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Abstract

:

We previously showed that ubiquitous overexpression of the chromatin remodeling factor SWItch3-related gene (SRG3) promotes M2 macrophage differentiation, resulting in anti-inflammatory responses in the experimental autoimmune encephalomyelitis model of multiple sclerosis. Since hepatic macrophages are responsible for sepsis-induced liver injury, we investigated herein the capacity of transgenic SRG3 overexpression (SRG3β-actin mice) to modulate sepsis in mice exposed to lipopolysaccharide (LPS) plus d-galactosamine (d-GalN). Our results demonstrated that ubiquitous SRG3 overexpression significantly protects mice from LPS/d-GalN-induced lethality mediated by hepatic M1 macrophages. These protective effects of SRG3 overexpression correlated with the phenotypic conversion of hepatic macrophages from an M1 toward an M2 phenotype. Furthermore, SRG3β-actin mice had decreased numbers and activation of natural killer (NK) cells but not natural killer T (NKT) cells in the liver during sepsis, indicating that SRG3 overexpression might contribute to cross-talk between NK cells and macrophages in the liver. Finally, we demonstrated that NKT cell-deficient CD1d KO/SRG3β-actin mice are protected from LPS/d-GalN-induced sepsis, indicating that NKT cells are dispensable for SRG3-mediated sepsis suppression. Taken together, our findings provide strong evidence that SRG3 overexpression may serve as a therapeutic approach to control overwhelming inflammatory diseases such as sepsis.
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1. Introduction


SWItch/sucrose non-fermentable (SWI/SNF) is an ATP-dependent chromatin remodeling complex that regulates gene expression by controlling chromatin structure and DNA accessibility to transcription factors [1]. The SWI3-related gene (SRG3) is a core component of various SWI/SNF complexes [2]. BAF155/SMARCC1, a human homolog of mouse SRG3, interacts with myogenic differentiation factor (MyoD) together with other core subunits of the SWI/SNF chromatin-remodeling complex (e.g., BRG1/BRM-associated factor (BAF) 190a, BAF170, BAF60a, BAF53a, BAF47, and β-actin) in HeLa-MyoD cells [3]. SRG3 plays an essential role in the development and function of adaptive immune cells such as B and T cells [4,5]. Furthermore, we previously showed that SRG3 overexpression can modulate the phenotype of innate immune cells such as dendritic cells (DCs) and macrophages [6,7]. To investigate the effect of constitutive SRG3 expression in all tissues, we previously generated SRG3 transgenic (SRG3β-actin) mice using a DNA construct expressing SRG3 complementary DNA (cDNA) under the control of the cytomegalovirus (CMV) immediate enhancer/chicken β-actin promoter [8].



Lipopolysaccharide (LPS), an endotoxin, elicits inflammatory responses through signaling by the TLR4–MD2 complex. LPS stimulates antigen-presenting cells (APCs) such as DCs and macrophages to secrete high levels of interleukin (IL) 12. In turn, APC-derived IL12 is responsible for induction of interferon γ (IFNγ) production from natural killer (NK) and natural killer T (NKT) cells [9,10,11,12,13,14,15]. Unlike LPS derived from Gram-negative bacteria that activates TLR4-expressing cells to induce sepsis, glycolipid antigens from Gram-positive pathogens such as group B Streptococci activate NKT cells in a CD1d-dependent manner, ultimately resulting in NKT cell-induced septic shock [16,17].



Macrophages are classified into two groups, classical M1 and alternatively activated M2 macrophages, on the basis of their functional differences. Whereas M1 macrophages produce pro-inflammatory cytokines (e.g., tumor necrosis factor α (TNFα), IL6, and IL12), M2 macrophages secrete anti-inflammatory cytokines (e.g., IL10) [18]. During septic shock, M1 macrophages polarized by IFNγ or LPS participate in inflammatory immune responses [19], whereas M2 macrophages play essential roles in repairing tissue injury caused by sepsis-induced inflammation [20]. Moreover, it has been reported that macrophage polarization plays a vital role in the formation of liver fibrosis and hepatoma. For example, M2-polarized macrophages protect hepatocytes against apoptosis in the process of liver fibrosis [21]. Furthermore, M1-like macrophages polarized by the IL6/STAT3 signaling pathway can inhibit tumor cell growth and survival during hepatocellular carcinoma development [22].



We previously demonstrated that ubiquitous SRG3 overexpression downregulates pro-inflammatory DC activation and promotes anti-inflammatory M2 differentiation, consequently resulting in amelioration of experimental autoimmune encephalomyelitis (EAE) [6]. In this study, we investigated whether β-actin promoter-driven SRG3 overexpression affects the pathogenesis of LPS-induced septic shock. Furthermore, we examined whether SRG3 overexpression can influence the activation of both APCs (DCs and macrophages) and NK receptor-expressing immune cells (NK and NKT cells) during sepsis.




