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Siglec-G Deficiency Ameliorates Hyper-Inflammation and Immune Collapse in Sepsis via Regulating Src Activation
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Hyper-inflammation during acute phase and sequential hypo-inflammation during immunosuppressive phase in macrophages/monocytes lead to multiorgan failure syndrome and immune collapse of sepsis, in which toll-like receptor (TLR)-triggered inflammatory responses play a major role. Here, we reported that Siglecg deficiency attenuated TLR4-triggered pro-inflammatory cytokine production and increased anti-inflammatory cytokine [interleukin-10 [IL-10]] production in vivo and in vitro at both acute and immunosuppressive phases. Siglecg deficiency also protected mice from lipopolysaccharide (LPS)-induced sepsis with less inflammation in the lung and less tissue destruction in the spleen. Siglec-G inhibited proto-oncogene tyrosine-protein kinase Src (Src) activation via recruiting and activating tyrosine phosphatase Src homology region 2 domain-containing phosphatase-1 (SHP1) through immunoreceptor tyrosine-based inhibitory motif (ITIM) domain. Src could inhibit TLR4-induced inflammatory cytokines and promote anti-inflammatory cytokine IL-10. Mechanical investigation showed that Src could interact with and phosphorylate STAT3. Src could also promote HIF1α degradation through activating GSK3β. Our study reveals that Siglec-G orchestrates TLR-induced inflammation, which outlines that blocking Siglec-G or activating Src may be a promising strategy for both acute and chronic inflammatory diseases.
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INTRODUCTION

Sepsis is a systemic inflammatory syndrome induced by infection, caused by the lack of normal immune homeostatic functions and excessive production of pro-inflammatory cytokines, which leads to multiorgan failure and immune collapse (1–7). Toll-like receptor (TLR) signaling and inflammatory responses are critical in the pathology of sepsis. By recognizing pathogen-associated molecular patterns (PAMPs), TLRs initiate innate immune responses by activating signaling pathways that depend on the adaptor myeloid differentiation primary response 88 (MyD88) or TIR-domain-containing adapter-inducing interferon-β (TRIF) and consequently induce the production of pro-inflammatory cytokines and type I interferon (IFN) (8–10). The positive and negative regulation of TLR signaling has been under intensive research (9, 10). Diverse signaling molecules have been identified to be essential for full activation of TLR responses (9, 10). However, negative regulators of TLR such as Src (11) can prevent over-activation of TLR signaling, which may result in inflammatory disorders or autoimmune diseases (12, 13). We previously found that CD11b-activated Src signaling could inhibit inflammatory cytokine in sepsis (11) and could promote anti-inflammatory cytokine IL-10 in mice model of colitis (14). Whether, there is a signal pathway regulating both inflammatory and anti-inflammatory cytokines in acute inflammation remains unknown (9, 15). Searching the balance point of pattern recognition receptor (PRR) signal transduction to produce appropriate production of anti-inflammatory and pro-inflammatory cytokines is a key question for innate responses and a promising drug target (9, 15).

Siglecs are divided into two groups on the basis of their molecular structure. The first group includes Siglec-1, Siglec-2, Siglec-4, and Siglec-15, which are structurally conserved between rodents, humans, and other vertebrates (16–19). The second group includes Siglec-3/CD33 and CD33-related Siglecs, which are less structurally conserved between human and other vertebrates but highly homologous to CD33 in their extracellular domains. Most Siglecs bind sialic acid ligands either in-cis (on the same cell) or in-trans (on a neighboring cell or on a microbe) and provide inhibitory signals to immune cells. Siglecs play an important role in cell signal transduction, pathogen recognition, phagocytosis, and treatment of tumors. Siglec-15 could induce immunosuppressive tumor microenvironment via immunoreceptor tyrosine-based activation motif (ITAM) domain of DAP12 (20). Our lab first cloned Siglec-10 from human dendritic cells (DCs) (21), which is a member of the CD33-related Siglec family in the mouse. Recent studies demonstrated that Siglec-G had a board negative modulation on B cells (17). Siglec-G also inhibited DC cross-presentation by impairing major histocompatibility complex (MHC)-I peptide complex formation (22). In innate immunity, inflammatory responses to host danger-associated molecular patterns (DAMPs) are repressed by the interaction of CD24 and Siglec-G (23, 24). We previously reported that Siglec-G negatively regulated RNA virus-induced type I IFN production by promoting c-Cbl-mediated ubiquitination and degradation of retinoic acid-inducible gene 1 (RIG-I) via SHP2 (25). Most Siglecs have ITIM or ITIM-like motifs in intracellular domains. Upon ligand recognition, Siglecs recruit tyrosine phosphatases such as SHP1 or SHP2 to regulate signal transduction through ITIM or ITIM-like domain (22, 25, 26). Furthermore, Siglec-G deficiency decreased infiltration of inflammatory cells and inflammation in fat tissue (27), which is consistent with the negative function of ITAM in inflammation (12, 28). However, the role of ITIM-containing Siglec-G and the function of SHP1/2 in acute inflammation remain unclear.

