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Inflammation is the immune response to harmful stimuli, including pathogens, damaged cells and toxic compounds. However, uncontrolled inflammation can be detrimental and contribute to numerous chronic inflammatory diseases, such as insulin resistance. At the forefront of this response are macrophages, which sense the local microenvironment to respond with a pro-inflammatory, M1-polarized phenotype, or anti-inflammatory, M2-polarized phenotype. M1 macrophages upregulate factors like pro-inflammatory cytokines, to promote inflammatory signaling, and inducible Nitric Oxide Synthase (iNOS), to produce nitric oxide (NO). The generated NO can kill microorganisms to protect the body, but also signal back to the macrophage to limit pro-inflammatory cytokine production to maintain macrophage homeostasis. Thus, the tight regulation of iNOS in macrophages is critical for the immune system. Here, we investigated how elevation of the nutrient-sensitive posttranslational modification, O-GlcNAc, impacts M1 polarized macrophages. We identified increased gene expression of specific pro-inflammatory cytokines (Il-6, Il-1β, Il-12) when O-GlcNAc cycling was blocked. We further uncovered an interaction between O-GlcNAc and iNOS, with iNOS being an OGT target in vitro. Analysis of M1 polarized bone marrow derived macrophages deficient in the enzyme that removes O-GlcNAc, O-GlcNAcase (OGA), revealed decreased iNOS activity as measured by a reduction in NO release. Further, elevated O-GlcNAc acted on Il-6 expression through the iNOS pathway, as iNOS inhibitior L-NIL raised wildtype Il-6 expression similar to OGA deficient cells but had no further effect on the hyper-O-GlcNAcylated cells. Thus O-GlcNAc contributes to macrophage homeostasis through modulation of iNOS activity.
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Introduction

The immune system is able to defend against internal and external insults by promoting inflammatory processes. However, inflammation can also be potentially harmful to the body and needs to be tightly regulated to avoid tissue damage and long-term disease. Macrophages are a heterogenous population of immune cells that act as the main player in the first-line of defense against pathogens, modulating homeostatic and inflammatory responses. The wide range of macrophage functions relies on the ability to sense and respond to the microenvironment. Through the regulation of specific gene expression programs, in conjunction with metabolic adaptations, macrophages are able to modulate their functions and respond to stimuli.

Macrophages are generally described as classically activated, pro-inflammatory M1 macrophages or alternatively activated, anti-inflammatory M2 macrophages. Pro-inflammatory M1 macrophages are induced by microbial products, like lipopolysaccharide (LPS) and other toll like receptors (TLRs) ligands, or by cytokines secreted by TH-1 lymphocytes, like interferon gamma (IFN-γ). M1 macrophages are characterized by their ability to kill pathogens and present antigens to T-lymphocytes. Thus, they produce high levels of pro-inflammatory cytokines, like interleukin (IL)-6, IL-1β, IL-12 and tumor necrosis factor alpha (TNF-α) (1). Despite playing a critical role in the host defense against pathogen infection, tight regulation of these pro-inflammatory cytokines is critical to maintain proper homeostasis as deregulation has been associated with a number of autoimmune and inflammatory diseases. Therefore, understanding the underlying regulatory mechanisms of M1 pro-inflammatory cytokine production is of great importance.

Integral to M1 function is the expression and regulation of inducible Nitric Oxide Synthase (iNOS) which produces nitric oxide (NO) from L-arginine to kill invading pathogens. Unlike the other Nitric Oxide Synthases, neuronal Nitric Oxide Synthase (nNOS) and endothelial Nitric Oxide Synthase (eNOS), iNOS is not constitutively active and is only expressed when cells are stimulated with factors such as LPS or IFN-γ  (2). Because of its critical role in the inflammatory response, iNOS expression and activity is strictly controlled. Transcriptionally, iNOS is regulated by the transcription factors NF-κB and STAT-1a (3). At the protein level, iNOS is regulated by tyrosine phosphorylation (4), substrate (L-arginine) availability, protein-protein interactions and auto-inactivation (2). Interestingly, iNOS is not only a key component of the inflammatory response and a hallmark of M1 macrophages, but NO also feeds back to limit expression of pro-inflammatory cytokines (5, 6). In fact, stimulated macrophages from iNOS deficient mice, or treatment of wildtype macrophages with an iNOS selective inhibitor, L-NIL [L-N6-(1-Iminoethyl)lysine dihydrochloride], enhanced expression of pro-inflammatory cytokines like IL-12 and IL-6 (5). Thus, iNOS is a key factor in balancing macrophage homeostasis.