2. Results


2.1. Ubiquitous Overexpression of the SRG3 Chromatin Remodeling Component Protects Mice against LPS/d-GalN-Induced Septic Shock


We demonstrated that ubiquitous overexpression of SRG3 can modulate EAE development by altering the differentiation of APCs such as macrophages [6]. Here, we examined whether SRG3 overexpression can influence LPS-induced septic shock, which is mediated by IFNγ and TNFα. To test this possibility, we injected wildtype (WT) C57BL/6 (B6) and SRG3β-actin B6 mice intraperitoneally (i.p.) with LPS/2-amino-2-deoxy-d-galactose (d-galactosamine (d-GalN)) (Figure 1A) and assessed the survival rate over a 24 h time period. We found that SRG3β-actin mice treated with LPS/d-GalN displayed significantly reduced mortality rate (58.4%) compared with similarly treated WT mice (100%) (Figure 1B). Moreover, compared with WT control mice, SRG3β-actin mice exhibited reduced levels of serum IFNγ and TNFα (Figure 1C). Therefore, we conclude that ubiquitous overexpression of SRG3 confers resistance to LPS/d-GalN-induced septic shock.




2.2. β-Actin Promoter-Driven Overexpression of SRG3 Suppresses LPS/d-GalN-Induced Pro-Inflammatory Cytokine Production in DCs and Macrophages


DCs and macrophages can facilitate liver injury during septic shock by secreting pro-inflammatory cytokines such as IL12 and TNFα [23]. Thus, to investigate whether SRG3 overexpression can influence the functional phenotypes (i.e., cytokine production and co-stimulatory molecules) of DCs and macrophages, we injected WT and SRG3β-actin mice i.p. with LPS/d-GalN and measured intracellular levels of IL12 and IL10 in both splenic and hepatic DCs and macrophages. We found that SRG3 overexpression suppresses IL12 secretion by splenic and hepatic DCs but does not affect IL10 production by DCs. Moreover, the M1 (IL12)/M2 (IL10) ratio among macrophages from the spleen and liver was significantly decreased in SRG3β-actin mice compared to WT mice (Figure 2A,B), indicating that SRG3 overexpression polarizes macrophages toward an M2-like phenotype. Intriguingly, increased IL10 production due to SRG3 overexpression appeared to be restricted to macrophages rather than DCs. Thus, our results showed that the inhibitory effects of SRG3 overexpression on the severity of LPS/d-GalN-induced septic shock are associated with a remarkable increase of M2 phenotype macrophages and a significant decrease in the M1 macrophage subset and IL12-producing DCs.




2.3. The Inhibitory Effects of SRG3 Overexpression on the Severity of LPS/D-GalN-Induced Sepsis Are Associated with Suppression of NK but Not NKT Cell Activation


The cytokine IL12 produced by APCs (DCs and macrophages) activates natural killer receptor-expressing innate immune cells (NK cells and NKT cells) to produce pro-inflammatory cytokines (e.g., IFNγ and TNFα) during septic shock, consequently resulting in high lethality [23,24,25]. Since our findings showed that ubiquitous overexpression of SRG3 suppresses inflammatory responses elicited by LPS-activated splenic DCs and macrophages, we evaluated whether the suppressive effect of SRG3 on fatal sepsis is dependent on NK and/or NKT cells. To address this issue, WT and SRG3β-actin mice were i.p. injected with LPS/D-GalN, and the number and activation of NK and NKT cells in the spleen and liver were examined by flow cytometry. We observed remarkable decreases in the number and IFNγ production of NK but not NKT cells in the spleen and liver of SRG3β-actin mice after LPS/d-GalN treatment, compared with WT mice (Figure 3A–D). Moreover, PBS-injected SRG3β-actin mice tended to exhibit decreased IFNγ production by hepatic NK cells compared with PBS-injected WT mice, indicating that the effect of SRG3 overexpression on IFNγ production is likely confined to NK cells rather than NKT cells in the liver. Overall, these results provide strong evidence that NK cells rather than NKT cells play a pivotal role in mitigating severe septic shock mortality.




2.4. The Protective Effect of SRG3 Overexpression on LPS/d-GalN-Induced Sepsis Is Independent of NKT Cells


Since we found that SRG3β-actin mice show no significant alterations in the infiltration and activation of splenic and hepatic NKT cells compared with WT mice during septic shock, we investigated whether NKT cells participate in the pathogenesis of LPS/d-GalN-induced septic shock in SRG3β-actin mice. To address this question, we generated NKT cell-deficient SRG3β-actin mice by crossing SRG3β-actin mice with CD1d KO mice that lack NKT cells (Supplementary Materials, Figure S1). We then compared the pathological severity of LPS/d-GalN-induced septic shock between SRG3β-actin mice and CD1d KO/SRG3β-actin mice by measuring the survival rate. The survival rates in NKT cell-deficient CD1d KO/SRG3β-actin mice were not significantly different from SRG3β-actin mice (Figure 4A,B). Furthermore, the absence of NKT cells did not significantly affect the suppression of IFNγ production mediated by SRG3 overexpression (Figure 4C). Collectively, these results strongly indicate that NKT cells are dispensable for the regulatory effects of SRG3 overexpression on LPS/d-GalN-induced septic shock.





3. Discussion


In this study, we showed that SRG3 overexpression polarizes hepatic macrophages toward an anti-inflammatory M2 phenotype and reduces the pro-inflammatory function of NK cells (i.e., IFNγ production), dampening the cytokine storm induced by LPS/d-GalN-induced sepsis.