In this study, we observed that Siglecg deficiency protected mice from over-activation of acute inflammatory responses and death in TLR-triggered sepsis by attenuating TLR-triggered pro-inflammatory cytokine production and increasing anti-inflammatory cytokine IL-10 production. We further demonstrated that Siglec-G decreased Src activation through SHP1. Our results showed that Siglec-G-induced Src signaling could be a promising drug target to regulate immune homeostasis of pro-inflammation and anti-inflammation.



RESULTS


Siglec-G Orchestrates Toll-Like Receptor-Triggered Inflammatory and Anti-inflammatory Cytokine Productions in vivo

We first found that the baseline expression of Siglec-G was not the highest, but its expression was upregulated significantly upon lipopolysaccharide (LPS) stimulation (Supplementary Figure 1). To investigate the role of Siglec-G in the inflammatory responses of sepsis, we challenged Siglecg-deficient (Siglecg−/−) and control (Siglecg+/−) mice with a non-lethal dose of LPS for indicated time, a sepsis model we previously reported (29). In response to the first LPS challenge, Siglecg−/− mice produced less interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) than did Siglecg+/− mice (Figure 1A). However, Siglecg−/− mice produced more anti-inflammatory cytokine IL-10 than did Siglecg+/− mice. Twenty-four hours after the first LPS challenge, the second LPS challenge induced significant lower production of IL-6 and TNF-α, which implicated an immunosuppressive status. Siglecg deficiency also significantly decreased the second LPS-induced pro-inflammatory cytokine (IL-6 and TNF-α) productions, whereas it increased the anti-inflammatory cytokine IL-10 production compared with that in the control mice. We observed more severe infiltration of inflammatory cells in the lungs of Siglecg+/− mice than that in the lungs of Siglecg−/− mice at both acute and immunosuppressive phases (Figure 1B). Accordingly, there was less activation of NF-κB (phosphorylation of p65 subunit) and tissue destruction in the spleen of Siglecg−/− mice than in Siglecg+/− mice. Upon lethal LPS-dose challenge, 60% of Siglecg+/− mice remained alive for 16 h, but only 20% of them ultimately survived, whereas 80% of Siglecg−/− mice ultimately survived (Figure 1C), which indicated that Siglecg−/− mice were significantly more resistant to LPS-induced sepsis than were control mice. These results suggest that Siglecg deficiency protects mice from sepsis in both acute and immunosuppressive phases by orchestrating TLR-triggered inflammatory responses by inhibiting NF-κB activation.
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FIGURE 1. Siglecg-deficient mice are more resistant to LPS-induced sepsis. (A) Enzyme-linked immunosorbent assay (ELISA) of TNF-α, IL-6, and IL-10 in serum from Siglecg+/− and Siglecg−/− mice injected intraperitoneally with PBS or LPS (5 mg/kg) as indicated. Data are representative of three independent experiments with similar results and presented as means ± SD. *P < 0.01. (B) Hematoxylin and eosin staining of the lungs (left panel); the immunostaining of phosphor-p65 (middle panel) in the spleen from Siglecg+/− and Siglec−/− mice after intraperitoneal injection of PBS or LPS as indicated. Original magnification: ×10 for the lungs and ×20 for the spleen. Data are representative of three independent experiments with similar results. (C) Survival of Siglecg+/− and Siglecg−/− mice (n = 10 per genotype), monitored every hour after challenge with lethal dose of LPS (15 mg/kg). P < 0.01 (Wilcoxon test). LPS, lipopolysaccharide; IL, interleukin; TNF-α, tumor necrosis factor-α; PBS, phosphate-buffered saline.




