreover, lactoferrin from breast milk induces PMN-MDSCs in preterm infants and has potent anti-inflammatory effects (44). In addition, atorvastatin-derived PMN-MDSCs can attenuate DSS-induced murine chronic colitis (58). In this study, we first observed ETAR expression in MDSCs, but ET1 failed to affect MDSC expansion. Subsequently, we revealed that BQ123, an ETAR inhibitor, specifically promoted PMN-MDSC activation, together with MDSC-related target genes and the molecular effectors S100A8, S100A9, and Arg1. Treatment with BQ123 relieved acute inflammation through PMN-MDSC expansion in the spleen and diseased tissue. To explore the efficacy of BQ123-induced PMN-MDSCs as a form of cellular immunotherapy, we used adoptive transfer techniques to introduce either BQ123-induced PMN-MDSCs or neutrophils from control mice into WT mice with acute colitis, acute pneumonia, and acute hepatitis. In mice with acute colitis, acute pneumonia, and acute hepatitis, we observed significant remission of inflammation. Furthermore, remarkable reductions in Th1 and Th17 population infiltration were observed in the colon with acute colitis. There were also noticeable decreases in the eosinophil population in the BALF of mice with acute pneumonia, and significant reductions in Th1 population infiltration in the liver were observed following the transfer of BQ123-induced PMN-MDSCs. Together with decreased pro-inflammatory cells, downregulated inflammatory cytokines were also observed in the three acute inflammation models. To comprehensively elucidate the specific effect of BQ123-MDSC in the above three acute inflammation models, we depleted BQ123-MDSCs in these mice using an agonistic Gr1 antibody. Gr1ab significantly worsened the inflammation index; however, no impact was observed when treated with IgG isotype control. These results indicate that BQ123 facilitated PMN-MDSC expansion and activation. Furthermore, BQ123-derived PMN-MDSCs truly mediated the attenuation of acute inflammatory disease, proposing a promising future for cellular immunotherapy.

T-cells are essential for mediating adaptive immunity in response to a variety of pathogens, especially acute inflammation. Furthermore, infiltrated T-cells are considered particularly important for pathological progression (59, 60). Our previous studies have indicated that targeting T-cells is key to alleviating inflammatory diseases (24, 44, 58). Other studies have also suggested that MDSCs suppress inflammation by inhibiting the over-activation of T-cells (61, 62). Consistent with the published literature, we also demonstrated that adoptive transfer with BQ123-induced PMN-MDSCs can alleviate acute inflammation in the presence of T-cells. To explore the specificity of BQ123-induced PMN-MDSC targeting T-cells in alleviating acute inflammation, T-cell-deficient mice (Rag2 KO mice) were used. As expected, neither BQ123-MDSC nor PBS-Neu transfer into Rag2 KO mice affected the severity of acute inflammation or inflammatory cytokine levels. Administration of CD3-T cells and PBS-Neu aggravated acute inflammation. In striking contrast, co-injection of BQ123-MDSC and CD3-T cells ameliorated the inflammation index. Therefore, we propose that BQ123-induced PMN-MDSCs alleviate acute inflammation in a T cell-dependent manner. Next, we assessed whether BQ123 promoted PMN-MDSC expansion and activation in a T-cell-manner using Rag2 KO mice. Following BQ123 injection, we observed that the PMN-MDSC population was enhanced, as well as showed suppression activity, in Rag2 KO mice (Supplementary Figures 9A, B). Therefore, we concluded that BQ123-MDSC alleviated acute inflammation in a T-cell-manner, with no significant impact on PMN-MDSC activation in T cell-deficient mice.

In summary, our results identified BQ123 as a potential anti-inflammatory drug, controlling acute immune relative inflammatory diseases such as DSS-induced colitis, papain-induced pneumonia, and ConA-induced hepatitis through PMN-MDSC activation. Moreover, BQ123 activated PMN-MDSCs through the IL-13/STAT6/Arg1 signaling pathway. In addition to injections of BQ123, the adoptive transfer of BQ123-induced PMN-MDSCs (BQ123-MDSCs) also significantly attenuated acute immune inflammatory disease in the presence of T-cells. In contrast, BQ123-MDSCs lost their targets and were effective in the absence of T-cells. Thus, BQ123-MDSCs appear to control acute inflammation in a T cell-dependent manner. Further research into BQ123-MDSCs may provide a new avenue for cellular immunotherapy in inflammatory diseases.
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