A previous study demonstrated that bacterial pathogens can induce macrophage maturation, followed by enhancement (IFNγ production) of NK cell activation via macrophage-derived IL12 [26]. Furthermore, depletion of M2-type Kupffer cells in the liver resulted in increased liver enzyme (AST and ALT) levels, which are indicators of liver damage [27]. During TLR4 agonist-elicited immune responses, Kupffer cell-derived IL12, IL15, and IL18 induce NK cells to produce IFNγ in the liver, whereas Kupffer cell-derived IL10 exerts an inhibitory effect on NK cell activation in the liver [28]. These previous studies indicate that downregulation of NK cell recruitment and activation by SRG3 overexpression could be explained by elevated levels of hepatic macrophage-derived IL10. Although LPS stimulation could activate both NK and NKT cells to secrete cytokine IFNγ through the TLR4 signaling pathway [25], SRG3 overexpression appeared to diminish the activation of NK cells but not NKT cells in LPS-induced sepsis. Such a selective downregulation of NK cell activation is supported by previous studies that NK but not NKT cells are required for liver injury in LPS-, Pseudomonas aeruginosa exotoxin A (PEA)-, and cecal ligation and puncture (CLP)-induced sepsis models [29,30,31].



Our prior report demonstrated that macrophages from SRG3β-actin B6 mice compared with WT B6 mice are polarized toward an arginase-1-expressing M2 phenotype after in vitro rIL4 and LPS stimulation [6]. These results are consistent with our current finding of decreased M1/M2 ratio among macrophages in SRG3β-actin mice on LPS/d-GalN-induced septic shock, suggesting the possibility that β-actin promoter-driven SRG3 overexpression can directly polarize macrophages toward an M2 phenotype. Since our study showed that SRG3β-actin B6 mice display a dramatic increase of IL4+ basophils and mast cells in the spleen [6], an alternative possibility is that increased M2 polarization observed in SRG3β-actin mice is indirectly caused by increased IL4-producing innate cells such as mast cells [32]. Thus, further studies are needed to clarify the role of SRG3 overexpression on macrophage polarization.



Since messenger RNA (mRNA) expression levels of a particular gene generally correlate with its protein function in the cells, to compare the level of SRG3 expression in diverse cell types, we analyzed BAF155/SMARCC1 expression in various primary cells from healthy human liver and lung tissues using the human protein atlas website. We found that the SRG3 gene is expressed in not only immune cells (T, B, Kupffer cells) but also nonimmune cells (cholangiocytes, club cells, endothelial cells), which is consistent with a previous study [8] (Supplementary Materials, Figure S2). Interestingly, SRG3 mRNA expression by primary cells resident to lung was much higher than in liver, indicating that liver rather than lung is the leading site of inflammation during sepsis.



A previous study attributed the antibacterial effects of T helper type 1 (Th1)-type responses to the induction of macrophage activation, followed by enhancement of NK cell activation via macrophage-derived IL12 [33]. Because macrophages and NK cells from SRG3β-actin mice display a tendency toward decreased inflammatory responses in LPS-induced sepsis, we considered that these cells might contribute to the protection against LPS-induced sepsis mediated by SRG3 overexpression. Since SRG3 overexpression by NK and T cells in SRG3CD2 mice had little effect on sepsis development (Supplementary Materials, Figure S3), we speculate that SRG3 overexpression in macrophages from SRG3β-actin mice is critical for suppressing NK cell activation in these mice.



It has been reported that IFNγ treatment can modulate the expression of BAF155/SMARCC1 in human astrocytoma cell lines [34]. NK cells from melanoma patients showed impaired activation of STAT1, a critical molecule in the IFNγ-mediated signaling pathway, after IL2 stimulation [35]. These previous studies suggest that pro-inflammatory cytokines such as IFNγ from NK cells may enhance Th1-type immune responses via inhibiting SRG3 expression. In this regard, it will be interesting to investigate further whether STAT1 activation or inhibition can regulate NK cell activity in an SRG3-associated manner. Moreover, one previous study demonstrated that lung tumor cells overexpressing Brahma-related gene 1 (BRG1), a SWI/SNF subunit, decreased their proliferation when BRG1 inhibitors were orally administered [36], suggesting that SRG3 overexpression can lead to stabilization of BRG1 to favor the growth of tumor cells that prefer an anti-inflammatory environment. Thus, identifying reagents (i.e., small molecules or proteins) specifically targeting the function of SRG3 might provide one more option for sepsis therapy.



In summary, our results show that ubiquitous overexpression of SRG3 suppresses the outcome of LPS/d-GalN-induced sepsis by polarizing hepatic macrophages toward an M2 phenotype and by suppressing NK cell activation. Our recent study demonstrated that genetic engineering of cancer cells via CRISPR/Cas9 gene editing technology improves CD8+ T cell-mediated antitumor immunity [37]. Thus, it will be interesting to examine whether therapeutic engineering of SRG3 gene expression can be employed to control sepsis pathogenesis.




4. Materials and Methods


4.1. Study Design


This study was designed to determine the effect of SRG3 overexpression on LPS-induced sepsis. To address this issue, gene-modified mice including SRG3β-actin, CD1d KO, and CD1d KO/SRG3β-actin B6 mice were injected i.p. with LPS/d-GalN. Subsequently, immune cells (liver leukocytes and splenocytes) and serum were harvested and further analyzed by flow cytometry and ELISA. Sejong University Institutional review board approval was obtained before experiments (SJ-20161102, 11-15-2016).