Upon stimulation, inflammatory macrophages are characterized by their glycolytic metabolism. A number of studies have found that glucose availability impacts M1 polarization (7, 8), regulation of key inflammatory modulators like iNOS (9), and expression of inflammatory cytokines (10, 11). How nutrients specifically impact the inflammatory response remains an unanswered and important question in the field, as diseases with altered nutrient signaling, like diabetes, are well known to have an inflammatory component. For this reason, understanding how changes in the nutrient-sensing posttranslational modification, O-GlcNAcylation, impacts the inflammatory response of macrophages is of great interest with clinical significance. This single monosaccharide is attached to serines and threonines of intracellular proteins by the O-GlcNAc Transferase (OGT) enzyme, which uses the end-product of the hexosamine biosynthetic pathway (HBP), UDP-GlcNAc, as the sugar donor for protein modification. The HBP incorporates metabolites like glucose, amino acids, fatty acids, and nucleotides to form UDP-GlcNAc, thus levels of UDP-GlcNAc reflect the nutrient status of the cell. O-GlcNAc is a dynamic posttranslational modification and is removed by O-GlcNAcase (OGA). Although there have been investigations into how O-GlcNAc might impact M1 polarization and the inflammatory response, these studies do not come to a clear conclusion, with some published studies declaring O-GlcNAcylation as pro-inflammatory (12–14) and others concluding it is anti-inflammatory (15–17). These studies have either used acute chemical OGT or OGA inhibition or mice that have deleted OGT (15, 16). What remains unknown is how chronic high levels of O-GlcNAc, which mimic the signaling state of nutrient over-abundance, such as hyperglycemia, impacts key inflammatory components of M1 macrophages.

To model chronically elevated O-GlcNAc, we analyzed M1 stimulated bone marrow derived macrophages (BMDMs) from mice in which Oga has been deleted within the hematopoietic lineage (OgaVav-Cre (18),). OGA deficient macrophages had significantly elevated gene expression of key pro-inflammatory cytokines like Il-6. Focusing on iNOS, we found that NO release was diminished in Oga knockout (KO) cells. Further, elevated O-GlcNAc impacted Il-6 expression through the iNOS pathway, as inhibition of iNOS in wildtype cells using the inhibitor L-NIL increased Il-6 expression similar to OGA deficiency alone, but had no further effect on the Oga KO macrophages. WGA pull-down analysis and in vitro OGT assays provided evidence that iNOS could be an OGT target. Together, these data indicated that through interaction with iNOS, elevated O-GlcNAc dampens NO production and contributes to deregulation of specific pro-inflammatory cytokines. Thus, balanced O-GlcNAc cycling is a key component for maintaining macrophage homeostasis.



Methods


Mice

The OgaVav-Cre line was maintained as previously described (Abramowitz 2019). Both males and females were used in analysis. The animals were maintained according to the animal protocol # K023-LCBB-19 approved by the NIDDK Animal Care and Use Committee, National Institutes of Health.



Cell Culture

Bone marrow was extracted from the femur and longbone of 6-12 week old mice and plated at a concentration of 2x106/ml and cultured in BMDM media containing IMDM, 10% FBS, 10ng/ml Macrophage-Colony Stimulating Factor (m-CSF) (Gemini), 1% penicillin/streptomycin, 1% glutamine. Media was changed to fresh BMDM media on day 3. After 7 days in culture, cells were changed to M1 media containing IMDM, 10%FBS, 120-180 ng/ml LPS (Sigma), 50 ng/ml IFN-γ (Biolegend), 1% penicillin/streptomycin, 1% glutamine. For M2 polarizations, cells were changed to M2 media containing IMDM, 10% FBS, 10ng/ml IL-4 (Biolegend), 1% penicillin/streptomycin, 1% glutamine. After 24 hours polarization cells were collected for analysis. In experiments with L-NIL (Cayman Chemical), 40 uM of L-NIL was added to M1 media.