Siglec-G Orchestrates Toll-Like Receptor-Triggered Inflammatory and Anti-inflammatory Cytokine Productions in Macrophages

The above data indicated that Siglec-G orchestrated TLR-triggered inflammatory and anti-inflammatory cytokine productions in vivo. To further confirm the function of Siglec-G in vitro, LPS-induced cytokine production in mouse peritoneal macrophages was tested using ELISA. In response to LPS administration, Siglecg−/− peritoneal macrophages produced less pro-inflammatory cytokines (IL-6 and TNF-α) but more IL-10 than did Siglecg+/− (Figure 2A, Supplementary Figure 2) and Siglecg+/+ (Supplementary Figure 2) macrophages at both acute and immunosuppressive phases. The mRNA expression of pro-inflammatory cytokines also decreased, and the mRNA expression of IL-10 increased in (Siglecg−/−) macrophages (Supplementary Figure 3). Then we further investigated whether overexpression of Siglec-G could increase pro-inflammatory cytokines production in RAW264.7 cells. Overexpression of Siglec-G-HA significantly increased LPS-induced IL-6 and TNF-α production and decreased IL-10 production than in control cells at both acute and immunosuppressive phases (Figure 2B). The knockout and overexpression efficiency was verified in the next part (Figures 3A,C). These data further confirmed that Siglec-G could promote TLR-trigged pro-inflammatory cytokine production and inhibit anti-inflammatory cytokine IL-10 production in vitro.


[image: Figure 2]
FIGURE 2. Siglec-G orchestrates TLR-triggered pro-inflammatory and anti-inflammatory cytokines production in macrophage. (A) ELISA of IL-6, TNF-α, and IL-10 in supernatant from Siglecg+/− and Siglecg−/− peritoneal macrophages (6 × 105) that were stimulated with first round of LPS (100 ng/ml) as indicated or were changed with then fresh medium for the second round of LPS for 12 h. (B) ELISA of IL-6, TNF-α, and IL-10 in supernatant from Siglec-G-overexpressing RAW264.7 macrophages (8 × 105) stimulated with LPS as (A). Data are representative of three independent experiments with similar results and presented as means ± SD. *P < 0.01. TLR, toll-like receptor; IL, interleukin; TNF-α, tumor necrosis factor-α; LPS, lipopolysaccharide.
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FIGURE 3. Siglec-G orchestrates NF-κB and ERK activation. (A,B) Immunoblotting of cell lysates (A) or nuclear extract (B) from Siglecg+/− and Siglecg−/− 2 × 106 peritoneal macrophages stimulated with LPS (100 ng/ml) for the indicated time with indicated antibodies. (C,D) Immunoblotting of cell lysates (C) or nuclear extract (D) from Siglec-G overexpressing RAW264.7 cells (3 × 106) stimulated with LPS (100 ng/ml) for the indicated time with indicated antibodies. Data are representative of three independent experiments with similar results. ERK, extracellular signal-regulated kinase; LPS, lipopolysaccharide.




Siglec-G Orchestrates NF-κB and Extracellular Signal-Regulated Kinase Activation

To further explore how Siglec-G promotes TLR-induced pro-inflammatory cytokine production, the downstream signal pathway was tested. The expression of Siglec-G in macrophages and knockout efficiency were first verified. We found that the activation of NF-κB was impaired in Siglecg−/− macrophages compared with that in Siglecg+/− macrophages (Figure 3A), which was evidenced by decreased phosphorylated IKKα/β and p65 levels. However, the activation of extracellular signal-regulated kinase (ERK), which is critical for TLR-induced IL-10 production (30), was increased in Siglecg−/− macrophages. The nuclear translocation of NF-κB transcriptor p65 was decreased, and the ERK-induced transcriptor AP-1 (c-jun) was increased in Siglecg−/− macrophages than in Siglecg+/− macrophages (Figure 3B). The Siglec-G was overexpressed efficiently in RAW264.7 cells. We also tested whether Siglec-G overexpression could orchestrate the activation of NF-κB and ERK in RAW264.7 cells. In accordance with results of Siglecg-deficient macrophages, the activation of NF-κB was also increased in Siglec-G-HA overexpressed RAW264.7 cells (Figure 3C). And Siglec-G-HA overexpression decreased the activation of ERK in RAW264.7 cells. Moreover, similar results were confirmed by the nuclear translocation of p65 and AP-1 (c-jun) in Siglec-G overexpressed cells (Figure 3D). The above data suggested that Siglec-G could orchestrate TLR-induced NF-κB and ERK activation.