4.2. Mice and Reagents


SRG3β-actin B6 and SRG3CD2 B6 mice were provided by Dr. Rho Hyun Seong (Seoul National University, Seoul, Korea). CD1d KO mice were provided by Dr. A. Bendelac (University of Chicago, IL, USA). SRG3β-actin B6 mice were further crossed with CD1d KO mice to obtain CD1d KO/SRG3β-actin B6 mice. All mice used in this study were on a B6 genetic background, maintained at Sejong University, and used for experiments at 6–12 weeks of age. Mice were maintained on a 12 h light/12 h dark cycle in a temperature-controlled barrier facility with free access to food and water. Mice were fed a γ-irradiated sterile diet and provided with autoclaved tap water. Age- and sex-matched mice were used for all experiments. The animal experiments were approved by the Institutional Animal Care and Use Committee at Sejong University (SJ-20161102, 11-15-2016). LPS derived from Escherichia coli (serotype 0111:B4) was purchased from Sigma-Aldrich (St. Louis, MO, USA).




4.3. Induction of Septic Shock


For induction of septic shock, mice were i.p. injected with LPS (2 µg/mouse) plus d-GalN (25 mg/mouse). All animals were continuously monitored for LPS/d-GalN-induced lethality for 24–72 h after challenge.




4.4. Genotyping of Tg and KO Mice


The following procedure was performed to verify the presence of the SRG3 transgene. Genomic DNA samples obtained from tail biopsies were used to amplify an 800 bp fragment that was only detectable in SRG3β-actin mice carrying the SRG3 transgene. The following primers were used for genotyping SRG3β-actin mice by PCR: forward, 5′–GAC TAG ACC AAA CAT CTA CCT C–3′; reverse, 5′–GTC AAC TGA GCG ACT GGA TC–3′. This process is consistent with the protocol used in our previous study [6]. To verify the CD1d KO allele, genomic DNA samples from tail biopsies were used to amplify a 280 bp fragment (Neomycin gene) and a 173 bp fragment (CD1d WT allele). The following primers were used for genotyping the neomycin cassette of CD1d KO mice by PCR: forward, 5′–CTT GGG TGG AGA GGC TAT TC–3′; reverse, 5′–AGG TGA GAT GAC AGG AGA TC–3′. The following primers were used for genotyping the CD1d WT allele by PCR: forward, 5′–AAT AGG ATG TAA AAT GAA AAT GTA TCC–3′; reverse, 5′–GGG TCC ATT CCA GAT ACA AA–3′.




4.5. Flow Cytometry


The following monoclonal antibodies (mAbs) from BD Biosciences (San Jose, CA, USA) were used: fluorescein isothiocyanate (FITC)- or phycoerythrin (PE)-Cy7-conjugated anti-CD3ε (clone 145-2C11); PE- or allophycocyanin (APC)-conjugated anti-NK1.1 (clone PK-136); FITC- or APC-conjugated anti-CD11c (clone HL3); PE-Cy7-conjugated anti-CD11b (clone M1/70); FITC- or APC-conjugated anti-CD45 (clone PC61); PE-conjugated anti-IL10 (clone JES5-16E3); PE-conjugated anti-IL12p40 (clone C15.6); FITC- or PE-conjugated anti-IgG1 (isotype control) (clone R3-34). The following mAbs from Thermo Fisher Scientific were used: APC-conjugated anti-F4/80 (clone BM8); PE-conjugated anti-IFNγ (clone XMG1.2). To perform surface staining, cells were harvested and washed twice with cold 0.5% BSA-containing PBS (FACS buffer). To block Fc receptors, the cells were incubated with anti-CD16/CD32 mAbs on ice for 10 min and subsequently stained with fluorescently labeled mAbs. Flow cytometric data were acquired using a FACSCalibur flow cytometer (Becton Dickson, San Jose, CA, USA) and analyzed using FlowJo software (version 8.7; Tree Star, Ashland, OR, USA).




4.6. Intracellular Cytokine Staining


For intracellular staining, splenocytes were incubated with brefeldin A, an intracellular protein transport inhibitor (10 μg/mL), in RPMI medium (Gibco BRL, Gaithersburg, MD, USA) for 2 h at 37 °C. The cells were stained for cell surface markers, fixed with 1% paraformaldehyde, washed once with cold FACS buffer, and permeabilized with 0.5% saponin. The permeabilized cells were then stained for an additional 30 min at room temperature with the indicated mAbs (PE-conjugated anti-IFNγ, anti-IL4, anti-IL12, anti-IL10, anti-iNOS, anti-Arginase1, or PE-conjugated isotype control rat immunoglobulin G (IgG) mAbs). Fixation and permeabilization were performed using a Foxp3 staining kit (eBioscience, San Diego, CA, USA) with the indicated mAbs (PE-conjugated anti-T-bet, anti-GATA3, or isotype control rat IgG mAbs). More than 5000 cells per sample were acquired using a FACSCalibur, and the data were analyzed using the FlowJo software package (version 8.7; Tree Star, Ashland, OR, USA).