Cell Viability

Cells were mixed in a 1:1 ration with .4% trypan blue and percent viability measured using a Nexcelcom Cellometer.



Western Blot

Protein was extracted with T-PER tissue protein extraction reagent (Termo-Fisher). Lysates were run on a 4–12% Bis-Tris gel and transferred to a nitrocellulose membrane. Membranes were blocked with Odyssey blocking buffer (Li-Cor) for 1 hour, incubated overnight at 4°C with primary antibodies: anti-actin (Abcam ab1801), anti-O-GlcNAc (RL2) (Termo Fisher MA1-072), OGT (Santa Cruz H300), or iNOS (Invitrogen PA3-030A or Abcam ab178945). Secondary antibodies were Odyssey IR dye-conjugated (LI-Cor). Membranes were imaged and band intensities were analyzed with Odyssey imaging equipment.



qRT-PCR

RNA was extracted using the RNeasy (II) mini kit (Qiagen) following manufacturers protocol, followed by DNAseI treatment (Invitrogen). cDNA was synthesized using the qScript kit (Quantbio) following manufacturer’s protocol. Fast SYBR Green Master Mix (Applied Biosystems) was used for amplification using 5 ng of cDNA and the appropriate primer (Supplemental Table 1) on a QuantStudio 3 instrument (Applied Biosystems). Each reaction was performed in technical triplicate. Relative gene expression was normalized to the geometric mean of Rplp0 and Eef2 (Supplemental Table 1).



ELISA

Media samples taken from M1 cultures were diluted 1:10 for IL-6, 1:50 for IL-12 and undiluted for IL-1β, and measured by mouse IL-6, IL-12/IL-23p40 non allele specific or IL-1b/IL-1F2 quantikine ELISA kits (R&D systems), respectively, following the manufacturer’s protocol. Absorbances were measured on a POLARSTAR omega microplate reader (BMG Labtech).



WGA Precipitation

Cell lysates were obtained using TPER (Thermofisher). Lysates were pooled from 3 independent samples of each genotype to obtain enough material for analysis. 10 μl/sample of agarose bound wheat germ agglutinin (WGA) (Vectorlabs) was washed three times in PBS containing 0.2% NP40. 100 μg of sample was added to the agarose beads and incubated overnight at 4°C. The next day, the beads were washed four times in PBS containing 0.2% NP-40 for 20 minutes each. Loading dye was added to the beads, boiled for 10 minutes, and processed as described above for western blot analysis.



In Vitro OGT Assay

4 μg of purified OGT was incubated with 5-10ul of BL21(DE3) lysates containing recombinant mouse iNOS (Caymen chemical) or BL21(DE3) lysates without iNOS expression (negative control for iNOS specificity) or purified recombinant human CSNK2A1 (CKII, Abcam ab85981, positive control with known OGT target), UDP-GlcNAz or no UDP-GlcNAz (negative control for background banding) and OGT assay buffer (19) to 50ul. After a 2 hour incubation at 37°C, the reactions were centrifuged through a 10K filter (Millipore) to remove excess nucleotide-sugar. A Staudinger ligation was then performed by adding biotin-phosphine and incubating for 1 hour at 40°C. Loading dye was added to the reactions and boiled for 10 minutes. Samples were then processed as described above for western blot with the biotin detected using a streptavidin-conjugated IRdye from LICOR.



Griess Reagent

Nitrite concentration was measured in media collected from cells after 24 hour incubation in M1 media using the Griess reagent kit (Cell Signaling) following manufacturer’s protocol.



Statistics

Graphpad prism was used for all statistics. An unpaired t-test with Welch’s correction was used to determine significance as indicated in figure legends. A two-way ANOVA was used to compare levels of O-GlcNAc in M0 versus M1 conditions. P values less than 0.05 were considered statistically significant.