Siglec-G Orchestrates Toll-Like Receptor Signaling Through Src

We previously found that CD11b-induced Src activation was involved in TLR signaling (8, 9). The activation of Src was increased in Siglecg−/− peritoneal macrophages upon LPS stimulation (Figure 4A). And Siglec-G overexpression impaired Src activation (Figure 4B). Pretreatment of wild-type (WT) peritoneal macrophages and Siglecg−/− peritoneal macrophages with Src inhibitor PP1 increased pro-inflammatory cytokine (IL-6 and TNF-α) production (Figure 4C) at both the protein and mRNA levels (Supplementary Figure 4). Accordingly, PP1 also decreased IL-10 expression. PP1 increased pro-inflammatory cytokines production more efficiently in Siglecg-deficient macrophages (Figure 4C), in which there was more strength of Src activation (Figure 4A). To further confirm the role of Src in TLR signaling, we pretreated Siglec-G overexpressed or control RAW264.7 cells with PP1. PP1 also increased IL-6 and TNF-α production and decreased IL-10 production in control RAW264.7 cells (Figure 4D), but not in Siglec-G overexpressed cells, in which the activation of Src was inhibited (Figure 4B). The above data indicated that Siglec-G regulated NF-κB and ERK activation through Src.
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FIGURE 4. Siglec-G inhibits Src activation. (A,B) Immunoblotting of cell lysates from 2 × 106 Siglecg+/− and Siglecg−/− peritoneal macrophages (A) or 3 × 106 Siglec-G overexpressing RAW264.7 cells (B) stimulated with LPS (100 ng/ml) for the indicated time with indicated antibodies. Data are representative of three independent experiments with similar results. (C,D) ELISA of IL-6, TNF-α, and IL-10 in supernatant from Siglecg+/− and Siglecg−/− peritoneal macrophages (C) or Siglec-G overexpressing RAW264.7 macrophages (D) pretreated with PP1 (5 μM) for 2 h and then stimulated with LPS (100 ng/ml) for 12 h. Data are representative of three independent experiments with similar results and presented as means ± SD (ns, no significant differences; *P < 0.01). LPS, lipopolysaccharide; IL, interleukin; TNF-α, tumor necrosis factor-α.




Siglec-G Inhibits Src Activation via Src Homology Region 2 Domain-Containing Phosphatase-1

We further investigated how Siglec-G inhibited Src activation upon LPS stimulation. As we previously noticed a positive function of the tyrosine phosphatase SHP1 in innate immunity (28, 31), we investigated whether the positive function of Siglec-G was dependent on SHP1. Overexpression and co-IP experiments in HEK293T cells indicated that Src interacted with SHP1 (Figure 5A). Furthermore, we found that SHP1 could dephosphorylate overexpressed Src in a dose-dependent manner (Figure 5B). Overexpression of Siglec-G, SHP1, and Src in HEK293T cells indicated that Siglec-G could promote dephosphorylation of Src, which was further enhanced by SHP1 (Figure 5C). SHP1 could also interact with Siglec-G and Src upon LPS stimulation in macrophages (Figure 5D). Siglec-G contains an intracellular tail with four tyrosine-based motifs, one or two belonging to the ITIM domain. The Siglec-G ITIM inactive mutant (Siglec-G-4YF) decreased the inhibitory function on Src activation compared with the full-length Siglec-G (WT), whereas the cytoplasmic domain-deleted Siglec-G (DEL) mutant totally lost the inhibitory function on Src activation (Figure 5E) in the overexpressed system. These results indicated that Siglec-G could decrease Src activation by recruiting SHP1.
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FIGURE 5. Siglec-G inhibits of Src activation via SHP1. (A) Immunoblotting of immunoprecipitated production or cell lysates from HEK293T cells overexpressing indicated plasmids. (B,C) Immunoblotting of the cell lysates from HEK293T cells overexpressing indicated plasmids. (D) Immunoblotting of immunoprecipitated production from macrophages with indicated antibodies. (E) Immunoblotting of the cell lysates from HEK293T cells overexpressing indicated plasmids. Data are representative of three independent experiments with similar results. SHP1, Src homology region 2 domain-containing phosphatase-1.