4.7. Isolation of Liver Leukocytes


Mice were anesthetized using a combination of ketamine and xylazine at 40 mg/kg and 4 mg/kg, respectively. They were then perfused via the left heart ventricle with cold sterile PBS for 3 min to remove PBMCs from the blood vessels. The liver was removed after perfusion, cut into small pieces by scissors and a scalpel, and digested with DNase I (Promega, Madison, WI, USA; 1 mg/mL) and collagenase type IV (Sigma, St. Louis, MO, USA; 2.5 mg/mL) for 15 min at 37 °C. Subsequently, the digested tissues were dissociated into single-cell suspensions using combination C Tubes and the gentleMACSTM dissociator (Miltenyi Biotech, Bergisch Gladbach, Germany). The digested tissues were filtered using a 70 μm pore cell strainer (BD Falcon, Franklin Lakes, NJ, USA) and the cells were washed once with PBS (10% FBS). Mononuclear cells were collected from the 40/70% Percoll (GE Healthcare, Chicago, IL, USA) interphase after discontinuous Percoll gradient [13]. The total number of mononuclear cells was determined using 0.4% trypan blue (Welgene, Gyeongsan-si, Korea) and a hemocytometer before washing with PBS and antibody staining.




4.8. ELISA


The quantity of TNFα and IFNγ in the culture supernatant was determined using a sandwich ELISA according to the manufacturer’s instructions (BD PharMingen, San Jose, CA, USA). The optical density was measured using an Immunoreader (Bio-Tek ELX-800, Winooski, VT, USA).




4.9. Data Collection in the Human Protein Atlas


RNA-seq data of BAFF155/SMARCC1 mRNA expression in healthy human liver and lung tissues were re-organized by the Tissue atlas program using data generated by the human protein atlas [38]. Data credit: Human Protein Atlas. Data summary images were obtained from proteinatlas.org, via https://www.proteinatlas.org/ENSG00000173473-SMARCC1/celltype (accessed on 9 March 2021).




4.10. Statistical Analysis


Statistical significance was determined using Excel (Microsoft, Redmond, WA, USA). Student’s t-test was performed for the comparison of two groups (* p < 0.05, ** p < 0.01, and *** p < 0.001 were considered significant in the Student’s t-test). Two-way ANOVA analysis was carried out using the VassarStats (http://vassarstats.net/anova2u.html) (accessed on 10 June 2020) (# p < 0.05, ## p < 0.01, and ### p < 0.001 were considered to be significant in the two-way ANOVA).









Supplementary Materials


The following are available online at https://www.mdpi.com/1422-0067/22/6/3043/s1.





Author Contributions


Conceptualization, S.W.L., H.J.P., and S.H.; methodology, S.W.L., H.J.P., and S.H.; software, S.W.L., H.J.P., and S.H.; validation, S.W.L., H.J.P., and S.H.; formal analysis, S.W.L., H.J.P., S.H.J., R.H.S., L.V.K., and S.H.; investigation, S.W.L., H.J.P., and S.H.; resources, S.W.L., H.J.P., and S.H.; data curation, S.W.L., H.J.P., J.J., Y.H.P., T.-C.K., and S.H.; writing—original draft preparation, S.W.L., H.J.P., S.H.J., R.H.S., L.V.K., and S.H.; writing—review and editing, S.W.L., H.J.P., S.H.J., R.H.S., L.V.K., and S.H.; visualization, S.W.L., H.J.P., and S.H.; supervision, S.H.; project administration, S.W.L., H.J.P., and S.H.; funding acquisition, H.J.P. and S.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2018R1D1A1A02086057 to S.W.L.; NRF-2018R1D1A1B07049495 to H.J.P.; NRF-2016R1D1A1A09919293 and NRF-2019R1A2C1009926 to S.H.).




Institutional Review Board Statement


The study was conducted according to the guidelines on care and use of laboratory animals approved by the Institutional Animal Care and Use Committee of Sejong University (protocol code SJ-20161102, approved on 15 November 2016).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data are available from the corresponding author on reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ho, L.; Crabtree, G.R. Chromatin remodelling during development. Nat. Cell Biol. 2010, 463, 474–484. [Google Scholar] [CrossRef]

	



Sohn, D.H.; Lee, K.Y.; Lee, C.; Oh, J.; Chung, H.; Jeon, S.H.; Seong, R.H. SRG3 Interacts Directly with the Major Components of the SWI/SNF Chromatin Remodeling Complex and Protects Them from Proteasomal Degradation. J. Biol. Chem. 2007, 282, 10614–10624. [Google Scholar] [CrossRef] [PubMed]

	



Joliot, V.; Ait-Mohamed, O.; Battisti, V.; Pontis, J.; Philipot, O.; Robin, P.; Ito, H.; Ait-Si-Ali, S. The SWI/SNF Subunit/Tumor Suppressor BAF47/INI1 Is Essential in Cell Cycle Arrest upon Skeletal Muscle Terminal Differentiation. PLoS ONE 2014, 9, e108858. [Google Scholar] [CrossRef]

	