Results


OGA Deficient Naïve and Stimulated BMDMs Exhibit Higher Levels of O-GlcNAc

In order to study the impact of chronic hyper-O-GlcNAcylation on macrophage function, we utilized mice in which Oga had been deleted in hematopoietic stem cells (HSC) (18). For these studies, bone marrow cells were extracted from OgaVav-Cre mice along with their wildtype littermates and cultured in macrophage-colony stimulating factor (m-CSF) for 7 days to obtain a population of BMDMs. The BMDMs were then stimulated in vitro with LPS and IFN-γ to induce M1 polarization. To ensure loss of Oga, we assessed Oga transcription in BMDMs before and after polarization. We were unable to detect Oga transcripts in these cells confirming Oga deletion (Figure 1A). Next, we assessed levels of global O-GlcNAc and OGT before and after stimulation in the OGA deficient and wildtype BMDMs. As anticipated, deletion of Oga resulted in a global increase in O-GlcNAcylation as compared to wildtype counterparts (Figures 1B–D). Similar to previous reports (15, 16), we found a decrease in overall O-GlcNAc levels upon M1 polarization of wildtype BMDMs (Figures 1B, C). This is consistent with the observation that products of the HBP decrease after LPS stimulation (15). Interestingly, O-GlcNAcylation level of the OGA deficient M1 polarized BMDMs were increased as compared to wildtype M1 polarized BMDMs, but still remained lower than M0 BMDMs (Figures 1B, C). We also assessed OGT expression as cells often compensate for changes in OGA with a coordinate change in OGT. We did not detect significant decreases in OGT protein (Figures 1B, D) nor transcript levels (Supplementary Figure 1) in the Oga KO cells as compared to wildtype BMDMs.




Figure 1 | Increased O-GlcNAcylation in BMDMs derived from OgaVav-Cre mice. BMDMs derived from OgaVav-Cre (KO, grey bars) or wildtype (WT, white bars) mouse bone marrow were stimulated with LPS and IFN-γ (M1) for 24 hours or cultured in unsupplemented BMDM media (M0). (A) Oga gene expression was measured in M0 and M1 macrophages. Expression was normalized to the geometric mean of Rplp0 and Eef2 and represented as fold change, N = 3-5. (B–D) O-GlcNAc (using the RL2 antibody) and OGT levels were assessed in M0 and M1 macrophages, with a representative blot (B) and quantitation (C-D), N = 3. (E, F) Percent cell viability was measured using trypan blue starting 7 days after initial culture in BMDM media (E) and 1 day after M1 polarization (F), N = 3-4. Error bars represent standard deviations. *p < 0.05, ***p < 0.005, ****p < 0.00005 as determined by student’s t-test, or 2-way ANOVA when comparing O-GlcNAc levels between M0 and M1.



To further characterize the OGA deficient BMDMs, we assessed whether loss of OGA impacted cell viability. Viability of the mutant versus wildtype BMDMs was assessed daily starting at 7 days in culture with m-CSF through 13 days in culture with m-CSF. Both OGA deficient and wildtype BMDMs had similar levels of cell viability (Figure 1E). Next, we assessed viability 1 day after M1 polarization and again found similar cell viability in the Oga KO BMDMs as wildtype BMDMs (Figure 1F). These data confirm that the OGA deficient cells represent a good model for investigating the impact of chronically elevated O-GlcNAc on macrophages.



Increase in Gene Expression of Specific Pro-Inflammatory Cytokines in OGA Deficient M1 Polarized BMDMs

M1 macrophages are defined by a shift in transcriptional networks that promote proinflammatory cytokines, chemokines and metabolic regulators. Understanding the regulatory mechanisms of these factors is of great importance as uncontrolled inflammatory cytokine expression can lead to tissue damage and contribute to chronic disease. Previous reports indicated that nutrient availability could impact levels of inflammatory cytokine production (7–11). To assess the impact that Oga deletion had on the macrophage inflammatory response, we analyzed expression of key pro-inflammatory markers, including cytokines, chemokines, metabolic regulators and transcription factors. Interestingly, we found increased transcription of specific pro-inflammatory cytokines like Il-6, Il-1β and Il-12 as compared to wildtype (Figure 2A). However, there was no change in other inflammatory markers like Cxcl9, Ccl5, Cd86, Nos2 (encodes iNOS), etc. (Figure 2A), Further, we assessed gene expression levels of transcription factors known to regulate inflammation, and the metabolic regulator Acod1 which functions to produce itaconate and mitochondrial reactive oxygen species. There were no detectable changes in these inflammatory regulators (Figure 2B). These data suggest that the impact of elevated O-GlcNAc on macrophages is downstream of more broad pro-inflammatory regulators.