Siglec-G Orchestrates STAT3 and HIF1α Activation via Src

We investigated how Src orchestrated the inflammatory signaling activation. HIF1α is important in LPS-induced inflammatory response (32). We found that Siglecg−/− macrophages exhibited lower HIF1α protein expression than Siglecg+/− macrophages upon LPS stimulation (Figure 6A). GSK3β could phosphorylate HIF1α and promote its degradation in proteasome. Accordingly, the activation of GSK3β was increased in Siglecg−/− macrophages compared with Siglecg+/− macrophages. Furthermore, the activation of STAT3 is critical for IL-10 production (30, 33). Its activation increased in Siglecg−/− macrophages compared with Siglecg+/− macrophages upon LPS stimulation. We previously found that Src-activated Src- Akt-GSK3 signaling could activate AP-1 (14). Then we further investigated how Siglec-G-mediated Src signaling could increase AP-1 and STAT3 activation and IL-10 production. The activation of inflammatory signaling of NF-κB and HIF1α was decreased, while activation of anti-inflammatory signaling of AP-1, STAT3, and GSK3β was increased in RAW264.7 cells overexpressed constitutively active Src (CA-Src) (Figure 6B). Accordingly, RAW264.7 cells that overexpressed CA-Src also produced less IL-6, while they produced more IL-10 (Figure 6C). These data indicated that Src might promote HIF1α degradation and STAT3 activation to orchestrate inflammatory responses.
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FIGURE 6. Siglec-G orchestrates TLR4-induced STAT3 and HIF1α activation via Src. (A,B) Immunoblotting of cell lysates from Siglecg+/− and Siglecg−/− peritoneal macrophages or RAW264.7 cells overexpressing CA-Src stimulated with LPS (100 ng/ml) for indicated time with indicated antibodies. (C) ELISA of IL-6, TNF-α, and IL-10 in supernatant from constitutively active Src (CA-Src) overexpressing RAW264.7 cells stimulated with LPS (100 ng/ml) for 12 h. Data are representative of three independent experiments with similar results as means ± SD. *P < 0.01. TLR, toll-like receptor; LPS, lipopolysaccharide; IL, interleukin; TNF-α, tumor necrosis factor-α.




Src Is Involved in STAT3 and HIF1α Activation

Then we further investigated the role of Src in regulating STAT3 and HIF1α activation. We co-overexpressed STAT3 with increased amounts of CA-Src in HEK293 cells (Figure 7A). Overexpressed CA-Src could interact with STAT3 and phosphorylated STAT3. CA-Src could increase the phosphorylation with STAT3 in a dose-dependent manner. When HIF1α was co-overexpressed with increased amounts of CA-Src in HEK293 cells, CA-Src could also interact with GSK3β and HIF1α (Figure 7B). CA-Src could also increase the phosphorylation of GSK3β and decrease the expression HIF1α in a dose-dependent manner. The above results show that Src was involved in the inflammatory signaling by regulating STAT3 and HIF1α activation.


[image: Figure 7]
FIGURE 7. Src regulates STAT3 and HIF1α activation. (A,B) Immunoblotting of immunoprecipitated production or cell lysates from HEK293T cells overexpressing indicated plasmids with indicated antibodies. Data are representative of three independent experiments with similar results.





DISCUSSION

Sepsis is defined as a life-threatening organ dysfunction with systemic mixed pro-inflammatory and anti-inflammatory responses to an infectious organism or severe tissue injury (1, 6, 7, 15, 34). Despite the failure of numerous clinical trials, anti-inflammatory treatment strategies in the early hours after the onset of sepsis are still a promising option (3). Indeed, clinical studies showed that subgroups of patients with sepsis might benefit from anti-inflammatory treatment strategies such as IL-1 receptor blockade or anti-TNF treatments (6, 7, 34). Here, we found that Siglec-G deficiency orchestrated the pro-inflammatory cytokines and anti-inflammatory cytokine IL-10, which protected mice from LPS-induced sepsis. Interestingly, applying inhibition of Siglec-G downstream Src or activating Src could significantly orchestrate the pro-inflammatory cytokine and anti-inflammatory productions in macrophages. Although anti-inflammatory cytokines blocking therapy will cause protracted immunosuppressive phase in most patients (5–7, 15, 34), our results indicated that blocking Siglec-G (activating Src) in hyper-inflammation phase or activating Siglec-G (inhibiting Src) in hypo-inflammation phase might be beneficial for septic patients. Thus, a precise therapy for sepsis should firstly discriminate the immune status.