Jeong, S.M.; Lee, C.; Lee, S.K.; Kim, J.; Seong, R.H. The SWI/SNF Chromatin-remodeling Complex Modulates Peripheral T Cell Activation and Proliferation by Controlling AP-1 Expression. J. Biol. Chem. 2010, 285, 2340–2350. [Google Scholar] [CrossRef]

	



Choi, J.; Jeon, S.; Choi, S.; Park, K.; Seong, R.H. The SWI/SNF chromatin remodeling complex regulates germinal center formation by repressing Blimp-1 expression. Proc. Natl. Acad. Sci. USA 2015, 112, E718–E727. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.W.; Park, H.J.; Jeon, S.H.; Lee, C.; Seong, R.H.; Park, S.-H.; Hong, S. Ubiquitous Over-Expression of Chromatin Remodeling Factor SRG3 Ameliorates the T Cell-Mediated Exacerbation of EAE by Modulating the Phenotypes of both Dendritic Cells and Macrophages. PLoS ONE 2015, 10, e0132329. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Park, H.; Jeon, J.; Park, Y.; Kim, T.-C.; Jeon, S.; Seong, R.; Van Kaer, L.; Hong, S. Ubiquitous Overexpression of Chromatin Remodeling Factor SRG3 Exacerbates Atopic Dermatitis in NC/Nga Mice by Enhancing Th2 Immune Responses. Int. J. Mol. Sci. 2021, 22, 1553. [Google Scholar] [CrossRef] [PubMed]

	



Han, D.; Jeon, S.; Sohn, D.H.; Lee, C.; Ahn, S.; Kim, W.K.; Chung, H.; Seong, R.H. SRG3, a core component of mouse SWI/SNF complex, is essential for extra-embryonic vascular development. Dev. Biol. 2008, 315, 136–146. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.W.; Park, H.J.; Kim, N.; Hong, S. Natural Killer Dendritic Cells Enhance Immune Responses Elicited byα-Galactosylceramide-Stimulated Natural Killer T Cells. BioMed Res. Int. 2013, 2013, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.H.; Lee, S.W.; Park, H.J.; Lee, S.H.; Im, W.K.; Kim, Y.D.; Kim, K.H.; Park, S.J.; Hong, S.; Jeon, S.H. Anti-cancer activity of Angelica gigas by increasing immune response and stimulating natural killer and natural killer T cells. BMC Complement. Altern. Med. 2018, 18, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.W.; Park, H.J.; Cheon, J.H.; Wu, L.; van Kaer, L.; Hong, S. iNKT Cells Suppress Pathogenic NK1.1(+)CD8(+) T Cells in DSS-Induced Colitis. Front. Immunol. 2018, 9, 2168. [Google Scholar] [CrossRef] [PubMed]

	



Park, H.J.; Lee, S.W.; Im, W.; Kim, M.; van Kaer, L.; Hong, S. iNKT Cell Activation Exacerbates the Development of Huntington’s Disease in R6/2 Transgenic Mice. Mediat. Inflamm. 2019, 2019, 3540974. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.W.; Park, H.J.; Pei, Y.; Yeo, Y.; Hong, S. Topical application of zwitterionic chitosan suppresses neutrophil-mediated acute skin inflammation. Int. J. Biol. Macromol. 2020, 158, 1184–1193. [Google Scholar] [CrossRef] [PubMed]

	



Park, H.J.; Lee, S.W.; Park, S.H.; van Kaer, L.; Hong, S. Selective Expansion of Double Negative iNKT Cells Inhibits the Development of Atopic Dermatitis in Valpha14 TCR Transgenic NC/Nga Mice by Increasing Memory-Type CD8(+) T and Regulatory CD4(+) T Cells. J. Investig. Dermatol. 2020. [Google Scholar] [CrossRef]

	



Park, H.J.; Lee, S.W.; Van Kaer, L.; Hong, S. CD1d-Dependent iNKT Cells Control DSS-Induced Colitis in a Mouse Model of IFNγ-Mediated Hyperinflammation by Increasing IL22-Secreting ILC3 Cells. Int. J. Mol. Sci. 2021, 22, 1250. [Google Scholar] [CrossRef]

	



Kinjo, Y.; Illarionov, P.; Vela, J.L.; Pei, B.; Girardi, E.; Li, X.; Li, Y.; Imamura, M.; Kaneko, Y.; Okawara, A.; et al. Invariant natural killer T cells recognize glycolipids from pathogenic Gram-positive bacteria. Nat. Immunol. 2011, 12, 966–974. [Google Scholar] [CrossRef]

	



Lee, S.W.; Park, H.J.; van Kaer, L.; Hong, S.; Hong, S. Graphene oxide polarizes iNKT cells for production of TGFbeta and attenuates inflammation in an iNKT cell-mediated sepsis model. Sci. Rep. 2018, 8, 10081. [Google Scholar] [CrossRef]

	



Biswas, S.K.; Mantovani, A. Macrophage plasticity and interaction with lymphocyte subsets: Cancer as a paradigm. Nat. Immunol. 2010, 11, 889–896. [Google Scholar] [CrossRef] [PubMed]

	



Qin, H.; Holdbrooks, A.T.; Liu, Y.; Reynolds, S.L.; Yanagisawa, L.L.; Benveniste, E.N. SOCS3 Deficiency Promotes M1 Macrophage Polarization and Inflammation. J. Immunol. 2012, 189, 3439–3448. [Google Scholar] [CrossRef] [PubMed]