Figure 2 | Increase in specific pro-inflammatory cytokine gene expression in M1 polarized OGA deficient BMDMs. (A, B) Gene expression of M1 markers (A) and transcription and metabolic regulators (B) in stimulated WT (white bars) and Oga KO BMDMs (grey bars), with respective genes indicated on the X-axis. Expression was normalized to the geometric mean of Rplp0 and Eef2 and represented as fold change. (C) ELISAs for IL-6, IL-1β and IL-12 were performed using media from M1 polarized WT and Oga KO BMDMs. Levels of respective ILs were normalized to cell counts and represented as fold change. N = 4-7. Error bars represent standard deviations. *p < 0.05 as determined by student’s t-test.



To confirm that increased pro-inflammatory cytokine gene expression could have physiological consequences, we assessed levels of the deregulated cytokines in the media by ELISA. Similar to increased transcription of Il-6, we found increased levels of IL-6 secreted into the media (Figure 2C). However, no changes in secretion were detected for IL-1β and IL-12, although secretion levels of IL-1β were trending up for the Oga KO cells (Figure 2C). Thus, while deletion of Oga did not broadly increase all M1 markers, it did impact gene expression of specific pro-inflammatory cytokines and the secreted levels of IL-6.

After detecting increases in some pro-inflammatory markers, we next asked if increased O-GlcNAc would impact anti-inflammatory M2 macrophage polarization. For M2 polarization we treated the BMDMs with IL-4 for 24 hours and assessed transcription of M2 markers Arg1, Il-10, Retn1a, chi313, and Cd206 (Supplementary Figure 2). No changes in expression of these markers were detected. This is consistent with previous reports in which deregulating O-GlcNAc through deletion of Ogt did not impact M2 polarization (15, 16).



Hyper-O-GlcNAcylation Dampens Macrophage iNOS Activity

Because Oga deletion resulted in specific rather than broad impacts on the inflammatory response in macrophages we decided to focus on factors that might respond to O-GlcNAc signaling and act to fine-tune M1 homeostasis. Due to its sequence homology with eNOS, a known O-GlcNAc modified protein, and its ability to impact transcription of specific pro-inflammatory cytokines (5), we focused on iNOS. Interestingly, iNOS expression has been reported to be influenced by glucose and glucosamine (9), and transcription factors like NF-κB (20), STAT1 (21, 22) and AP1 (23) that control iNOS expression are known O-GlcNAc targets. Thus, we hypothesized that there was interaction between O-GlcNAc and iNOS that ultimately impacts pro-inflammatory cytokine expression.

In order to determine if O-GlcNAc deregulation impacts iNOS, we first compared protein levels of iNOS in M1 polarized BMDMs derived from OgaVav-Cre mice and their wildtype littermates, and did not detect significant changes (Figures 3A, B). Knowing that transcriptional expression of iNOS and protein levels were similar between OGA deficient and wildtype cells, we investigated the impact of elevated O-GlcNAc on iNOS function through measuring NO production. Using the Greiss reagent, we indirectly measured NO by comparing levels of nitrite in the media collected 24 hours after M1 polarization from wildtype and OGA deficient cells. We found the level of nitrite produced from OGA deficient cells was less than half that as produced from wildtype cells (Figure 3C). This finding suggests that elevated O-GlcNAc acted to inhibit iNOS function.