Siglec-G is an immunoglobulin-like lectin molecule that recognizes sialic acid and CD24 (17, 26). By interacting with CD24, Siglec-G suppresses inflammatory responses to DAMP such as heat-shock proteins (Hsp70 and Hsp90) and high mobility group box 1 protein (HMGB1) and also regulating TLR activation (23, 24). Siglec-G/10 plays an important role in self–non-self discrimination of innate immunity. In animals, sialic acid-bearing glycans, which are expressed on the cell surface as components of membrane glycoproteins or of a class of glycolipids called gangliosides, forms a key component of the glycocalyx and is critically involved in cell–cell interactions and cell signaling (17, 26). Diverse functions of inflammatory responses induced by DAMP or PAMP may result from different expression levels of Siglec-G and sialic acid-bearing glycans on the membrane, which leads to activation of SHP1 or SHP2, with varying degrees. Furthermore, the interaction of Siglec-G with sialic acid from membrane proteins (like CD24) or other proteins may be disrupted by sialidases such as neuraminidase. Neuraminidase was upregulated in our previous gene expression assay (25). Neuraminidase inhibitor is used as an antiviral drug, typically for influenza infection. Our unpublished data suggested that neuraminidase inhibitor might have a function similar to that of Siglec-G on TLR4-induced signaling and response, indicating that neuraminidase inhibitor might increase the following bacteria-induced inflammation. The function of the neuraminidase inhibitor and Siglecg deficiency effect on TLR signaling and responses indicated that Siglec-G was an important member of Siglecs on macrophages. Further research of neuraminidases on inflammation expressed from macrophages, other cells, or pathogens will provide a novel mechanism of innate immunity.

Our previous work showed that Siglec-G associated with c-Cbl caused degradation of RIG-I and reduced production of type I IFN in response to RNA virus infection in a CD24-independent manner (25). Here, we found that Siglec-G promoted TLR-triggered pro-inflammatory cytokines expression both in vivo and in vitro by regulating Src activation through SHP1. Siglecs can bind sialic acid-modified substrates through immunoglobulin-like receptors, which discriminate between self and non-self and regulate the function of cells in the innate and adaptive immune systems (18, 26). Siglec-G was reported to bind sialic acid on CD24 to downregulate TLR4 signaling in-cis manner (on the same cell) (23, 24). Siglec-G could also participate in autoimmune disease by cooperating with inhibitory receptor FcγRIIb (35). However, FcγRIIb has also a negative function on TLR4 signaling via the ITAM domain (12, 13). Recently, tumor cells that expressed CD24 will inhibit phagocytosis by macrophages through binding Siglec-G in-trans manner (36), which also indicates that different substrate recognition patterns of Siglec-G. We speculated that the interaction with different sialic acid-modified substrates and different expression statuses of Siglec-G upon LPS stimulation might induce different signaling pathways. Different gene backgrounds of control mice, knockout efficiency, and experimental model will also influence the function of Siglec-G on inflammation (23, 24). We focused on function of Siglec-G on the both acute and immunosuppressive phases of LPS-induced sepsis model, which is much different from the cecal ligation and puncture (CLP)-induced sepsis model. The rigid control mice with the same gene background (Siglecg+/− vs. Siglecg−/−), which is more suitable to illustrate the function of Siglec-G. Siglecs are also endocytic receptors that constitutively cycle between the cell surface and intracellular endosome ligand-bearing cargo into the cell, in which the molecular basis for sialic acid specificity remains to be revealed (26). Our lab previously found that Siglec-G negatively regulated cross-presentation in DCs through SHP1. We recently found that Src-LAPF-Cav1 promoted both bacteria and TLR4 endocytosis (37), which indicated that activating Src might increase anti-bacterial innate immunity. Further studies on Siglec-G in different cells by regulating SHP1/2 and Src activation may reveal the molecular mechanism of innate immune responses.