	



Liangliang, Z.; Mu, G.; Song, C.; Zhou, L.; He, L.; Jin, Q.; Lu, Z. Role of M2 Macrophages in Sepsis-Induced Acute Kidney Injury. Shock 2018, 50, 233–239. [Google Scholar] [CrossRef]

	



Bai, L.; Liu, X.; Zheng, Q.; Kong, M.; Zhang, X.; Xiaohui, Z.; Lou, J.; Ren, F.; Chen, Y.; Zheng, S.; et al. M2-like macrophages in the fibrotic liver protect mice against lethal insults through conferring apoptosis resistance to hepatocytes. Sci. Rep. 2017, 7, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Yin, Z.; Ma, T.; Lin, Y.; Lu, X.; Zhang, C.; Chen, S.; Jian, Z. IL-6/STAT3 pathway intermediates M1/M2 macrophage polarization during the development of hepatocellular carcinoma. J. Cell Biochem. 2018, 119, 9419–9432. [Google Scholar] [CrossRef]

	



Stearns-Kurosawa, D.J.; Osuchowski, M.F.; Valentine, C.; Kurosawa, S.; Remick, D.G. The Pathogenesis of Sepsis. Annu. Rev. Pathol. Mech. Dis. 2011, 6, 19–48. [Google Scholar] [CrossRef] [PubMed]

	



Gao, B.; Radaeva, S.; Park, O. Liver natural killer and natural killer T cells: Immunobiology and emerging roles in liver diseases. J. Leukoc. Biol. 2009, 86, 513–528. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.W.; Park, H.J.; Lee, K.S.; Park, S.H.; Kim, S.; Jeon, S.H.; Hong, S. IL32gamma activates natural killer receptor-expressing innate immune cells to produce IFNgamma via dendritic cell-derived IL12. Biochem. Biophys. Res. Commun. 2015, 461, 86–94. [Google Scholar] [CrossRef]

	



Michel, T.; Hentges, F.; Zimmer, J. Consequences of the crosstalk between monocytes/macrophages and natural killer cells. Front. Immunol. 2013, 3, 403. [Google Scholar] [CrossRef] [PubMed]

	



Pervin, M.; Golbar, H.M.; Bondoc, A.; Izawa, T.; Kuwamura, M.; Yamate, J. Immunophenotypical characterization and influence on liver homeostasis of depleting and repopulating hepatic macrophages in rats injected with clodronate. Exp. Toxicol. Pathol. 2016, 68, 113–124. [Google Scholar] [CrossRef] [PubMed]

	



Tu, Z.; Bozorgzadeh, A.; Pierce, R.H.; Kurtis, J.; Crispe, I.N.; Orloff, M.S. TLR-dependent cross talk between human Kupffer cells and NK cells. J. Exp. Med. 2008, 205, 233–244. [Google Scholar] [CrossRef] [PubMed]

	



Emoto, M.; Miyamoto, M.; Yoshizawa, I.; Emoto, Y.; Schaible, U.E.; Kita, E.; Kaufmann, S.H. Critical role of NK cells rather than V alpha 14(+)NKT cells in lipopolysaccharide-induced lethal shock in mice. J. Immunol. 2002, 169, 1426–1432. [Google Scholar] [CrossRef]

	



Etogo, A.O.; Nunez, J.; Lin, C.Y.; Toliver-Kinsky, T.E.; Sherwood, E.R. NK but Not CD1-Restricted NKT Cells Facilitate Systemic Inflammation during Polymicrobial Intra-Abdominal Sepsis1. J. Immunol. 2008, 180, 6334–6345. [Google Scholar] [CrossRef]

	



Mühlen, K.A.; Schümann, J.; Wittke, F.; Stenger, S.; Van Rooijen, N.; Van Kaer, L.; Tiegs, G. NK Cells, but Not NKT Cells, Are Involved in Pseudomonas aeruginosaExotoxin A-Induced Hepatotoxicity in Mice. J. Immunol. 2004, 172, 3034–3041. [Google Scholar] [CrossRef] [PubMed]

	



Kuroda, E.; Ho, V.; Ruschmann, J.; Antignano, F.; Hamilton, M.; Rauh, M.J.; Antov, A.; Flavell, R.A.; Sly, L.M.; Krystal, G. SHIP Represses the Generation of IL-3-Induced M2 Macrophages by Inhibiting IL-4 Production from Basophils. J. Immunol. 2009, 183, 3652–3660. [Google Scholar] [CrossRef] [PubMed]

	



Lapaque, N.; Walzer, T.; Méresse, S.; Vivier, E.; Trowsdale, J. Interactions between Human NK Cells and Macrophages in Response toSalmonellaInfection. J. Immunol. 2009, 182, 4339–4348. [Google Scholar] [CrossRef] [PubMed]

	



Lim, J.L.J.H.; Park, J.Y.; Choi, I. IFN-γ Regulates Expression of BRG1 Associated Factor 155/170 and Sensitivity to Steroid in Astrocytes. Immune Netw. 2004, 4, 224–228. [Google Scholar] [CrossRef]