Figure 3 | Elevated O-GlcNAc inhibits iNOS function. (A) Representative western blot to assess iNOS protein levels. (B) Quantitation of iNOS protein levels normalized to ACTIN, N = 4. (C, D) Media collected after 24 hours of LPS and IFN-γ treatment of BMDMs was used to measure nitrite levels with the Greiss reagent. Levels were normalized to cell number and represented as fold change; (C) assessment of nitrite levels in WT (white bar) and Oga KO (grey bar); (D) assessment of nitrite from WT untreated (control) and L-NIL (iNOS inhibitor) treated WT BMDMs. (E) Il-6 expression was quantified from cells either treated with L-NIL or left untreated (control) at the time of LPS and IFN-γ stimulation from the indicated genotype. Expression was normalized to the geometric mean of Rplp0 and Eef2 and represented as fold change. Error bars represent standard deviations. N = 8. *p < 0.05 **p < 0.01, ns, not significant as determined by student’s t-test.



In order to test if increased Il-6 expression in OGA deficient cells was dependent on iNOS-produced NO, we utilized an iNOS specific chemical inhibitor L-NIL. Similar to a previous publication, we found that treating cells with L-NIL inhibited iNOS (Figure 3D) and increased expression of Il-6 in M1 polarized wildtype cells (Figure 3E). Further, the increased expression of Il-6 from wildtype cells treated with L-NIL was similar to expression from M1 polarized OGA deficient cells (Figure 3E). To examine if O-GlcNAc and iNOS act within the same pathway to regulate Il-6 expression, we treated OGA deficient cells with L-NIL and found no significant additive effect of the drug (Figure 3E). Thus, these data indicated that O-GlcNAc acted to impact Il-6 expression through dampening iNOS function.



iNOS Can Be O-GlcNAc Modified

Protein O-GlcNAcylation is known to have a wide range of effects; including control of transcription, translation, protein stability and function (24). iNOS has >50% sequence homology with eNOS and has a conserved threonine, that in eNOS has been defined to be a nutrient-responsive O-GlcNAc site (25–27). Thus, knowing that NO production is decreased in Oga KO macrophages, we wanted to determine if iNOS itself could be O-GlcNAc modified.

First, we took advantage of the ability of wheat germ agglutinin (WGA) to bind to terminal GlcNAc residues and performed WGA pull-down assays using lysates from M0 and M1 polarized wildtype and Oga KO BMDMs. After pull-down with WGA and blotting for iNOS we readily detected iNOS bands in the M1 polarized samples, with no band in the M0 sample (Figures 4A, B). Further, we detected about a 6 fold enrichment in the amount of iNOS pulled down with WGA when normalized to input for the Oga KO cells versus wildtype (Figures 4A, B). Thus, iNOS was either directly O-GlcNAc modified, or interacted in vivo with O-GlcNAc modified proteins.




Figure 4 | O-GlcNAc modification of iNOS. (A, B) iNOS and O-GlcNAc (RL2) enrichment using wheat germ agglutinin from M0 and M1 polarized WT and Oga KO BMDM lysates. Lysates were pooled from cells derived from 3 independent mice of the indicated genotype. (A) Blot for iNOS and O-GlcNAc (RL2) in the input and WGA-pull down samples. (B) Quantitation of iNOS detected in the WGA enriched lanes normalized to 10% input and represented as fold change. (C) In vitro OGT assay was performed using bacterial lysates expressing recombinant full-length mouse iNOS (lanes 1,2), bacterial lysates that do not express mouse iNOS (lane 3) or with no nucleotide sugar to indicate background GlcNAz staining (lane 4). After Staudinger ligation, assays were run out on a gel and blotted, with iNOS detected by an iNOS antibody and GlcNAz modification detected with streptavidin conjugate-IRdye800. Orange arrow points to the overlap of iNOS and GlcNAz, black arrow points to non-specific (ns) GlcNAz staining. For full gel image see supplemental figure 3.



Because the WGA assay did not specifically indicate modification of iNOS itself, we performed an in vitro OGT assay using iNOS as the substrate. Here, we incubated recombinant OGT with commercially available bacterial lysates containing full length recombinant mouse iNOS, along with UDP-GlcNAz, similar to the protocol previously published from our laboratory (19). Following a staudinger-ligation, which adds a biotin onto GlcNAzylated proteins, we visualized modified proteins using a streptavidin-conjugated IR dye. Using this in vitro assay, we detected direct modification of iNOS (Figure 4C). Thus, iNOS either is modified or interacts with modified proteins in vivo, and is an OGT substrate in vitro.