In summary, we reported that Siglec-G-induced Src signaling could orchestrate both inflammatory and anti-inflammatory cytokines by recruiting SHP1 and regulating Src activation (Supplementary Figure 5). Consistent with previous studies that revealed the negative function of Src-Syk signaling on TLR signaling, targeting Src or Siglec-G activation may be promising to treat hyper-inflammatory and hypo-inflammatory responses in sepsis.



MATERIALS AND METHODS


Mice

Mice homozygous for Siglec-G-deficient mice on a C57BL/6J background were generated as described previously (25) and bred in pathogen-free conditions. Siglecg−/− heterozygote littermates were derived from the first filial generation mice of Siglecg−/− mice mating with WT C57BL/6J mice. Six to eight weeks of age littermate mice was used in the experiments (body weight and sexuality balanced). Siglecg+/− and Siglecg−/− mice were derived from the Siglecg+/− heterozygote littermates. All animal experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, with the approval of the Scientific Investigation Board of Second Military Medical University, Shanghai.



Reagents

LPS (O111:B4) used was described previously (11, 25). PP1 was from Calbiochem (San Diego, CA). Antibodies specific to HA-tag, myc-tag, Flag-tag [horseradish peroxidase [HRP] conjugated], CD11b (EPR1344), and the agaroses used in immunoprecipitations were from Abcam Inc. Abs specific for actin, Src, Siglec-G, p65, c-jun, HIF1α and GAPDH, phospho-specific Abs against Src (Tyr416), GSK-3β (Ser9), STAT3 (Tyr705), p65 (Ser536), P38 (Thr180/Tyr182), ERK (Thr202/Tyr204), IKKα/β (Ser176/180), IKBα (Ser32), and c-jun (Ser73) were from Cell Signaling Technology. HRP-conjugated second antibody (TrueBlot) was from eBioscience. Chemical inhibitor PP1 (5 μM) and zanamivir (50 μM) were from Selleck company.



Plasmid Constructs and Transfection

The recombinant vectors encoding Src (NM_009271), SHP1 (NM_011202.3), HIF1α (NM_001313919), STAT3 (NM_213659), and Siglec-G (NM_172900.3) were constructed by PCR-based amplification from RAW264.7 cDNA and then subcloned into the pcDNA3.1 eukaryotic expression vector (Invitrogen, San Diego, CA) as described previously (11, 25). The CA-Src and Siglec-G mutants were constructed as described previously (11, 25). Transient transfection of plasmids into HEK293T or RAW264.7 cells with jetPEI reagents (Polyplus-transfection Company) was performed following the instructions.



Cell Culture and ELISA Assays

RAW 264.7 and HEK293T cell lines were obtained from the American Type Culture Collection. Six-week-old mice were injected with 3% (w/v) Merck thioglycollate medium into the peritoneal cavity of each mouse. Three days after the injection, the peritoneal macrophages were collected by flushing the peritoneal cavity with Roswell Park Memorial Institute (RPMI) 1640 and cultured for 1 h and washed with DMEM to clear the non-adherent cells; then the macrophages were further cultured in endotoxin-free DMEM with 10% fetal bovine serum (FBS) (Invitrogen) as previously reported (11, 25). Overexpression of Siglec-G in RAW264.7 cells was transfected with jetPEI (Polyplus) and selected by neomycin (Sigma-Aldrich) as described previously (11). After the stimulation (100 ng/ml of LPS), the concentrations of cytokines in the culture supernatants were determined by ELISA kits (R&D Systems, Minneapolis, MN) as described previously (11, 25).



RNA Quantification

Quantitative real-time RT-PCR analysis was performed by LightCycler (Roche, Basel, Switzerland) and SYBR RT-PCR kit (Takara, Dalian, China) as described previously (11, 25). Data were normalized to GAPDH expression.



Immunoprecipitation and Immunoblot

Cells were lysed with radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling Technology, Beverly, MA) or M-PER Protein Extraction Reagent (Pierce, Rockford, IL) supplemented with protease inhibitor cocktail. Protein concentrations of the extracts were measured with bicinchoninic acid (BCA) assay (Pierce). The immunoprecipitation and immunoblot assays were performed as described previously (11, 25).



Statistical Analysis

Results are given as means plus or minus standard deviation (SD). Comparisons between two groups were performed using Student's t test. Statistical significance was determined as P-values of <0.05 or 0.01.
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