	



Sim, G.C.; Wu, S.; Jin, L.; Hwu, P.; Radvanyi, L.G. Defective STAT1 activation associated with impaired IFN-gamma production in NK and T lymphocytes from metastatic melanoma patients treated with IL-2. Oncotarget 2016, 7, 36074–36091. [Google Scholar] [CrossRef]

	



Papillon, J.P.N.; Nakajima, K.; Adair, C.D.; Hempel, J.; Jouk, A.O.; Karki, R.G.; Mathieu, S.; Mobitz, H.; Ntaganda, R.; Smith, T.; et al. Discovery of Orally Active Inhibitors of Brahma Homolog (BRM)/SMARCA2 ATPase Activity for the Treatment of Brahma Related Gene 1 (BRG1)/SMARCA4-Mutant Cancers. J. Med. Chem. 2018, 61, 10155–10172. [Google Scholar] [CrossRef] [PubMed]

	



Ju, A.; Lee, S.W.; Lee, Y.E.; Han, K.-C.; Kim, J.-C.; Shin, S.C.; Park, H.J.; Kim, E.E.; Hong, S.; Jang, M. A carrier-free multiplexed gene editing system applicable for suspension cells. Biomaterials 2019, 217, 119298. [Google Scholar] [CrossRef] [PubMed]

	



Uhlen, M.; Oksvold, P.; Fagerberg, L.; Lundberg, E.; Jonasson, K.; Forsberg, M.; Zwahlen, M.; Kampf, C.; Wester, K.; Hober, S.; et al. Towards a knowledge-based Human Protein Atlas. Nat. Biotechnol. 2010, 28, 1248–1250. [Google Scholar] [CrossRef]








[image: Ijms 22 03043 g001 550] 





Figure 1. Ubiquitous overexpression of the SWI3-related gene (SRG3) chromatin remodeling component protects mice against lipopolysaccharide (LPS)/ d-galactosamine (d-GalN)-induced septic shock. (A–C) WT and SRG3β-actin C57BL/6 (B6) mice were intraperitoneally (i.p.) injected with LPS/d-GalN or PBS. (B) The survival rates of these mice were monitored until 24 h after LPS/d-GalN challenge (n = 7 in WT B6; n = 12 in SRG3β-actin B6 mice in the experiment). (C) Sera were collected from these mice, and serum levels of interferon γ (IFNγ) and tumor necrosis factor α (TNFα) were measured by ELISA. The mean values ± SD (n = 5 per group in the experiment; Student’s t-test; * p < 0.05) are shown. One representative experiment of two experiments is shown. 
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Figure 2. β-Actin promoter-driven overexpression of SRG3 in dendritic cells (DCs) and macrophages suppresses LPS-induced pro-inflammatory cytokine production. (A,B) WT and SRG3β-actin B6 mice were i.p. injected with LPS/d-GalN or PBS. The spleen and liver were harvested from these mice at 12 h after injection, and the liver MNCs were prepared using a Percoll gradient. (A,B) The levels of interleukin (IL) 12 (A) and IL10 (B) in DCs and macrophages were measured by flow cytometry. The mean values ± SD are shown (n = 4 per group in the experiment; Student’s t-test; * p < 0.05, ** p < 0.01, *** p < 0.001). Two-way ANOVA (tissue × treatment) showed an interaction between these two factors (## p < 0.01). One representative experiment of two experiments is shown. 
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Figure 3. The inhibitory effects of SRG3 overexpression on the severity of LPS/d-GalN-induced sepsis are associated with suppression of natural killer (NK) cell but not natural killer T (NKT) cell activation. (A–D) The splenic and liver mononuclear cells (MNCs) were prepared as described in the legend to Figure 2. (A,B) The absolute numbers of splenic and hepatic NK cells and NKT cells from these mice were assessed by flow cytometry at 12 h. Representative data (A) and a summary (B) are shown. (C,D) Intracellular IFNγ production in splenic and hepatic NK (C) and NKT (D) cells was assessed via flow cytometry. The mean values ± SD are shown (n = 4 per group in the experiment; Student’s t-test; * p < 0.05, ** p < 0.01, *** p < 0.001). Two-way ANOVA (genotype × treatment) showed an interaction between these two factors (# p < 0.05, ## p < 0.01 and ### p < 0.001). One representative experiment of two experiments is shown. 
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Figure 4. SRG3 overexpression prevents LPS/d-GalN-induced sepsis in an NKT cell-independent manner. (A–C) WT, SRG3β-actin, CD1d KO, and CD1d KO/SRG3β-actin mice were i.p. injected with LPS/d-GalN or PBS. (B) The survival rates of these mice were monitored every 2 h starting from LPS/d-GalN injection for a total of 70 h (n = 10 in WT B6; n = 12 in SRG3β-actin B6; n = 9 in CD1d KO; n = 9 in CD1d KO/SRG3β-actin B6 mice in the experiment). (C) Sera were collected from these mice at 10 h after injection, and serum levels of IFNγ were measured by ELISA. The mean values ± SD are shown (n = 5 per group in the experiment; Student’s t-test; * p < 0.05, ** p < 0.01). Two-way ANOVA (SRG3β-actin × NKT) showed an interaction between these two factors. 
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