Taken together, our data indicated that the nutrient responsive O-GlcNAc modification acts to support macrophage homeostasis. Through interaction with iNOS, increased O-GlcNAc limits NO production and ultimately influences expression of specific inflammatory cytokines like Il-6.




Discussion

Macrophages are characterized by their complex abilities to respond to the local microenvironment. Depending on the stimulus, they can provide pro-inflammatory signals and act as the first line of defense against pathogens, or help maintain cellular and tissue homeostasis with anti-inflammatory “healing” signals. In fact, macrophage polarization is characterized by distinct metabolic profiles indicating that nutrient utilization plays a key role in coordinating proper cellular response. This is underscored by the ability of nutrients like glucose to modulate the inflammatory response of macrophages (10, 11, 17). Further, diseases characterized by deregulated nutrient signaling, like diabetes and other metabolic disorders, often have an inflammatory component. At the nexus of nutrient sensing and cellular signaling is the O-GlcNAc modification. Thus, understanding how regulation of O-GlcNAcylation impacts the macrophage inflammatory response is of great importance. Previous reports that investigated the impact of O-GlcNAc on LPS stimulated BMDMs had not come to clear conclusions as some found enhanced O-GlcNAcylation of factors like STAT3 enhanced inflammation (12), while others found that decreased O-GlcNAcylation of factors like RIPK and S6K enhanced inflammation (15, 16), indicating that O-GlcNAc likely has target specific effects.

While there have been studies that assessed the impact of Ogt deletion on the inflammatory response of LPS stimulated mouse derived BMDMs, the consequences of Oga deletion had not been fully investigated. In this research report, we derived BMDMs from mice in which Oga had been deleted in HSCs. Analysis of these in vitro stimulated cells provided evidence that Oga deletion enhanced gene expression of specific pro-inflammatory cytokines, including the important factor Il-6. IL-6 plays critical roles in the inflammatory reponse through the stimulation of acute phase responses, hematopoiesis and immune reaction. Deregulated continual synthesis of IL-6 has pathological effects on inflammatory and autoimmune diseases (28). In fact, targeting IL-6 has led to important therapeutic approaches for the treatment of rheumatoid arthritis, juvenile idiopathic arthritis and Castleman’s disease (28, 29). Enhanced Il-6 transcription and secretion was quite surprising as LPS stimulation of Ogt knockout BMDMs also resulted in increased IL-6, while the OGA inhibitor thiamet-G caused a decrease in this marker (16). It is important to note that genetic deletion of Oga in the mouse is a model of chronic OGA dysfunction, where the cells could potentially adapt and compensate for the loss of OGA, thus thiamet-G treatment and Oga deletion have the potential to yield different phenotypes. One way that cells compensate for OGA deficiency is through down regulation of OGT (30, 31). However, we did not detect changes in OGT in our model.

Interestingly, we did not find broad transcriptional upregulation of M1 macrophage markers with elevated O-GlcNAc as might be expected if there were changes in NF-κB function. In T-cells the c-Rel subunit of NF-κB has been identified as O-GlcNAc modified, with this modification being necessary for transactivation and DNA binding (20). Investigations into the impact of O-GlcNAc on RAW264.7 stimulation have also invoked NF-κB function, specifically in regulating transcription of iNOS (13, 17). Although, we did not directly investigate NF-κB function, there were no changes in transcription of known macrophage NF-κB target genes like iNOS, suggesting that NF-κB function was unlikely to be the underlying mechanism of altered cytokine expression in the stimulated OGA deficient BMDMs. Further, we did not detect changes in the metabolic regulator Acod1. ACOD1 is induced in M1 activated macrophages to produce itaconate. Itaconate regulates succinate levels and feeds back to limit inflammatory cytokine production (32). ACOD1 can also regulate iNOS through alkylation of GAPDH and limiting aerobic glycolysis (33).

With the production of NO, iNOS is a key component of the inflammatory response in macrophages. NO itself is highly diffusible and has a range of fates; it can break up or inactivate heme-containing enzymes or iron sulfur clusters, it can nitrosylate cysteines, and can combine with superoxide to form ONOO- a potent oxidating and nitrating agent causing DNA damage (2). Although necessary for inflammation, iNOS also acts to auto-regulate and dampen expression of pro-inflammatory cytokines (5). Thus iNOS not only is imperative for killing pathogens, but also contributes to macrophage homeostasis. Due to its homology to eNOS, response to glucose and glucosamine (9, 17), and ability to fine-tune pro-inflammatory cytokine expression, iNOS (5) stood out as a good candidate for further investigation. We examined if the pro-inflammatory phenotype, defined by increased Il-6 expression, acts through the iNOS pathway and if iNOS itself has the potential to be modified. Using the Griess reagent we detected more than a 50% reduction in nitrite after 24 hours of stimulation from BMDMs derived from OgaVav-Cre mice as compared to their wildtype littermates. To directly assess if iNOS function could underly the changes detected in Il-6 expression, we utilized an iNOS specific inhibitor L-NIL. Like previous studies, we detected an increase in Il-6 expression with L-NIL treatment of wildtype cells that was similar to levels detected in the OGA deficient cells. Importantly, treating OGA deficient cells with L-NIL did not further impact Il-6 expression. Knowing that O-GlcNAc impacted Il-6 through iNOS function, we assessed the ability of OGT to modify iNOS. Indeed, iNOS pulled down with WGA using lysates from M1 polarized BMDMs and was modified by OGT in vitro. Taken together, these data indicated that elevated O-GlcNAcylation acts to dampen iNOS function, further enhancing Il-6 expression beyond a typical response to pro-inflammatory stimuli.

Further investigation to identify the O-GlcNAc modified site on iNOS and how mutation of that site impacts iNOS function will be important to fully untangle the mechanism underlying how O-GlcNAc impacts iNOS function. It is also interesting that OGT itself has been suggested to be nitrosylated, with nitrosylation inhibiting function (13). This previous report found that increased levels of NO produced after iNOS induction actually decreased OGT nitrosylation, and thus, increased OGT activity. How nitrosylation of OGT might be affected in the OGA deficient cells and how that might impact function, remains an open question warranting future investigations. Although, iNOS is an important factor impacted by elevated O-GlcNAc, it is unlikely the only factor contributing to Oga deletion phenotypes, as thousands of proteins are known to be O-GlcNAc modified (34).

In this research report we provide evidence that elevated O-GlcNAc acts to enhance the inflammatory response of macrophages through increased expression of specific pro-inflammatory cytokines. Further, we found that iNOS is an OGT target, whose function is dampened by increased O-GlcNAc. These data underscore the importance of balanced O-GlcNAc cycling, as both chronic low levels of O-GlcNAc (15, 16) and high levels of O-GlcNAc have impacts on the macrophage inflammatory response. Thus, O-GlcNAc is a key nutrient sensor whose regulation is integral for immune homeostasis.
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Supplementary Figure 1 | Similar expression of Ogt in M0 and M1 polarized BMDMs. Gene expression of Ogt in M0 and M1 stimulated WT and Oga KO BMDMs. Expression was normalized to the geometric mean of Rplp0 and Eef2 and represented as fold change. N=4-6.

  
Supplementary Figure 2 | No change in gene expression of M2 markers in OGA deficient BMDMs. BMDMs derived from OgaVav-Cre (KO) or wildtype (WT) mouse bone marrow were stimulated with IL-4 (M2 polarization) for 24 hours. Gene expression was assessed for M2 markers with respective genes indicated on the X-axis. Expression was normalized to the geometric mean of Rplp0 and Eef2 and represented as fold change. N=3-4.

  
Supplementary Figure 3 | Full gel from figure 4C. Full gel from figure 4C including lane 5 in which Casein Kinase II (CKII), a well-defined OGT substrate, was used as a positive control for OGT activity.
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